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ABSTRACT 

With the aim of mitigating membrane fouling, an electrocoagulation (EC) based electrokinetic 

membrane bioreactor (EMBR) was developed and operated with real municipal wastewater 

under low temperatures. Both batch tests and continuous EMBR experiments demonstrated the 

significant advantages in membrane fouling reduction over the conventional antifouling 

strategies, ushering its potential applications as an attractive hybrid MBR technology for 

decentralized wastewater treatment in remote cold regions. The main research observations and 

findings could be summarized as follows: (1). Effective membrane fouling mitigation at low 

temperatures was due to destruction of extracellular polymeric substances (EPS) and subsequent 

reduction of the biocake resistance. The transmembrane pressure (TMP) increased at a much 

slower rate in EMBR and the filtration resistance was about one third of the control MBR prior 

to chemical cleaning cycle; (2). A new membrane parameter, the specific fouling rate (SFR) was 

proposed, relating the fouling rate with permeate flux and temperature-dependent viscosity. Pore 

clogging and biocake resistances were quantified for the first time with the same membrane 

module and operating conditions as in regular MBR, rather than resorting to the use of batch 

filtration setups; (3). The floc size in EMBR did not increase as a result of the air scouring shear 

force and decrease in the extracellular polymeric substances (EPS); (4). When current intensity 

was less than 0.2 A, polarity reversal had minimal impact on electrode passivation reduction due 

to insignificant hydrogen yield, however, if current intensity was above 0.2 A, frequent polarity 

reversal (< 5 min per cycle) was detrimental to electrode passivation if no sufficient mixing was 

provided; (5). Viability of the microorganisms in the EMBR system was found to be dependent 

on duration of the current application and current density. The bacterial viability was not 
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significantly affected when the applied current density was less than 6.2 A/m
2
; (6). Significant 

abiotic ammonification was found in electrocoagulation (EC). DO in the treated liquid was 

depleted within an hour, under the anaerobic condition in EC, nitrate was chemometrically 

reduced to ammonium following a two-step first order reaction kinetics. Aeration (DO > 2 mg/L) 

was shown effective in suppressing abiotic ammonification; (7). Magnetic resonance imaging 

(MRI) technology was used for the first time as an in-situ non-invasive imaging tool to observe 

membrane fouling status in an EMBR. 
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CHAPTER 1: INTRODUCTION AND OBJECTIVES 

1.1 Background and Research Needs  

1.1.1 Applications and challenges of the membrane bioreactor in wastewater treatment 

 

Of many challenges facing society today, global water resource crisis is unarguably one of the 

most imminent ones due to rapid population growth, urbanisation, industrialization and global 

warming tendency. Clean and fresh water is of vital importance to humanity, however, water 

scarcity affects the lives of about 40% of people on earth and 1.2 billion of them are suffering 

from lack of access to clean drinking water today [UNESCO report, 2014]. Increasingly stringent 

government regulations regarding drinking water quality and wastewater discharge limits drive 

the demand for efficient water/wastewater treatment and reuse technologies. Membrane filtration 

and membrane bioreactors (MBR) are among technologies used to address the world-wide water 

shortage issue. 

 

Membrane separation is a physical process that uses porous membranes as a barrier to retain the 

particulates in a suspension through size exclusion. Before the 1970s, it was mainly used for 

water purification such as seawater desalination. In the last three decades membrane filtration 

has been extended to wastewater treatment first as an alternative to a secondary clarifier and then 

directly integrated into the conventional activated sludge tank, called submerged MBRs.  

 

Compared to a typical activated sludge process (ASP), MBRs offers advantages such as smaller 

footprint, reduced sludge production, operating flexibility or automation and most importantly, 

consistent and superior effluent quality including higher removal efficiency for emerging 
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chemicals such as endocrine disrupting compounds (EDCs). In addition to the water demand and 

regulatory drivers, continuously decreasing membrane costs, process maturity and suitability for 

retrofit of existing wastewater treatment plants collectively contribute to broadening application 

of MBR today [Judd, 2011]. Global membrane market value has increased at an annual rate of 

12% in the last twenty years  and is expected to grow at an accelerating annual rate of 15.28% 

and to reach  US$ 2.9 billion by the year of 2019 [PRNewswire, 2015].  

 

In spite of increasing world-wide MBR applications, membrane fouling remains the major 

challenge. Membrane fouling, a phenomenon due to pore clogging or cake formation on the 

membrane surface, leads to decrease in permeate flux or increase in transmembrane 

pressure(TMP), and consequently, shortens the intervals for membrane cleaning cycles and 

lifetime of membrane modules.  The ultimate effect of fouling is the higher operating cost in 

comparison to the conventional ASP, which is usually the main concern of industry. Therefore, 

MBR research has focused on fouling control strategies since the onset of this technology 

[Gkotsis et al., 2014]. 

 

According to Judd [2011], membrane fouling develops in three progressive stages resulting from 

pore blocking and cake filtration, i.e. conditioning fouling, slow/steady fouling and finally TMP 

jump. In the stage of initial conditioning fouling, the small particles or colloids in the fluid are 

adsorbed or sucked into the membrane pores, the extent and initial conditioning fouling rate are 

associated with the membrane characteristics such as pore size and chemical polarity etc. and 

concentration of extracellular polymeric substances (EPS). The steady fouling starts when the 

filtration cake layer is formed on the membrane surface.  The growth of the cake layer is a 
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dynamic process and requires certain time to reach the maximum cake thickness, during this 

period of time membrane fouling increases steadily. Finally, when the biocake covers the entire 

membrane surface and the local flux is higher than the critical flux, the fouling suddenly 

aggregates and causes the sudden TMP increase.    

  

It is widely accepted that EPS in the filtration medium are the main foulants [Meng et al., 2009; 

Judd et al., 2011; Potvin and Zhou, 2011]. EPS are the polymeric compounds including 

carbohydrates, proteins, nucleic acids present on or outside the cellular surface and in the 

microbial aggregates such as biofilms, flocs and sludge. It is vital for the survival of 

microorganisms because it glues the cells together and protects them from external invasion. EPS 

are rich in negatively charged groups such as carboxyl, phenolic, alcoholic, hydroxyl, phosphoric 

and sulfhydryl as well as nonpolar radicals such as aromatics and aliphatics, carbohydrate chains  

etc., the duality of hydrophilic and hydrophobic structures make EPS capable of wetting and 

cross-linking both hydrophilic and hydrophobic surfaces. It is widely agreed that EPS 

concentration positively affects membrane fouling through the following mechanisms: (1). EPS 

as a highly hydrated gel covers the membrane surface and prevents water from permeating 

membrane. Polysaccharide-like foulants are neutral in terms of the electric charge.  Interaction 

between EPS molecules and membranes include dipole-dipole attraction and hydrogen bonding 

etc; (2). Higher EPS cause quicker formation of biocake on the membrane surface. EPS bind the 

microbes together and are embedded in the deep layers of biocake, which not only contribute to 

formation and growth of the biocake, but also assist in strengthening the mechanical stability of 

biocake.  
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In the last three decades, numerous studies have been conducted to prevent or mitigate 

membrane in MBR operation [Meng et al. 2009; Jiang et al., 2005; Wu et al., 2006; Monclùs et 

al., 2010; Ramos et al., 2014]. Strategies include: membrane material modification, MBR 

configuration optimization, feed pretreatment [Kraume et al., 2009], control of MBR operating 

conditions including hydraulic retention time (HRT), solid retention time (SRT) and air scouring 

intensity etc., coagulation addition into the biomass [Citulski et al., 2008; Chen et al., 2012; 

Vanysacker et al., 2014], the application of ozone [Wu et al., 2010], electric field [Bani-Melhem 

et al., 2010; Bani-Melhem et al., 2011; Wei et al., 2012; Liu et al., 2012; Akamatsu et al., 2010] 

and ultrasound [Sui et al., 2008; Xu et al., 2009]. In spite of varying successes with those fouling 

mitigation technologies, more effective antifouling strategies are sought for industrial MBR 

applications.   

 

1.1.2 Electrokinetic technologies in MBR wastewater treatment  

 

Electrokientic technologies, including electrophoresis-based electrofiltration, dielectrophoretic 

flux enhancement and electrocoagulation (EC), have been increasingly investigated as promising 

membrane fouling control strategies in the recent years. Electrophoresis and dielectrophoresis 

(DEP) function through an electrokinetic mechanism, i.e. relying on uniform or non-uniform 

electric field to distract fouling particles away from the membrane surface [Yang et. al., 2002]. 

In EC, the electrochemical functionalities will be multilateral: i.e. simultaneous chemical / 

biological oxidation and reduction, coagulation and flotation, consequently a variety of 

contaminants such as heavy metal, oil, suspended solid and phosphorus etc. may be removed. 

Due to in situ generation of high valence metal ions and the resulting hydroxides through 

hydrolysis, the colloidal particles are aggregated to form larger flocs, which subsequently 
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increases the porosity of biocake and thus improves the membrane flux. Furthermore, the freshly 

generated coagulants adsorb the EPS, the major suspected membrane foulant in bulk media, 

which in turn affect the growth kinetics and structural characteristics of biocake on the 

membrane surface. Compared to various afore-mentioned membrane fouling control approaches, 

the electrokinetic technologies are applicable to a variety of industrial and municipal wastewater 

treatment of all scales. Their simple and compact configurations require small space, making 

installation and scale-up easy and highly flexible. In addition, the electrophoretic behavior and 

electrochemical reactions are quantifiable, which means consistent treatment outcomes are 

usually predictable. Electrokinetic technologies require no chemicals and produce less sludge 

compared to conventional coagulant based fouling control methods. Finally, automation of the 

electrokinetic technologies is easy to implement with low capital investment and operating costs.               

 

In electrofiltration, a direct current field is applied in the direction of filtration flow, the 

negatively charged colloidal particles are subjected to the electrophoretic force and have a 

tendency to overrun the hydrodynamic resistance force and move against the fluid flow or away 

from the membrane surface. As a result, formation of the membrane surface cake can be 

eliminated or significantly mitigated under sufficient electrical field strength. The filtration 

resistance is thus decreased and permeation flux is increased accordingly.  

 

The fundamental physical mechanism underlying DEP is the interaction of induced dipoles of 

colloidal particles with a spatially non-uniform electric field. When subjected to an external 

electric field, a neutral suspension particle and the surrounding medium in a colloidal solution 

tend to be polarized and the colloidal particle therefore becomes a dipole. In the presence of a 
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non-uniform external electric field the colloidal particles are subjected to a dielectrophoretic 

force, which drives the particles to move in the direction of the electric field and away from the 

membrane.  

 

A new type of hybrid MBR called Submerged Membrane Electro-bioreactor (SMEBR) was 

developed and extensively studied in recent years [Bani-Melhem et al., 2010; Bani-Melhem et 

al., 2011; Ibeid et al., 2013; Hasan et al., 2012; Ibeid et al., 2013; Hasan et al., 2014]. The 

membrane module of SMEBR is encircled by a pair of cylindrical meshed electrodes, 

consequently various physical, chemical and biological processes occur simultaneously in the 

reactor. The main physical phenomenon is electrokinetic migration of the biomass flocs away 

from the membrane surface. The chemical processes include in situ releasing of metal ions as 

efficient coagulant and precipitation of phosphate. Finally, the core SMEBR is still an activated 

sludge reactor, where biological nitrification and organic matter mineraliztion process occurs.  

 

Electrokinetic processes including EC have been reported to be effective antifouling 

technologies for membrane filtration [Ibeid et al., 2013; Hasan et al., 2014]. However, there are 

two drawbacks for the electrophoretic and dielectrophoretic methods. Because of the weak 

repelling electrophoretic force between fine particles in the biomass and membrane surface, 

usually electric fields at a magnitude of 10K v/cm need to be applied to obtain a significant 

biocake prevention effect. Such a high voltage will cause substantial water hydrolysis and 

produce explosive hydrogen gas, generate high joule heat and most importantly, will inactivate 

microorganisms critical to the biological process. Second, the electrophoretic and 

dielectrophoretic antifouling technologies require relatively stationery fluid, but in MBRs 

aeration is indispensable for aerobic biological process and membrane surface scouring. 
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Therefore, it is impractical to apply the electrophoretic and dielectrophoretic antifouling 

technologies to MBRs in the wastewater treatment. In fact, all of the published works were 

conducted in bench scale for membrane filtration in water treatment.  

 

The EC based SMEBR technology is the most promising electrokinetic technology for MBR 

antifouling [Bani-Melhem et al., 2010; Ibeid et al., 2013; Hasan et al., 2014]. The sporadic 

studies (1 to 2 papers per year) in the last five years leave some fundamental and application 

issues to be addressed, such as fouling reduction mechanisms, impact of electric current on 

bacterial viability, electrochemical reduction of nitrate into ammonium and electrokinetic effect 

on EDC destruction or attenuation. With respect to application, no work has been reported about 

whole nutrient removal including denitrification, and especially on MBR performance at low 

temperatures which is a typical challenge for a conventional MBRs due to acceleration of fouling 

mechanisms.   

 

1.1.3 Fundamental issues to be addressed in the electrokinetic technologies         

 

Due to increasing application of electro technologies in processes involving microorganisms,   

impact of electrical current on the microbial metabolism and viability has been investigated over 

the past two decades [Jass et al., 1995; Jackman et al., 1999; Sethuraman et al., 2008; Wei et al., 

2012; Dong et al., 2015]. The proposed mechanisms of the antibacterial activity include: (1) 

damage on cell membranes leading to irreversible permeabilization and leakage of essential 

cytoplasmic constituents; (2) electrochemically generated biocides or antimicrobial agents (e.g., 

H2O2, oxidizing radicals, ozone, and chlorine molecules); (3) pH elevation in a non-buffered 
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system due to cathodic reductive electrolysis, which inhibits microbial metabolism, especially in 

the localized vicinity of the electrodes; (4) direct oxidation of enzymes or coenzymes essential to 

bacterial viability; and (5) accretion of metal ions on or in bacterial cells interferes with the 

physiology of microbes [Davis et al., 1991]. The previous bacterial viability studies mostly 

focused on pure cultures of specific strains in synthetic cultivation media. Few investigations 

have explored the influence of electric current on bacterial growth and survivability in mixed 

cultures, especially for the microorganisms in an MBR system.         

 

Apart from the biologically negative impact on microbes, the chemical side effects of electric 

application on the treatment performance are usually neglected or overlooked, e.g. reversal of 

nitrification or electrochemical reduction of nitrate into ammonium. Electrochemical treatment 

of nitrate has been applied to industrial wastewater such as low-level nuclear wastes, and effluent 

from regeneration of ion exchangers [Hansen et al., 1996; Bouzek et al., 2001; Chen et al., 

2004]. It has also been used for denitrification of groundwater [Hofmann et al., 2006; Lacasa et 

al., 2011; Hossini et al., 2014]. Selective reduction of nitrate to nitrogen is difficult to achieve 

due to the chemical valence complexity of elemental nitrogen and the potential for substantial 

amount of nitrate that may be converted to ammonium. In spite of the coexistence of 

electrokinetic technologies and electrochemical nitrate removal processes for years, they were 

studied or operated independently with different objectives and consequently. Electrochemical 

generation of ammonium from nitrate was largely ignored in the electrokinetic processes such as 

electrofiltration, electroosmosis, electro-dewatering and electrocoagulation.  Therefore, the   

underlying kinetics leading to ammonium yield still remains to be elucidated and the strategies to 

prevent abiotic ammonification need to be explored. 
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Temperature is an important factor, significantly affecting microbial activity and growth rate in 

the activated sludge process (ASP). Low temperature can be directly related to intensified de-

flocculation, poor biomass settleability, reduced solubility and deteriorating treatment efficiency. 

In MBRs, the adverse influence of low temperature becomes more intolerable because the 

increase in the liquid viscosity and EPS concentration significantly aggravate membrane fouling 

making this technology less applicable in cold regions. Canada is a vast high latitude country 

with thousands of sparsely populated small communities remotely located in the north of the 

continent, with about 6 million people living in communities with population less than 5000. 

Geographical isolation, wide population scattering and harsh climatic conditions make extensive 

sewer networks uneconomical, so exploration of MBR for decentralized wastewater treatment is 

attractive for discharge compliance and water environmental protection in small communities.   

     

1.2 Objectives of the thesis 

 

Membrane fouling remains the major challenge for broader MBR application in practical 

wastewater treatment, especially at low temperatures. The recently emerged electrokinetic 

technology such as SMEBR provided a new approach to mitigate membrane fouling; however, it 

was only tested at ambient temperatures. Based on the Global Membrane Bioreactor Market 

2014-2018 research report [PRNewswire, 2015], application of “green” MBR is becoming an 

increasing trend globally. The green MBR is characterized by high energy efficiency, easy 

installation / maintenance and enhanced phosphorus removal. The research aims to lay a 

foundation for such a green MBR, with the following objectives:       
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1. Investigate the fundamentals of the electrically enhanced membrane bioreactor (EMBR) with 

regard to impacts of electric current on (a) pH; (b) zeta potential; (c) EPS; (d) capillary suction 

time (CST); (e) membrane filtration enhancement; (f) electric efficiency; (g) generation and 

oxygen dependence of the metal cationic species; (h) suppression of precipitation on the 

electrode surface; and (i) bacterial viability; 

2. Determine and quantify electrochemical reduction of nitrate into ammonium and find 

strategies to mitigate that effect;  

3.  Develop an EMBR system for total nutrient removal at ambient temperature;       

4. Optimize an EMBR system fed with synthetic wastewater for membrane fouling suppression 

at ambient temperature; 

5. Develop principles of membrane fouling retardation in an EMBR system fed with real 

municipal wastewater at low temperatures; 

6. Determine the technical feasibility of using an EMBR as an alternative decentralized 

wastewater treatment system with improved nutrient removal and reduced membrane fouling in 

cold regions.  

 

1.3 Thesis organization 

 

This thesis presents the fundamentals of the electrokinetic technology and its application as a 

preventive strategy for the MBR fouling at low temperatures. There are six chapters in the thesis. 

This chapter outlines the project background, research needs, overall objectives and organization 

of this thesis. 
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In Chapter 2, the membrane separation technology and MBR in the wastewater treatment are 

described. Focus is on the nature, mechanism and inhibition /mitigation technologies of 

membrane fouling. This is followed by a review of development and application of various 

electrokinetic technologies including EC, especially the findings and theoretical foundation of 

membrane fouling suppression. The last part of Chapter 2 covers some of the electrochemical 

fundamentals which provide insight into the potential side effects of the electrokinetic 

technologies with emphasis on abiotic ammonification and antibacterial influence. Material and 

experimental methodologies are described in Chapter 3, including the multipurpose DC power 

supply unit, membrane module, instruments for analyses of CST, zeta potential, TMP, magnetic 

resonance imaging (MRI), X-ray Diffraction (XRD), Fourier transform infrared spectroscopy 

(FTIR), dissolved organic carbon (DOC), flow injection analyzer (FIA), particle size, and 

analytical methods for specific volume index (SVI), ammonium, nitrate, nitrite, phosphate, 

transparent exopolymer particles (TEP), EPS, pH, dissolved oxygen (DO), redox potential (ORP) 

and conductivities etc. In addition, the experimental setups and operations are chronologically 

presented for investigations on the fundamentals of EMBR, development of an EMBR system 

for total nutrient removal in synthetic wastewater, optimization of the EMBR system towards 

membrane fouling suppression at ambient temperature and demonstration of membrane fouling 

retardation with real municipal wastewater at low temperatures. In Chapter 4 the research results 

and findings are presented and illustrated with figures and tables. Also included in this chapter is 

discussion and interpretation of the experimental observations, challenges and solutions to the 

potential application problems. Chapter 5 presents the engineering significance of this research, 

with particular strategies addressing some of the key technical challenges for practical 

application of the electro kinetic technology in MBR process. The electrokinetically related 
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operating costs are briefly discussed and compared with the other electrokinetic technologies 

including EC. Lastly, Chapter 6 summarizes the main observations, findings and general 

conclusions from this research. 
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CHAPTER 2: LITERATURE REVIEW   

2.1 Membrane Bioreactor (MBR)  

 

2.1.1 Membrane separation technology  

 

Membrane filtration can be tracked back into the 18
th

 century, it is a separation process in which 

particulate substances are retained by a physical barrier called a membrane based on the principle 

of size exclusion [Judd, 2011]. Modern membrane technology emerged in the early 1960s when 

Loeb and Sourirajan pioneered seawater desalination with the invented cellulose acetate RO 

membrane [Mulder, 2000; Mastsuura, 2001]. Since then membrane technology has experienced 

continuous and accelerated development.  

 

The driving force for membrane separation is a pressure gradient between the influent and 

effluent sides of the membrane module, called TMP, though it may also be assisted by electric 

potential gradient, temperature gradient or concentration gradient. Compared to the conventional 

phase separation methods such as vaporization, condensation and crystallization, membrane 

technology offers many prominent advantages, including greatly reduced energy consumption, 

less chemical use, reliable product quality, scale flexibility and potential for full automation 

[Aptel et al., 1993, Jacangelo et al., 1997; Bodzek and Konieczny; 1998 ]. In the past 40 years 

membrane filtration technologies have been widely used in surface water treatment for potable 

water supply, industrial wastewater treatment and disinfection [Bechtel et al., 1988; Roche et al., 

1993; Madaeni et al., 1995; Le-Clech et al., 2006].   
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2.1.1.1 Membrane materials  

 

Membranes used in water purification / wastewater filtration processes usually are composed of 

finely porous synthetic materials made of ceramics or polymers [Mulder, 1996; Le-Clech et al., 

2006]. Ceramic membranes are produced from metal oxides such as zirconia oxide, aluminium 

oxide and titanium oxide, etc. Polymeric membrane materials generally include ployvinylidene 

difluoride (PVDF), ployethylsulphone (PES), polyethylene (PE) amd ployproylene (PP), etc. 

Ceramic membranes are chemically stable, mechanically stronger and have much longer 

lifetime, however they are much more expensive than the polymerics [Owen et al., 1995; Baker, 

2000], which limits their broader use. As the particles in the feed water are usually negatively 

charged [Judd, 2006], hydrophilic membrane surfaces are typically preferred for reducing 

membrane fouling, which will be discussed further in the following sections.      

  

2.1.1.2 Membrane configuration 

 

The membrane is manufactured into modules for convenience of installation and maintenance. A 

module is generally an operational unit into which membranes are engineered [Judd, 2006; 

Bruggen et al., 2003] and typically includes elements such as membrane, support structure, feed 

inlet, permeate outlet and retentate outlet port etc. 5 major module configurations [Mallevaille, 

1996; WEF, 2006] have been developed and employed in the membrane processes, i.e. plate and 

frame / flat sheet (FS), hollow fiber (HF), Open tubular (OT), spiral wound (SW) and rotary disk 

(RD). In the wastewater treatment processes, FS, HF and OT are the most used configurations, as 

shown in Fig. 2.1. FS and HF are basically the so called “outside in” filtration mode, i.e. the fluid 
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to be filtered is outside the membrane module, and permeate is driven by the suction pump to 

pass the membrane wall. On the other side, OT belongs to “inside out” filtration mode, meaning 

the fluid medium flows inside the tubular membrane module and penetrates the membrane wall 

outward typically driven by pressure gradient.           

 

 

 

 

 

 

 

Fig. 2.1 Schematic of the most used membrane configurations 

in wastewater treatment (dark grey: before treatment, blue: permeate) 

 

The structural difference of the above membrane module configurations determines their 

operational characteristics, performance, cost as well as applicable areas [Ripperger et al., 2002; 

Laine et al., 2000]. Table 2.1 presents a systematic comparison of all module configurations in 

terms of packing density, turbulence enhancement, ease of cleaning, fouling resistance, cost and 

application. 

Table 2.1 Comparison of various membrane module configurations  

[Judd, 2006; WEF, 2006] 

 

Configu- 

ration 

Packing 

density 

Turbulence 

enhancement  

Ease of 

cleaning 

Fouling 

resistance 

Cost Application 

FS Low Fair Fairly easy High High ED, UF, 

RO 

HF High Very poor Difficult Medium Very low MF/UF, 

RO 

FS 
OT  HF 
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OT Very low Very good Easy High Very high CFMF/UF, 

NF 

SW High Poor Difficult Medium Low RO/NF, UF 

RD Very low Excellent Fairly easy Very high High Submerged 

MBR 

 

Note: ED = electrodialysis    UF =  ultrafiltration        RO = Reverse osmosis   

          DE = dead-end             CF = crossflow               NF = nanoflitration   

          MF = microfiltration   

 

 

2.1.1.3 Dead end filtration and crossflow filtration 

 

According to the feed flow direction, membrane operation in wastewater treatment applications 

can also be classified into dead-end filtration and crossflow filtration [Le-Clech et al., 2008; 

Cabassud et al., 2001]. In dead-end filtration, all of the filterable components (water molecules 

and soluble species) are forced to perpendicularly pass the membrane surface and the rest in the 

feed flow is left on or in it. In crossflow filtration, the feed flow travels in parallel with the 

membrane surface; a portion of the feed flow passes the membrane and forms a secondary flow 

on the other side of the membrane surface, which generates a shear force to avoid accumulation 

of particles on the membrane surface. Therefore, crossflow operation is superior to the dead-end 

filtration in terms of fouling tendency and tolerance, especially when the wastewater contains 

high concentration of solids. Examples of dead end filtration and crossflow filtration are flat 

sheet /hollow fiber and open tubular membrane, respectively, as shown in Fig. 2.1.   

 

2.1.1.4 Membrane classification 

 

According to the nominal pore size of membrane, membranes used in water and wastewater 

treatment can be categorized into four classes: microfiltration (MF), ultrafiltration (UF), 
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nanofiltration (NF) and reverse osmosis (RO). As shown in Fig. 2.2, the green arrow represents 

penetration of a component on the particular membrane class. E.g. ultrafiltration membranes 

allow only ions to pass but retain all of solids, colloids, virus and bacteria, they tend to be the 

most popular class of membrane used in the water and wastewater treatment processes. 

 
 

Fig. 2.2 Schematic representation of membrane classifications (adapted from Judd [2011]) 

 

 

2.1.2 MBR in wastewater treatment  

 

2.1.2.1 Brief introduction 

 

First introduced in late 1960s by Dorr-Oliver Inc., ultrafiltration (UF) and microfiltration (MF) 

were integrated into the conventional activated sludge wastewater treatment train to eliminate the 

seconady clarifier [Bemberis et al., 1971; Merlo et al., 2004; Judd, 2006; Yang et al., 2006; 

Mohammed et al., 2008]. As shown in the Fig. 2.3 (B) and (C), in comparison with the 

conventional activated sludge process, MBR offers prominent advantages such as smaller 

footprint, reduced sludge production, operating flexibility or automation and most importantly, 

consistent and superior effluent quality which is independent of MLSS [Han et al., 2005; Khor et 

al., 2006; Sun et al., 2007; Merz et al., 2007; Tian et al., 2009]. 

µm 

https://en.wikipedia.org/wiki/Microfiltration
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Fig. 2.3 Schematic of CAS, Submerged MBR and External MBR 

 

 

2.1.2.2 Constant pressure and constant flux operating modes 

 

In terms of the flux withdrawing characteristics there are two operating modes: constant TMP 

mode and constant flux mode. In the constant TMP mode, filtration is driven by constant 

pressure and permeate flow rate is the highest at the beginning but decreases gradually over time 

due to membrane fouling, whereas in the constant flux mode, the permeate flow rate is generally 

unchanged but TMP goes up over time. Constant TMP mode is mostly used in the water 

treatment in which the sole objective is to achieve solid/liquid separation and a biological 

process is absent. On the contrary the constant flux mode is more suitable for the biological 

wastewater treatment for which the F/M ratio, HRT and effluent quality are easily controllable. If 

the constant TMP mode is used for the biological wastewater treatment, then F/M ratio and HRT 
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vary over time and therefore, poorer effluent quality is expected at the initial operation stage of a 

new membrane module. 

 

2.1.2.3 Two basic MBR application modes 

 

There are two basic MBR application modes or operational configurations: “external” MBR and 

“submerged” MBR [Zanello et al., 2003; Yang et al., 2006], as shown in Fig. 2.3. In the external 

MBR mode which is in fact the configuration in the first generation of MBR, the membrane 

module is placed in a separate tank outside the bioreactor and the mixed liquor is pumped from 

the aeration tank into the membrane tank where the permeate is withdrawn and the suspended 

solids are retained. The concentrated biomass is then recirculated back to the aeration tank. The 

tubular membranes are generally used in this configuration and traditionally sweeping high fluid 

crossflow was used as a mean of fouling control.   

 

In the submerged configuration, the membrane module is directly submerged in the bioreactor, 

instead of occupying an extra filtration tank, i.e. solid/liquid separation and biological process 

are effectively combined in a single container, which eliminates the necessity of sludge 

recirculation and thus is energy saving compared to the external MBR. Invention of the 

submerged MBR is an important breakthrough in the history of MBR development [Yamamoto 

et al., 1989] though conceptually it is a quite straightforward modification of the previous 

external MBR. In the submerged MBR, coarse bubble scouring, backflush and relaxation are the 

typical means for fouling mitigation. Hollow fibre or flat sheet membranes are typically used in 

the submerged MBR. Comparison of the typical external and submerged MBR is presented in 

Table 2.2 [Mulder, 1996; Judd, 2006; Lesjean et al., 2005].    
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Table 2.2 Comparison of external and submerged MBR 

Parameter External MBR Submerged MBR 

Footprint Larger due to separate tank 

required 

Smaller because tankage sharing 

of membrane and AS process 

Permeate (L/m
2
.h) 50 - 100 20 - 40 

TMP (psi) 29 - 87 2.9 – 7.25 

Filtration direction  Inside out Outside in 

Fouling tendency Low High 

Sensitivity to influent Less sensitive Sensitive 

Energy efficiency (kwh/m
3
) 2 - 5 0.2 – 0.5 

Application Water treatment, industrial 

wastewater treatment 

Municipal wastewater treatment 

 

Twenty years ago the external MBR systems were limited to industrial wastewater treatment and 

water treatment processes [Morgan et al., 2006], however, in recent years with advent of air-lift-

assisted cross flow pumping the external MBR is also increasingly applied in municipal 

wastewater treatment, with significantly reduced energy consumption of 0.2 kWh/m
3
 [Futselaar 

et al., 2007].   

 

2.1.2.4  Characteristic MBR operating parameters  

 

Filtration resistance  
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Resistance is an inevitable phenomenon in filtration processes due to progressive clogging of the 

membrane pores or cake accumulation on the membrane surface. Filtration resistance is 

dependent on the membrane’s physical and chemical properties as well as the wastewater 

characteristics; therefore it consists of the membrane’s natural hydraulic resistance Rm as well as 

fouling induced resistance Rf: 

RT = Rm + Rf                                                         (2-1) 

The membrane resistance Rm can be obtained according to the Hagen-Poisseuille law as 

following: 

Rm = (8 x τ x L)/(π x D
2
)                                     (2-2) 

where:  

D = nominal membrane pore diameter (m)  

τ = pore tortuosity  

L = membrane thickness (m) 

Flux 

Being an important operational parameter in MBR process, flux is defined as the flow rate of 

permeate per unit of the membrane surface area. It can also be related to TMP, the membrane 

resistance and the viscosity of the filtration media through Darcy’s law as the following:  

J = Q/A = TMP/(µt.RT)                                        (2-3) 

Where:  

J = flux, m/s or L/m
2
·h 

Q = wastewater flow rate, m
3
/s, 

A = membrane surface area, m
2
 

TMP = transmembrane pressure, Pa 
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RT = total filtration resistance, m
-1

 

µt = viscosity of the permeate, Pa·s 

 

The viscosity of the permeate µt is temperature dependent and it can be expressed as [Al-

Shemmeri, 2012]: 

µt = 2.414 x 10
-5

 x 10
247.8/(t-140)

                                     (2-4) 

Where t is temperature (Kelvin)  

  

Permeability  

 

Permeability P (m/s·Pa) is an indicator for a membrane’s specific flux under the unit permeate 

driving pressure, i.e. 

P = J / TMP = 1/(µt * RT)                                              (2-5) 

P can be used to compare the practical operation performances among various membrane 

modules. 

 

2.1.3 Membrane fouling and control 

 

This section systematically discusses the fundamental mechanisms and mitigation strategies of 

membrane fouling in MBR. As a way of filtration, fouling of the membrane or filter is an 

inevitable process, signified by flux decline, TMP increase and effluent quality deterioration due 

to fine particle deposition on and into the membrane [Chang et al., 2002; Trussell et al., 2006; 

Judd, 2005]. Although MBR processes have been applied successfully in municipal and 



48 

 

industrial wastewater treatment, membrane fouling, which is responsible for high operational and 

maintenance costs, is still the major obstacle for broader use of this technology [Le-Clech et al., 

2006; Chang et al., 2007; Li and Wang, 2006]  

  

2.1.3.1 Particle transport behavior and anatomy of membrane fouling 

 

According to the International Union of Pure and Applied Chemistry (IUPAC) [Koros et al., 

1996], membrane fouling is defined as “the process resulting in the loss of performance of a 

membrane due to the deposition of suspended or dissolved substances on its external surface, at 

its pore openings, or within the pores”. In order to understand the mechanism of fouling, the core 

issue is to focus on the movement behavior of particles. In the MBR filtration process particles in 

the vicinity of the membrane surface are subjected to a flux induced pulling force to the 

membrane surface, shear force induced diffusion and Brownian diffusion. The collective effects 

of various dynamic factors are schematically represented in Fig. 2.4:  

(1) Particle concentration gradient or polarity close to the membrane surface;  

(2) Formation of a layer of cake on the membrane surface; 

(3) Some of the membrane pores are completely or partially blocked.  

 

Each of the above factors directly contributes to the membrane fouling, therefore, the total 

fouling resistance RT is sum of all of resistances [Evenblij, 2006; Ravazzini, 2008; Judd, 2006], 

i.e.          

 RT  =  Rm + Rpb + Rck + Rcg                                       (2-6) 

Where: 

Rm = intact membrane resistance  
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Rpb = pore blocking resistance  

Rck = resistance caused by the cake layer  

Rcg = concentration gradient resistance    

 

It should be noted that magnitude of each resistance component is dependent on the membrane 

material and configuration, fluid characteristics and operating conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.4 Schematic of interaction of particles and membrane fouling 
 

2.1.3.2 Membrane fouling factors  

 

Membrane fouling has been a prevalent research topic in the past three decades since MBRs 

became an attractive wastewater treatment alternative. Various factors affecting membrane 

fouling have been investigated by academics and application engineers [Lojkine et al., 1992; 

Chang et al., 2002; Le Clech et al., 2006; Evenblij, 2006]. In general, membrane fouling in MBR 

systems is attributed to three classes of factors, i.e, membrane characteristics, feed / biomass 

characteristics and MBR operating conditions, as shown schematically in Fig. 2.5 [Le-Clech et 

al., 2006, Judd, 2006]. Recently, the osmotic pressure in the cake layer of a microfiltration 

Cake resistance Rck  

Concentration gradient resistance Rcg  

                Clean membrane resistance 

Rm  

Pore blocking resistance Rpb  
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membrane was identified as a main contributor to filtration resistance through mathematical 

modelling [Zhang et al., 2014]. The mathematical model was developed based on chemical 

potential difference between cake layer and effluent in a submerged membrane bioreactor, and 

experimental data verified validity of the model.     

In fact, some of the factors are interacted each, for example, the operating conditions greatly 

affect the feed / biomass characteristics and a certain biomass requires certain optimal operating 

conditions to ensure the MBR process to proceed successfully. The influencing mechanism of 

each parameter on fouling is briefly analyzed and discussed in the following sections. 

 

 
 

Fig. 2.5 Membrane fouling factors in a MBR system 

 

 

Membrane fouling can be further subdivided into reversible fouling, irreversible fouling and 

irrecoverable fouling. Reversible fouling means it can be removed by physical means such as 

backflush or scouring, and irreversible fouling means that it can be removed by chemical 

cleaning, whereas irrecoverable fouling cannot be mitigated by any physical or chemical 

   MBR operating conditions 

 

Flux, TMP, temperature, DO, aeration intenstity, SRT, HRT, operating modes, 

filtration modes etc. 
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approaches and therefore the permeability is lost permanently. The extent and rate of the 

irrecoverable fouling decides the lifetime of a membrane module [Judd, 2006; Meng et al., 

2009]. Reversible, irreversible and irrecoverable fouling occurs sequentially and on distinct time 

scales during MBR operation. Specifically, the fouling after short time of operation (maybe as 

short as minutes) is caused by pore clogging and cake formation on the membrane surface. This 

type of fouling can largely be removed by mechanical cleaning measures such as relaxation or 

back flushing and thus is considered reversible fouling. After weeks or even months of operation, 

the fouling cannot be removed by the physical approaches and then chemical cleaning is needed 

to resume most of the permeability, and this type of fouling is called irreversible. Finally, after 

several years (five to seven years, for example) the membrane reaches a state where neither the 

physical nor chemical means are capable of recovering the membrane to a workable condition; 

the usability of the membrane function is eventually terminated by irrecoverable fouling 

[Kraume, 2007].     

 

2.1.3.2.1 Fouling stages 

 

The progress of membrane fouling is not linear, but with three stages of accelerating fouling 

processes reported by Zhang et al. (2006) and Judd (2006): initial conditioning fouling, steady 

fouling and TMP jump. In the stage of initial conditioning fouling, small particles or colloids in 

the fluid are adsorbed or sucked into the membrane pores. Flux or shear forces were proven to be 

unrelated to conditioning fouling [Ognier et al., 2002]. The extent and initial conditioning 

fouling rate are associated with the membrane characteristics such as pore size and chemical 

polarity etc. and concentration of EPS or SMP.  
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The steady fouling starts when the filtration cake layer is formed on the membrane surface. 

Generally growth of the cake layer is a dynamic process and requires a certain time to reach to 

the maximum cake thickness. During this period of time membrane fouling increase steadily. 

Finally, when the biocake covers the entire membrane surface and the local flux is higher than 

the critical flux, the fouling suddenly aggregates and causes a TMP jump, which necessitates 

membrane fouling.    

 

2.1.3.2.2 Influence of membrane characteristics on fouling 

 

The physical properties (e.g. pore size, porosity and configuration) and chemical composition of 

the membrane module have a significant impact on fouling in the MBR process [Judd, 2006]. It 

has been reported that polyvinylidene fluoride (PVDF) membranes are more immune to 

irreversible fouling than polyethylene (PE) membranes [Yamato et al., 2006]. As for the effect of 

pore size on fouling, smaller pore size tends to reject entry of the floc particle into the membrane 

and thus reduce pore blocking. On the contrary, large pore size membranes are more prone to 

pore blocking.    

Hydrophilic membranes are generally considered to be more resistant to fouling due to the 

charge repelling effect between the membrane and the negatively charged particles or colloids in 

the biomass [Madaeni et al., 1999; Yu et al., 2005; Le-Clech et al., 2006]. 

 

2.1.3.2.3 Influence of feed-biomass characteristics on fouling 
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Characteristics of the feed including the chemical composition and solid content affect the 

biological growth kinetics of biomass or the biomass characteristics, thus impacting the 

membrane fouling propensity. For example, synthetic wastewater with higher concentrations of 

COD and TN was found to accelerate membrane fouling [Le-Clech et al., 2003; Wei et al., 

2012].  

  

The physical properties of the biomass such as floc size distribution, TSS, VSS, temperature and 

viscosity are generally considered to be the direct factors affecting fouling.  

Judd (2006) mentioned that the floc size and distribution are the leading contributing factors for 

fouling. Small enough constituents freely pass the membrane pore together with permeate and 

have no contribution to the fouling process. On the other hand, large particles are most likely to 

be prevented from reaching the membrane surface due to the fluid back-transport actions, 

suggesting that only the particles with sizes within a certain range really cause fouling. This may 

be especially true when the nominal pore size is close to the membrane pore size [Evenblij, 

2005] though the weight of fouling contribution varies based on the observations by different 

authors [Itonaga et al., 2004; Wisniewski et al., 1998], probably due to the difference in 

methodologies.       

 

Intuitively, higher TSS and VSS should exacerbate membrane fouling as more particles are to be 

deposited on the membrane surface. Though this conclusion has been experimentally supported 

by some investigators [Defrance et al., 1999; Brookes et al., 2006], contradictory results were 

also reported by the other authors, e.g. the impact was found insignificant [Le-Clech et al., 2003; 

Lesjean et al., 2005] or even negative [Cicek et al., 1999; Chang et al, 2005; Meng et al., 2006]. 
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Apart from difference in the experimental methodologies, interaction complexity of the 

suspended solids with the membrane surface is probably the major cause for the confusing 

outcomes. Therefore, MLSS or MLVSS alone seems to be a poor parametric indicator for 

predicting membrane fouling propensity.             

 

It is generally agreed that high biomass viscosity causes more serious membrane fouling 

[Mulder, 2000; Watanabe et al., 2006] as more viscous biomass tends to strongly attach to the 

membrane surface. At low temperature, the viscosity of water increases, therefore, the resistance 

to filtration increases. For example, Jiang et al. (2005) reported worsening membrane fouling at 

13-14 
o
C compared to 17-18 

o
C. 

 

Low temperature also affects the physical properties of biomass as well as the bacterial 

physiology [Judd, 2006; Wei et al., 2012]:  

(1) Low temperature induces de-flocculation of the biomass; 

(2) Release of SMP and reduced biological activity produce more membrane foulants at low 

temperatures; 

(3) Low temperatures reduce the particle back transport velocity in the vicinity of the membrane 

surface  

 

All of the above factors are responsible for aggregation of membrane fouling. Influence of low 

temperature on membrane fouling will be addressed in further detail in later sections. 
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Generally, presence of the filamentous bacteria indicates high viscosity and elevated 

concentration of EPS [Meng et al., 2009] and increased fouling tendency has been reported by 

some research groups [Chae et al., 2006; Meng et al., 2007; Sun et al., 2007]    

 

EPS are the polymeric compounds including carbohydrates, proteins, nucleic acids present on or 

outside the cellular surface and in the microbial aggregates such as biofilms, flocs and sludge. It 

is vital for the survival of microorganisms because it enables cell attachment and protects them 

from external invasion [Flemming et al., 2001]. EPS are rich in negatively charged groups such 

as carboxyl, phenolic, alcoholic, hydroxyl, phosphoric and sulfhydryl as well as nonpolar 

radicals such as aromatics and aliphatics, carbohydrate chains etc. The duality of hydrophilic and 

hydrophobic structures make EPS capable of wetting and cross-linking both hydrophilic and 

hydrophobic surfaces [Chang and Lee, 1999; Rosenberger et al., 2002]. A great number of 

studies have been conducted to correlate EPS concentration and membrane fouling in MBRs 

[Nagaoka et al., 1996; Nagaoka et al., 1998; Cho and Fane, 2002; Meng et al., 2006; Kent et al., 

2011; Jamal et al., 2014]. It is widely agreed that EPS concentration positively affects membrane 

fouling in the following ways: 

 

(1) EPS as a highly hydrated gel covers the membrane surface and prevents water from 

permeating membrane. Polysaccharide-like foulants are neutral in terms of the electric charge, 

Interaction between EPS molecules and membranes include dipole-dipole attraction and 

hydrogen bonding etc. [Stec et. al., 1995; Chang et al., 1998]. 
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(2) Higher EPS cause quicker formation of biocake on the membrane surface. EPS bind the 

microbes together and are embedded in the deep layers of biocake, which not only contribute to 

formation and growth of the biocake, but also assist in strengthening the mechanical stability of 

biocake [Nagaoka et al., 1998; Nagaoka et al., 1999; Laspidou et al. 2002].  

 

According to the matrix distinguishable by the common extraction methods, EPS are divided into 

two categories: bound EPS (e.g. capsular polymers, condensed gels, loosely bound polymer and 

attached organic materials) and soluble EPS (soluble macromolecules, colloids, and slimes etc.) 

[Neilsen et al., 1999]. Bound EPS are released directly from microorganisms and present tightly 

around the live cells, whereas soluble EPS are usually produced from cellular lysis and then 

diffuse into the bulk solution. Soluble EPS is also called soluble microbial products (SMP) 

[Rosenberger et al., 2002] and can also come from components of the wastewater influent. Fig. 

2.6 schematically displays the spatial environment and formation of both bound and soluble EPS.      

 

 

                                                            

 

 

 

 

 

 

 

   

 

Fig. 2.6   Schematic illustration of source and surroundings of the bound EPS and soluble EPS 
 

 

The composition of EPS depends on the influent matrix, dissolved oxygen or aeration intensity, 

HRT, MLSS, temperature and STR, etc. Conclusions of some investigations are summarized in 

Table 2.3. Conflicting results are reported from different investigations, due to the variation in 

Diffusion 

               Influent 

    Lysis 
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experimental conditions and lack of standard sample preparation and test methods for EPS. For 

example, the ion exchange resin method [Frølund et al., 1996; Gorner et al., 2003; Jang et al., 

2005] may produce significantly different results in comparison with the other popular protocols 

such as heating extraction [Morgan et al., 1990] or formaldehyde separation [Zhang et al., 1999].      

 

Table 2.3 Impacting factors of EPSs in MBR process 

Parameters  Impact on EPS concentration in the biomass Sources 

 

 

SRT 

 

Shorter SRT increases EPSs  

 

Longer SRT  increases EPSs but reduces 

biodegradable EPSs 

Cho et al., 2005; 

Ng et al., 2006; 

Ahmed et al., 2007  

Patsios et al., 2011 

Brookes et al., 2003 

 

Temperature  

 

EPSs increase at lower temperatures  

Al-Halbouni et al., 

2008; 

Wang et al., 2010 

 

HRT 

Shorter HRT increases EPSs  

 

Longer HRT  increases EPSs 

Fallah et al., 2010 

 

Baek et al., 2010 

MLSS Higher MLSS decreases EPSs  

Higher MLSS increases EPSs 

Dizge et al., 2013 

Chabalina et al., 2012 

DO Higher EPSs at lower DO Kim et al., 2006 

Feed Higher biodegradable COD causes higher EPSs  Peng et al., 2011 
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2.1.3.2.4 Influence of operating conditions on fouling 

 

Flux  

Intuitively, high flux accelerates membrane fouling, which has also been experimentally and 

mathematically proven in the previous studies [Le-Clech et al., 2003; Gugliemi et al., 2007]. 

Therefore, flux has been a primary operational parameter since the onset of MBR technology. 

About two decades ago, Field et al. [1995] first proposed the concept of “critical flux”, meaning 

a flux threshold “below which a decline of flux with time does not occur; above it fouling is 

observed.” Though critical flux is practically impossible to obtain because even at a zero flux, 

membrane pore blocking by static adsorption of the inorganic and organic constituents in the 

mixed liquor or attached microbial growth on the membrane surface still fouls the membrane 

[Brookes et al., 2004; Ognier et al., 2001; Wen et al., 2004]. Nevertheless, the critical flux 

concept opened up an interesting perspective on MBRs, directly leading to a proposition of the 

more practical concept of sustainable flux [Bacchin et al., 2006; Fan et al., 2006]. Sustainable 

flux depends on the particular operating conditions such as temperature, hydrodynamics, feed 

conditions, TSS and SRT, and above a certain flux threshold, the rate of fouling is not 

sustainable or acceptable to achieve the designed process efficiency.     

 

Air scouring intensity  

 

Air bubbles from aeration close to the membrane surface create shear force and turbulence which 

prevent deposition of large particle on the membrane surface due to increased back transport. 

Therefore air scouring is the most common and effective fouling reduction strategy currently 

used in the MBRs for municipal wastewater treatment [Ueda et al., 1997; Sofia et al., 2004; Le-
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Clech et al., 2006; Fang and Zhou, 2007; Nywening and Zhou, 2009]. However, excessive 

aeration intensity may in fact cause negative influence on fouling [Park et al., 2005; Ji et al., 

2006], and there may be two mechanisms associated with it [Wisniewski et al., 1998; Tardieu et 

al., 1999]:  

(1) Less aeration sensitive fine particles with lower shear diffusion ability and lateral 

migration velocity may accelerate blocking of the membrane pores; 

(2) Higher aeration tends to break down the flocs and thus causes fouling deterioration.  

 

2.1.3.3 Microscopic observation of membrane fouling through NMR or MRI technologies 

 

The magnetic resonance imaging (MRI) is a revolutionary medical imaging technique developed 

in early1970s based on the proton nuclear magnetic resonance (1H NMR), a spectroscopic 

method for in-depth analysis of molecular structure. It produces high quality images of the inside 

of the human body for disease diagnosis [Callaghan, 1994]. In MRI, the targeted imaging area is 

exposed to a strong magnetic field oscillating at appropriate resonance frequency. The 

magnetically susceptible hydrogen atoms contained in water molecules produce position 

encoding signals that distinguish the different parts of tissues due to variations in water molecule 

content. Therefore, MRI is truly an in situ non-destructive imaging technology. In the recent 

years, researchers started to extend application of NMR and MRI to membrane fouling 

investigation. Von der Schulenburg et al. [2008] first applied NMR to study the temporal and 

spatial biofouling evolution of a spiral wound reverse osmosis (RO) membrane, including the 

velocity field and change of membrane porosity, from which the effective membrane surface 

area is measured. As a result the RO membrane biofouling was able to be quantitatively 

described and its influence on hydrodynamics and mass transport was identified. Using MRI 
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technology, Vrouwenvelder et al. [2009] focused on the biofilm accumulation based fouling 

characteristics of feed and spacer in RO filtration. Direct observations of fouling layer formation 

on the feed channel spacer demonstrated the effect on the velocity profiles and hydrodynamics of 

feed composition and spacer configurations. Furthermore, the same group [Vrouwenvelder et al., 

2010] applied a mathematical model to simulate the dynamic biofouling progress on the spiral 

wound RO membrane modules. The MRI observational results confirmed with the numerically 

predicted fouling features on the feed spacers, and it was concluded that biomass growth on the 

feed spacer contributes more than membrane fouling itself to the RO flux declining.   

 

2.1.3.4 Membrane fouling control technologies  

 

As membrane fouling has always been the bottleneck in MBR operation, over the past two 

decades tremendous efforts have been made to develop various fouling prevention and 

alleviation technologies, mainly focused on four areas [Park et al., 2005; Chen et al., 2012; 

Ivanovic et al., 2008], i.e.  

(1) Membrane material and surface modification [Liu et al., 2012; Bruening et al., 2008; 

Boributh et al., 2009]; 

(2) Influent pretreatment [Du et al., 2009; Citulski et al., 2008; Zhang et al., 2014]; 

(3) Modification of the physical and chemical characteristics of biomass [Tsai et al., 2004; Hu et 

al., 2014; Pramanik et al., 2014];  

(4) Membrane cleaning [Zhou et al., 2007; Zhang et al., 2008; Kimura et al., 2014]         
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In the following sections the focus will be on modification of the biomass characteristics through 

strategies such as fouling control through P removal, quorum quenching, coagulation and 

utilizing the electrokinetic technology as a promising new alternative. Lastly, nanocomposite and 

graphene oxide modified membrane and membrane cleaning will also be briefly reviewed as 

they represent an important direction in the future research on MBR develoipment.  

 

2.1.3.4.1 Nanocomposite and graphene oxide modified membrane  

 

Nanocomposite materials and technologies have been and continue to be hot research topics in 

material science, and are recently finding application in membrane filtration process. The most 

common nanocomposite modified membranes can be divided into four categories [Jun and Deng, 

2015]: the conventional nanocomposite, thin-film nanocomposite, thin-film composite with 

nanocomposite substrate and surface located nanocomposite. The prominent advantage of the 

nanocomposite-modified membranes is the possibility of achieving special functionalities such 

as antibacterial, photocatalytic or adsorptive capabilities through manipulating the membrane’s 

structure and relevant physicochemical properties including hydrophilicity, porosity, charge 

density, and thermal/mechanical stability. Ajmania et al. [2012] added layered carbon nanotubes 

(CNTs) of different physiochemical properties onto low pressure membranes and studied the 

antifouling effect with natural surface water. It was found that membranes modified with the 

largest diameter pristine multi-walled CNTs (MWCNTs) had the best fouling reduction 

performance. A membrane with a CNT loading of 22 g/m
2
 extended the cleaning cycle interval 

by three-fold. Destruction of foulant, especially the larger organic macromolecules, is considered 

to the main cause of decreased filtration resistance. 
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Recently graphene oxide (GO)-assisted membranes such as freestanding GO membranes, GO-

surface modified membranes and casted GO-incorporated membranes are emerging as a novel 

fouling combating technology, especially in the field of desalination [Hegaba et al., 2015]. GO 

contains abundant hydrophilic groups such as epoxide, carboxyl and hydroxyl which can serves 

functional reactive sites. Zhao et al. [2014] developed a GO modified polyvinylidene fluoride 

(PVDF) nanosheet membrane and determined its surface properties using multiple techniques 

including scanning electron microscopy (SEM), contact angle measurements, and X-ray 

photoelectron spectroscopy. The GO modified PVDF membrane was then tested in a submerged 

membrane bioreactor system. The results showed higher critical flux, sustained filterability, less 

EPS deposition on the membrane surface, looser and thinner biocake layer and cleaning intervals 

of three times longer in comparison with the regular PVDF membrane. Lee et al. (2014) 

discovered that adding about 1 wt% of graphene oxide into the membrane materials dramatically 

increased the membrane’s antifouling capability, evidenced by 5 times longer intervals between 

chemical cleanings.       

  

2.1.3.4.2 Fouling control through P removal 

 

In the water environment, the biologically assimilated forms of phosphorus are ortho-phosphate, 

monobasic phosphate and dibasic phosphate, which are converted from inorganic 

polyphosphates and dissolved organic phosphorous through hydrolysis or lysis [Holtan et al., 

1988; Maher and Woo, 1998]. In microorganisms, the molar ratio and mass ratio for carbon (C), 

nitrogen (N) and phosphorous (P) are 100:20:1.7 and 100:23:4.3, respectively [Tchobanoglous et 

al., 2003]. Compared to carbon, though the demand for P is relatively low, as an essential 
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element for microbial cells, P deficiency restricts the microbial growth. Phosphorous as a 

limiting factor has been extensively reported for drinking water (Miettinen et al., 1997; Kasahara 

et al., 2004; Torvinen et al., 2007), surface water (Mohamed et al., 1998; Mohamed et al., 2003) 

and wastewater (Alphenaar et al., 1993). In recent years, it was found that biofouling was 

completely inhibited at low phosphate concentrations [Vrouwenvelder et al., 2000; 

Vrouwenvelder et al., 2010] and controlling phosphate concentration has been proposed as an 

alternative approach for membrane fouling reduction [Van der Kooij et al., 2007; Galjaard et al., 

2008].    

    

2.1.3.4.3 Quorum quenching  

 

One of the major challenges in membrane fouling control is to inhibit the microbial growth on 

the membrane surface. Though application of antibiotics or antimicrobial compounds in MBRs 

such as such as nitrofurazone, chlorhexidine, silver salts, polymerized quaternary ammonium 

surfactants, anionic nanoporous hydrogels and antibacterial peptides is an effective method 

[Ponnusamy et al., 2009; Lade et al., 2014], the drawback is that most of the antibiotics 

indiscriminately kill non-target microorganisms and their residues pollute the aquatic 

environment. In addition, the biofilm producing microbes may develop physiological protection 

mechanism against further application of antimicrobial compounds to compromise their 

antifouling effect [Davies et al., 2003]. About a decade ago, a new strategy based on the quorum 

quenching mechanism was adopted for membrane fouling inhibition [Dobretsov et al., 2009], 

exhibiting a promising potential for a novel environment-friendly antifouling approach. The 

intercellular communications of microbes rely on a process called quorum sensing (QS). QS 

plays a critical role in generation of EPS, motility, swarming and biofilm formation through 
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sensing small signal molecules called auto-inducers (AIs) [Dong et al., 2007; Lowery et al., 

2010; Dobretsov et al., 2011]. The previous investigations have reported three types of AIs, i.e. 

oligopeptides and N-acylhomoserine lactones (AHL) as messengers for Gram+ and Gram- 

bacteria respectively, and autoinducer-2 (AI-2) which coordinates the communications for both. 

A few natural substances have been found to be effective in quorum quenching process, 

including: curcumin, vanillin, flavonoids, furanones and some enzymes etc. [Rudrappa et al., 

2008; Choudhary et al., 2010; Truchado et al., 2012; Oh et al., 2012]. Quorum quenching is 

capable of controlling membrane fouling by disturbing the bacteria’s AIs-mediated quorum 

sensing activities, rather than using bactericides to inactivate microbes. In spite of high interest in 

the MBR research community, there is still a long way to go for practical application of QS in 

membrane filtration of water and wastewater treatment process [Paul et al., 2009; Kim et al., 

2013]. 

 

2.1.3.4.4 Membrane cleaning      

 

In MBR, membrane fouling is inevitable, so sustainable MBR operation requires periodical 

cleaning to recover the membrane module’s effective filterability. Cleaning scheduling can be 

based on a certain time interval of stable MBR operation or the preset upper TMP limit typically 

recommended by the manufacturers. 

 

Membrane cleaning can be divided into in-situ and ex-situ cleaning depending on whether the 

cleaning process occurs inside or outside the MBR reactor, or it be distinguished by the foulant 

removing mechanism: physical, chemical or biological cleaning [Wang et al., 2014]. 
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In-situ and ex-situ cleaning 

 

In-situ cleaning, also called online cleaning, is conducted inside the MBR reactor itself and 

therefore doesn’t require additional cleaning vessels. Typical in-situ cleaning methods include 

ultrasonication, backflush, intermittent filtration or relaxation, suspended carrier scouring, 

biological cleaning and maintenance cleaning in place (CIP) [Brepols et al., 2008]. Ex-situ 

cleaning requires extra cleaning tank and combined physical and chemical cleaning processes 

may be involved. In-situ cleaning is practiced much more frequently, typically from once in a 

few minutes to a few months; most of them (except intermittent filtration or relaxation) are 

carried out in parallel with membrane filtration, so flux production is not disturbed. In contrary, 

ex-situ cleaning is considered only after in-situ cleaning fails to stop the fouling status and is the 

last cleaning effort exerted to recover membrane’s performance and may be practiced once from 

6 months to three years [Ayala et al., 2011].                 

 

Physical, chemical and biological cleaning 

 

Physical cleaning typically includes ultrasonication, backflush, vibration, intermittent filtration 

or relaxation, suspended carrier scouring. As mentioned previously, those cleaning methods are 

usually integrated as an in-situ cleaning processes to control reversible fouling and require no 

chemicals. They are indispensable to reduce the frequency of chemical cleaning and extend the 

life time of membrane module in the practical MBR process. In chemical cleaning, foulants 

adsorbed or attached to the membrane are removed by oxidation or dissolution using chemical 
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reagents such as citric acid, oxalic acid, hydrochloric acid, hypochlorite and hydrogen peroxide 

etc. Generally chemical cleaning is able to remove the substances causing irreversible fouling, 

and thus it is another indispensable step in MBR operation, though the acids, alkalines or 

oxidants used may do damage to the membrane materials. Biological cleaning is a novel class of 

cleaning technology emerging in recent years [Kim et al., 2013], including enzymatic cleaning, 

energy uncoupling, and quorum quenching. Compared to the matured and widely applied 

physical and chemical cleaning methods, biological cleaning is still under development and it 

may be still years away before it becomes practical application in MBR. The types of fouling 

with specific regard to cleaning methods are briefly presented in Table 2.4 

  

Table 2.4   Membrane fouling features and cleaning approaches 

Features Fouling development 

time 

Appropriate cleaning approaches 

Physically reversible fouling  Minutes relaxation, backflush, 

ultrasonication, vibration, biological 

cleaning   

Chemical reversible fouling Weeks to months Chemical cleaning 

Irreversible fouling   5 – 7 years  Nothing can do about it 

 

2.1.4 Removal of endocrine disrupting compounds (EDCs) in MBR 

 

EDCs are natural or synthetic organic compounds that may interfere with the normal functions of 

the endocrine system such as synthesis, transportation and action of natural hormones in the 

body [Crisp et al., 1998]. Due to human activities, EDCs have extensively existed in the surface 

waters and the negative impacts on reproductive function, neuro system development and 
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immune function have been extensively reported [Auriol et al., 2006]. Among the large number 

of EDCs, natural (E1, β-E2, estriol [E3]) and synthetic ethinylestradiol (EE2) hormones are 

considered to be the main contributors to the estrogenic activities observed in municipal 

wastewater and the receiving water [Auriol et al., 2006]. In the last two decades, wastewater 

treatment has been extended from the conventional solid and nutrient removal to destruction of 

emerging compounds including EDCs [Snyder et al., 2001]. As a synthetic estrogen for 

producing contraceptive medication EE2 is the most potent EDC in municipal wastewater 

(Johnson et al. 2001) due to its structural resistance to biodegradation [Kidd et al., 2007]. As a 

result, EE2 at parts per trillion (PPT) levels was identified to affect the reproducibility of aquatic 

species [Desbrow et al., 1998, Esperanza et al., 2004; Kidd et al., 2007].   

 

Measurement of EDCs in wastewater is very complicated and lab intensive due to their low 

content, complex matrices, lengthy sample preparation and easy sample contamination. The most 

common analytical techniques are GC-MS-MS and biological assay. GC-MS-MS is capable of 

separating and determining the concentrations of individual EDCs, yet the biological assay 

represented by the yeast estrogen-screening (YES) assay developed and refined in the last two 

decades [Villalobos et al., 1995; Routledge et al., 1996], is more favourable because it 

determines the overall estrogenic activity (EA), i.e. the total estrogenic effect on an organism. 

EA is a more accurate measurement than the concentrations of individual EDCs because the 

corresponding relationships between estrogenic impact and concentration are poorly quantified. 

In addition, the estrogenic influences of both parent compounds and subsequent intermediates or 

derivatives are collectively accountable. EA is typically measured against a basic EDC standard 

17β-estradiol or E2 and expressed by E2-Eq concentration in ng/L (Yang et al., 2008).  

http://www.sciencedirect.com/science/article/pii/S1359511305004162
http://www.sciencedirect.com/science/article/pii/S1359511305004162
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The concentrations of EE2 in municipal wastewater are highly variable, ranging from not 

detectable to a few hundred ng/L depending on the influent characteristics and determination 

methods [Birkett et al., 2003; Pauwels et al., 2008]. Removal of EE2 in the wastewater treatment 

process is mainly through biodegradation and sludge adsorption, and the efficiency is dependent 

on the operating conditions such as SRT, HRT, TSS and temperature etc. Generally longer SRT, 

higher HRT, higher temperature and more TSS are favourable for EE2 elimination [Price et al., 

2004; Koh et al., 2009]. Therefore, MBR characterised by longer SRT and higher TSS is 

advantageous for EE2 removal [Cicek et al., 1999; Cicek 2002]. In addition to the enhanced 

biological destruction, the membrane material together with the dense biocake layer on 

membrane surface serve as physical barrier for size exclusion of EE2 to effluent [Urase et al., 

2005; Melin et al., 2006]. Therefore, generally 70% - 80% of EE2 removal rates (higher than 

those of the conventional ASP), were reported [Lee et al., 2008; Cirja et al., 2008; Yang et al., 

2008; Yang et al., 2009]. 

 

2.2 Electrocoagulation (EC) and Application in the Wastewater Treatment  

  

EC was first reported for electrolytically treating sewage in London in 1889 and patented in the 

United States in 1909 [Vik et al., 1984]. During 1940’s and 1950’s this technology was used to 

purify surface water [Matteson et al., 1995]. EC as one of the electrokinetic technologies has 

gained increasing interests in water and wastewater treatment in the last two decades. In EC, 

sacrificial anodes typically made of aluminum or iron generate coagulants (aluminum hydroxide 

or ferric hydroxide) in situ to aggregate flocs or directly decompose the contaminant in the 
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wastewater. The coagulated and flocculated particles are subsequently removed from the 

treatment stream and separated through sedimentation or filtration. In the following sections, EC 

reactor configurations, electrochemical mechanisms, electrode materials, critical factors affecting 

EC kinetics and removal efficiency, advantages of EC in comparison with conventional chemical 

coagulation as well as applications in the industrial and wastewater treatment are briefly 

summarized. The role and effect of EC on membrane filtration in MBRs will be discussed in 

detail in a later section.    

 

2.2.1 EC reactor configuration 

 

Like a standard electrolytic cell, the basic EC reactor consists of one anode, one cathode, 

electrolytic fluid (wastewater to be treated) and a power supply unit, as schematically 

represented in (a) of Fig. 2.7. The anode (Al or Fe) metal dissolves into cations with valance of 

+2 (Fe) or +3 (Al) that enter bulky solution and are further hydrolyzed into monomeric and 

polymeric hydrated ions [Mollah et al., 2004], e.g. Al(OH)
2+

, Al(OH)2
+
, Al2(OH)2

4+
, Al(OH)4

−
, 

Al6(OH)15
3+

, Al7 (OH)17
4+

, Al8 (OH)20
4+

 for Al electrode and Fe(H2O)6
3+

, Fe(H2O)5(OH)
2+

, 

Fe(H2O)4(OH)
2+

, Fe2(H2O)8(OH)
24+

 and Fe2(H2O)6(OH)
44+

. Hydrogen gas as the inevitable by-

product releases from the surface of cathode.       

 
Fig. 2.7 Schematic representation of EC reactor configuration 

(a). Basic EC unit, (b). Bipolar electrode EC, (c). Monopolar electrode EC 

a b c 
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In practical application, the singe anode-cathode electrode pair configuration usually falls short 

of the required treatment efficiency due to limited electrode surface area. Consequently, over the 

years two other popular configurations have been developed, i.e. monopolar and bipolar 

electrode modes as shown in (b) and (c) of Fig. 2.7, respectively. In the bipolar arrangement, a 

number of conductive metal plates are placed between the anode and cathode without any 

electrical connection, whereas in the monopolar electrode EC configuration, multiple pairs of 

anode / cathode are interleaved through regulation of specific electric devices. Both monopolar 

and bipolar electrode modes provide higher cation release rates as the anode surface area is 

multiplied.  

 

Pollutant removal efficiency and operating cost are the two major indicators in selecting a 

treatment process. Studies on several monopolar and bipolar EC  configurations [Bayramoglu et 

al., 2007; Golder et al., 2007; Asselin et al., 2008; Ghosh et al., 2008; Wang et al., 2009] 

revealed that monopolar configuration is superior to the bipolar arrangement in terms of 

operating cost but bipolar electrodes are more effective in removing some contaminants.      

 

As for the power supply, since the invention of this technology, direct current (DC) has been 

used in EC systems. However, in recent years application of alternating current (AC) has been 

investigated in a few studies [Wang et al., 2007; Eyvaz et al, 2009; Vasudevan et al., 2011]. 

Compared to the DC powered EC, AC has the advantage of suppressing electrode passivation 

and lower energy consumption [Vasudevan et al., 2011]. 
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2.2.2 Chemical/electrochemical reactions in EC process 

 

The chemical reactions for this process are as following: 

At anode: Fe
0
(S)         Fe

2+
 + 2e

-
                                                 (2-7)    

                 Al
0
(S)         Al

3+
 + 3e

-
                                                 (2-8)                                                  

At cathode: 2H2O + 2e
-
         2OH

- 
+ H2(g)                                 (2-9)                                          

In bulk solution, 

(1) For Fe anode: 

3Fe
2+ 

+ 2PO4
3-              

 Fe3(PO4)2                                                                              (2-10) 

3Fe
2+

 + O2 + 2H2O         3Fe
3+ 

+ 4OH
-
                                         (2-11) 

3Fe
3+ 

+ 9OH
-              

3
 
Fe(OH)3                                                        (2-12) 

Fe
3+ 

+ PO4
3-              

 FePO4                                                                                              (2-13) 

(2) For Al anode: 

When Al is used as the anode, the electrochemically generated hydrated aluminum ions are not 

stable in aqueous solution and tend to form polynuclear hydroxylaluminum aggregates by 

following a stepwise deprotonation-dehydration mechanism [Rodriguez et al., 2007], i.e.     

 

Al
3+

 + 6 H2O            Al(H2O)6
3+

                                                    (2-14) 

2Al(H2O)6
3+

 → Al2(OH)2(H2O)8
4+

 + 2H3O
+
                                 (2-15) 

 

                                                Al6(OH)12(H2O)12
6+

  
                                                                                          

     Al10(OH)22(H2O)16
8+

 

                                                                                  Al24(OH)60(H2O)24
12+

                 

                                                                                                       [Al(OH)3]m.(H2O)n 

                                                                                                      

 

Al
3+ 

+ PO4
3-              

 AlPO4                                                                                              (2-16) 
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2.2.3 EC mechanisms 

 

It is well known that many contaminants in water and wastewater are contained in fine particles 

called colloids with one-dimensional sizes ranging from 1 to 10 micron [Cosgrove et al., 2010; 

Masliyah et al., 1994]. As high as 50 - 70 % of organic substances in municipal wastewater exist 

in the colloidal form. In surface water color, turbidity, bacteria, viruses, algae and organics are 

also primarily associated with colloids [Crittenden et al., 2005]. Colloidal particles are typically 

surface charged through ion adsorption, lattice imperfections or isomorphic replacement as well 

as ionization of active groups such as carboxyl, amino, hydroxyl, sulfonic etc. Due to 

electrostatic attraction a surface charged particle tends to affect the ionic distribution in the 

surrounding solution, i.e. absorb ions of opposite charge and repel those with the same charge. 

As a result the electrical double layer (EDL) is formed, as shown in Fig. 2.8. 

 

Fig. 2.8 Schematic representation of electric double layer 

One of the most important parameters of colloids is zeta potential ξ, i.e. the electric potential 

difference between the shear plane of a colloidal particle and the bulk solution. The zeta potential 

is an indirect indicator of the electrical charge of the colloidal particle and can be experimentally 
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quantified by determining the electrophoretic mobility of a particle in the presence of an 

electrical field. The typical zeta potential of wastewater colloids ranges from 12 to 40 mv 

[Crittenden et al., 2005]. 

ξ = 
4𝜋𝑣

𝜀𝑉𝑥
 = 

4𝜋µ𝐸𝑀

𝜀
                                                                         (2-17) 

Where: v = particle velocity (m.s
-1

) 

             𝜀 = dielectric constant  

             Vx = applied potential per unit length (V.m
 -1

) 

             EM = electrophoretic mobility (m
2
·V

-1
·s

-1
) 

             µ = viscosity of surrounding fluid ( Pa·s) 

  

In wastewater treatment, coagulation is the process by which colloidal particles and small solid 

suspensions are destabilized by high valence metallic ions to form larger agglomerates that are 

subsequently separated through settling, centrifuging or filtering. According to the Schulze-

Hardy rule, the dosage for effective coagulation is logarithmically related to charge. The 

coagulation potentials of Na
+
, Ca

2+
 and Al

3+
 are in the ratio of 1:100:1000. Therefore, salts of 

aluminum iron or their polymeric compounds are the typical coagulants in water and wastewater 

treatment. The   

 

destabilization mechanisms of coagulation process can be summarized as 

follows: 

1. Compression of the electric double layer  

By adding coagulant the ionic strength of solution increases, consequently thickness of 

the electric double layer is repressed and reduced. The counter ions are driven closer to 

the surface and the repulsion force becomes more compromised by Van der Waals forces. 

2. Neutralization of colloid charge  

The positively charged counter ions (Fe
3+

,
 
Al

3+
 or their hydrated forms) are brought 

closer to the surface of the colloid by electrostatic attraction and negate the primary 

charge of the colloid, thus reducing the zeta potential. 
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3. Interparticle bridging  

The metallic salts or polymerized forms may interact and bridge colloidal particles, 

which facilitates particle agglomeration and eventual flocculation.    

4. Colloidal entrapment and enmeshment  

During precipitation the aluminum or iron hydroxides form three-dimensional polymeric 

structures and capture the colloidal particles.    

 

2.2.4 Critical factors affecting EC kinetics and removal efficiency   

 

EC is a versatile process capable of treating various industrial and municipal wastewater, and the 

pollutant removal kinetics and efficiency are directly affected by multiple factors such as 

electrode material and configuration, treatment time, wastewater characteristics, current density, 

solution chemistry, including pH and the chemical composition, electrode passivation status. 

Among those parameters electrode material, pH and current density are the most critical factors 

which are briefly reviewed below. 

      

2.2.4.1 Electrode material 

 

Aluminum, iron or stainless steel are the most common materials used for EC electrodes as these 

metals have high coagulation powers, are readily available, cost-effective and relatively non-

toxic. As afore-mentioned, aluminium anode releases Al(III) ions in a one-step electrochemical 

reaction whereas generation of ferric ions are produced in two independent mechanisms, i.e. iron 

atoms are first oxidized into ferrous ions, and the latter is subsequently converted into ferric ions 



75 

 

by oxygen in air or wastewater [Sasson et al., 2009; Cocke et al., 2009; Linares et al., 2009]. Due 

to high solubility of its hydroxide and lower positive charge density, ferrous ion is not as 

efficient as ferric ions in EC process [Bagga et al., 2008]. Therefore, presence of sufficient 

oxygen or an oxidizing environment is essential for successful electrocoagulation with iron 

electrode. In spite of a few exceptions, most of the EC studies have shown that aluminum has a 

better pollutant removal efficiency than iron, however, relatively higher Al(III) toxicity, lower 

concentration tolerance in effluent and the surface water  and higher price compared to iron 

make selection of EC electrodes application specific [Katal et al., 2011]. It should be noted that 

titanium anode has also been sporadically reported with superior treatment efficiency [Mollah et 

al., 2004] due to its high positive charge density. Recently, Naje et al. [2015] used titanium 

electrode to obtain high removal of COD (93.5%), TSS (97%), turbidity (96%), phenols (99%) 

and phosphate (97%) from the textile wastewater. However, because of its high cost, using 

titanium as the EC anode is generally not considered in practice.              

 

2.2.4.2 pH  

 

The pH of the solution may directly affect the chemical dissolution of electrodes, both anode and 

cathode [Refait et al., 1997; Chen et al., 2004]. When aluminum is used as the EC electrodes, as 

an active metal it may react with H
+ 

or OH
- 
, and generate Al

3+
 and AlO2

- 
under acidic (pH < 5) 

and alkaline (pH >9) conditions. Fe may also react with H
+
 under acidic (pH < 5) condition and 

release ferrous ions. Secondly, speciation of hydrated metal hydroxides is dependent on pH of 

the solution, and the amount of highly charged cations and hydroxides decide the coagulation 

power for destabilizing colloids. At highly alkaline pH the main species of Al and Fe are 
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Al(OH)4
-
 and Fe(OH)4

-
 ions, which have demonstrated poor coagulation performance. In 

addition, oxidation of Fe(II) to Fe(III) cannot occur if pH is less than 5 [Sasson et al., 2009, 

Picard et al., 2000]. Generally the optimal coagulation pH is in the range of 5 and 8, and iron 

outperforms aluminum at pH values outside this range [Mouedhen et al., 2008].   

     

2.2.4.3 Current density  

 

At low or medium current density and near neutral pH, coagulant production can be calculated 

according to Faraday’s electrolysis law. However at high current density, dramatic pH increase 

in the solution may chemically dissolve the metal cathode [Sasson et al., 2009, Picard et al., 

2000]. Overly high current density should be avoided because it not only leaves extra metal ions 

in the effluent but also produces large amount of explosive hydrogen gas. The optimal current 

density is typically dependent on the wastewater characteristics.      

 

2.2.5 Advantages of EC in comparison with conventional chemical coagulation 

 

Chemical coagulation using iron and aluminum salts or their polymeric forms have been used to 

destabilize colloids to precipitate the solids or soluble metals species in the water and 

wastewater, followed by sedimentation or filtration. These conventional processes require supply 

of iron or aluminum chemicals and the generated sludge has dramatically different characteristics 

compared to the EC process. Overall, in comparison with the conventional chemical coagulation, 

EC is widely recognized for the following advantages:  
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1.  Except for the Al or Fe metal anodes, no corrosive chemicals are required, thus there is 

no need to deal with the residual chemicals in the effluent and secondary pollution is 

prevented [Mills et al., 2000; Melhem et al., 2010]. In addition, as there are no inert 

anions from the chemicals added into the wastewater stream, the total dissolved solids are 

reduced and the final sludge production is decreased. Finally, avoidance of the chemicals 

also save capital and operating costs for chemical handling facilities;  

2. The EC equipment is easy to install and operate, which is advantageous to automate the 

treatment process. The electrolytic processes in the EC reactors can be fully controlled 

electrically and, with no moving parts, the EC facilities require less maintenance; 

3. The flocs generated in the EC process tend to be much larger and contain less bound 

water. They are also proven to be more acid-resistant and stable under shear stress, and 

therefore, can be readily settled or dewatered; 

4. The hydrogen gas bubbles generated in the EC process can be utilized as floatation means 

to remove the pollutant from the biomass; 

5. Without the need for constant supply of chemicals, EC is characterized by easy operation 

and process control. Therefore, it may be more readily implemented in a developing-

country or could be an effective decentralized water and wastewater treatment alternative 

in remote areas or in the event of emergencies. 

 

2.2.6 Application of EC process in water and wastewater treatment 

 

In the past three decades, EC has been investigated for treatment of wastewater containing heavy 

metals, oil and grease, dyes from the textile industry, landfill leachate, phenols and heavy metals 
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[Mohammad et al., 2004]. Table 2.5 presents some of the recent applications of EC in treatment 

of oil and grease, dye, heavy metals, turbidity and color in industrial wastewater as well as BOD 

and solids in municipal wastewater. The removal efficiencies of almost all studies were found to 

be dependent on the electrode material, initial pH, the pollutant concentrations, the applied 

current density and the electrolysis time. The table shows that excellent removal efficiency 

(>95%) was achieved in almost all of the studies, though the current density varies over a wide 

range. More studies on the practical applications are needed since nearly all of the existing 

investigations are in bench scale. The effect of EC on membrane fouling reduction in MBR will 

be the focus in Section 2.3.3.     

Table 2.5 Recent applications of EC in the industrial and municipal wastewater treatment 

   

Source of water 

or wastewater 

Electrode 

materials 

Current or current 

density 

Treatment 

efficiency 

Reference 

 

 

Wastewater 

from the food 

industry 

containing  

oil and grease 

Fe and Al- 

Bipolar 

0.2– 0.6 A 95-99% of COD  [Chen et al., 

2000] 

Corrugated Al 

plate 

40 - 220 A 95-99% of oil [Rubach and Saur 

1997] 

Flat sheets of 

steel/stainless 

steel 

60 - 140 A/m
2
 85–99% of oil [Mostefa et al., 

2004] 

Al electrodes-

Monopolar 

100 - 300 A/m
2
 80–99% of oil [Carmona et al., 

2006] 

 

 

 

 

 

 

 

 

 

 

Color, dye 

Fe and Al 

plates, and 

cylindrical 

graphite 

1 - 5 A/m
2
 85-99% of dye [Gurses et al., 

2002] 

Al, Fe, and 

stainless 

steel-

Monopolar 

1 - 4.5 A/m
2
 95-99.6% of dye  

[Kim et al., 2002] 

Al/Al- 

Monopolar 

2.5 - 25 A/m
2
 70-92.5% of dye [Can et al., 2003] 

Carbon steel 

plates- Bipolar 

4A 97-99% of dye [Mollah et al., 

2004b] 

Al_Fe 

monopolar 

45 - 200 A/m
2
 85-99% of dye [Bayramoglu et 

al., 2004] 
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Al/Al -

Monopolar 

25 - 250 A/m
2
 60-95% of dye [Kobya et al., 

2005] 

Mild Steel 

electrode pair 

1 - 30 A/m
2
 80-99% of dye [Golder et al., 

2005] 

Al/Al -

Monopolar 

100 A/m
2
 70-80% of dye [Can et al., 2006] 

 

 

 

 

 

 

 

 

 

 

 

Heavy metals 

Two 

Fe/stainless 

steel electrodes 

50 - 125 A/m
2
 75–95% of 

Arsenic 

[Balasubramanian 

et al., 2001] 

Al/Al- 

Monopolar 

420 mA 80-90% of Cr [Park et al., 2002] 

Fe-Fe 100 - 500 A/m
2
 65-88% of Cu, 

Zinc 

[Ninova et al., 

2003] 

Fe, Al 15 - 22 A/m
2
 Max. 99% [Kumar et al., 

2004] 

Fe-Fe 0.8 - 1.2 A/dm
2
 80-98% of 

Arsenic 

[Hansen et al., 

2005] 

Fe/Fe 

electrodes-

Monopolar 

0.1 A 80-97% of Cr  

[Gao et al., 2005] 

Fe/Fe 

electrodes-

Monopolar 

0 - 3A 75-95% Silica 

nano- particles 

 

[Den et al., 2005] 

Seven parallel 

plates of Fe 

and Carbon 

steel 

 

4 - 5 A 

 

60-99% of 

Arsenic 

 

[Parga et al., 

2005] 

Al-Fe 2.5 A/m
2
 99% of Arsenic [Kobya et al. 

2011] 

 

Turbid 

industrial 

wastewater 

Fe/Stainless 

steel 

0.2 - 1 A 80-95% of 

turbidity 

[Abuzaid et al., 

2002] 

Al/Al 

Monopolar 

0.5 - 2.5 A 60-88% of 

turbidity 

[Sivakumar et al., 

2004] 

Wastewater 

containing 

organic and 

inorganic 

pollutants  

Fe 22.4 A/m
2
 BOD: 96% 

Cr: 100 % 

TSS: 96% 

TKN: 62% 

TDS: 50% 

 

[Kongjao et al., 

2008] 

Textile 

wastewater  

 

Al 80 A/m
2
 Turbidity: 90%  

TS: 50%  

COD: 70% 

 

[Zodi et al., 2010] 

 

 

 

Fe/Al 

electrodes-

30 - 80 A/m
2
 50-80% COD 

removal 

[Hutnan et al., 

2005] 
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Municipal 

wastewater 

monopolar 

Fe 20 A/m
2
 Calcium 98%  

Total hardness: 

97%  

Turbidity: n.d. 

[Malakootian et 

al., 2010] 

  

Stainless steel 30 A/m
2
 TSS: 95% 

Turbidity 93% 

BOD 99% 

[Bukhari et al., 

2008] 

 

 

2.3 Membrane fouling control by electrokinetic technologies 

 

Due to ionization and absorption, most polymeric and ceramic membranes used in the water and 

wastewater treatment processes are negatively charged, especially under high pH conditions. 

Considering the electrical charge characteristics of both raw water/wastewater and membrane 

materials, one promising direction towards hindering cake accumulation on the membrane 

surface is use of electrokinetic technologies. Hybrid water / wastewater treatment processes 

combining electric field application and membrane filtration including electrophoresis-based 

electrofiltration, dielectrophoretic flux enhancement and electrocoagulation (EC) pretreatment 

have gained interest [Pletcher et al., 1990; Goodridge et al., 1994; Prentice et al., 1991].  

 

Emerging in the 1970s, the electrokinetic technologies have been increasingly investigated as 

promising membrane fouling control strategies. Electrophoresis and di-electrophoresis function 

through an electrokinetic mechanism, i.e. relying on uniform or non-uniform electric fields to 

transport fouling particles away from the membrane surface [Vonzumbusch et al., 1998; Weigert 

et al., 1999; Lee et al., 2002; Yang et. al., 2002]. In EC, the colloidal particles are aggregated to 

form larger flocs which subsequently increase the porosity of biocake and thus improve the 
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membrane filterability. Furthermore, the freshly generated coagulants adsorb the extracellular 

polymeric substance (EPS), the major membrane foulants in bulk fluid, and affect the growth 

kinetics and structural characteristics of the biocake on the membrane surface. Compared to 

various afore-mentioned membrane fouling combating approaches, electrokinetic technologies 

offer the following technical and economic advantages: 

(1) Versatile applicability: applicable to a variety of industrial and municipal wastewater at any 

capacity;    

(2) Configuration simplicity and scalability: the core electrokinetic configuration consists of a 

DC or AC power supply unit and electrode array, which is simple to design, install and scale up;      

(3) Small footprint: the electrokinetic setup is usually compact and sometimes can be placed in 

the existing reactors;       

(4) Performance predictability: the electric field strength can be accurately calculated and 

generation of the metal cations follows chemometrics, which make the treatment efficiency 

highly reproducible and predictable;         

(5) Amenability to operation automation: the most important operating parameters of an 

electrokinetic process are current and voltage which are easy to be digitally controlled and can 

facilitate process operation automation. 

(6) Minimum chemical demand and waste production: electrokinetic processes utilize electricity 

to mitigate membrane fouling through physical mechanism or electrochemical reactions with the 

chemical constituents in the water/wastewater to be treated, generally requiring no consumption 

of external chemicals. As a result, the waste stream or sludge is reduced accordingly;     

(7) High energy efficiency: electrokinetic processes are normally operated at ambient 

temperature, which is energy efficient;  
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(8) Lower capital and operating costs: the construction of electrolytic cells and peripheral 

equipment are generally simple and inexpensive, and process automation further cuts operation 

costs.   

 

It should be noted that membrane fouling control using electrokinetic technologies has mostly 

been studied in lab scale for water or industrial wastewater treatment and integration of these 

technologies into municipal wastewater MBR remains a challenge due to issues such as 

availability of sustainable electrode materials and frequent electrode cleaning. In this thesis the 

three electro technologies of electrophoresis, di-electrophoresis and EC are briefly reviewed in 

terms of the underlying principles, individual pros and cons and future application perspectives, 

which may serve as general guidelines for their integration into a membrane filtration system to 

control membrane fouling. 

 

2.3.1 Electrofiltration 

 

2.3.1.1 Background  

 

Electrophoresis is the migration of charged particles in a fluid in the presence of a uniform 

electric field. This physical phenomenon was first discovered in 1807 by Reuss [1809] who 

observed that a homogeneous electric field might induce the movement of clay particles 

suspended in water. Electrophoresis found its first application in filtration enhancement by 

Beechold in 1926 [Beechold, 1926], but the theoretical foundation was laid in the 1960s [Moulik 

et. al, 1971; Bier et al., 1967; Moulik et al., 1967] and 1970s [Moulik, 1976].  
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In electrofiltration, a direct current field is applied in the direction of the filtration flow. The 

negatively charged colloidal particles are subjected to the electrophoretic force and have a 

tendency to overrun the hydrodynamic resistance force and move against the fluid flow or away 

from the membrane surface. As a result, formation of the membrane surface cake can be 

eliminated or significantly mitigated under sufficient electrical field strength. The filtration 

resistance is thus decreased and permeation flux is increased accordingly. The movement 

dynamics of a colloidal particle in the electro-filtration media can be illustrated in Fig. 2.9. 

 

 

Fig. 2.9 Dynamics of a colloidal particle in an electro-filtration system 

 

Due to various intricate diffusion mechanisms such as Brownian diffusion, shear induced 

diffusion, and concentration gradient diffusion, migration of a particle in the filtration medium is 

the combined effect of multiple driving forces, namely, its gravity Fg, buoyancy Ff, 

electrophoretic retardation force Fre, turbulence force Ft, electrostatic force Fe as well as the 

hydrodynamic resistance force Fh. Among these forces the turbulence force may be exerted in 
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any direction. If there exists no turbulence caused by mechanical mixing or aeration, the 

trajectory of the particle is mainly dependent on the relative magnitude of the electrostatic force 

and the hydrodynamic resistance force. For simplicity, the other forces are not taken into account 

in the following calculations when the Reynolds number is very small (< 10
-3

). 

In Fig. 2.9 q is the particle surface charge and it can be calculated based on the zeta potential of 

the colloidal solution [Huisman et al., 1998]:   

         q = 6πrεdξ                                                                                (2-21) 

          Fe = qE = 6πrεdξE (Coulomb’s law)                                       (2-22) 

          Fg = πr
3
/6(ρf -ρt)g                                                                     (2-23) 

          Fh = 6πrηve (Stokes’ law) [Agana et al., 2011]                       (2-24) 

          Ff = 0.761(τw
1.5

r
3
ρt/η) [Stamatakis et al., 1993]                       (2-25) 

 

 

where:  r is the particle’s hydrodynamic radius (m) 

             εd is the dielectric permittivity of water (S/m)   

             ξ is the zeta potential (V) 

             E is the external electric field strength (V/m) 

             η is the viscosity of the colloidal solution ( Pa·s) 

             ve is the colloidal particle’s  electrophoretic velocity (m/s)  

             ρt is the density of the influent at 20 
0
C (998.2 kgm

-3
) 

             ρf is the density of the particle at 20 
0
C (kg/m

3
) 

             Fe is the electrostatic force (N) 

             Fg is the gravity (N) 

             Fh is the hydrodynamic resistance force (N) 

             Ff is the float (N) 

 

In an electrofiltration system, two types of electrodes are usually utilized: flat plate or concentric 

cylinder electrodes and their electric field strengths can be calculated as following: 

For the flat plate electrode, E = 
∅

𝑑
                                   (2-26) 

Where: ∅ is the electric potential of flat plate electrode (V)  

             D is the distance between the electrode plates (m) 

For the concentric cylinder electrode, E = 
(∅𝑜−∅𝑖)

𝑟𝑙𝑛(
𝑟𝑜

𝑟𝑖
)
  [Huotari et al., 1999]    (2-27) 
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       ∅o is the electric potential at the outer electrode (V) 

                ∅i is the electric potential at the inner electrode (V) 
       ro is the radius of the outer electrode (m) 

                ri is the radius of the inner electrode (m) 

              r is the  radial coordinate (m) 

 

The electrophoretic mobility of a charged particle (ue) is defined as: ue = ve / E (2-28), and Ve is 

the particle’s migration velocity (m/s). When Fe < Fh, the colloidal particle would migrate 

towards the membrane and a cake layer would form on the outer surface; When Fe > Fh, the 

colloidal particle would be driven away from the membrane and therefore no cake layer would 

be accumulated, and the existing cake layer could even be eroded. However, when Fe = Fh, i.e. 

the electrical force and the hydrodynamic force are balanced, there would be no net particle 

migration towards the membrane and the electric field is referred to as the critical electric field 

which can be calculated using the following equation: 

Ecrit = Jmax / ue                                                                                         (2-29)          

where Jmax is the maximum solvent flux at a given TMP, equal to the flux through clean 

membrane. From Equation (2-22) and (2-24) it is derived that, at the equilibrium state, the 

particle’s migration velocity is: 

Ve = εdξE / η                                                          (2-30)  

         

2.3.1.2 Configuration 

 

In electrofiltration the ultimate purpose is to use the external electric field to divert the colloidal 

particles away from the membrane surface and subsequently reduce fouling. Though a number of 

studies have been reported in the last four decades, basically only two configurations have been 

proposed [Kyllönen et al., 2005]: one is like a “sandwich” setup where an electric field is applied 
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across the membrane with one electrode on either side of the membrane (Fig. 2.10), and the other 

is that an electric field is applied between membrane and another electrode, with the membrane 

or membrane support used as the cathode (Fig. 2.11). In the latter case, the membrane or 

membrane support must be made of conductive materials such as metal, carbon or special 

ceramics etc. As the membrane itself acts as the cathode, there is a net electric voltage across the 

membrane pores, resulting in electro-osmosis, which further enhances the fluid permeation in 

addition to the electrophoresis effect. 

 

Fig. 2.10 Typical configuration of electro-filtration using flat sheet membrane 

 

Fig. 2.11 Configuration of electro-filtration using tubular membrane 

 

One of the major challenges in the commercialization of electro-filtration is the lack of 

inexpensive and electrochemically stable or corrosion-resistant electrode materials. As electron 
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gaining reactions occur at the cathode, stability of the cathode material is not critical, and usually 

stainless steel is a good choice. However, at the anode the electrochemically active metal will 

lose electrons and erode due to generation of metal ions. Therefore, ideally the anode should be 

made of inert graphite or titanium coated with a noble metal such as platinum or its oxide.  

 

2.3.1.3 Applications 

 

Electrophoresis-based permeation flux enhancement and membrane fouling reduction have been 

investigated for decades in the water and wastewater treatment industries [Huotari et al., 1999; 

Zumbusch et al., 1998; Lentsch et al., 1993; Brisson et al., 2007]. Electrophoresis may be driven 

either by constant or pulsed electric field [Iritani et al., 2000]. A parametric study on cross-flow 

electromembrane system was conducted for separating a solid/liquid suspension containing 50 

g/L of silicium oxide particles [Lazarova et al., 2002]. Extensive operating conditions were 

examined: applied voltage (0–200 V), feed concentration (1 - 5 wt.%), temperature (15 - 50 
0
C), 

TMP (1–3 bar) and filtration linear velocity (0.1–0.34 m/sec). The results indicated that the 

filtration flux was improved as much as 366% under an applied electric field strength of E = 

133V/cm. Akamatsu et al. [2010] applied an electric field intermittently to a crossflow 

membrane filtration system for activated sludge and successfully suppressed membrane fouling. 

An electric field strength of 6 V/cm with an on/off operating mode every 90 seconds effectively 

diverted the activated sludge flocs away from the membrane surface and thus improved the 

average permeate flux.     
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The pulsed electric field was evaluated in dead end microfiltration of a titanium suspension 

[Ahmad et al., 2000]. Pulse variables such as the interval, duration and strength were extensively 

investigated. 10 seconds of pulse duration at shorter pulse interval and 100 V applied voltage 

offered the best efficiency of biocake removal.  With the electric pulse the flux was found to 

have significantly improved through electrophoretic dislodging of particles away from the 

membrane surface and electroosmostic enhancement in the filter cake. The effect of a pulsed 

square wave on flux enhancement in electrodialysis was investigated by Lee et al. [2002, 2004]. 

The optimal frequency to mitigate fouling potential was found to be 50Hz. It was suggested that 

pulsing electric field could be used as a cleaning-in-place method for improving the ED 

performance. Recently, impact of a high voltage impulse (HVI) (electric field strength ranged 

from 4 to20 kV/cm, with the pulse duration between 20 to 70 µs) on membrane fouling in a 

MBR was studied [Lee et al., 2014]. After HVI induction, permeate flux was found to be 

consistently higher than that of the control. In addition, HVI caused a change of the mixed liquor 

properties: decrease in sludge or MLSS production and increase in the concentrations of soluble-

chemical oxygen demand (SCOD), total nitrogen (TN), total phosphorus (TP), polysaccharide as 

well as protein in the bulk solution, suggesting HVI dislodged the deposited cake layer on the 

membrane surface and induced sludge solubilisation.  

 

Weigert et al. [1999] quantitatively studied the influence of both constant and pulsed electric 

fields on membrane filtration. As high as 10-fold increase in permeate flux was achieved with 

application of the electric field. It is interesting to note that for mineral suspension, constant field 

showed greater permeate improvement, whereas for biomass the pulsed field demonstrated better 
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flux enhancement. Estimation of specific energy consumption indicated the electrofiltration 

system’s significant energy-saving potential. 

 

The effect of electric field on the filtration performance was modelled on a 50-nm ceramic 

membrane submerged in the CED paint wastewater containing 5% (v/v) suspension [Agana et 

al., 2012]. At a TMP of 100 kPa, the filtration efficiency increased with various applied voltages. 

However, there was no positive effect on the membrane filtration performance at high TMPs of 

200 and 300 kPa.      

 

The concentration polarization in membrane filtration and electric field assisted flux 

enhancement effects were modelled by Sarkar et al.[2010]. The numeric simulation results 

showed that the imposed electric field might induce significant membrane fouling reduction and 

flux improvement. At a cross-flow velocity of 2.1 m/s and with feed containing 7.5 kg/m
3
 of 

gelatin, the flux increased by 167%, when an electric field of 1300 V/m was applied. The 

predicted flux increase was verified with experimental data. 

 

Table 2.6 presents some of the work in which the electric field strength and fouling mitigation 

effect are clearly described. This table shows that membrane fouling can be reduced significantly 

only if high electric field intensity is used. In addition, most of the electrically enhanced filtration 

studies were conducted with synthetic wastewater or suspensions in bench scale; full scale 

application in real wastewater treatment process has not been reported.   
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Table 2.6 Some applications of electrophoresis in membrane fouling control 

 

Pilot scale or 

bench scale 

Filtration 

medium 

Electric filed 

strength 

Antifouling Effect Ref. 

Bench scale 

pretreatment 

Real 

sewage  

0 – 10,000 

V/cm 

Coagulation dose saved by 

75% for 95% turbidity removal  

[Kim et al., 

2007] 

Bench scale Oil 

emulsion 

150 V/cm Flux increased from 35 to 70 

L/(m
2
.h) 

[Cornelissen, 

1997] 

Bench scale Water 

soluble 

polymer 

1,670 V/cm 10-fold increase in the flux [Akay et al., 

1997] 

Bench scale Oil 

emulsion 

24 V/cm Flux increased from 75 to 350 

L/(m
2
.h)  

[Huotari et 

al., 1999] 

Bench scale Gelatin 24 V/cm Flux increased from 4 to 12 

L/(m
2
.h) 

[Rios et al., 

1988] 

Bench scale Kaolin 

suspension  

0.01A /cm
2 

of 

the electrode 

area 

Filtration time reduced by 50% 

when current applied only 37% 

of the process time 

[Larue et al., 

2003] 

Bench scale TiO2 

suspension 

100 V Water recovery increased from 

77% to 96% 

[Ahmad et 

al., 2001] 

Bench scale Real 

sewage  

20 V/cm Flux increased from 35.67 to 

36.73 L/(m
2
.h) 

[Chen et al., 

2007] 

Pilot scale SiO2 

suspension 

0 -125 V/cm Flux increased from 34 to 102 

L/(m
2
.h) 

[Lee et al., 

2007] 

Bench scale Synthetic 

wastewater   

6 V/cm Flux increased 3.5 times 

compared to 0 electric field  

[Akamatsu 

et al., 2010] 

Bench scale Synthetic 

CED paint 

wastewater  

20, 40 and 60 V Flux was directly proportional 

to the applied voltage at TMP 

of 100 kPa, but showed no 

improvement at 200 and 300 

kPa of TMP 

[Agana et 

al., 2012] 

Pilot scale Mineral 

suspension 

and biomass 

Constant field: 0 

- 350 V/cm 

Pulsed field: 

150 V/cm 

 

Flux increased by nearly 10-

fold 

 

 

[Weigert et 

al., 1999] 

Bench scale Activated 

sludge 

Pulsed field: 4 

to 20 kV/cm  

Duration: 20 to 

70  µs 

Flux increased by nearly 11% - 

30% 

 

 

[Lee et al., 

2014] 

Bench scale Synthetic 

juice 

0 -1600V/m 3.3 fold increase in permeate 

flux 

[Sarkar et 

al., 2010] 

Bench scale SiO2 

suspension 

133V/cm Permeate flux increased by 

366% 

[Lazarova et 

al., 2002] 
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According to Equation 2-22 the electrophoretic force relies on not only on the electric filed 

intensity but also the magnitude of the colloidal particle’s surface charge. Contrary to the afore-

mentioned electrophoretic strategies requiring an external electric field across the filtration 

membrane, Lee et al. [2007] simply employed an electrostatic device to change the surface 

charge of feed solutes to reduce membrane fouling. A high voltage electrostatic device (30 kV) 

was used to modify the surfaces of TiO2 and SiO2 nanoparticles from positively charged to 

negatively charged, and the zeta-potentials were shifted by apprioximately -40 mV. Though no 

additional electric field was applied, the increased electrostatic repulsion among the colloidal 

particles and with the membrane, affected the accumulation characteristics of the filtration cake 

on the membrane surface. Consequently this led to membrane fouling retardation and filterability 

improvement.  

 

Wang et al. [2011] developed a novel bio-electrochemical membrane reactor with the aim of 

combining MBR and microbial fuel cells (MFC) to treat wastewater while recovering bioenergy. 

In the integrated MBR and MFC system, a stainless steel mesh was used as cathode and the 

biofilm attached on it served as the filtration medium. In addition to flux enhancement, a 

maximum power density of 4.35 W/m
3
 or a current density of 18.32 A/m

3
 were harvested under 

the experimental conditions (HRT = 150 min. and external resister = 100 Ω), which 

demonstrated the promising potential for wastewater treatment, MBR filtration mitigation and 

energy recovery. The same group designed and operated another flux enhancing electrofiltration 

system in which bioanode-generated electricity with maximum power output of 1.43 W/m
3
 or 

18.49 A/m
3
 was utilized to mitigate the membrane fouling [Wang et al., 2013]. As a result, the 

cake layer deposited in the membrane surface was substantially reduced, though the oxidative 
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breakdown of the membrane foulants by electrochemically produced H2O2 was also considered a 

contributing factor.  

 

2.3.2 Dielectrophoretic flux enhancement 

 

2.3.2.1 Background 

DEP phenomena was first reported in the 1950s [Pohl, 1951; Pohl, 1958] and has been revived 

due to its application for manipulation and separation of colloidal particles in the last two 

decades [Green et al., 1998; Morgan et al., 1999; Dussaud et al., 2000]. The fundamental 

physical mechanism underlying DEP is the interaction of induced dipoles of colloidal particles 

with a spatially non-uniform electric field. When subjected to an external electric field E, a 

neutral suspension particle and the surrounding medium in a colloidal solution tend to be 

polarized and the colloidal particle therefore becomes a dipole, as shown in Fig. 2.12. In most 

aqueous colloidal solutions, the suspension particles have significantly smaller dielectric 

constants than water (< 10 vs. ~ 80), consequently they are less polarized. The particle’s surface 

charges interact with the electric field and generate Coulomb force F which is dependent on the 

medium and particle’s electrical properties as well as the particles' shape and size.  In a 

homogeneous field (Fig. 2.12 a), the net force exerted on the colloidal particle will be zero but in 

the presence of a non-uniform external electric field (Fig. 2.12 b), the colloidal particles are 

subjected to a dielectrophoretic force FDEP, which drives the particles to move in the direction of 

electric field. FDEP can be expressed in the following equation: 

FDEP = 2πr
3
єmRe[K(єp

*
, єm

*
)]∆(E.E)     (2-30) 

Where:  r - radius of the suspended particle (m)      
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             E - electric field intensity (N/C)                          

             єm - complex dielectric constant of the suspended particle  

             єp  - complex dielectric constant of the suspending medium 

             Re[K(єp
*
, єm

*
)] - complex Clausius-Mossotti function (єp

* 
- єm

*
) / (єp

* 
+ 2єm

*
)   

 

Fig. 2.12 Particle movement in homogeneous or non-homogeneous electric field 

2.3.2.2 Application 

 

Application of this technology in membrane filtration processes is mainly attributed to the work 

by Molla et al. [2005; 2008]. The proposed configuration is to embed an array of parallel 

microelectrodes on the membrane. Numerical simulations of dielectrophoretic forces and 

trajectories of colloidal particles were performed for a crossflow membrane filtration process 

when subjected to nonuniform electric field. It was theoretically demonstrated that membrane 

fouling can be controlled by applying the repulsive dielectrophoretic forces on the suspended 

particles in the fluid [Molla et al., 2007; Molla et al., 2008]. In addition, alternating of the flow 

field near the membrane surface further resists accumulation of particles on the membrane. The 

simulated results were successfully applied in separation of small amounts of droplets from 
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water-in-oil emulsions and levitation of the polystyrene latex particles suspended in an aqueous 

medium on a permeable glass substrate. Another interesting design is a multilayered porous 

medium alternately inserted with conductive and nonconductive materials [Molla et al., 2005]. 

By applying AC of appropriate amplitude and frequency, the retention behaviour of particles on 

the filtration media can be manipulated. Recently, Hawari [2015] conducted a biomass filtration 

experiment aiming at suppressing fouling with DEP force at electrical field intensities of 6 - 160 

V and frequencies of 50 - 1000 Hz. A stronger electrical field generated greater DEP force and 

thus resulted in better membrane fouling mitigation effect, and higher frequencies were capable 

of achieving improved permeate flux. However, the side effect of stronger electrical field or 

higher frequencies was the substantial Joule heating, which caused reduce permeate flux. In spite 

of being the first attempt of biomass filtration by the DEP technology, the experimental setup is 

not a MBR system because the biomass was killed by autoclave prior to the filtration tests. 

Therefore, this study cannot be regarded as a practical application of DEP technology in MBR.       

2.3.3 Electrocoagulation     

2.3.3.1 Electrocoagulation as a pretreatment process in MBR or membrane filtration  

 

As described in Section 2.2, in EC high valence cations such as aluminum or ferric ions are 

generated in situ by electrochemically dissolving the aluminum or iron anode. The freshly 

produced aluminum or ferric ions are highly efficient coagulants and are hydrolyzed into 

aluminum hydroxide or ferric hydroxide. These iron or aluminum hydroxides are capable of 

destabilizing the colloids and subsequently accelerating the separation of sludge from biomass. 

In addition, the aluminum hydroxide or ferric hydroxides may strongly adsorb EPSs from the 

mixed liquor. According to Section 2.1.3, in MBRs the two critical fouling factors are TSS and 
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EPS concentrations. Both are major contributors of biocake on the membrane surface. In the past 

two decades, sporadic researches have been conducted to integrate EC and MBR in an attempt to 

mitigate membrane fouling.  

 

Pouet and Grasmick [1994] integrated EC into the pretreatment step for crossflow microfiltration 

of municipal wastewater, and reported that the permeation flux for a 0.1 μm microporous 

membrane increased from 0.02 m
3
/m

2
h to 0.35 m

3
/m

2
h due to electrochemical conversion of the 

colloidal fraction into larger particulates. Al-Malack et al. [2006] studied the fouling mechanism 

of a woven fabric membrane used to filter kaolin suspension with continuous addition of 

electrochemically produced ferric coagulant at different kaolin concentrations and crossflow 

velocities (CFV). They concluded that with EC membrane fouling followed the classical cake 

filtration model, in contrast to the dominant pore blocking mechanism in the absence of EC. EC-

assisted membrane process was also evaluated with ceramic membranes for removing selenium 

from industrial wastewater [Mavrov et al., 2006]. The microfiltration showed very stable 

operation and the filtration cake could be easily removed by back-pulsed air. In addition, 

compared to the conventional ferric coagulation/filtration process, the yield of solid waste was 

reduced by 40%. Ashima Bagga etc. [2008] explored the influence of EC on microfiltration 

when iron was used as anode and concluded that membrane fouling was not mitigated under the 

various experimental conditions because highly soluble ferrous ions rather than ferric ions were 

produced at the anode during the EC process. Aluminum was therefore recommended as the 

anode material. Mariam et al. [2010] developed an EC-nanofiltration system for treating leachate 

and proved that EC outperformed chemical coagulation in terms of organic removal and fouling 

reduction.  
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EC was used as a pretreatment process for a bench-scale seawater ultrafiltration system [Timmes 

et al., 2009]. The performance evaluation parameters include TMP, UF filtration resistances and 

post-cleaning flux recovery under sub- and super-critical flux conditions. It was found that in-

line EC reduced the UF membrane filtration resistance under all coagulation and flux conditions. 

In addition, EC offered superior membrane fouling mitigation efficiency than chemical coagulant 

ferric chloride of the equivalent dosage. Sasson et al., [2009] pretreated a synthetic wastewater 

containing chemical mechanical polishing particles with EC prior to electroflocculation and 

found that the filtration energy consumption was reduced by over 90% due to membrane fouling 

mitigation. The sweep-coagulation mechanism was indirectly explained through scanning 

electron micrographs of the fouled membrane surface:  the amorphous iron-hydroxide particles 

accumulated on the membrane surface and served as a secondary filtration medium, which not 

only hindered the colloids from entering into and plugging the pores but also decreased the 

hydraulic resistance of the cake due to EC enhanced particle aggregation. In a similar 

electrocoagulation/electrofiltration (EC/EF) treatment experiment with chemical mechanical 

polishing wastewater [Yang et al., 2006], the final filtration rate was found to increase by 

approximately 10-fold when the applied electric field intensity reached 60V/cm. Tanneru et al. 

[2012] took advantage of the thick cake formed on the surface of the microfilter through 

electrocoagulation with aluminum to enhance removal of viruses from the surface water.  In 

most of these studies EC was used as a pretreatment step in the lab-scale, and no full-scale 

application has been reported for municipal wastewater treatment. Recently, Nguyen et al. 

[2014] investigated the effect of EC as a post-treatment means in a pilot scale hybrid treatment 

system which integrated rotating hanging media bioreactor (RHMBR) and submerged membrane 
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bioreactor (SMBR). Nearly 100% of NH4
+
-N and T-P were removed and very low TSS, COD, 

BOD and coliform bacteria concentrations were observed in the effluent.  

    

2.3.3.2 Electrokinetically enhanced MBR 

   

In the past few years, a new type of hybrid MBR called Submerged Membrane Electro-

bioreactor (SMEBR) was developed and extensively studied [Bani-Melhem et al., 2010; Bani-

Melhem et al., 2011; Ibeid et al., 2013; Hasan et al., 2012; Ibeid et al., 2013; Hasan et al., 2014]. 

In SMEBR the membrane module is encircled by a pair of cylindrical meshed electrodes. 

Consequently, various physical, chemical and biological processes occur simultaneously in the 

reactor: the main physical phenomenon is electrokinetic migration of the biomass flocs away 

from the membrane surface, the chemical processes include in situ release of metal ions as an 

efficient coagulant precipitating phosphate. At the core, SMEBR is still an activated sludge 

reactor with biological nitrification process. Bani-Melhem et al. [2010, 2011] first developed and 

validated the SMEBR system in multiple phases, while the design constraints and criteria of the 

SMEBR were also proposed. With intermittent application of direct current (15 min ON/45 min 

OFF), the membrane fouling rate was reduced by 16.3% and the specific resistance to filtration 

(SRF) decreased by as much as 40%. Hasan et al. [2012] studied the influence of sludge 

properties in a pilot SMEBR on membrane fouling. Statistical analysis showed that the mean 

particle size diameter is inversely correlated to the TMP in SMEBR whereas MLSS is positively 

corelated to the membrane filtration resistance, which are both opposite to the observations in a 

control MBR. This contrary trend was also observed for the impact of soluble EPS on membrane 

fouling, which suggests that membrane fouling reduction in SMEBR is mainly attributed to the 
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electrokinetic effect rather than changes in the chemical compositions or particle size 

differences. Influence of direct current (DC) field on the activated sludge was also investigated 

in bench-scale. The normal range of MLSS (5 – 15 g/L) was tested at various current densities 

ranging from 5 to 50 A/m
2 
[Ibeid et al., 2013]. The sludge filterability was improved by over 200 

times between 15 and 35 A/m
2
, along with 4.8-fold decrease in the specific resistance to 

filtration. Protein, polysaccharides and organic colloids in the sludge supernatant were removed 

by 43%, 73% and 91%, respectively. Relationship between the feed protein content and 

membrane fouling rate was also studied in SMEBR [Ibeid et al., 2013]. The membrane fouling 

rate was found to be reduced by more than 5-fold when the protein concentration was over 80 

mg/L. The following pilot SMEBR with real municipal wastewater showed an advantage of a 

third of the membrane fouling rate. Recently a pilot system was operated to investigate the start-

up period performance of SMEBR [Hasan et al., 2014]. TMP increased very slowly at 0.02 kPa/d 

and time to filter 100 ml of sludge was shortened by 78%, demonstrating significant membrane 

fouling abatement. 

 

 The author designed and implemented a novel electrically enhanced membrane bioreactor 

(EMBR) as an alternative decentralized wastewater treatment system with improved nutrient 

removal and reduced membrane fouling at low temperature[Wei et al., 2012]. It was found that 

TMP increased significantly slower in the EMBR and the interval between the cleaning cycles of 

the EMBR increased at least twice, demonstrating the application potential of the 

electrokinetically assisted MBR in cold regions. Effects of membrane fouling reduction in 

electrokinetically enhanced MBRs are presented in Table 2.7.  
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Table 2.7 Examples of membrane fouling reduction in electrokinetically enhanced MBRs  

Filtration 

medium and 

membrane  

Anode 

material 

Electric filed 

strength 

Antifouling Effect Reference 

Synthetic 

wastewater, 

MF 

Al 0.4 A  Flux recovery efficiency  > 90%  [Sasson et al., 

2009] 

Synthetic 

wastewater, 

UF 

Iron 0.28 - 1.14 

V/cm 

Specific resistance to filtration 

(SRF) reduced by 40%, and 

membrane fouling rate dropped 

by 16.3% 

[Bani-Melhem 

et al., 2010; 

2011] 

Synthetic 

wastewater, 

UF 

Al 1.2 V/cm, 

intermittently  

Interval between membrane 

cleaning cycle increase twice 

[Wei et al., 

2012] 

Real 

municipal 

wastewater, 

UF 

Al 12 A/m
2 

, 

intermittently 

The time to filter 100 mL of the 

sludge decreased by 78% 

Hasan et al., 

[2012, 2014] 

Activated 

sludge 

Al 5 - 50 A/m
2 

, 

intermittently 

The specific resistance to 

filtration (SRF) was reduced by 

80%  

[Ibeid et al., 

2013] 

Synthetic 

wastewater, 

UF 

Al 15 A/m
2
, 

intermittently 

Membrane fouling rate 5.1 times 

to 5.8 times  

[Ibeid et al., 

2013] 

 

2.3.3.3 Challenges in the EC-enhanced MBR  

 

Though significant membrane fouling reduction and advantages over chemical coagulation in the 

EC pretreatment or hybrid MBR systems have been reported, the potential negative impact was 

also addressed in a couple of studies and cannot be neglected. Timmes et al. [2010] compared the 

performance of UF filtration setup after feed pretreatment by a pilot-scale EC or ferric chloride 

coagulation reactor. The TMP with EC increased slightly faster than that under chemical 

coagulation though subcritical flux was operated for both scenarios. It might be attributed to the 

presence of soluble Fe(II) which is detrimental to membrane filtration [Bagga et al., 2008].  It 
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should be noted that such a problem would not come up if aluminum was used as the anode. Yu 

et al. [2013] studied the influence of alum and FeCl3 on ultrafiltration (UF) membrane fouling, 

FeCl3–UF exhibited significantly higher membrane fouling rate than the alum–UF system, and 

the observed smaller primary particles, denser and thicker cake layer, which was considered to 

be responsible for the inferior membrane performance with the ferric salt.  

 

Another drawback of the EC technology is electrode fouling: the EC electrodes were coated with 

precipitates of metal hydroxides which result from the reaction of newly produced ferric or 

aluminum ions with hydroxyl ions or phosphate present in the vicinity of electrodes. Solutions to 

prevent precipitate accumulation on electrodes may include: 

1 Suppression by low-frequency sonication [Kovatcheva et al., 1999] or electromagnetic 

Field [Ni'am et al., 2006]; 

2 Deliberate design of the electrode configuration and the influent flow channel [Mills et al., 

2000]; 

3 EC units are operated under short hydraulic retention times or high enough linear flow 

velocity; 

4 Higher current density is applied so that the generated hydrogen gas (at cathode) can dislodge 

the precipitates on the electrode surface;  

5 The electrode polarities are progressively reversed toward longer cycling times, that ensures 

that the precipitates on both cathode and anode are equally removed during the experimental 

period [Timmes et al., 2010]; 

6 Periodic manual or mechanical abrasion. 
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2.3.4 Abiotic ammonification in the electrokinetic technologies     

 

In the last two decades more electrokinetic technologies have been studied or applied in 

wastewater treatment process, including elecrofiltration [Hofmann et al., 2006; Agana et al., 

2011], electrochemical oxidation/reduction [Sunderland et al., 1997; Shen et al., 2003], 

electrocoagulation/ electroflotation [Mollah et al., 2004; Emamjomeh et al., 2009], electro-

dewatering [Chu et al., 2004; Esmaeily et al., 2006] and hybrid processes such as submerged 

membrane electro-bioreactor [Bani-Melhem et al., 2011; Hasan et al., 2014] or electrically 

enhanced membrane bioreactor [Wei et al., 2012]. However, the side effects of electric 

application are usually neglected or overlooked, e.g. reversal of nitrification or electrochemical 

reduction of nitrate into ammonium. 

 

Electrochemical treatment of nitrate has been applied to industrial wastewater such as low-level 

nuclear wastes [Prasad et al., 1995; Katsounaros et al., 2009; Steimke et al., 2011] and effluent 

from regeneration of the ion exchangers [Paidar et al., 2004; Dortsiou et al., 2009] where the 

environment is too hostile for biological processes. Electrochemical denitrification has also been 

investigated to remove nitrate from groundwater [Dash et al., 2005]. Commonly used electrode 

materials are aluminium, iron, titanium and catalytic alloys such as Pt, Pd, Zn or Cu [Polatides, 

2005] and boron doped diamond [Lévy-Clément et al., 2003; Matsushima et al. 2009]. Nitrogen 

gas is the desirable end product, however, selective reduction of nitrate to nitrogen is difficult to 

achieve due to the chemical valence complexity of elemental nitrogen.  

Though electrokinetic technologies and electrochemical nitrate removal processes have co-

existed for a number of years, they were studied or operated independently with different 
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objectives and consequently, electrochemical generation of ammonium from nitrate was largely 

ignored in the electrokinetic processes such as electrofiltration, electroosmosis and electro-

dewatering. As shown in Table 2.8, both aluminium and iron have been tested at various pHs and 

electric current densities and over 90% of nitrate was removed. Alkaline pH range favoured the 

process and the optimum pH was typically found to be 9. In spite of significant nitrate removal 

efficiency, the nitrate destiny was mostly overlooked [Tchamango et al., 2010; Ricordel et al., 

2010; Malakootian et al., 2011; El-Shazly, 2011; 2013; Pak, 2015].  Ammonium, the usually 

dominant side product was particularly rarely reported [Emamjomeh and Sivakumar, 2005; 

Lacasa et al., 2011; Symonds et al., 2015].    

Table 2.8 Examples of nitrate removal in the electrocoagulation process 

Electrode Current 

density 

(mA/cm
2
)  

pH range Nitrate (NO3
-
) 

removal 

Ammonium 

(NH4
+
) 

observation 

Reference 

Iron 0.125 – 0.5  5 - 11 Over 95% No [Koparal at 

al., 2002] 

Iron N.A. 9 -11  Over 90% NH4 increased 

while NO3
-
 

decreased  

[Sivakumar.,  

2005] 

Al, Fe 0.1 - 0.2  5 – 9, 

Optimum pH 

7.34 

89.7%, iron 

was more 

effective in 

NO3
-
  removal 

No [Malakootian 

et al., 2011] 

Al, Fe 1, 3, 5 6 – 9, not 

controlled 

Over 95% Reported, but 

not explained 

[Lacasa et 

al., 2011] 

Al 10 3 – 12 

Higher pHs 

favour NO3
-
 

removal 

Up to 90% No [El-Shazly, 

2011] 

Al 0.78 to 2.34  3 – 9 

Higher pHs 

favour NO3
-
 

removal 

84% - 90% No [El-Shazly, 

2013] 

Al 4.9 – 44.1 3.8 -10.1, 

initial pH 

independent  

40.6% - 61.1% Yes, 53.4 – 

59.1% 

10% – 20% of 

NH4
+
 adsorbed 

[Yehya et al., 

2014] 
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on solids  

Al, Fe 6 - 14 7 – 11, 

optimum pH 9 

77.67% to 

91% 

No [Pak et al., 

2015] 

Al 10.2 – 18.1 Not controlled 89.7% Over 60% NH4
+
 

increase  

[Symonds et 

al., 2015] 

Al, Fe 25  7 ± 0.1 92% for Al - 

Fe pair; 80% 

for Fe - Fe pair   

NH4
+ 

increased 

10% to 20% 

[Govindan et 

al. 2015] 

 

2.4 Bacterial viability under electric fields in the wastewater treatment  

 

Biological processes in wastewater treatment facilities rely on the mixed microorganism 

communities to remove organic matter and nutrients (N and P) from raw wastewater. Therefore, 

the influence of electric current on bacterial activity or viability has been one of the major 

concerns when applying electro-technologies. 

 

Under the stress of electric current, a bacterial cell’s metabolism, physiology, shape and 

movement may be impacted [Jackman et al., 1999; Satoshi et al., 1997; She et al., 2006; Thrash 

and Coates et al., 2008]. Sakakibara and Kuroda [1993] reported that there was a linear 

relationship between the decrease of denitrification rate and the increase of the electric current 

applied. Alshawabkeh et al. [2004] investigated the effect of electro-stimulation on an aerobic 

culture and found that a small window of DC fields (between 0.57 and 1.14 V/cm) resulted in 

improvement in the biological removal of chemical oxygen demand (COD). Liu et al. [1997] 

explored the bactericidal mechanisms of low amperage (10 - 100 mA) electric current (DC) on 

Staphylococcus epidermidis and Staphylococcus aureus and demonstrated that an electric current 

as low as 10 mA introduced the antibacterial substances of H2O2 and chlorine, at the cathode and 

anode, respectively. Many changes can be observed in the cell’s physiology and structure in 
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response to these compounds. Ultimately, if concentrations of these substances are too high, the 

cell may lose its viability altogether, which has been used as a bactericidal approach. Luo et al. 

[2005] studied cell surface properties of phenol-degrading bacteria in the presence of low, 

moderate and high currents. They concluded that at low current (< 20 mA), there were no 

significant changes in cell surface properties such as surface hydrophobicity, electrostatic charge 

and cell shape. Exposure to a DC of more than 20 mA (up to 40 mA) did produce significant 

changes and caused an increase in surface hydrophobicity and flattening of the cells. Loghavi et 

al. [2007] applied moderate electric field across microbial growth media of Lactobacillus 

acidophilus and observed that stress caused by the electric field induced an increase in the 

bacteriocin (proteinaceous toxinsproduced by bacteria) production and an increase in 

transmembrane conductivity and diffusive permeability of nutrients, surfactants, bacteriocin and 

autoinducers. Li et al. [2001] demonstrated that the metabolism of nitrifying bacteria was 

inhibited when electric current was above 2.5 A/m
2
 (in an activated sludge process) or 5 A/m

2
 (in 

biofilms) and the nitrification rate in a biofilm was reduced by 20%. Thiobacillus ferrooxidans 

and Acidiphilium SJH was found by Jackman et al. [1999] to be inactivated with current intensity 

of 20 A/m
2
,
  
but the sulphur-oxidizing bacteria activity at high cell densities could be recovered 

after the electricity was turned off. Tokuda and Nakanishi [1995] reported that direct electric 

current might sterilize the suspensions of some bacterial cells such as Escherichia coli IFO 3301 

and Pseudomonas aeruginosa IFO 2689 and that their death rate was proportional to the current 

intensity. The high voltage impulse technique (electric field of 20–80 kV/cm) was used to 

inactivate microorganisms [Grahl et al., 1996; Hülsheger et al., 1983] due to electroporation and 

generation of highly oxidative species such as the hydroxyl radical (•OH) which is capable of 

efficiently degrading organics [Sugirato et al., 2003; Johnson et al., 2006]. Dong et al. [2015] 
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challenged the survivability of E. coli and B. subtilis under the harsh battery cycle conditions and 

found their viability not affected at current intensity of 0.18-0.80 mA cm
-2 

and 1.4-2.1 V. 

Recently Delaire et al. [2015] investigated attenuation of Escherichia coli (E. coli) by Fe-EC. 

Inactivation of E. coli is also considered to be attributable to the oxidative stress of ferrous ions 

by which the generated strong oxidants such as Fe(IV) and free radical OH. act as strong 

bactericides.  

  

2.5 Summary and conclusion 

 

Application of membrane filtration for water and wastewater treatment has increased 

dramatically over the past two decades due to increasingly tightening legislation, water scarcity 

and economic feasibility. Membrane separation technology relies on porous membranes as a 

physical barrier to filter out the particulates in a suspension through size exclusion. Membrane 

separation was originally used for water purification such as seawater desalination. It has been 

extended to wastewater treatment first as an alternative to secondary clarification and then 

directly integrated into the conventional activated sludge tank, called submerged MBR. 

Compared to a typical ASP, MBRs offer advantages such as smaller footprint, reduced sludge 

production, operating flexibility or automation and most importantly, consistent and superior 

effluent quality including higher removal efficiency for emerging chemicals such as EDCs. 

However, membrane fouling, an inevitable phenomenon compromising MBR’s performance, 

remains a major obstacle for widening application of this technology in the wastewater treatment 

industry. Membrane fouling rate is dependent on membrane characteristics (pore size and 

porosity, composition and hydrophilicity/hydrophobicity, configurations and design),  Feed and 
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biomass characteristics (composition and concentrations, e.g. MLSS, MLVSS, EPS, SMP etc., 

viscosity, floc size and charge) as well as operating conditions (flux, TMP, temperature, 

viscosity, DO, aeration intensity, SRT, HRT, operating modes; filtration modes etc.). The 

content of EPS determines the characteristics of biomass such as hydrophobicity, adhesion, 

flocculation and settleability and EPS play a key role in the biocake formation on membrane 

surfaces and have been widely recognized as major foulants [Cosenza et al., 2013].  

 

In the past two decades, the afore-mentioned fouling factors have been exhaustively investigated 

and various mitigation measures have been adopted in MBR design and operation, such as 

membrane material modification, MBR configuration optimization, feed pretreatment, control of 

MBR operating conditions including HRT, SRT, air scouring intensity, coagulation addition into 

the biomass, the application of ozone, electric field and ultrasound. However, fouling control in 

MBR remains a major challenge. The electrokinetically enhanced MBR (EMBR) technology 

developed in recent years provides a new pathway for combating membrane fouling. As a 

promising antifouling approach, EMBR combines the advantages of electrokinetic mechanism 

with biological process and membrane filtration and has demonstrated significant success in 

retardation of TMP jump. However, some fundamentals remains to be investigated, such as 

fouling reduction mechanisms, systematic exploration about the heterotrophic bacteria’s viability 

under electric field in biological wastewater treatment, electrochemical reduction of nitrate into 

ammonium and prevention, electrokinetic effect on EDC destruction or attenuation. With respect 

to application, no work has been reported on nutrient removal including denitrification, and 

especially MBR performance at low temperatures, which is a typical challenge for a 

conventional MBRs due to accelerating membrane fouling.           
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CHAPTER 3 MATERIALS AND METHODS 

 

Preceded by the DC power supply and membrane description, the materials and multidisciplinary 

methods are presented sequentially based on the the research topics, as shown in Fig. 3.1.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1 Material and methods by research topics 
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3.1 DC electric supply unit  

 

 A Kepco BOP 100-2D unit (KEPCO, Inc., USA) was used to supply the DC power for the entire 

research project. With two bipolar control channels, this unit is able to operate in a constant 

voltage or current mode. The positive and negative current or voltage limits can be manually set 

or remotely programmed, as shown in Fig. 3.2. 

    

 

Fig. 3.2 Kepco BOP 100-2D DC unit (KEPCO, Inc., USA) 

 

3.2 Membrane module  

 

The hollow fiber ZW-1 membrane module (GE Water & Process Technologies, Lifecycle 

Services) was used for batch tests and continuous MBR operations in this research. ZW-1 is one 

of the most popular membrane modules for lab scale MBR research. As shown in Fig. 3.3, the 

effective membrane body is 8 cm long and 3-3.5 cm in diameter. The module consists of an 

aeration tube surrounded by hollow fiber bundles. Air is diffused through the orifices at the foot 

of the aeration tube. Permeate is sucked out through the hole in top of the header. The 



109 

 

specifications and operating conditions are presented in Table 3.1. A Masterflex L/S pump (Cole 

Parmer, USA) was used for permeate withdrawal. The transmembrane pressure (TMP) was 

monitored by a liquid pressure gauge (Cole Parmer, USA) (-60 kPa to 0 kPa) in the suction line. 

The aeration flow rate was fixed at 1.2 L/min. Prior to MBR operation, the preservative glycerin 

were removed by continuously running the permeate suction pump until the TOC concentrations 

between the influent (DI water) and effluent was less than 3 mg/L.         

 

Fig. 3.3 ZW-1 membrane module 

Table 3.1 Specifications and operating conditions of ZW-1 membrane module  

Model  ZW-1, Submersible Module  

Configuration  Outside/In Hollow Fiber  

Effective Membrane Surface Area  0.047 m
2

 

Nominal Pore Diameter 0.04 µm  

Permeate (Fiber Side) Hold-up Volume  10 mL 

Maximum Transmembrane Pressure  62 kPa (0.62 bar)  
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Permeate Flow Range   5 – 25 mL/min 

Typical Operating TMP  10-50 kPa (0.1 to 0.5 bar)  

Maximum Operating Temperature  40 °C (104 °F)  

Operating pH range  5-9  

Maximum Cleaning Temperature  40°C (104 °F)  

Maximum TMP Back Wash Pressure  55 kPa (0.55 bar)  

Maximum Aeration Flow per Module  1.8 m
3

/h  

Cleaning pH Range  2-10.5  

Maximum OCl- Exposure (ppm-hours) 1000000 

Maximum OCl- Concentration (ppm) 1000 

Maximum Feed Suspended Solids (mg/L) 25000 

 

 

3.3 Configurations of electrodes 

 

The EC efficiency is dependent on the production rate of cationic ions which is in turn 

proportional to the surface area of electrodes. Over the past decades, a few electrode 

configurations were developed with the aim of maximizing the ratio of electrode surface area to 

volume to be treated [Belhouta et al., 2010; Mollah et al., 2001 and Modirshahla et al., 2008]. 

Increasing the number of electrodes was found to be the most efficient approach. Generally there 

are three ways to achieve the goal, parallel monopolar electrodes, serial monopolar electrodes 

and bipolar electrodes, as shown in Fig. 3.4. At the beginning of this research, parallel 

monopolar electrodes, serial monopolar electrodes and bipolar electrodes were all tested for the 

http://www.sciencedirect.com/science/article/pii/S1878535214003621#b0140
http://www.sciencedirect.com/science/article/pii/S1878535214003621#b0130
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optimum nutrient removal and membrane fouling reduction efficiencies. However, it was found 

that these multiple electrode configurations introduced severe accumulation of precipitates on the 

electrode surface and significantly increased the electric resistance. Therefore, a normal anode-

cathode electrode pair was used for the subsequent experiments.     

 

 

 

 

 

Fig. 3.4 Configurations of multiple electrode arrays [after Chen, 2004]    

 

3.4 Electrochemical fundamentals of Fe and Al electrodes in electrokinetic technologies 

 

3.4.1 Experimental setup  

Anode-cathode: Al-Al and Fe-Fe [Wei et al., 2012] were used in a 1 L acrylic batch reactor filled 

with 800 mL of synthetic groundwater or activated sludge (AS) mixed liquor process from the 

local North End Water Pollution Control Center in Winnipeg, MB. The reactor was covered to 

minimize the impact of oxygen in the air during the electrolytic process. The metal coverage of 

Parallel 

monopolar 

electrodes 

 Serial monopolar 

electrodes 

Bipolar 

electrodes 
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meshed aluminum and iron electrodes were 79.8% and 62.8%, and the dimensions are 9 cm x 9 

cm for aluminum electrodes and 10.2 cm x 10.2 cm for iron electrodes respectively, the effective 

surface area of both electrodes was 65 cm
2
 and the distance between the electrodes was 5 cm. 

Firstly, all electrodes were rinsed with acetone to remove oil/grease film on the surface and then 

dipped into 12% HCl solution for 2 min. to remove the oxides. The direct current (DC) field was 

supplied by a Kepco BOP 100-2D unit (KEPCO, Inc., USA). The experiments were run for three 

hours and 6 mL of sample was taken out every 5 minutes for the first 15 min. and once in every 

15 min. for determination of nitrate, nitrite and ammonium using QuickChem QC8500 (HACH, 

USA). Values of pH and oxidation reduction potential (ORP) were measured using Accumet 

XL50 Dual Channel meter (Thermo Fisher Scientific Inc.). Dissolved oxygen (DO) was 

monitored by Orion Star and Star Plus Meter (Thermo Fisher Scientific Inc DO of 0 mg/L was 

achieved by purging the electrolytic fluid with nitrogen gas and aeration was supplied to 

maintain the fluid at various DO levels by the MIQ/TC 2020 XT controller (Germany) as 

required. The experimental setup is illustrated in Fig. 3.5.  

 

Fig. 3.5 Setup for the electrochemical fundamentals 
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For change of pH in the electrolytic fluid Section 4.1.1, the electrolytic solution consisted of 60 

mg/L of chloride solution and conductivity was adjusted to 1000 µs/m with sodium sulphate, 

initially the fluid’s pH was adjusted to 7.0 with 15 N sodium hydroxide solution and the current 

intensity = 10 A/m
2
. For pH variations in separate electrolytic cells, the two cells are connected 

by a slat bridge containing 1 M sodium sulphate solution, as shown in Fig. 3.6. All chemicals 

were purchased from Sigma-Aldrich Corporation (USA). The standard method [APAH et al., 

2005] was followed in all sample preparation and determination. All experiments were 

conducted in duplicate.     

 

Fig. 3.6 Setup for the electrochemical fundamentals (separate electrolytic cells for Section 4.1.1) 

 

3.4.2 Determination of Al
3+

, Fe
2+

 and Fe
3+

   

 

Al
3+

, Fe
2+

 and Fe
3+

 were determined by HACH DR 2800 spectrophotometer based on Method 

8012 Powder Pillows (Al
3+

), Method 8008 FerroVer® Powder Pillows (total iron) and Method 

8146 Powder Pillows (Fe
2+

). Being a measurable species, Fe
2+

 reacts with ferrozine and form a 
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ferrous ferrozine complex (Fe(II)FZ3) of which absorbance is spectrophotometrically quantified 

at the wavelength of 562 nm. In order to measure ferric ions, they must be first reduced to 

ferrous ions by ascorbic acid and combined with the already existing ferrous ions to be 

determined as the total iron. Then, ferric iron concentration was calculated by subtracting the 

ferrous iron concentration from the total iron concentration. To prepare a sample for the cationic 

analysis, 5 mL of sample was taken and acidified to pH < 2 wiht 10 N HCl and filtered by 0.45 

µm syringe filter. The sample was diluted appropriately to meet the determination range.     

   

3.4.3 Methods for floc size, CST, SVI, zeta potential and electrode passivation studies 

     

Standard chemical coagulation procedures are followed: 30 s of fast coagulant mixing at 120 rpm 

with the biomass and then half of an hour slow stirring for floc aggregation. The two coagulant 

doses were equivalent to the theoretical electrocoagulation doses for one hour (27 mg/L of Al
3+

) 

and two hours (54 mg/L of Al
3+

), the reactor volume was 8.5 L, Al-Al electrodes were used and 

the experimental setup is presented in Fig. 3.7. The setup remains the same for CST, SVI, zeta 

potential and electrode passivation studies. 

 

Particle size analysis was performed with laser diffraction using a Malvern Mastersizer 2000 

particle size analyzer (UK). Type 319 Multi-CST and 7x9 cm CST papers (Triton Electronics, 

UK) were used for CST measurement. Zeta potential was determined with Zeta Meter 4.0 (Zeta-

Meter Inc., USA). As the solid concentration of sludge sample was too high for direct zeta 

potential analysis, 50 ml of sludge sample was centrifuged at 5000 rpm for 5 min. The sample 

was prepared by mixing the supernatant with a few drops of the activated sludge and 
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immediately put inside the electrophoretic cell for measurement of the flocs’ zeta potential. At 

least 10 measurements were performed and the mean value was reported as the final result. 

The values of SVI and capillary suction time (CST) were tested according to APHA 21
st
 Edition 

[2005].    

 

Fig. 3.7 Setup for electrokinetic impact on floc size 

 

3.4.4 Non-invasive observation of electrokinetic membrane fouling reduction by MRI 

 

The setup for electrokinetic membrane fouling reduction by MRI is schematically displayed in 

Fig. 3.8. At the specified time points after current and filtration application, the membrane 

module was taken out from the reactor, special care was taken to avoid lose water inside the 

membrane pores and in its vicinity. As illustrated in Fig. 3.9, a surface coil of 4 cm in i.d. was 

placed in the middle of the membrane module and then fixed in a holder. The membrane module 

together with the surface coil were wrapped with plastic film and put into the vertical bore of a 3 

T (128 MHz for protons) Bruker MRI system (Germany). 
1
H signal was recorded predominately 
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from the water content of membrane module. 2D structural images were acquired using a Rapid 

Acquisition Relaxation Enhancement (RARE) pulse sequence.  

 

Fig. 3.8 Setup for electrokinetic membrane fouling reduction by MRI 

 

 

Fig. 3.9 Surface coil, membrane module and MRI scanner 
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3.4.5 EDC dosing and analysis  

 

With relative activity to EE2 ranging from 1.2 [Yang et al., 2009] to 1.5 [Nishihara et al., 2000], 

E2 is usually used as the calibration standard in EDC related researche [Routledge et al., 1996; 

Yang et al., 2009]. E2 and EE2 were purchased as powder from Sgima Aldrich Canada. First 100 

mg of E2 and EE2 was dissolved in 1 L ethanol solutions, then 1 mL sample was taken and 

diluted into a 1 L aqueous solution respectively. The obtained 100 µg/L of E2 and EE2 stock 

solutions were stored in a -4 
0
C fridge. The concentrations of E2 working standards were 50, 

100, 300, 500, 750, 1000 ng/L. The concentrations of EE2 in real wastewater is very low 

(typically ≤20 ng/L), which is close to the lower detection limit of typical chemical or bioassay 

methods [Briciu et al., 2009]. In this research 500 ng/L of EE2 was spiked into the ASP biomass 

for treatment experiments. Due to lack of the more sensitive EDC analytical instrument such as 

HPLC-MS-MS, this concentration was chosen based on the limit of the YES bioassay method 

previously studied by Yang et al. [2009] and  other investigators [Vader et al., 2000; Holbrook et 

al., 2004; Cirja et al., 2007].   

 

Sample preparation: cyclohexane was used as the extraction solvent to concentrate the feed, the 

sludge filtrate and filtration cake and the effluent. 10 mL cyclohexane was added into 10 mL 

sample and extraction was conducted on a shaker at 100 rpm for four hours. The cyclohexane 

phase was dried under nitrogen and reconstituted in 1 mL ethanol. These samples were then 

placed on a 96-well optical plate. Blank ethanol and E2 standards were also placed on the plate 

and allowed to dry. The plates were then filled with the estrogen-sensitive yeast and allowed to 

incubate for 72 hours. The yeast releases an enzyme in proportion to the amount of estrogen 
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present. The yellow solution turns into pink, red, or purple, depending on the concentration of 

estrogen. The colour changes were determined using a BioTek Microplate Reader with KC 

Juniour Software and the obtained EE2 concentration was related to the standard E2 

concentrations as E2-eq. 

 

3.5 Bacterial viability of biomass subjected to the electrokinetic technology 

 

The heterotrophic bacterial mass was taken from a membrane bioreactor (MBR) which contained 

about 6 g/L of total suspended solids (TSS). 900 mL of MBR biomass was placed in a 1 L 

beaker, a pair of aluminum electrodes were inserted into the biomass. The effective electrode 

area was 9cm x9 cm, the distance between the electrodes was 5 cm and the direct current 

electricity was supplied by a Kepco BOP 100-2D unit. 30 mL of biomass was taken out for 

various analyses. pH was measured using Accumet XL50 Dual Channel meter (Fisher 

Scientific), dissolved COD and TOC were determined by HACH Spectrophotometer DR/2500 

and Tekmar Dohrmann Phoenix 8000, respectively. Viability of bacteria was measured using the 

LIVE/DEAD
® 

BacLight
TM 

Bacterial Viability kits (P/N L13152) supplied by Molecular Probes,
 

Inc. (Eugene, Oregon, USA), and Bio-Tek PowerWave XS was used for the microplate reading 

of viability tests. The specific oxygen uptake rate (SOUR) was measured following Standard 

Methods for the Examination of Water & Wastewater (21
st
 edition) and dissolved oxygen (DO) 

was monitored by Orion Star and Star Plus Meter (Thermo Scientific). All trials were performed 

in triplicates. 
 

The LIVE/DEAD BacLight bacterial viability kit from Molecular Probes was reported for 

successfully determining the fraction of active cells [Boulos et al., 1999; Bunthof et al., 2001] 
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and employed to test the bacterial viability in presence of electric current in this research. The 

BacLight stain package contains two nucleic acid-binding stains with different spectral 

characteristics and cell penetration capacity: one is SYTO 9 green-fluorescent nucleic acid, and 

the other one is red-fluorescent nucleic acid, propidium iodine. SYTO 9 penetrates all bacterial 

membranes (both live and dead) freely and stains the cells green, while highly charged 

propidium iodide only penetrates damaged cell membranes and stains the cells red, consequently 

the SYTO stain fluorescence  intensity is decreased. Simultaneous application of both stains thus 

enables measurement of the relative ratio of viable cells with an intact membrane and dead cells 

with a compromised membrane. Calibration was performed following the supplier’s protocol, 

except the suggested E. coli suspensions was replaced by the MBR biomass. A standard curve 

was prepared for each microplate and a typical one is shown in Fig. 3.10.     

 

Fig. 3.10 Typical standard calibration curve for bacterial viability test 

 

3.6 Prevention of abiotic ammonification in the electrokinetic technology 

  

The experimental setup is the same as Fig. 3.5. All chemicals were purchased from Sigma-

Aldrich Corporation (USA). The standard method [APAH et al., 2005] was followed in all 

sample preparation and determination. In order to investigate the electrokinetic behaviour of 
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nitrate reduction and explore the strategies for supressing the ammonification process, batch tests 

were performed under varied conditions as presented in Table 3.2. All experiments were 

conducted in duplicate. Though there are eight possible intermediates or end products from 

electrochemical reduction of nitrate, only ammonium and nitrite yields were tracked due to 

instability or analytical difficulties for the other substances.  

Table 3.2 Experimental parameters for electrochemical fundamentals 

Electrodes  (1). Al-Al (9 cm x 9 cm  meshed sheets) 

(2). Fe-Fe (10.2 cm x 10.2 cm meshed sheets) 

 

Electrolytic fluid 

(1). Sodium nitrate solution containing 40 mg/L of NO3
-
-N, electric 

conductivity was adjusted to 1400 µs/cm by adding sodium sulphate 

(2). AS mixed liquor (TSS 1800 mg/L to 2100 mg/L) and the nitrate 

concentration was adjusted to 40 mg/L 

Current intensity 1 mA/cm
2
, 5 mA/cm

2
, 10 mA/cm

2
 

DO 0, 0.5 mg/L, 2.0 mg/L 

Initial pH 7.0 ± 0.5 

Temperature Ambient (20 ± 1 
0
C)  

 

3.7 Total nutrient removal in an electrically enhanced MBR 

 

3.7.1 Feed composition 

 

Synthetic wastewater was used in this research. Its composition is presented in Table 3.3. All 

chemicals were purchased from Sigma Aldrich. 
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Table 3.3 Feed wastewater composition 

Chemical Concentration (mg/L) 

Glucose 240.00 

Yeast extract 160.00 

MnSO4.H2O 4.58 

FeSO4.7H2O 3.40 

KCl 10.50 

K2HPO4 60.00 

NaHCO3 550.00 

CaCl2 5.50 

NH4Cl 125.00 

MgSO4.7H2O 75.00 

 

3.7.2 Experimental setup 

 

Two identical submerged membranes were used for the experiment, one was placed in a control 

reactor, and the other was placed in a reactor with a pair of cylindrical meshed aluminum 

electrodes placed around the membrane module (Elektorowicz et al., 2008). Dimensions of the 

electrodes are: inner cylinder (8 cm i.d. x 13.5 cm high, 24.6 cm in perimeter); outer cylinder (11 

cm i.d. x 13.5 cm high, 34.6 cm in perimeter). Each reactor consists of aerobic zone (3.72 L) and 

anoxic zone (2.50 L) which were separated by a baffle but connected through the gap at the 

bottom (Fig. 3.11). The membrane used is a proprietary ZW-1 hollow fiber module from GE 

Water and Process Technologies, with nominal pore size of 0.04 µm and nominal membrane 
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surface area of 0.047 m
2
.  Meshed aluminum electrodes (containing 0.2% Cu, 0.6% Si, 0.7% Fe, 

1-1.5% Mn, 0.1% Zn, 96.9% - 97.4% Al) at the distance of 1.1 cm were applied. DC power was 

supplied by a Kepco 100-4D power unit, the electrode operating mode was constant voltage of 

1.82 V DC/cm. Such a voltage generated a current of approximately 0.05 A between the 

electrodes, which did not exhibit adverse influence on the growth of microorganisms in the 

biomass, based on the preliminary study and literature (Drees et al., 2006; Liu et al., 1997; 

Loghavi et al., 2007).  Using Labview 8.2, a power control program was developed, the electrode 

polarities were switched every two minutes for passivation reduction and equal consumption of 

two electrodes. Masterflex L/S pumps were used for aeration, membrane scouring, and permeate 

withdrawal.      

  

Fig. 3.11 Schematic of experimental set-up 

The synthetic feed was introduced into the reactors by gravity, using float valves. The reactors 

were seeded with waste activated sludge (WAS) from the Winnipeg North-End WWTP prior to 

the experimental start-up. 

 

Membrane &  
 electrodes  
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3.7.3 Operating conditions 

 

The HRT was maintained at 13.8 hours and the SRT at 21 days. DO in the aerobic zone was 

controlled at 5.0 – 5.5 mg/L, and DO in the anoxic zone was less than 0.1 mg/L (mostly 

undetectable).  The values of pH in both MBRs were 7.2 – 7.7, within the optimum pH range of 

denitrification, phosphorus precipitation and floc formation (6 – 8), thus no adjustment was 

necessary. The membrane modules were back-flushed with permeate for 30 s every 10 min. and 

chemically cleaned with 200 mg/L of NaOCl solution for 5 hours every three weeks, during 

which there was no significant flux decline. The biomass was first cultivated in an aerobic MBR 

(6.6 L) to TSS concentration of 10 g/L over a three month period. Then, it was split into two 

equal portions for the two reactors. Two membrane modules were run in parallel for 21 days 

(one SRT) without electrical current, to demonstrate their similar filtration characteristics (e.g. 

initial TMP and dTMP/dt). Then, electrodes were inserted in one reactor (EMBR) to test the 

performance of the new design.   

 

3.7.4 Analytical methods 

 

DO concentration was measured by a DO meter (HACH sensION 378, USA). Particle size 

analysis was performed using Spectrex PC2200 (USA), total nitrogen and COD tests were 

conducted on HACH DR2500, ammonia, nitrite, nitrate and phosphate were determined by 

LACHAT QuickChem 8500, TOC was analyzed by Tekmar Dohrmann Phoenix 8000 and mixed 

liquor suspended solids (MLSS) were tested according to APHA [2005].  
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3.8 Membrane fouling mitigation in an electrically enhanced MBR system fed with 

synthetic wastewater 

3.8.1 Experimental setup  

Following the initial batch tests, EMBR was constructed by directly placing meshed aluminum 

electrodes in a MBR where a baffle was placed between the electrodes (11 cm x 14 cm) and 

membrane module. The membrane zone had a conic bottom and was not additionally aerated 

except the necessary membrane air scouring. Due to filtration, the biomass concentration in this 

zone is polarized and the settled biomass is accumulated at the conic bottom where it is pumped 

back to the electrode zone at 4 times of the feed flow rate (Fig. 3.12). Another membrane 

bioreactor was also built as a control; it had the same configuration as the EMBR but without 

electrodes. The working volume of both reactors was 8.5 L. The membrane used was a 

proprietary ZW-1 hollow fiber module from GE Water and Process Technologies, with nominal 

pore size of 0.04 µm and nominal membrane surface area of 0.047 m
2
.   

  

Fig. 3.12 Schematic and actual experimental set-ups 



125 

 

DC power was supplied by a Kepco 100-4D power unit, the electrode operating mode was 

constant voltage of 1.2 V DC/cm, 10 min. on and 30 min. off alternatively. Such a voltage 

generated a current of approximately 0.05 A between the electrodes, which did not exhibit 

adverse influence on the growth of microorganisms in the biomass, based on preliminary study 

and literature [Drees et al., 2006; Liu et al., 1997, Loghavi et al., 2007; Wei et al., 2011]. 

Masterflex L/S pumps were used for aeration, membrane scouring, and permeate withdrawal.   

The synthetic feed [Wei et al., 2009] was introduced into the reactors by gravity, using float 

valves. The reactors were seeded with waste activated sludge (WAS) from the Winnipeg North-

End WWTP prior to the experimental start-up.   

  

3.8.2 Operating conditions  

 

HRT = 15 hours, SRT = 15 days; DO in both MBRs was controlled at 4.0 – 4.5 mg/L. The 

values of pH in both MBRs were 6.8 – 7.4, within the optimum pH range of denitrification, 

phosphorus precipitation and floc formation (6 – 8), thus no adjustment was necessary. The 

membrane modules were back-flushed with the permeate for 30 s every 10 min. and chemically 

cleaned up with 200 mg/L of NaOCl solution for 5 hours whenever TMP reached the limit of 6 

psi. The biomass was first cultivated in the two reactors over a two month period to reach a 

steady TSS concentration of 6 g/L. Two membrane modules were run in parallel for 15 days (one 

SRT) without electrical current, to demonstrate their similar filtration characteristics, e.g. initial 

TMP and dTMP/dt, then, electrodes were inserted in one reactor (EMBR) to test the performance 

of the new design. 
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3.8.3 Analytical methods    

 

DO concentration was measured by a DO meter (HACH sensION 378, USA). Particle size 

analysis was performed using Mastersizer 2000 (UK), total nitrogen and COD tests were 

conducted on HACH DR2500, ammonia, nitrite, nitrate were determined by LACHAT 

QuickChem 8500, TOC was analyzed by Tekmar Dohrmann Phoenix 8000 and mixed liquor 

suspended solids (MLSS) were tested according to APHA (2005). Soluble extracellular 

polymeric substances (EPS) were measured as the sum of carbohydrate and protein in the 

supernatant of biomass after centrifuge at 10,000g for 15 min. Carbohydrate was determined 

according to Dubois et al. [1956], D-glucose-monohydrate was used for calibration (2 - 100 

mg/L) and the absorbance was quantified at 490nm by a spectrophotometer (Ultraspec 2100 Pro, 

Fisher Scientific, USA), the carbohydrate results are represented as glucose equivalents. The 

modified Lowry’s method [Lowry et al., 1951] was followed for the protein tests. Cambridge 

Stereoscan 120 Scanning electron microscope fitted with a Kevex 7000 EDS spectrometer were 

used for element mapping and cell image collection. 

 

3.9 Membrane fouling retardation in an EMBR system with real municipal wastewater at 

low temperatures     

 

3.9.1 Experimental setup and operating conditions  

 

Two membrane bioreactors were used, with one as EMBR and another as the control MBR 

working side by side. Working volume (8.5L) of both reactors consisted of two zones (hereafter 
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called reaction zone and membrane zone, with approximate volume ratio of 3:2) separated by a 

baffle with a 1 cm of gap above the reactor bottom. ZW-1 hollow fiber membrane modules 

(nominal pore size of 0.04 μm and nominal surface area of 0.047 m
2
) from GE Water and 

Process Technologies were applied for all experiments. As the membrane modules were 

fabricated manually, there existed slight differences in filtration resistance characteristics due to 

inconsistent hollow fiber layouts evidently demonstrated by three-dimensional magnetic 

resonance imaging. Therefore, prior to MBR operation, a number of new ZW-1 modules were 

tested, only those with the similar intrinsic membrane resistance and transmembrane pressure 

increasing rate were screened for and applied in this study. In the EMBR, a pair of meshed iron 

electrodes (11 x 14 cm, 2 cm apart) was placed in the reaction zone and electricity was supplied 

by a Kepco 100-4D DC power unit. The electrode operating mode was 10 min on and 30 min off 

alternatively at the constant current intensity of 5.2 A DC/m
2
. Such a current intensity did not 

exhibit an adverse influence on the growth of microorganisms, based on previous study [Wei et 

al., 2012]. Precipitation of phosphate by the electrically generated ferrous ions and accumulation 

of the negatively charged flocs driven by the electrophoretic force form a layer of inorganic and 

organic barrier on the anode surface, which is usually referred as electrode passivation, was 

observed. Anode passivation prevents further Faradaic coagulant dissolution and must be 

eliminated or minimized for successful implementation of this technology. In this work, an 

electric polarity switch strategy was adapted, i.e. a wavelet program was developed to reverse the 

electric polarities every 12 hours with duration of 20 min. The hydrogen gas produced at the 

cathode expels and dislodges the precipitates on the electrode efficiently. In addition, the anodic 

iron plate was taken out twice a week during the power off cycle for manually removing 

precipitated deposits. The electrode surface was washed and brushed, then, it was rinsed with 
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acetone to remove oil/grease film on the surface and then dipped into 12% HCl solution for 2 

minutes. Masterflex L/S pumps were used for aeration, membrane scouring, and permeate 

withdrawal. The membrane zone had a conic bottom, which was not additionally aerated.  The 

biomass in this zone was concentrated, settled and accumulated in the conic bottom. Then, it was 

pumped back to the zone between electrodes at four times the feed flow rate (Figure 3.12). 

 

The reactors were seeded with waste activated sludge (WAS) and fed with the primary effluent 

from the Winnipeg North- End WWTP prior to the experimental start-up. The biomass was first 

cultivated in the two reactors over a 2-month period to reach a steady TSS concentration of 

approximately 6 g/L. Two membrane reactors were run in parallel for 15 days without electrical 

current, to demonstrate their similar filtration characteristics, e.g. initial TMP (transmembrane 

pressure) and dTMP/dt. Then, electrodes were inserted into one reactor (EMBR) for testing the 

performance of a new design. The two reactors were operated at solids retention time (SRT) of 

15 days and hydraulic retention time (HRT) of 15h in constant flux mode of 12 L/h.m
2
 under 20 

0
C, 15 

0
C, 10 

0
C, 5 

0
C respectively in an environmental chamber.         

  

Dissolved oxygen (DO) in both MBR and EMBRs was controlled at 4.0–4.5 mg/L. The values of 

pH in both MBRs were 6.8–7.4, within the optimum pH range of denitrification, phosphorus 

precipitation and floc formation [Wei et al., 2012], thus no adjustment was necessary. The 

membrane modules were back-flushed with permeate for 30 s every 10 min and chemically 

cleaned up with 200 mg/L of NaOCl solution for 5 h whenever transmembrane pressure (TMP) 

reached the limit of 50 kPa. 
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3.9.2 Determination of EPS 

 

EPS comprise a variety of organic substances such as polysaccharides, proteins, lipids and humic 

substances that come from either the metabolic activities of microorganisms or raw wastewater. 

They include bound EPS (condensed gels or polymers closely bound to cells) and soluble EPS or 

SMP (dissolved in the surrounding solution). Soluble EPS or SMP (soluble microbial products) 

and bound EPS were assessed using the thermal extraction method [Drews et al., 2005]. In brief, 

50 mL of fresh MBR biomass was dewatered by centrifugation at 5000 rpm for 5 min, then, the 

supernatant was filtered by 0.45 µm glass fiber filter (Whatman, USA) and the filtrate was tested 

as SMP. The sludge pellet was resuspended in a mixture of 15 mL of 0.05% NaCl solution and 

35 mL deionized water and agitated by vortex mixer for 1 min. The sludge suspension was then 

placed in 80 
0
C water bath for 10 min before centrifuging again at 8000 rpm for 5 min. The 

supernatant was used to measure the bound EPS. As EPS (both bound or SMP) is predominantly 

composed of proteins and polysaccharides, the proteins and polysaccharides were quantified 

separately using the modified Lowry method [Lowry et al., 1951] and phenol–sulfuric acid 

colorimetric method [Flemming et al., 2001], respectively. Bovine serum albumin and glucose 

were used as calibration standards for proteins and polysaccharides, respectively. All analyses 

were performed in duplicate and the mean values were reported.  

 

3.9.3 Other physical and chemical parameters  

         

DO concentration was measured by a DO meter (HACH sensION 378, USA). Particle size 

analysis was performed using Mastersizer 2000 (UK). Total nitrogen, total phosphorus and 
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chemical oxygen demand (COD) tests were conducted on a HACH DR2500 spectrophotometer.  

Ammonia, nitrites, nitrates and phosphates were determined by LACHAT QuickChem 8500, 

Total organic carbon (TOC) was analyzed by Tekmar Dohrmann Phoenix 8000, while mixed 

liquor suspended solids (MLSS), volatile suspended solids (MLVSS), SVI, and capillary suction 

time (CST) were tested according to APHA 21
st
 Edition [2005].  

 

Zeta potential was determined with Zeta Meter 4.0 (Zeta-Meter Inc., USA). As the solid 

concentration of sludge sample was too high for direct zeta potential analysis, 50 ml of sludge 

sample was centrifuged at 5000 rpm for 5 min. The sample was prepared by mixing the 

supernatant with a few drops of the activated sludge and immediately put inside the 

electrophoretic cell for measurement of the flocs’ zeta potential. At least 10 measurements were 

performed and the mean value was reported as the final result. 

3.9.4 Determination of TEP  

 

The method for TEP analysis is based on the protocol developed by De la Torre et al. [2008]. In 

brief, in a 25 mL volumetric flask, 5mL of pre-filtered sample with 0.5 mL of 0.055% (m/v) 

alcian blue solution and 4.5 mL of 0.2 M acetate buffer solution (pH 4) were mixed and stirred 

for 1 min. TEP in the sample reacts with alcian blue and produces a precipitate which was 

separated by centrifuge at 15,300 rpm for 10 min. Finally the residual alcian blue is determined 

by spectrophotometer at 602 nm. Xanthan gum is used as the calibration standard and the 

measured TEP concentration is expressed as xanthan gum equivalent (mg/L). A typical 

calibration standard curve is presented in Fig. 3.13. 
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Fig. 3.13 Representative TEP calibration standard curve  

3.9.5 Determination of FTIR and XRD  

 

Samples were prepared using stock KBr that was stored in a warming oven at 100 
0
C. 

Approximately 4.5 mg of sample was mixed with approx. 150 mg of KBr and pressed into a 

13mm IR pellet. FTIR was acquired with Bruker Tensor 27 (Germany). A background spectra 

was collected prior to each sample spectra. Both background and sample spectra used scanning 

times of 100 scans. Spectral range was 4000 cm
-1

 to 400 cm
-1

. One spectrum was collected for 

each sample immediately following pellet preparation. The pellets were placed in the warming 

oven over the weekend to drive off any absorbed water and a second spectrum was then collected 

for each sample. All results were baseline corrected. 

 

XRD images were acquired with a Siemens (Bruker) D5000 powder diffractometer. The D5000 

system uses a K710H 2.7kW sealed-tube type X-Ray generator with the vertical goniometer 

housed in a fully-enclosed radiation cabinet. The goniometer is in Bragg-Brentano (θ-2θ) 
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geometry and uses Cu radiation. The system is equipped with computer-controlled divergence 

and receiving slits, a rotating sample holder, diffracted beam graphite monochromator and a 

scintillation detector. Data was collected using Bruker’s DIFFRACplus software and processed 

with MDI Jade+ software. 
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CHAPTER 4 RESULTS AND DISCUSSIONS  

 

4.1 Electrochemical fundamentals of Fe and Al electrodes in electrokinetic technologies 

 

In EC and the other electrokinetic technologies [Elektorowicz et al., 2012; Bani-Melhem et al., 

2011], Al and Fe are usually used as electrodes, metal ions are electrochemically generated and 

subsequently subject to hydrolytic reactions by following the equations (Equations 4-1 -  4-7) 

below:  

Oxidation reactions at the anode (aluminum or iron): 

Al (s) - 3e
- 
→ Al

3+
(aq)                                       E

0 
=

 
1.66 V                            (4-1)

 

Fe (s) - 2e
- 
→ Fe

2+
(aq)                                       E

0 
=

 
0.44 V                            (4-2) 

Where E
0 

is the standard oxidation or oxidation potential depending on the actual 

electrochemical reactions  

Ferrous ions may be further oxidized into ferric ions in the presence of oxygen:    

Fe
2+

(aq) - e
- 
→ Fe

3+
(aq)                                                                                   (4-3) 

4Fe
2+

(aq) + O2 + 10H2O(l) → 4Fe(OH)3(s) + 8H
+                                                              

(4-4)
                                           

The ferric and aluminum ions are in stable redox states but hydrolyzed instantly:   

Fe
3+

(aq) + 3H2O(l) = Fe(OH)3 + H3O
+
(aq)                                                     (4-5) 

Al
3+

(aq) + 3H2O(l) = Al(OH)4
-
  + 4H3O

+
(aq)                                                 (4-6) 

The anodic reaction 6H2O(l) - 4 e
-
 → O2(g) + 4 H3O

+
(aq) E

0 
= -1.229 V does not occur because 

the system is thermodynamically unfavourable (Gibbs free energy ΔG
0

 

= -nFE
0 

> 0). 

At cathode, the dominant electrochemical reactions can be described by Equations (4-7) [Paidar 

et al., 1999; Fanning et al., 2000]: 
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2H2O(l) + 2e
-
 → H2(g) + 2OH

-
(aq)                                 E

0 
=

 
-0.8277 V         (4-7)  

 

The other side electrochemical reactions under specific conditions are described in the following 

sections. Aluminum, iron or stainless steel are the most common materials for EC electrodes as 

these metals have high coagulation powers, readily available, cost-effective and relatively non-

toxic. Titanium anode has also been sporadically reported in a few researches with superior EC 

treatment efficiency [Mollah et al., 2004] due to its high positive charge density, e.g. recently 

Naje et al. [2015] used titanium electrode to obtain high removal of COD (93.5%), TSS (97%), 

turbidity (96%), phenols (99%) and phosphate (97%) from the textile wastewater. However, 

because of its high cost using titanium as the EC anode is generally prohibitive in practice. 

Therefore, in this thesis only Fe and Al are utilized for various parametric experiments and 

compared for some specific effects. The other factors affecting the electrocoagulation include 

pH, current density, electrolysis time and composition of the supporting electrolyte etc., which 

are addressed in detail below based on experimental results. 

      

4.1.1 Change of pH in the electrolytic fluid 

 

pH of the electrolytic solution may directly affect the chemical dissolution of electrodes, both the 

anode and cathode [Refait et al., 1997; Chen et al., 2004]. E.g. When aluminum is used as the EC 

electrodes, as an active metal it may react with H
+ 

or OH
-
, generating Al

3+
 and AlO2

- 
under acidic 

(pH < 5) and alkaline (pH >9) conditions, respectively. In this experiment the electrolytic 

solution consisted of 60 mg/L of chloride solution and conductivity was adjusted to 1000 µs/m 

with sodium sulphate. Initially the fluid’s pH was adjusted to 7.0 with 15 N sodium hydroxide 

solution and the current intensity = 10 A/m
2
. In the one tank experiment, pH changes over the 2 
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hours of electrolysis time are presented in Fig. 4-1. Over two hours of electrolysis, pH of the 

electrolytic fluid went up about 2 units for both Al-Al and Fe-Fe electrodes as no buffering 

reagents existed in the electrolytic medium. This was due to release of hydroxyl ions OH
- 
by 

Equation (4-7), which is in agreement with the previous observation [Bani-Melhem et al., 2010; 

Bani-Melhem et al., 2011; Ibeid et al., 2013; Hasan et al., 2012; Ibeid et al., 2013]. 

 
 

Fig. 4-1 pH changes over time in one electrolytic cell  

Fig. 4-2 and Fig. 4-3 display the pH variations in separate electrolytic cells for both Al-Al and 

Fe-Fe electrodes, it is interesting to note that pH in the Al cathode tank increased by nearly  3 

units, whereas pH in the Al anode tank decreased slightly by 0.6 units. Similarly, pH in the Fe 

cathode tank increased by nearly 2 units, whereas pH in the Al anode tank decreased slightly by 

0.4 units. The electrochemical and hydrolytic reactions at the cathode and anode can explain the 

different pH trends. Equation (4-7) is obviously responsible for the pH upward changes in both 

Fe and Al cathode tanks, based on hydrolytic Equations (4-5) and (4-6), the newly generated 

ferric and aluminum ions are subject to hydrolysis. Just like chemical coagulation, the ferric and 

aluminum ions hydrolyze into their respective hydroxides and generate hydrogen ions. 

Aluminum is a more active metal than iron, as a result, its redox reaction and electrolysis in 
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aqueous solution are more intensive than the latter, which explains the difference in pH 

variations. Compared to strong cathodic electro reduction, hydrolysis of cations is a less 

intensive process. Overall in an usually one-tank electrochemical configuration the net effect on 

pH is increase in alkalinity, which is favourable in EMBR where nitrification and electrokinetic 

process is integrated in one tank because nitrification consumes alkalinity whereas the afore-

mentioned electrokinetic process makes up the alkalinity loss. Together with the buffering 

capacity of biomass, the electrokinetic technology automatically maintain relatively neutral acid-

base environment in the mixed liquor and favours the microbial growth without pH adjustment 

with extra acidic or basic solution.                               

 

Fig. 4-2 pH changes over time in separate electrolytic cells (Al-Al electrodes)  
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Fig. 4-3 pH changes over time in separate electrolytic cells (Fe-Fe electrodes)  

 

Fe may also react with H
+
 under acidic (pH < 5) conditions and release ferrous ions. Secondly, 

speciation of hydrated metal hydroxides is dependent on pH of the solution, and the amount of 

highly charged cations and hydroxides decide the coagulation power for destabilizing colloids. 

At highly alkaline pH the main species of Al and Fe are Al(OH)4 
-
 and Fe(OH)4 

–
 ions, which 

have been demonstrated to have poor coagulation performance. In addition, oxidation of Fe(II) to 

Fe(III) cannot occur if pH is less than 5 [Sasson et al., 2009, Picard et al., 2000]. Generally the 

optimal coagulation pH is in the range between 5 and 8, and iron outperforms aluminum at 

higher and lower pH values [Mouedhen et al., 2008].    

       
 
         

4.1.2 Current efficiency in electrokinetic technology 

 

The current efficiency can be calculated based on the theoretical yield of metal ions based on 

Faraday’s law and the determined mass of total metal cations in the liquid and solid phases:  
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Current efficiency = (
VFn

MtI

**

**
) / [M

3+
] * 100%                     (4-8) 

Where: 

[M
3+

] is molar concentration of electrochemically generated metal cation (g/L),  

I is the current (A),  

t is the electrolytic time (s),  

M is the molecular mass of the metal (g mol/L),  

n is the number of lost electrons  per metal atom,  

F is Faraday’s constant (96,485 C/mol). 

 

Fig. 4-4 Current efficiency vs. current intensity 

 

From Fig. 4-4, for Fe-Fe electrodes, the current efficiency is close to 100% unless at high current 

intensity of 50 A/m
2
. Whereas for Al-Ale electrodes, the current efficiency is significantly higher 

than unity; for exemple, at high current intensity of 50 A/m2, the current efficieny was observed 

to be from 118% to 143%. Several studies have reported that the cation yields of Al anode are 

significantly higher than 100%, ranging from 105% and 190% of the theoretical value [Picard et 
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al., 2000; Kongjao et al., 2008; Terrazas et al., 2010; Şengil et al., 2009; Kobya et al., 2011; 

Mouedhen et al., 2008; Yetilmezsoy et al., 2009], while the yield of ferrous ions is generally in 

agreement with the chemometric prediction [Picard et al., 2000]. The extra yield of aluminum 

ions is attributed to cathodic Al dissolution and pitting corrosion, especially when concentration 

of chlorine ions in the sample is high [Chen et al., 2004]. Analysis of the electrochemical 

behavior of all involving substances attributes the excess high current intensity to the following 

factors: 

(1). The previous section demonstrates that pH of the electrolytic fluid goes up dramatically to 

medium and strong alkaline (>9) as the current intensity increases, in the alkaline solution 

aluminum ions are not only generated through electrochemical dissolution, but also through 

chemical reaction [Sasson et al., 2009, Picard et al., 2000]:  

2Al + 2OH
- 
+ 6

 
H2O -> 2[Al(OH)4]

- 
+ 3H2                                      (4-9)     

Chemical dissolution can occur on the metals both at anode and cathode. It should be noted that 

chemical reactions between iron and OH
- 
is slow and the thus the contribution to ferric is very 

limited.   

(2). At high current intensity, the high current efficiencies can also be attributed to the 

temperature increase due to joule heating of the electrolytic solution. Temperature of the solution 

was found to increase by 3.5 degree after half hour at the current intensity of 50 A/m
2
. Higher 

temperature might accelerate chemical dissolution of aluminum [Davis, 1999; Valenzuela et al., 

2002; Mouedhen et al., 2008].     

(3). The last reason for increased current efficiencies can be the presence of chloride ions in 

solution, which is reported to cause pitting of aluminum electrodes [Bockris et al., 2000; 
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Mouedhen et al., 2008; Li et al., 2009; Huang et al., 2013; Hossini and Rezaee, 2014] based on 

the following  (4-10 to 4-11) equations [Wang et al., 2009]:  

2Cl
-
(aq) - 2e

- 
→ Cl2 (g)                                                                     (4-10) 

Cl2(g) + 2H2O(l) → HClO(aq) + H3O
+
(aq) 

 
+ Cl

-
(aq)                      (4-11)                

HClO is a strong oxidant, under the acidic environment it may react with aluminum and produce 

aluminum ions. The strong oxidizing capacity of chloride ions has also been extensively reported 

for degradation of COD from wastewater [Wang et al., 2009; Hossini and Rezaee, 2014; Li et al., 

2009].   

 

Fig. 4-5 Current efficiency vs. chloride concentration 

 

Overly high current density should be avoided because it not only leaves extra metal ions in the 

effluent but also produces large amount of explosive hydrogen gas. The optimal current density 

is typically dependent on the wastewater characteristics. 

 

4.1.3 Species of iron and dynamics of ferric ions in the electrolytic solution  
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As afore-mentioned, aluminium anode releases Al(III) ions in a one-step electrochemical 

reaction whereas generation of ferric ions are produced in two independent mechanisms, i.e. iron 

atoms are first oxidized into ferrous ions, and the latter is subsequently converted into ferric ions 

by oxygen in air or wastewater [Sasson et al., 2009; Cocke et al., 2009; Linares-Hernández et al., 

2009]. It was reported that oxidation of ferrous into ferric ions by DO (> 3.5 mg/L) in a nearly 

neutral solution follows a pseudo first-order kinetics with a rate constant = 0.5 hour
-1

 [Stumm 

and Lee, 1961; Pham and Waite, 2008].  

 

In this research, first nitrogen gas constantly purged the electrolytic fluid to DO = 0, and then 

DO was controlled at four levels (0, 0.5, 1, and 3 mg/L) during a half hour of electrolysis, at the 

end samples were taken immediately for ferrous/ferric analyses under nitrogen blanket. As 

shown in Fig. 4-6, at DO = 0 mg/L nearly all of dissolved iron was in the form of ferrous, and 

when DO = 1 mg/L, dissolved iron existed almost entirely as ferric ion.  

 
     

 Fig. 4-6 Species of iron at various DO level 

Generation and distribution of the ferric ions are dynamically demonstrated in Fig. 4-7. The red 

color represents existence of ferric ions and its intensity suggests the concentrations of ferric ions 
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generated. The mechanisms are as follows: the ferrous ions anodically produced from Equation 

(4-2) are oxidized to ferric ions by DO; the freshly formed ferric ions react immediately with 

thiocyanate ions to produce red complex ferric thiocyanate:      

Fe
2+

 + O
2
 + 2H2O → Fe

3+
 + 4OH

-
                                                    (4-12) 

Fe
3+ 

+ nSCN
-
 → Fe(SCN)n

3-n
 (red)                                                 (4-13) 

After 0.5 min. of electric application, form of the ferric ions is visible in vicinity of the anode, 

more and more ferric ions are generated as electrolysis proceeds between 2 and 5 min. During 

the same time, driven by electrophoretic force, the ferric ions traveled towards the cathode along 

the direction of the electric field. At 5 min. ferric ions reached the surface of cathode and filled in 

most of the space between anode and cathode. Right after aeration, the ferric ions distributed 

homogeneously in the entire electrolytic cell and therefore the localized red zone disappeared 

immediately. However, as soon as the aeration stopped, the red zone reappeared and the 

developing patterns are the same as initially. This experiment pictorially shows the real-time 

generation dynamics of the ferric ions and impact of shear forces or turbulence on the spatial                

distribution of ferric ions in the electrolytic cell. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4-7 Dynamic generation and distribution of ferric ions in the electrolytic cell  
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Due to high solubility of its hydroxide and lower positive charge density, ferrous ions are not as 

efficient as ferric ions in the EC process [Bagga et al., 2008]. Therefore, presence of sufficient 

oxygen or an oxidizing environment is essential for successful electrocoagulation with iron 

electrodes.  

        

In spite of a few exceptions, most of the EC studies have shown that aluminum has a better 

pollutant removal efficiency than iron, however, relatively higher Al(III) toxicity, lower 

concentration tolerance in effluent and the surface water  and higher price compared to iron 

make selection of EC materials case specific [Katal et al., 2011].  

 

4.2 Flocs size distribution in the electrokinetic technologies  

 

4.2.1 Formation of floc size in the coagulation process 

 

The mixed liquor of ASP process in the wastewater treatment is typically classified into three 

constituents, i.e. the suspended solids (> 1 µm), colloids (0.1 to 1 µm) and soluble (< 0.1 µm) 

(Metcalf & Eddy, 2003). For more than half a century the chemical coagulation has been applied 

to destabilize and aggregate the suspended solids and enhance their separation from water 

through sedimentation or filtration. Alum, ferrous / ferric salts or their polymers are usually used 

as the coagulants. In addition to effective removal of the solids, removal of soluble organics and 

some inorganic metal ions are also improved due to chemical coagulation. Charge neutralization 

and pollutant enmeshment are the two primary mechanisms of chemical coagulation 

[Amirtharajah and Mills, 1982; Letterman et al., 1999]. Efficiency of the charge neutralisation is 
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characterized by the low repulsion forces between biomass particles. Enmeshment and bridging 

of particles are the major holding forces for flocs, this type of binding strength has been reported 

to be one to two orders of magnitude stronger than van der Waals attractive forces created by 

charge neutralisation [Bache et al., 1997; Xu et al., 2011].  

 

In chemical coagulation, typically two-stage mixing is practiced, i.e. 30 s of fast mixing at 120 

rpm followed by half hour of slow stirring at 30 rpm. During the fast mixing period Al or ferric 

cations of the coagulant first undergo rapid hydrolysis within 1 to 7 seconds [Amirtharajah and 

Mills, 1982] followed by enmeshment of colloids trapped by the amorphous solid-phase 

hydroxide.              

 

The biomass floc coagulation rate and the final steady-state size are the results of dynamic 

equilibrium between breakage and aggregation of flocs at the specific shear force intensity which 

can be expressed by the following model [Jarvisa et al., 2005; Mikkelsen et al., 2002]:  

Rf = kRg – Rb                                                                                            (4-14) 

Where: 

Rf = the net floc size growth rate 

k = particle collision factor   

Rg = floc size growth rate due to collision 

Rb =  floc size breakage rate 

Rg and Rb are dependent on the applied shear rate which is usually quantified by the average 

velocity gradient [Yukselen et al., 2002]: 

G = √𝜀/𝑣                                                                  (4-15) 

ε = (P0N
3
D

5
) / V                                                        (4-16) 

Where:  

G = the average velocity gradient (s
-1

) 

𝑣 = the kinematic viscosity (m s
-1

) 

ε = the energy dissipation rate per unit mass of fluid (Nms
-1

 kg
-1

) 

P0 = the power number of the mixing blade  

N = the mixing blade speed (rps) 
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D = the mixing blade diameter (m) 

V = volume of the coagulation tank (m
3
) 

When kRg = Rb or Rf = 0, the steady-state floc size is obtained. The particle collision factor k 

varies depending on the shear intensity and the particle size at any time point. kRg decreases as 

the floc size increase due to declining number of particles, on the contrary, Rb increases as more 

and more larger flocs exist in the system, and therefore, the coagulation equilibrium will 

eventually be reached with  characteristic floc sizes though irreversible breakage phenomenon 

was reported by some researchers [Brakalov, 1987; Francois, 1987; Spicer et al., 1998; Gregory 

and Dupont, 2001] .                 

An empirical equation for the steady state floc size can be expressed as the following [Jarvisa et 

al., 2005; Kim et al., 2007]: 

d = CG
-γ

                                                                      (4-17) 

Where: 

d = the floc diameter (m) 

γ = the steady state floc size exponent 

C = the floc strength co-efficient 

The logarithmic form of the exponential Equation (4-17) is: 

Logd = logC - γlogG                                                  (4-18) 

Coefficients γ and C can be obtained through regression of Equation (4-18) with a series of 

experimentally observed values for d and G.     

The steady-state floc size of a coagulation process is virtually an indirect measurement for the 

average floc strength at specific shear intensity. The average floc strength can be experimentally 

determined with external particle breakage technologies which are capable of supplying uniform, 

accurate and controllable energy onto a floc suspension. The commonly used energy dissipation 

technologies include mechanical mixing, ultrasound, vibrating or the sensitive 
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micromanipulators developed in the recent years [Mikkelsen et al., 2002; Yukselen et al., 2002; 

Kim et al., 2007].   

Floc strength coefficient (FSC) = d2/d1                                    (4-19) 

where d1 and d2 are the average floc size before and after the breakage experiment.   

 

4.2.2 Impact of chemical coagulation and electrocoagulation in floc size in batch tests 

 

Fig. 4.8 shows the floc size distribution of ASP biomass after chemical coagulation. In this 

experiment standard chemical coagulation procedures were followed, i.e. a 30 s of fast coagulant 

mixing at 120 rpm with the biomass and then half of an hour slow stirring for floc aggregation. 

The two coagulant doses are equivalent to the theoretical electrocoagulation doses for one hour 

and two hours, respectively. As expected, the average floc sizes increased by 36.4% and 66.5% 

at doses of 27 mg/L and 54 mg/L of Al
3+

 [Verma et al., 2012]. However, the particle size of 

biomass in the electrocoagulation tanks tended to decrease. Table 4.1 and Fig. 4.10 indicate the 

flocs size decreased by 18.9% over two hours of coagulation.  Fig. 4.9 is the overlay images of 

original particle size acquisition of 4 trials. Fig. 4.11 and Fig. 12 and Table 4.2 are the results of 

different biomass from another source, again the average floc size dropped by 28.03% over 2 

hours of coagulation period. A similar floc size reduction tendency was also overserved in the 

continuously operating MBR and EMBR, which is contrary to the observations by most of the 

other researchers [Larue et al., 2003; Harif et al., 2012; Lakshmanan et al., 2009; Larue et al., 

2003]. The unexpected floc size change can be attributed to the following reasons: 
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(1). As stated previously, the steady state floc size is the dynamically equilibrated result of floc 

aggregation and breakage, which is dependent on the prevailing shear conditions. In chemical 

coagulation, normally a half hour of slow mixing allows the flocs to attach together, whereas in 

this research, aeration is constantly supplied due to the need for membrane scouring. Therefore, 

the shear stress generated by the aeration in the combined aerobic and electrode tank prevents the 

flocs from attaching and merging, it may even break some of the flocs with less strength.       

 

 (2). Although chemical coagulation and electrocoagulation resemble each other in the surface 

charge neutralization mechanism, flocs aggregation or disintegration follow different 

mechanisms, as proposed by Harif et al. [2012]. Reaction Limited Cluster Aggregation (RLCA) 

is mainly responsible for particle growth in chemical coagulation, whereas in EC Diffusion 

Limited Cluster Aggregation (DCLA) is dominant. Consequently, EC generated flocs are more 

fragile, contain less bound water and are prone to restructuring and compaction;    

 

(3). As stated in the later sections and early reports in literature, EC is efficient in removing EPS 

including TEP from the mixed liquor, EPS or TEP play a crucial role in floc aggregation through 

the hydrophobic interactions between microbial cells. In addition, the VSS/TSS ratio decreases 

significantly [Wei et al., 2012] and the flocs become less viscous, therefore, reduction of the EPS 

concentration may cause floc disintegration or breakage. When the aeration intensity exceeds the 

shear energy required to break individual flocs or those in a suspension, particle breakage 

becomes irreversible and floc re-growth or secondary aggregation cannot occur. 
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Lastly, it is necessary to address some issues and challenges in the existing particle size 

measuring technologies. Floc size is an important parameter for biomass characterization and 

over the last decades a few quantitative floc size measurement techniques have been developed. 

The most popular ones are light scattering and transmission, microscopy and photography, and 

today all of the techniques include image software for accurate and fast data analysis. Due to the 

fragile nature of flocs, non-destructiveness or non-disturbance is crucial to any successful 

particle size determination approach and so far none of the above methods is perfect. Microscopy 

and photography require very diluted and small amount of sample for sufficient light 

transmission and that usually changes the matrix environment of flocs and representativeness of 

the sample. As a result, large number of repeated measurements are needed to ensure reliability 

of the determined results. The popular light scattering particle size measurement technique relies 

on constantly pumping the suspension through a laser beam window; however, the particle size 

is usually alternated due to damage made by the pumping device. Three types of suspension 

delivery techniques (peristaltic pump, a syringe pump and a hand pipette) were compared by 

Spicer et al. (1998) and a peristaltic pump on the return side of the measuring cell was reported 

as the most favourable delivery method. One common drawback of all particle size techniques is 

that they are based on optical measurements. Optical measurements are more appropriate for 

solid spheres made of the same substance. As the biomass flocs are in highly irregular shape, the 

measurement based on light scattering patterns is liable to deviation. 
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Fig. 4.8 Particle size distribution of ASP biomass after chemical coagulation  

 

 

 

 
 

Fig. 4.9 Particle size distribution of ASP biomass after electrocoagulation (2 hour)  

 

 

Table 4.1 Particle size distribution of ASP biomass after electrocoagulation  

T(min) D0.1(µm) D0.5 (µm) D0.9 (µm) Mean (µm) σ(µm) 

0 4.6 131.5 561.9 213.2 9.1 

30 3.1 114.6 548.2 201.2 6.2 

Red: control, mean floc size = 165 um 

Green: dose 27 mg/L Al3+, mean floc size = 225 um 

Blue: dose 54 mg/L Al3+, mean floc size = 274.7 um 
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60 2.6 102.9 536.7 192.6 14.3 

90 1.7 83.7 517.4 178.3 5.4 

120 1.6 77.8 508.2 172.9 14.9 

 

 

 
 

Fig. 4.10 Average floc size of ASP biomass after electrocoagulation (2 hour)   

 

 

 
 

Fig. 4.11 Particle size distribution of another ASP biomass after electrocoagulation (2 hour)  
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Fig. 4.12 Average floc size of another ASP biomass after electrocoagulation (2 hour)   

 

 

Table 4.2 Average floc size of another ASP biomass after electrocoagulation  

 

T (min) Mean (µm) σ (µm) 

0 126.3 6.4 

15 122.8 8.1 

30 144.3 3.6 

45 122.6 12.8 

60 134.2 7.6 

75 150.5 8.9 

90 123.1 3.9 

105 103.3 9.8 

120 90.9 11.6 
 

 

 
 

Fig. 4.13 Flocs size distribution of EMBR and control biomass at 10 
0
C. 
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4.3 CST and SVI of electrokinetically treated sludge 

 

CST is a common indicator of sludge dewaterability or filterability. It is dependent on the 

temperature and sludge characteristics such as TSS content, flocs size and EPS concentration and 

composition [Dentel and Abu-Orf, 1995]. As presented in Fig. 4-14, the sludge treated by both Fe-Fe 

and Al-Al electrodes display a general trend of CST decrease as the current application time 

increases (Fe: 5.6% - 26.1% , Al: 6.8% - 23.5%), suggesting electrocoagulation improves sludge 

filterability due to reduced soluble EPS concentration in the sludge as presented in the following 

sections.     

 

Fig. 4.14 CST vs. current application time  

Sludge volume index (SVI) is the most widely used parameter to quantify MLSS settleability in 

routine wastewater treatment operations [Daigger et al., 1985]. Fig. 4-15 indicates that Both Fe-

Fe and Al-Al electrodes reduces SVI significantly, with 5.5% - 21.4% by Al electrode and 7.8% 

- 30.2% by Fe electrode, respectively, demonstrating significant improvement in sludge 

setteability by electrocoagulation. Fe electrode is slightly more efficient than Al electrode which 

is in agreement with the observations by Zodi et al. [2009].       
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Fig. 4.15 SVI vs. current application time  

 

4.4 Zeta potential change of biomass treated with the electrokinetic technology 

 

Zeta Potential measures the electrical charge of the colloidal particles in the mixed liquor and 

can be directly calculated from electrophoretic mobility of flocs. Most colloidal particles in 

wastewater are negatively charged due to: 1) ionizable anion groups such as amino or hydroxyl 

groups etc. 2) adsorption of anions on the surface of colloids and 3) lattice imperfections. In 

EMBR, the electrochemically generated aluminum or ferric ions neutralize the colloid charge 

and destabilize the colloidal suspension, which can be demonstrated by the upward zeta potential 

shift from -22.8 to 4.2 mv for Al-Al electrode (Fig. 4.16) and from -24.8 to 2.2 mv for Fe-Fe 

electrode (Fig. 4.17), suggesting the superior electrocoagulation effect. The results indicate that 

Al-Al electrode is slightly more efficient in charge neutralization of activated sludge.            
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Fig. 4.16 Zeta potential vs. current application time (Al-Al electrode)  

 

 
 

Fig. 4.17 Zeta potential vs. current application time (Fe-Fe electrode)  

 

4.5 Electrode passivation and mitigation strategies  

 

Precipitation on the electrode surface and the resulting electrode passivation is the major 

challenge for broader application of electrokinetic technologies such as EC [Vik et al., 1984; 

Mollah et al., 2004; Wang et al., 2007]. The negative impacts of electrode passivation on the 
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electrokinetic processes include declining of the anodic release of metal cations, decreased 

conductivity of the electrodes, reduced wastewater treatment efficiencies and waste of energy. 

Therefore, minimization of electrode passivation is crucial for successful application of 

electrokinetic technologies. Mechanistically the precipitates on the electrode surface have the 

following sources: 

(1). Chemical reaction: The electrochemically generated metal ions react with the hydroxyl 

group and phosphate to produce precipitates of metal hydroxide and phosphate salt, as shown in 

Equation 4-20 - Equations 4-23 and Fig. 4.18 

Al
3+

 + 3OH
-
 → Al(OH)3 ↓                                                  (4-20) 

Al
3+

 + PO4
3-

 → AlPO4    ↓                                                  (4-21) 

Fe
3+

 + 3OH
-
 → Fe(OH)3 ↓                                                  (4-22) 

Fe
3+

 + PO4
3-

 → Fe PO4   ↓                                                  (4-23) 

 

 
 

Fig. 4.18 Schematic illustration of precipitating ions in EC with Al-Al electrodes 

(2). Electric charge attraction effect: the negatively charges particles or flocs in the fluid are 

attracted to the positively charged anodic surface.  
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Though presence of chloride in industrial and municipal wastewater may alleviate the passive 

film on the anode surface to some extend [Szklarska-Smialowska, 1986], the most common 

approaches to deal with the precipitates are:  

(1) Use turbulent shear to drive the metal ions away and prevent their accumulation on the 

electrode surface;  

(2) Periodical reversal of the electric polarity. This method makes use of the catholically 

generated hydrogen gas which is capable of pushing the precipitated scale off the electrode 

surface (Equation 4-7).  

(3) Remove precipitates mechanically or manually at a certain interval.  

 

As the preventative measures for precipitate formation, in addition to turbulent mixing, 

periodical reversal of the electric polarity is another common strategy. The production rate of 

hydrogen gas can be calculated by the following equation: 

  rH2 = 
F

I

*2

4.22*
* 1000   (ml/s)                                          (4-24) 

For the experimented current intensities of 0.05 A, 0.1 A, 0.2 A, 0.5 A and 1 A, rH2 are listed in 

Table 4.3 

 

Table 4.3 Production rates of hydrogen gas at various experimented current intensities   

Current 

intensity (A) 

0.05 0.1 0.2 0.5 

 

1 

H2 

producing 

rate (ml/s) 

0.005 0.01 0.02 0.05 0.1 
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It was found that when current intensity ≤ 0.2 A, polarity reversal had minimal impact on 

electrode passivation reduction. However, if current intensity was above 0.2 A, frequent polarity 

reversal ( < 5 min per cycle) was detrimental to electrode passivation. This is because aluminium 

ions react with hydroxyl groups before they are able to diffuse into the bulk solution.          

4.6 Non-invasive observation of electrokinetic membrane fouling reduction by MRI 

MRI as an in-situ non-invasive imaging tool has been recently applied for membrane fouling 

studies [Schulenburg et al., 2008; Vrouwenvelder et al., 2009; Vrouwenvelder et al., 2010]. In 

MRI, the protons in water molecules are excited by radio frequency emitted from the coil placed 

on the target object, and magnetic field gradient is generated for spatially structural encoding 

based on 
1
H signal, which is acquired predominately from the water content in the sample. In 

MRI contrast of the relaxation time T2 is presented in the digitized image and allows 

identification of localized environment details within a sample, such as the polymeric membrane 

materials and pores filled with free water [Schulenburg et al., 2008].  

 

Fig. 4.19 and Fig. 4.20 (in false color) show the cross-sectional MRI images of ZW-1 membrane 

after 0, 1 and 2 hours without and with electric current application (Al-Al and Fe-Fe). The 

regional brightness represents the differentiated content of local water molecules. Therefore, 

those areas with strong signal intensity suggest more water filled space or less fouling region, 

whereas the darker places indicate the spaces are occupied by membrane material itself or 

foulants. Without application of current severe fouling is evident in the control membranes (in F 

of both Fig. 4.19 and Fig. 4.20) because half of the cross-section images are invisible as the 

fouling cake on the membrane surface gave little to no MRI signals due to shorter T2 NMR 

relaxation time of the small amount of trapped water.  



158 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.19 Cross-sectional MRI images of ZW-1 membrane (A, B, C correspond to 0, 1 hour and 

2 hours after current application in EC; D, E, F correspond to 0, 1 hour and 2 hours without  

current application, Al-Al electrodes)   

 

 
 

Fig. 4.20 Cross-sectional MRI images of ZW-1 membrane (A, B, C correspond to 0, 1 hour and 

2 hours after current application in EC; D, E, F correspond to 0, 1 hour and 2 hours without  

current application, Fe-Fe electrodes)   
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4.7 Efficiency of electrokinetic EDC removal       

 

The negative impact of EE2 to aquatic organisms has been of great concern in the past two 

decades [Clouzot et al., 2010]. EE2 was chosen as the research target for EDC as it is one of the 

most potent endocrine disrupters. EDC may be removed through three mechanisms, i.e. 

adsorption by the sludge, biodegradation, and oxidation by the electrochemically generated 

oxidants such as ozone and chlorine [Andersen et al., 2005]. As Henry’s law constant for EE2 is 

7.94 * 10
-12

 atm.m³/mol [de Mes et al., 2005], its vapor pressure at room temperature is fairly low 

[Clara et al., 2005b; Cirja et al., 2008], and this loss of EE2 by evaporation can be negligible. 

EE2 molecule is hydrophobic and its solubility in water is very low. Therefore, in a CAS system 

EE2 is primarily removed by adsorption [Andersen et al., 2005] and biodegradation through co-

metabolism by ammonium monooxygenase, the nitrification enzyme [Yi and Harper, 2007]. As 

shown in Fig. 21, after 15 hours of electrocoagulation, the E2-equivalent estrogenic activities 

were reduced by 57.9% and 49.2% with Fe and Al electrodes, respectively. Electrocoagulation 

with Al-Al electrodes is slightly more efficient than that with Fe-Fe electrodes for EE2 removal.       

 

 

Fig. 4.21 Removal of EE2 by electrocoagulation 
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4.8 Bacterial viability of biomass subjected to the electrokinetic technology  

 

When the AC or DC current is applied to a pair of electrodes placed in a microbial suspension, 

an electric field is generated, which act on the microbes between electrodes. If the electric field is 

beyond a certain threshold, it may significantly change the cell’s shape, surface hydrophobicity 

and net surface charge. The electric field may also affect the orientation of membrane 

components such as lipids. All of these effects can potentially result in irreversible 

permeabilization of the cell membrane and subsequent leakage of essential cytoplasmic 

constituents and decreasing respiratory rate [Chen et al., 2002]. Along with the action of electric 

field on microbial cells, electrochemical redox reactions occur simultaneously on the electrode 

surfaces [Thrash and Coates, 2008]: 

 

At anode: 

2 H2O - 4e
- 
→ O2(g) + 4H

+
  

             
(4-25)

 
         E

0
 = 1.23 V (vs. NHE) if nonreactive material such 

as platinum is used  

2Cl
-  

- 2e
-
→ Cl2(g)                        (4-26)          E

0
 = 1.358 V (vs. NHE) if there is considerable 

amount of chloride ions  

Al (s) - 3e
− 

 → Al
3+

 (aq)               (4-27)          E
0
 = 1.66 V (vs. NHE) if active material (e.g. Al ) 

is used. 

At cathode:                                             

2 H2O + 2e
- 
→ H2(g) + 2OH

-             
(4-28) 

             
E

0
 = 0.828 V (vs. NHE)  

O2(g) + 2H
+ 

+ 2e
- 
→ H2O2             (4-29)          E

0
 = 0.695 V (vs. NHE)  if the fluid is acidic  

The above electrochemical reactions suggest potentially dramatic pH change in the localized 

vicinity of the electrodes in a non-buffered stationary system and production of toxic hydrogen 

peroxide and chlorine or subsequent hypochlorous acid. These may penetrate into the interior of 

the cells via the pores and accelerate the inactivation process.    

In this study the cell viability in presence of aeration (3.4 L/min) and electric currents of various 

intensities were investigated for duration of 4 hours and the results are presented in Fig. 4.22. 
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When the applied electric density is less than 6.2 A/m
2
, there was no significant (<10%) live cell 

percentage reduction compared to the initial biomass or the control sample. However, the live 

cell percentage dropped 15% and 29% at the current density of 12.3 A/m
2 
and 24.7 A/m2, 

respectively.  This suggests that under the studied conditions 6.2 A/m
2 
is the current density the 

bacteria could tolerate and above that range, detrimental effects can be expected to the cell. Fig. 

4.23 shows that after 8 hours of electric application at current density of 6.2 A/ m
2
, dissolved 

COD and TOC were removed by 78.1% and 75.8% respectively. The mechanisms of COD and 

TOC removal may include [Moreno-Casillas et al., 2007]: (1) direct electrochemical oxidation of 

organic substances into carbon dioxide; (2) adsorption or encapsulation into the mesh-like 

precipitate of aluminum hydroxyl and (3) oxidation of the organics by electrochemically 

generated oxidants such as perchloride or hydrogen peroxide etc.     

 

 
 

Fig. 4.22 Effect of current intensity and duration on the relative live cell percentage 
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Fig. 4.23 Effect of current duration on dissolved TOC and COD (current density 6.2 A/m
2
) 

 

In this research active metal aluminum is used as the anode material, so its dissolution reaction 

Al (s) - 3e
− 

 → Al
3+

 (aq) is electrochemically preferred to 2 H2O - 4e
- 

→ O2(g) + 4H
+ 

due to 

higher standard oxidation potential. In an electrochemical reactor the applied electric voltage U 

can be calculated based on the following equation [Drees et al., 2003]:  

U = Eeq + d*j/κ + anode overpotential + cathode overpotential                            (4-30) 

Where  Eeq  = equilibrium potential difference between the anode and the cathode (V)        

             κ = fluid conductivity (mho/m)               

             d = distance between electrodes (m),                            

              j = current density (A/m
2
) 

When U is large enough (8 V in this study), it may overcome the equilibrium potential 

difference, electrode overpotentials and ohmic potential drop, and induce the electrochemical 

reactions in Equations (4-25) – (4-29). In addition, as shown in Fig. 4.24 the pH of the biomass 

increased significantly to a level hostile for the bacteria when current densities reached or 

exceeded 12.3A/m
2
. Fig. 4.25 demonstrated that the biomass’s SOUR dropped by 42% after 4 

hours of electric application at current density of 24.7 A/m
2
.  
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Fig. 4.24 Effect of current intensity and duration on pH   

 
 

Fig. 4.25 SOUR of biomass vs. current duration (current density 24.7 A/m
2
) 

The temperature changes observed during application of electric current at room temperature 

were displayed in Fig. 4.26. The maximum change at all current densities during 4 hours was 

less than 2°C. Therefore, the temperature changes monitored should not have caused bacterial 

inactivation. 
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Fig. 4.26 Effect of current intensity and duration on the biomass temperature 

Bacteria experience different micro-environments in an electrochemical reactor, especially when 

the reactor is not stirred or there is little mixing. As shown in Fig. 4.27, bacterial cells on the 

cathode surface were directly subjected to significantly elevated pH and action of electric field, 

consequently exhibiting highest death rate, whereas bacteria outside the space between 

electrodes had the highest viability because they were beyond influence of the electric field and 

are least affected by the toxicity of electrochemical by-products. Therefore, for a wastewater 

treatment process in which an electro technology is incorporated, strong mixing is desirable to 

enhance dispersion and diffusion of microorganisms and prevent localized cell inactivation.  

 

Direct currents may also be used to stimulate bacterial activity and metabolism in a process 

called electro-stimulation. Several studies have been conducted on the stimulatory effects of low 

level direct currents on microbial growth. Nakanishi et al. [1998] reported that electro-

stimulation of cells induces changes in DNA and protein synthesis, membrane permeability and 

cell growth and revealed that at low current level, bacterial activity and metabolism which were 
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measured in terms of alcohol production were enhanced, though the mechanism of these changes 

is still not well understood. In research reported here, no electro-stimulation effect was observed.             

 
 

Fig. 4.27 Bacterial viability in the different zones relative to electrodes  

when no mixing was applied in reactor (current density = 12.3 A/m
2
)  

  

4.9 Prevention of abiotic ammonification in the electrokinetic technology 

 

The electrochemical reduction of nitrate is a very complicated process, primarily due to the 

multiple valences of nitrogen. As shown in Table 4.4, in acidic or alkaline solutions nitrate may 

be reduced into a variety of derivatives successively or in parallel. In addition, autocatalytic 

reactions are also involved over time, leading to a large number of intermediates and final 

products [Prasad et al., 1995; Katsounaros et al., 2009].           

Table 4.4 Reduction potentials of nitrogen species under acidic and basic solutions 
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Acidic 

Reduction 

potential 

NH4
+ 

N2H5
+
 NH3OH

+
 N2 N2O NO HNO2 N2O4 NO3

- 

      

        
1.275

             
1.41                -1.87              1.77             1.59          0.99              1.07             0.803

  

Basic NH4OH N2H4 NH2OH N2 N2O NO NO2
- 

N2O4 NO3
- 

Reduction 

potential 

 

         
   0.1               0.73                  -3.04            0.94              0.76            0.46              0.867           -0.86 

 

When aluminum or iron is used as the anode in the electrochemical process with nitrate 

containing fluid as the electrolytic media, the following oxidation-reduction reactions (4-31, 4-

32) occur:  

At the anode (Al or Fe): 

Al (s) - 3e
- 
→ Al

3+
(aq)                                     E

0 
=

 
1.66 V                              (4-31)

 

Fe (s) - 2e
- 
→ Fe

2+
(aq)                                     E

0 
=

 
0.44 V                              (4-32) 

 

where E
0 

is the standard oxidation or oxidation potential depending on the actual electrochemical 

reactions. The single-step reaction Fe(s) - 3e
- 
→ Fe

3+ 
(E

0 
=

 
0.037 V) has been disproved 

[Lakshmanan et al., 2009]. 

 

The aluminum ion is an electrochemically stable species and it undergoes hydrolysis:   

Al
3+

(aq) + 3H2O (l) = Al(OH)4
-
  + 4H3O

+
 (aq)                                                (4-33) 

Whereas ferrous ions may be further oxidized into ferric ions or ferric hydroxide in presence of 

oxygen: 
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Fe
2+

(aq) - e
- 
→ Fe

3+
(aq)                                   E

0 
=

  
-0.771 V                           (4-34) 

4Fe
2+

(aq) + O2 + 10H2O (l) → 4Fe(OH)3(s) + 8H
+                                                               

(4-35)
      

 

Unless under high electric density the anodic reaction 6H2O(l) - 4 e
–
 → O2(g) + 4 H3O

+
(aq) E

0 
= 

-1.229 V doesn’t occur because it is thermodynamically unfavourable (Gibbs free energy ΔG
0

 

= -

nFE
0 

> 0). 

                          

At the cathode, the dominant electrochemical reactions can be described by Equations (4-36) - 

(4-39) [Paidar et al., 1999; Fanning et al., 2000]: 

 

2H2O (l) + 2e
-
 → H2(g) + 2OH

-
(aq)                       E

0 
=

 
-0.8277 V                   (4-36)  

NO3
-
(aq) + H2O (l) + 2e

- 
→ NO2

-
(aq) + 2OH

-
(aq) E

0 
=

 
0.01 V                        (4-37)                                   

NO2
-
(aq) + 2H2O(l) + 3e

- 
→ 

1

2
N2(g) + 4OH

-
(aq) 

     
E

0 
=

 
0.406 V                      (4-38) 

NO2
-
(aq) + 5H2O(l) + 6e

- 
→ NH3(g) + 7OH

-
(aq) 

   
E

0 
=

 
-0.165 V                     (4-39) 

 

4.9.1 The electrochemical reduction behavior of nitrate and influences by the electrode 

materials and electric intensity   

 

To isolate the effect of electrochemical reduction of nitrate, at first a nitrate-containing 

electrolytic fluid was tested with Al and Fe electrodes at various current intensities. Nitrate is a 

stable and readily soluble nitrogen species with low tendency for being co-precipitated or 

adsorbed [Yehya et al., 2014]. As shown in Fig. 28 and Fig. 4.29, the concentrations of nitrate 

decreased substantially. For Al-Al electrodes, nitrate was removed from 85.5% at 1 mA/cm
2
 to 
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99% at 10 mA/cm
2
, which is significantly higher than 60.5% to 81.5% for Fe-Fe electrodes at the 

same current intensities. On the other hand, ammonium concentrations greatly increased in the 

reactors, from 0 to  31.3 mg/L - 38.1 mg/L for Al-Al electrodes or 21.9 mg/L - 30.4 mg/L for Fe-

Fe electrodes over three hours of experimental runs. In all cases, small amount of nitrite was 

identified during the first one and a half hour though it disappeared at the end. Sum of nitrate, 

nitrite and ammonium concentrations at any time point for both Al and Fe electrodes account for 

over 88.75% of the total nitrogen of 40 mg/L originally contained in nitrate, suggesting that 

under the experimental conditions in this study, nitrate was almost chemometrically converted 

into ammonium with negligible amount of other nitrogen species.                

 

Fig. 4.28 Concentration profiles of nitrate, nitrite and ammonium for Al-Al electrodes     
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Fig. 4.29 Concentration profiles of nitrate, nitrite and ammonium for Fe-Fe electrodes 

 

Fig. 4.30 displays the effect of electrode materials and electric current density on ammonium 

yield. It is noted that at any current intensity, Al electrode generated more ammonium from 

nitrate than Fe electrode, ranging from 19.25% to 23.5%. This is because thermodynamically 

aluminium is more active than iron and thus it is a stronger reductant, as indicated by their 

standard reduction potentials of 1.66 V vs. 0.44 V. This result is in agreement with the previous 

work on water turbidity removal by electrocoagulation [Rahmani et al., 2008], but in 

contradiction to the conclusion drawn by Malakootian et al. [2011] who stated that iron 

electrodes are more efficient in nitrate removal than aluminum electrodes due to high density of 

iron hydroxide ions. The observational inconsistency may be attributed to differences in 

experimental conditions, especially in the initial DOs, since the surface oxides on both metals 

were removed from the electrodes prior to use by acidic dissolution, eliminating the difference in 

the electron releasing efficiency due to oxide barriers. Fig. 4.30 also shows that greater current 

intensity leads to higher ammonium yield for both aluminium and iron electrodes, which agrees 
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with a previous study [Polatides et al., 2005]. Similar electrochemical reduction profiles of 

nitrate have also been reported on other electrode materials such as Fe [Scott, 1985; Katsounaros 

et al., 2006], Pb [Bockris et al., 1997], and Cu [Bouzek et al, 2001; Polatides et al., 2005]. 

 

Fig. 4.30 Effect of electrode materials and electric current density on ammonium yield  

 

Previous studies [Wei et al., 2012; Hasan et al., 2014] have shown that pH will increase in the 

vicinity of cathode and decrease in the vicinity of anode as hydroxyl ions are released according 

to Equation (4-36) and hydrogen ions are hydrolytically generated based on Equations (4-37 – 4-

39) in synthetic wastewater without buffering capacity. As shown in Fig. 4.31, the net effect of 

pH variation in bulk solution is 1- 3 units upward, whereas pH in the AS mixed liquor ranged 

from 7.3 to 7.9, mostly centred around 7.5.                  
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Fig. 4.31 pH changes over time at various current densities 

 

When AS mixed liquor was subjected to a fixed current density of 5 mA/cm
2
, the concentration 

variations of nitrate, nitrite and ammonium are presented in Fig. 4.32. For both aluminum and 

iron electrodes the rates of nitrate declining and ammonium increasing are significantly lower 

than those in the synthetic wastewater. At the end of experimental runs ammonium 

concentrations are only 38.9% (Al-Al electrodes) and 42.8% (Fe-Fe electrodes) of those of the 

synthetic wastewater at the same current density. The factors contributing to lower ammonium 

yield in the AS mixed liquor may include:                    
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 Fig. 4.32 Concentration profiles of nitrate, nitrite and ammonium  

in the AS mixed liquor (current density: 5 mA/cm
2
)  

  

(A) Lower mass transport and electron transfer efficiency. Mass transport and electron transfer 

are critical steps in defining the electrochemical reaction rate. According to the Frumkin’s theory 

of slow discharge [Frumkin, 1933], as a Group II anion, nitrate is reduced by receiving one 

electron from cathode and one proton from donors such as H2O or H3O
+
. In electrochemical 

reactions, nitrate ions must travel toward the cathode surface from the bulk solution and the 

generated ammonium ions need to leave the cathode to the bulk by diffusion. TSS in the AS 

mixed liquor tends to lower the diffusion efficiencies of nitrate and ammonium toward and away 

from the cathode. Similarly, the electron jump between the metal cathode and liquid phase is also 

affected, resulting in reduced electron transfer efficiency.       

 

(B) Influence of Cl
-
. It has been reported that Cl

-
 assists in removal of nitrate and ammonium 

following Equations (4.40 - 4.43) [Li et al., 2009; Huang et al., 2013 and Hossini et al., 2014]:   

2Cl
-
(aq) - 2e

- 
→ Cl2 (g)                                                                              (4.40) 

Cl2(g) + 2H2O(l) → HClO (aq) + H3O
+
(aq) 

 
+ Cl

-
(aq)                              (4.41)                   

0

10

20

30

40

50

0 30 60 90 120 150 180

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Time(min) 

Al-Al electrode 

Nitrate-N

Nitrite-N

Ammonium-N

0

10

20

30

40

50

0 30 60 90 120 150 180

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Time(min) 

Fe-Fe electrode 

Nitrate-N

Nitrite-N

Ammonium-N



173 

 

2HClO (aq) + 2NH3(aq)  →N2(g) + 2HCl(aq)  + 2H2O(l)                        (4.42) 

NH3(aq)  + 4HClO (aq) → NO3
- 
(aq) + 5H

+
(aq) + 4Cl

-
(aq) + H2O(l)       (4.43)                                         

 

Cl
- 
is reduced to chlorine which is then converted into a strong oxidant hypochlorite; the latter 

may further react with ammonium and generate nitrogen gas or nitrate. In the AS mixed liquor 

the concentration of Cl
-
 was determined to be 57 mg/L, though it is significantly lower than the 

dosed 607 mg Cl
-
/L [Hossini et al., 2014] or 304 mg Cl

-
/L [Li et al., 2009], the ammonium 

breakdown effect is still expected.  

 

The effect of electrochemical reduction of nitrate is usually ignored, especially in studies aiming 

at isolated parameters such as electric stimulation on bacterial activity, electrocoagulation and 

electrofiltration enhancement etc. For example, in an electric stimulation study by Zaveri et al. 

[2002], a moderate current of 300 mA was applied, as DO in the reactor was below 1 mg/L and 

no aeration was supplied for the entire experimental run.  The ammonia in the reactor was found 

higher than in the influent, which was simply caused by electrochemical reduction, as shown in 

this study. It was then inappropriately concluded that the electro stimulation of nitrification 

activity was minimal. In fact, nitrate in the feed should be excluded to eliminate generation of 

ammonia due to the afore-mentioned electric ammonification effect.         

           

4.9.2 The kinetics of ammonium and nitrite production in electrolytic fluids of synthetic 

water and activated sludge 
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Equation 4.44 represents the possible cathodic reduction reactions of nitrate. Previous 

experimental results [Emamjomeh et al., 2005; El-Shazly, 2011; Yehya et al., 2014] and this 

study have revealed that the yield of nitrogen gas is negligible when aluminium and iron are used 

as the electrode materials. Therefore, under the electrocoagulation conditions the kinetics of 

nitrate reduction can be described as a two-step successive process with nitrite being the 

intermediate and ammonia being the final product:    

                                                       

              NO3
- 
→ NO2

-
 → NH4

+                               
(4.44)

 

The reaction rates of nitrate, nitrite and ammonium in the system can be presented as the 

following: 

𝑑[𝑁𝑂3
−]

𝑑𝑡
 = -k1 [𝑁𝑂3

−]                                            (4.45) 

 
𝑑[𝑁𝑂2

−]

𝑑𝑡
 = k1 [𝑁𝑂3

−] - k2[𝑁𝑂2
−]                           (4.46) 

𝑑[𝑁𝐻4
+]

𝑑𝑡
 = k2 [𝑁𝑂2

−]                                              (4.47) 

The solutions to the above equations using Laplace transform are [Katsounaros et al., 2006]:  

[NO3
-
] = [NO3

-
]0 * e

-k1 *t
                                     (4.48) 

[NO2
-
] = k1*[NO3

-
]0 * 

𝑒−𝑘2𝑡−𝑒−𝑘1𝑡

𝑘1−𝑘2
                         (4.49)  

[NH4
+
] = [NO3

-
]0 *[1 +

𝑘1𝑒−𝑘2𝑡−𝑘2𝑒−𝑘1𝑡

𝑘2+𝑘1
]               (4.50) 

 

 

 

 k1   k2 
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Fig. 4.33 First-order kinetics of nitrate reduction on Al cathode 

 

 

Fig. 4.34 First-order kinetics of nitrate reduction on Fe cathode 

 

Table 4.5 First-order kinetic constants of nitrate reduction 

 

Electrodes Current 

intensity 

(mA/ cm
2
) 

K1 (min
-1) 

K2 (min
-1)

 Reference 

Anode Cathode 

Ti/IrO2–Pt Fe 20 1.7x10
-2

 0.637 [Li et al. 2010] 
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Platinized Pt foil Sn85Cu15 (2.0 V) 2.94 x10
-2

 1.05 x10
-3

 [Polatides et al., 

2005] 

Boron-doped 

diamond 

Boron-

doped 

diamond 

40 4.62 x10
-3

 2.1 [Pérez et al., 

2012] 

Al Al (10 – 50 

mA) 

3.75 x10
-4 

- 

1.63 x10
-3

 

1.83 x10
-3 

- 

5.15 x10
-3

 

[Desai, 2010] 

Platinized Pt foil Tin (2.5 V) 0.059 0.089 [Katsounaros et 

al., 2006] 

Al Al 5 0.02038  0.1006   This study 

Fe Fe 5 0.00711   0.07472   

 

The rate constants in Formula (14) are obtained by fitting the experimental data to Equations 

(18) – (20) using MATLAB: 

For Al cathode: k1 = 0.02038 with 95% confidence bounds (0.01906, 0.02171),  

                          k2 = 0.1006 with 95% confidence bounds (0.09073, 0.1104) 

For Fe cathode:  

                          k1 = 0.00711 with 95% confidence bounds (0.006871, 0.007349) 

                          k2 = 0.07472 with 95% confidence bounds (0.06752, 0.08193) 

 

As the key intermediate, nitrite is highly unstable and can be either oxidized to oxidation states 

+4 (NO2
-
) and +5 (NO3

-
) or reduced to oxidation states as low as -3 (NH4

+
). In the widely 

accepted two-step nitrate reduction mechanism [Scott, 1985; Katsounaros et al., 2006], the 

kinetic constant k2 of Stage Two was found to be 5 (Al cathode) or 10 times (Fe cathode) of the 

kinetic constant k1 of Stage One, suggesting nitrate reduction to nitrite is the rate limiting step. 

This is in agreement with the observations by some other researchers [Hansen et al., 1996; Li et 

al. 2010 and Pérez et al. 2012]. That explains why the amount of NO2
-
 present is usually low. 
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However, the magnitudes of k1 and k2 is highly dependent on a number of electrolytic 

conditions, which are reflected by the difference of a few orders of magnitudes in the determined 

k1 and k2 values, as presented in Table 4.5, in which the ratios of k2 to k1 range from 0.4 

[Polatides et al., 2005] to 455[Pérez et al., 2012]. Apart from the direct electro reduction 

mechanism, the other physiochemical interaction may also be involved in the kinetic process. 

For example, recently adsorption of ammonium by aluminum hydroxide was proven to follow 

the initial electro-reduction of nitrate into ammonium in the abiotic denitrification mechanism 

using a simple isothermal adsorption model [Yehya et al., 2014].      

 

4.9.3 Inhibition of ammonification from electrochemical reduction of nitrate  

 

Electrokinetic technologies including electrocoagulation are increasingly applied in wastewater 

treatment. However, as presented in the prior work and this investigation, toxic ammonia is 

usually the dominant by-product, which requires secondary treatment by physical or chemical 

means such as air stripping and chemical oxidation [Meyer et al., 2005]. The yield of ammonium 

is greatly affected by electrode material, current intensity, pH, chloride and temperature [Reyter 

et al., 2006; Li et al., 2009; Pérez et al., 2012]. 

The final part of this research is to seek a simple but efficient approach to suppress or prevent the 

abiotic ammonification by controlling the oxidation-reduction environment in the electrolytic 

fluid by DO management.       

 

Oxidation-reduction potential (ORP) is a measure of an aqueous system’s ability to gain 

electrons (being reduced) or donate electrons (being oxidized) [Okey et al., 1961; Kishida et al., 
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2003 ]. ORP of a solution is dependent upon its oxidation and reduction agents. For a particular 

oxidation reduction reaction, it can be expressed as the following formula [Lie et al., 1994]: 

ORP = E
0
 + 

𝑅𝑇

𝑛𝐹
log(

𝐴𝑜𝑥

𝐴𝑟𝑒
)                                      (4.51) 

Where  

E
0
 = standard potential of a specific oxidation reduction reaction 

R = gas constant 

T = absolute temperature 

n = number of electrons involving in a oxidation reduction reaction 

F = Faraday constant 

Aox = activity of the oxidizing agent 

Are = activity of the reducing agent 

 

In a complicated electrolytic system with multiple oxidizing and reducing agents, the above ORP 

is a collective indicator for the electrochemical environment. Positive ORP suggests the tendency 

to accept electrons and thus an oxidative environment, whereas negative ORP implies the ability 

to donate electrons or a reductive environment. All of the important biological processes such as 

nitrification, denitrification and cBOD and biological phosphorus removal involved in 

wastewater treatment are oxidation-reduction reactions [Koch et al. 1985; Ghusain et al., 1995; 

Fuerhacker et al., 2000]. Therefore, ORP has been chosen as a parameter for monitoring and 

controlling various nutrient removal processes [Kjaergaard et al., 1977; Charpentier et al., 1987; 

Lo et al., 1994; Li et al., 2001]. ORP is known to be positively associated to DO concentration in 

aqueous solution [Okey et al., 1961; Lo et al., 1994; Li et al., 2001] when DO is above 0.1 

mg/L[Myers et al., 2006 ]. Thus in biological nutrient removal systems ORP is typically 
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controlled by adjusting DO concentration through manipulating aeration intensity. Fig. 4.35 

shows the correlation between ORP and DO in synthetic wastewater and AS mixed liquor during 

electrolysis with Al or Fe electrodes. It should be noted that: (1) as DO in the electrolytic fluid 

increased from 0 to 2, ORP correspondingly went up from -220 mV to 265 mV (Al electrode) or 

from -175 mV to 342 mV (Fe electrode) for the synthetic wastewater, and from -124 mV to 332 

mV (Al electrode) or from -76 mV to 425 mV (Al electrode) for the AS mixed liquor, 

respectively; (2) at the same DO level, ORP in the synthetic wastewater is lower than that in the 

AS mixed liquor, which may be attributed to the presence of some other oxidizing species in the 

latter; (3). at the same DO level, ORP with Al electrode is slightly lower than that with Fe 

electrode, which is the result of two conflicting ORP influencing factors: the reducing 

environment generated by the more active Al element outperformed that created by conversion 

from ferrous into ferric ions, which was observed recently [Ciblak et al., 2012].      

  

Fig. 4.35 DO and ORP in the electrolytic fluids 

 

Figures 4.36 - 4.39 display the concentrations of nitrate, nitrite and ammonium in the synthetic 

wastewater and AS mixed liquor with Al and Fe electrodes at the current density of 5 mA/cm
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The concentrations of nitrate and ammonium at the end of experimental runs are presented in 

Table 4.6. Compared to nearly complete reduction from nitrate to ammonium when DO = 0 

mg/L, the ammonium yields decreased substantially with 0.5 mg/L of DO, ranging from 7.25% 

to 24.5% of the initial nitrate-N. With 2 mg/L of DO, for both Al and Fe electrodes the amount 

of ammonium produced is negligible and nitrate remained unchanged in the aqueous media. The 

equivalent minimum ORP to completely suppress ammonium generation is 265 mV, which is 

generally in agreement with the favourable ORP range of 220 mV to -375 mV for denitrification 

and nitrate reduction [Hossini et al., 2014]. Biological denitrification requires a reducing aqueous 

environment and occurs at ORP in the range of -100 mV (Zehnder and Stumm, 1988) to + 100 

mV [Zhao et al., 1999; Dabkowski et al., 2008]. Dissolved oxygen supercedes nitrate as an 

electron acceptor until ORP drops to around +100 mV when nitrate becomes the preferred 

electron acceptor. As a result, DO adversely impacts biological denitrification, for example, a 

DO concentration as low as 0.2 mg/L may reduce denitrification rates by 50-90% [Metcalf and 

Eddy, 2003].  

Table 4.6 Concentrations of nitrate and ammonium after three hours of electric application 

DO (mg/L) Electrode Synthetic wastewater AS mixed liquor 

NO3
-
(mg/L) NH4

+
(mg/L) NO3

-
(mg/L) NH4

+
(mg/L) 

0.5 Al 28.2 9.8 35.6 3.9 

Fe 31.8 7.1 37.5 2.9 

2.0 Al 38.9 0.4 39.1 0.2 

Fe 39.8 0.3 39.6 0.1 
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Fig. 4.36 Concentration profiles of nitrate, nitrite and ammonium in the synthetic wastewater  

(Fe-Fe electrode, current density: 5 mA/cm
2
)  

 

Fig. 4.37 Concentration profiles of nitrate, nitrite and ammonium in the synthetic wastewater  

(Al-Al electrode, current density: 5 mA/cm
2
)  
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Fig. 4.38 Concentration profiles of nitrate, nitrite and ammonium in the AS mixed liquor  

(Fe-Fe electrode, current density: 5 mA/cm
2
)  

 

Fig. 4.39 Concentration profiles of nitrate, nitrite and ammonium in the AS mixed liquor 

(Al-Al electrode, current density: 5 mA/cm
2
)  
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That oxygen supersedes nitrate in electron capturing ability can be explained by their 

thermodynamics: 

½O2  + 2H
+ 

+ 2e
- 
→ H2O                          E

0 
=

 
0.816 V            (4.51)         

NO3
-
 + 10H

+ 
+ 8e

- 
→ NH4

+ 
+ 3H2O         E

0 
= 0.36 V              (4.52)     

 

O2 is a stronger oxidant than nitrate and is more readily reduced than nitrate. In other words, 

nitrate reduction can only occur after O2 is depleted, which directly leads to inhibition of 

biological or abiotic denitrification under aerobic conditions. Therefore, maintaining DO at a 

certain level in the aqueous media treated by electrokinetic technologies such as 

electrocoagulation can be used as a simple but efficient approach to prevent electrochemical 

reduction of nitrate into more detrimental ammonium.  

 

If DO in the electrolytic reactors is not controlled,  as indicated in Fig. 4.40, DO in both synthetic 

wastewater and AS mixed liquor will be depleted within an hour. Rapid electrochemical DO 

consumption or depletion was also observed previously by Tchamango et al. [2008] and Ricordel 

et al. [2010], who treated dairy wastewater and surface water using EC, respectively. It is noted 

that DO with the Fe-Fe electrode decreased faster than that of Al-Al electrode, which can be 

explained by the fact that oxidation of ferrous ions into ferric ions consumes more oxygen 

according to Equation (2.21). Accordingly, ORP dropped from about 350 mV to -250 mV, 

resulting in a favourable environment for electroreduction of nitrate into ammonium [Sorensen, 

1978; An et al., 2009; Wei et al., 2012]. Ghernaout et al. [2008] and Linares-Hernandez et al. 

[2009] proved such an electrochemical reaction by excluding biological denitrification.                    
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Fig. 4.40 DO depletion profile in the electrolytic reactor (current intensity = 5 mA/cm
2
) 

 

4.10 Total COD and nutrient removal in an electrically enhanced MBR 

 

4.10.1 COD removal  

 

Fig. 4.41 shows the COD concentration profiles of the influent, control and EMBR over the 

experimental period. Both reactors achieved excellent COD removal efficiencies (93.8% for 

control MBR and 94.3% for EMBR, respectively). Good carbon degradation capabilities of both 

reactors are documented by the low TOC concentrations in the effluent (10.2 mg/L for control 

MBR vs. 7.5 mg/L for EMBR, Fig. 4.42). The lower TOC concentration in the EMBR effluent 

points to the positive effect of electrokinetic enhancement on organics removal.          
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Fig. 4.41 COD concentrations in the influent and effluents of the  

control MBR and EMBR 

 

Fig. 4.42 TOC concentrations in the effluents of the control MBR and EMBR 

 

4.10.2 Nitrogen removal   

 

Fig. 4.43 shows almost 100% of ammonium-N removal in both reactors. However, due to 

foaming, the control MBR experienced some problems between day 39 and 45. Without adding 

extra carbon source in the denitrification zone, total nitrogen removals were found to be 76.7% 

and 77% prior to foaming in the control and EMBR (Fig. 4.43).  This indicates that the direct 

current at the tested voltage gradient had no influence on nitrogen removal.  Fig. 4.43 and Fig. 
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4.44 also suggests that the foaming in the control reactor affects both nitrification and 

denitrification processes. Filamentous bacteria cause sludge bulking in the ASP process and 

foaming in the MBR system [Meng et al., 2007]. Applications of selectors, coagulants, high DO 

conditions and alkalinity adjustment are the most common strategies to suppress filamentous 

bacteria [Pan et al., 2010; Liu et al., 2006]. In EMBR the effect of electrocoagulation and 

electrochemical supplement of alkalinity are attributed to a foaming-free operation.     

 
Fig. 4.43 Ammonium-N concentrations in the influent and  

effluents of the control MBR and EMBR 

 

Fig. 4.44 Total nitrogen concentrations in the influent and effluents of  

MBR (control) and EMBR 
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4.10.3 Phosphorus removal 

 

As shown in Fig. 4.45, when the two reactors run in parallel as MBRs, similar Ortho-P removal 

efficiencies were observed (20.8% and 18.9% respectively). After DC current was applied to the 

EMBR, immediate drop of Ortho-P concentration in the effluent was seen. The overall Ortho-P 

removal increased to 86.6%, implying the advantage of EMBR for phosphorus reduction.      

 

Fig. 4.45 Ortho-P concentrations in the influent and effluents of the 

control MBR and EMBR (the current was turned on after day 21) 

 

In this experimental set-up, the biomass was forced to pass the electrodes before reaching the 

membrane surface. At the anode, Al → Al
3+

 + 3e
−
 (eq.1), the freshly generated aluminum ions 

then entered into the biomass solution where the following reactions occurred: 

3Al
3+ 

+ 2PO
4

3- 

+ 3H
2
O → (AlOH)

3 
(PO

4
)
2 

+ 3H
+

  (4.53)  

Al
3+ 

+ PO
4

3- 

→ AlPO
4      

(4.54)  

Al
3+ 

+ 3H
2
O → Al(OH)

3 
+3H

+     

(4.55) 

Therefore, PO
4

3-

 was either precipitated into (AlOH)
3 

(PO
4
)
2 

and AlPO
4 

or adsorbed by Al(OH)
3
, 

a strong adsorption agent produced during the process.
  At the cathode, the reaction was most 
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likely 6H2O + 6e
−
 → 3H2(g) + 6OH

−
, together with the denitrification process, this assisted in 

recovering the alkalinity consumed during nitrification. 

In EC, chemical reaction and electric charge attraction cause unfavorable precipitates on the 

electrode surfaces which hinder further electrochemical reactions of the inner metal and increase 

electric impedance. Though turbulent mixing and periodical reversal of the electric polarity were 

applied to minimize precipitation, precipitates still accumulated on the electrode surface over 

time as shown in Fig. 4.45, therefore, in this study the electrodes were manually cleaned daily. 

 

 

 

 

 

 

Fig. 4.46 Accumulation of precipitates on the anode (a: new electrode, b and c: precipitates on 

the anode after 3 days and one week without manual cleaning, respectively)    

 

Direct current plays complex electrochemical roles in an EMBR and may induce simultaneous 

chemical/biological oxidation and reduction, ionization, hydrolysis, coagulation as well as 

flotation etc., which remain to be explored in depth. In this research, the current was found to be 

capable of achieving excellent phosphorus removal, even at power consumption as low as 0.22 

kWh/m
3 

with synthetic feed.  The effect of current on membrane fouling needs to be further 

investigated.  During the experimental period, the trans-membrane pressure (TMP) of EMBR 

was found to be smaller than that of the control during a one week trial but showed slightly 

greater increasing rate. This was contrary to expectations and could be attributed to the following 

a b c 
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factors: (1) the membrane in EMBR was surrounded by the electrodes, which may reduce the 

turbulence or shear force close to the membrane surface; (2) the electro-coagulated flocs are 

denser than those in the regular MBR biomass and more shear resistant; (3) the agglomerated 

particles may be disaggregated by the peristaltic pump used for  mixed liquor continuous 

recycling  from the aerobic zone to anoxic zone and (4) in the EMBR, the ratio of VSS to TSS 

decreased from 90% initially to 63% at the end, this elevated mineral content might negatively 

affect membrane fouling. As membrane fouling is affected by, among others, the biomass 

characteristics and the hydrodynamic conditions, optimization of the biological process and the 

hydraulic design are necessary to better control membrane fouling in the EMBR. 

 

4.11 Membrane fouling mitigation in an electrically enhanced MBR system fed with 

synthetic wastewater  

 

In this research, biomass from the control MBR reactor was subject to a direct electric intensity 

of 0.05 A for 24 hours in a batch test and the electron micrographs of biomass are shown in Fig. 

4.46. The images under the SEM show a mixture of microorganisms and protozoa with diverse 

shapes and structures. When no current was applied to the sample, their structures ranged from 

normal round cells to long rods and filamentous spirochetes. When a current of 0.05A was 

applied to the sample over a period of 24 hours, the majority of the bacteria was the same shape 

and had similar structures to those cells that didn’t receive the electrical treatment. Thus, after 

comparing the micrographs of the cells that didn’t receive the treatment to those that did over 4, 

8, 21 and 24 hours respectively, one can conclude that at this particular current (0.05A), no 

definitive change in cell shape and structure was observed [Wei et al., 2012]. 
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Fig. 4.47 Electron micrographs of biomass subjected to 0.05 A direct electric current                                       

after 0 hour (a), 4 hours (b), 8 hours (c), 21 hours (d) and 24 hours (e). 

In this research, the current was found to be capable of achieving significant membrane fouling 

reduction. Fig. 4.48 shows that the TMP of EMBR increased considerably more slowly than that 

of the control. After the third cleaning cycle, the membrane module in EMBR was kept in 

operation until its TMP exceeded the limit of 6 psi. The interval between EMBR’s cleaning 

cycles was more than twice that of the control, indicating improved filterability of the membrane 

in the EMBR system. For the control MBR the TMP profile shows an abrupt jump, but this 

phenomenon was not observed in the EMBR system, where the TMP increased steadily to the 

limit. The dissolved COD or TOC in the EMBR biomass was reduced from 30% to 51%, 

correspondingly, concentrations of the extracellular polymeric substances (EPS), the major 

suspected membrane foulant, decreased by 26% to 46% in EMBR. This suggests that speculation 

that the memberane fouling was mainly caused by EPS. EPS excreted by microorganisms act as 

adhesive to attach the bacterial cells to the membrane surface and provide the nutritional 

condition to promote additional microbial growth. In addition, EPS also compromise the fluid 

shear forces detaching the biofilm from the membrane [Al-Ahmad et al., 2000], all leading to 

membrane fouling [Miyoshi et al., 2009]. In EMBR, the electrochemically generated reactive 
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oxygen species including hydrogen peroxide, ozone, chlorine, and hydroxyl radials are capable 

of degrading some of the membrane foulant EPS, and thus hinder formation of the biocake on 

the membrane surface [Fu et al., 2010; Modin and Fukushi, 2012; Wang et al., 2013]. This can 

be seen seen by Fig. 4.49, showing that the biofilm on the EMBR membrane surface was 

significantly suppressed.        

 
 

Fig. 4.48 TMP profile (MBR vs. EMBR) with synthetic feed. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.49 Control and EMBR membranes before chemical cleaning (on Day 61)   

Due to precipitation on the surface, the aluminum anode requires daily mechanical cleaning to 

eliminate the electric resistance of deposited scale and allow the constantly produced aluminum 

ions to disperse into the bulky fluid for electrocoagulation. Fig. 4.50 is the SEM micrograph and 

elemental mapping of precipitates on the anode surface on Day 43 and shows the precipitate 

contains 38.86% (w/w) of aluminum, 9.63% (w/w) of phosphorus and 35.6% (w/w) of sulphur, 

suggesting a substantial portion of the precipitate is aluminum phosphate and a significant 
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amount of sulphate, the anion with the highest concentration in the fluid, is absorbed into the 

precipitate. From Fig. 4.51, it is interesting to note that in the accumulated precipitates, the 

content of elemental aluminum increased from 38.86% (Day 43) to 74.51% (Day 115) but the 

mass percentage of phosphorus dropped from 9.63% to 0.14% (Day 115). Though Al and Fe 

electrodes were both used in electrocoagulation, Al is the recommended for better efficiency and 

produces more stable sludge as ferric ion (III) in FePO4 can be reduced to ferrous ion (II) under 

low DO conditions in the anoxic or anaerobic process [Bratby et al., 2006; Bagga et al., 2008].   

 

Fig.4.50 SEM micrograph and elemental mapping of precipitates on the anode surface 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4.51 SEM micrograph and elemental mapping of precipitates on the anode surface  

(Left: Day 79, Right: Day 115) 
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4.12 Membrane fouling retardation in an EMBR system with real municipal wastewater at 

low temperatures    

  

4.12.1 Quantification of membrane filtration resistances 

 

Membrane fouling can be represented by increasing filtration resistance which causes declining 

permeate flux under constant pressure mode or rising TMP under constant flux mode. Despite 

the existence of many filtration models, the resistance-in-series model is selected to evaluate the 

degree of membrane fouling for its simplicity and suitability for this work. Specifically,  

Rt =  
𝑇𝑀𝑃

𝐽µ
                              (4.56) 

Rt = Rm + Rp + Rc                 (4.57) 

 

Where: J - the membrane permeate flux (m
3
/m

2
.s) 

             TMP - the trans-membrane pressure (Pa),  

             µT - the viscosity of permeate (Pa.s),  

             Rt - the total filtration resistance (m
-1

),  

             Rm - the intrinsic membrane resistance (m
-1

) 

             Rp - the inner membrane pore blockage resistance (/m) and 

             Rc - the membrane surface cake layer resistance   

The resistance measurement was based on the methodology proposed by Meng et al. (2007) as 

following: 

(1) Rm was determined according to Equation (4.56) based on the flux of reactors and TMP 

when the new membrane was used to filter deionized water.  
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(2) Rt was calculated according to Equation (4.56) based on the flux and TMP prior to cleaning. 

As the experiments were conducted under four different temperatures, the viscosity of water was 

corrected (relative to that at 20 
0
C) according to Equation (4.56) : 

µT =  µ20 · e
-0.0239(T-20)

                    (4.58) 

where T stands for temperature in Celsius. 

(3) Whenever the TMP of any membrane module exceeded 50 kPa, both membranes were taken 

out of the reactors, the biocake on the membrane surfaces were carefully removed, then the 

membranes were thoroughly rinsed with tap water  followed by deionized water. The resistance 

derived from Equation (4.56) is then considered to be (Rm + Rp), therefore, Rc is obtained by 

subtracting (Rm + Rp) according to Equation (4.57) and finally 

(4). Rp is thus the difference between (Rm + Rp) and Rm.         

 

To better account for the temperature effect on the MBR flux, a new membrane operating 

parameter - specific fouling rate (SFR) was proposed:  

SFR= dRt/dt = 
𝑑𝑇𝑀𝑃

𝑑𝑡
∗

1

(𝐽∗µT)
           (4.59)     

SFR is more accurate for describing the fouling propensity at low temperatures when flux and 

viscosity change are taken into account. 

 

4.12.2 Influence of electrokinetics on physical characteristics of mix liquor in EMBR 

 

In electro-technologies, the electric field and electrochemical reactions significantly affect the 

sludge characteristics such as dewaterability, settleability and filterability. Sludge volume index 

(SVI) is the most widely used parameter to quantify MLSS settleability in the routine wastewater 



195 

 

treatment operations. Daigger et al. (1985) proposed a regression SVI model in which MLSS 

concentration and temperature are taken in to account: 

SVI (ml/g) = α + 
𝛽

𝑀𝐿𝑆𝑆
 +  

𝛾

𝑇
 + ε         (4.60)  

where α, β and γ are regression constants, T is temperature and ε is the random error 

Equation (4.60) shows a complex relationship among SVI, MLSS and temperature. In this 

research, SVIs of MBR (Fig. 4.52) was found higher than that of the conventional ASP system 

[Chang et al., 1998] with good sludge settleability (SVI ≤ 100 ml/g). SVI displayed a general 

propensity of increasing as the temperature drops, which is in agreement with previously 

reported relationship between sludge settleability and temperature [Henry and Salenieks, 1980; 

Lyko et al., 2008]. However, the EMBR consistently showed superior suspended solid 

settleability with SVIs around 100 ml/g at all temperatures.    

 
Fig. 4.52 SVI of sludge around membrane at different temperatures 
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Fig. 4.53 Zeta Potentials in MBR (left) and EMBR (right) at different temperatures 

 

Zeta Potential measures the electrical charge of the colloidal particles in the mixed liquor and 

can be directly calculated from electrophoretic mobility of flocs. In EMBR, the 

electrochemically generated ferric ions neutralized the colloid charge and destabilized the 

colloidal suspension, which can be seen by the upward zeta potential shift from -35 to +20 mV in 

EMBR, while in MBR to a maximum -12 mV (Fig. 4.53), suggesting the significant charge 

neutralization effect in EMBR. The electric charge neutralization effect of colloid particles in 

EMBR is also evidently demonstrated from the electrophoretic mobility of flocs in MBR and 

EMBR (Fig. 4.54).           
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Fig. 4.54 Electrophoretic mobility of flocs in MBR and EMBR at different temperatures 

 

4.12.3 EPS and TEP concentrations in MBR and EMBR   

 

EPS can also assist in microbial adhesion by altering the physicochemical characteristics of the 

colonized surface and thus enhance cell adhesion, which has been proven to be evident by the 

biocake formation and accumulation of on the membrane surface in water and wastewater 

treatment, the interaction of EPS concentration and membrane biofouling layer in dependent on 

the EPS characteristics, surface charge and morphology of membrane as well as the shear force 

near the membrane surface [Nguyen et al., 2012]. Tsuneda et al. [2003] reported that the 

electrostatic interaction dominates attachment of microbes to solid surface at low EPS 

concentration, however, when EPS level is high it is the polymeric interaction which promotes 

cell adhesion. Overall, EPS hinder the shear turbulence in vicinity of the membrane surface and 

enhance concentration polarization, leading to accelerated microbial growth and biofouling. The 

soluble EPS in the biomass filtrate or soluble microbial products (SMPs) are generally 

considered as the major foulants, various efforts were undertaken in the recent years to mitigate 

fouling through reducing SMPs, e.g. adsorption by powdered activated carbon or chemical 
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coagulants. In this study SMP and bound EPS were found to increase in both reactor as the 

temperature decreased, which are in agreement with the findings of previous lab scale [Barker et 

al., 1998], pilot scale [Drews et al., 2007] and full scale [Fawehinmi et al., 2004] operations. Fig. 

4.55, Fig. 4.56 and Table 4.7 display SMP & bound EPS reduction results for EMBR vs. MBR. 

In the mixed liquor of EMBR, carbohydrate reduction in SMP was 28.6% to 75% and protein 

reduction ranged from 58.6% to 70%, however, reduction of bound EPS in EMBR was much 

lower than SMP, with total EPS decreasing from 1.9% to 22.3%, which can be explained by the 

complex mechanisms of electrochemical oxidation and physical adsorption by coagulants. 

Beside the main electrochemical reactions mentioned previously, the following side reactions 

may also take place simultaneously: 

At anode, 2Cl
-
 - 2e

- 
→ Cl2 (g)                             (4.61) 

E
0
 = 1.358 V (vs. NHE) if there is considerable amount of chloride ions. 

At cathode, O2(g) + 2H
+ 

+ 2e
- + 

→ 
 
2H2O2          (4.62) 

E
0
 = 0.695 V (vs. NHE) if the fluid is acidic. 

 

The above electrochemical reactions suggest potential production of strong oxidants hydrogen 

peroxide and chlorine or subsequent hypochlorous acid. Furthermore, highly oxidative species 

such as the hydroxyl radical •OH or free chlorine •Cl may also be generated, which may break 

down the EPS. As the definition implies, the bound EPS are entrapped in the flocs and much less 

accessible by the highly oxidative molecules or radicals, therefore, their destruction efficiency 

might be limited.         
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Fig. 4.55 Concentration of SMP (left) and bound EPS (right) in MBR at different temperatures 

 

 
 

Figure 4.56 Concentration of SMP (left) and bound EPS (right)  

in EMBR at different temperatures 

 

  

Table 4.7 EPS reduction in EMBR comparing to the control MBR 

 

 

Temperature 

0
C) 

 

SMP reduction (%)   Bound EPS reduction (%)   

Protein Carbohydrate Total  Protein Carbohydrate Total  

5 59.3 50.0 56.41 2.7 12.1 6.8 

10 58.6 28.6 52.78 11.5 36.1 22.3 

15 70.0 75.0 71.43 6.3 19.6 12.3 

0

10

20

30

40

50

60

5 10 15 20

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Temperature  0C 

Carbohydrate

Protein

0

50

100

150

200

5 10 15 20

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Temperature  0C 

Carbohydrate

Protein

0

5

10

15

20

25

30

5 10 15 20

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Temperature  0C 

Carbohydrate

Protein

0

20

40

60

80

100

120

140

160

5 10 15 20

C
o

n
ce

n
tr

at
io

n
 (

m
g/

L)
 

Temperature  0C 

Carbohydrate

Protein



200 

 

20 70.8 16.7 60.00 14.3 -12.5 1.9 

Average 64.7 42.6 60.15 8.7 13.8 10.8 

 

Though positive relationship between EPS and membrane fouling has been consoistently shown, 

distinguishing the discrete functions of various components in membrane fouling may assist in 

developing more effective antifouling strategies. Transparent exopolymer particles (TEP) are 

originally found in sea water and have been extensively studied in marine ecology (Alldredge et 

al., 1993; de la Torre et al., 2010; Bar-Zeev et al., 2015). As components of EPS, TEP are a class 

of acidic sticky particulate polysaccharides which play important roles in a healthy aquatic eco-

system. In the last decade, TEP’s significant presence in wastewater has been confirmed and as a 

result increased attention has been focused on their role in membrane fouling [Berman and 

Holenberg, 2005; De la Torre et al., 2008; de la Torre et al., 2010; Bar-Zeev et al., 2012].  

 

Due to their unique physiochemical properties, TEP can easily attach onto to solid surfaces 

including membranes. In addition, they are a good source of nutrients for microorganism and can 

also be colonized by bacteria in membrane filtration or MBR system [Passow, 2002]. 

Consequently, TEP may in fact initiate membrane biofouling and enhance formation of the 

subsequent hydrogel layer. Investigations on TEP-related membrane biofouling have been 

conducted for membrane filtration or MBR of water and wastewater treatment [de la Torre et al., 

2010; Bar-Zeev et al., 2015]. Berman et al. [2011] reported a positive relationship between the 

TEP level in feed water and membrane fouling rate. TEP concentrations were also demonstrated 

to affect the capillary suction time, membrane fouling rate and critical flux [de la Torre et al., 

2008]. Significant amount of TEP were found on the surfaces of fouled RO membranes through 

autopsy [Villacorte et al., 2009a]. De la Torre et al. [2008] developed a simple and quick TEP 
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analytical method without use of concentrated sulfuric acid, which makes the quantification of 

TEP more efficient for future studies on correlation between TEP and biofouling [De la Torre et 

al., 2008]. As shown in Fig. 4.57, at various temperatures the concentrations of TEP in EMBR 

was significantly lower than those in MBR, ranging from 22.2% to 47.6%, which is consistent 

with the SMP reduction as stated previously.       

 
 

Fig. 4.57 TEP in the biomass filtrates of MBR and EMBR 

 

4.12.4 MBR and EMBR filtration resistance and specific fouling rate (SFR)  

 

For the entire operating period of 5 months, the filtration resistance of EMBR was less than that 

of MBR. This difference was observed starting after one week of operation (Fig. 4.58). At the 

end, the filtration resistance of EMBR prior to membrane cleaning was around 3-fold lower than 

that of the MBR. Furthermore SFRs in EMBR increased at a lower rate than in the control MBR 

for all temperatures (Figs. 4.59 to 4.62). There were no significant changes in the intrinsic 

membrane resistance (Rm ranging 0.82 – 1.15 × 10
12 

m
−1

) for both control MBR and EMBR 
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0
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0
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resistance decreases. It can be postulated that the elevated SMP concentrations at lower 

temperatures enhanced the formation and growth of a biocake on membrane surface, and a 

thicker biocake, as secondary filtration membrane, hindered further pore blocking at the latter 

stage of MBR operation.                

 

With greater binding capacity for organic matter than bound EPS [Kim et al., 2006], SMPs are 

capable of penetrating into MF and UF membrane pores, then partially accumulating in the pores 

due to their sticky properties, which contributes to pore clogging and rising TMP in MBR. In this 

work, as UF membrane modules were applied and the pore clogging was very rapid in 

comparison to formation of the biofilm. The calculated results indicate that there was no 

significant difference in clogging resistance between MBR and EMBR, although SMP in the 

latter was 52.78% to 71.43% lower.  

 

Fig. 4.58 MBR and EMBR resistance profile 
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                      Fig. 4.59 SFR at 20 
0
C                                         Fig. 4.60 SFR at 15 

0
C 

  

                    Fig.4.61 SFR at 10 
0
C                                        Fig. 4.62 SFR at 5 

0
C 
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aromatic, aliphatic and hydrophobic segments in proteins and carbohydrates) functional groups, 

EPS have strong affinities to both hydrophilic and hydrophobic membrane surface sites and 

therefore are hydrodynamically and thermodynamically anchored, forming a cross-linking  gel 

matrix. The initial microbial attachment is followed by cell growth, metabolism, multiplication 

and biofilm development with substrates in the feed water or adsorbed organics on the membrane 

surface. The biofilm growth is limited by fluid shear forces and finally reaches a steady state 
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fouling resistance. The kinetics of biocake accumulation can be expressed by the following 

equation [Horn et al., 2014]: 

dm/dt = k*(Cb – Ce)
n
                             (4.63)  

Where:  

m - mass of VSS of biocake (per unit surface area), kg/m
2
 

t - time, s 

Cb - concentration of the EPS in the bulk solution, kg/m
3
 

Ce - equilibrium concentration of the EPS at the interface, kg/m
3
 

n - order of reaction for the overall deposition process, respectively, dimensionless 

k - kinetic rate constants for the overall deposition reaction, with the dimension of m/s 

(when n = 1). 

Fig. 4.64 shows that the biocake mass per unit of membrane surface (measured in VSS) 

increased as the temperature decreased (by 43% at 5 
0
C compared to 20 

0
C). As the biocake 

plays a crucial role in membrane fouling [Chiemchaisri and Yamamoto, 1994], EMBR fouling 

mitigation is mainly due to reduced SMP concentration by electrokinetic processes.     

 

   Fig. 4.63 Ratios of Rp and Rc                              Fig. 4.64 VSS in the biocake on membrane  

                                                           surface of EMBR 

0.00

1.00

2.00

3.00

4.00

5.00

6.00

7.00

8.00

9.00

20 15 10 5

R
e

si
st

an
ce

 r
at

io
 

Temperature  0C 

Rp (MBR) / Rp
(EMBR)

Rc (MBR) / Rc
(EMBR)

0

5

10

15

20

25

30

35

40

0 10 20 30

B
io

ca
ke

 V
SS

 (
g/

m
2 )

 

Temperature, 0C 



205 

 

Fig. 4.65 and Fig. 4.66 display the average turbidity and color of MBR and EMBR effluents. 

Both reactors show very low turbidity, close or lower than the detection limits of the HACH 

Absorptometric Method 8237, which calibration is based on the formazin turbidity standards and 

readings are in terms of Formazin Attenuation Units (FAU). That is why at all temperatures the 

measured turbidity showed very high variability, and there is no difference in turbidity between 

MBR and EMBR. However, at 5 
0
C and 10 

0
C the color readings of MBR effluent were 

significant higher than those of the EMBR effluent, as demonstrated in Fig. 4.67. This is due to 

the superior decolourisation capability of electrocoagulation at lower temperatures [Sridhar et al., 

2011; Khansorthong et al., 2009; Kobya et al., 2010; Ghosh et al., 2008].        

  

               Fig. 4.65 Turbidity of the MBR and         Fig. 4.66 Color of the MBR and       

                              EMBR effluents                                        EMBR effluents 

 

 
Fig. 4.67 Final effluents of MBR (left) and EMBR (right) after 5 months of operation 
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4.12.5 Nutrient removal efficiencies and characterization of precipitates on the electrode 

surface  

 

In spite of the depressed biological activities at low temperatures, both the control MBR and 

EMBR exhibited successful nitrification at all temperatures, with ammonium-nitrogen removal 

of over 99%. Although EPS in the biomass was elevated at lower temperature, COD reduction 

exceeded 90% for both reactors. This could be attributed to the denser biocake on the membrane 

surface, which excluded most of the COD compositional molecules. In MBR, ortho-P removal 

ranged from 39 - 56%, whereas in EMBR, ortho-P was removed by 93% - 98% through 

precipitation and adsorption as discussed previously, which may be another contributing factor 

for significant membrane fouling reduction in EMBR. Phosphorus is an essential element for the 

living organisms, in biomass the mass ratio for carbon (C), nitrogen (N) and phosphorous (P) is 

100:23:4.3 [Metcalf & Eddy, 2003]. Vrouwenvelder et al. [2010] reported that if phosphate in 

the feed wastewater containing high carbon substrate concentration is removed during 

pretreatment, biomass growth can be inhibited due to phosphate deficiency. Therefore, 

controlling biomass growth through phosphate limitation was proposed as an alternative means 

of abating biofouling [Vrouwenvelder et al., 2010; Characklis et al., 1990]. Phosphate in EMBR 

is removed through precipitation and adsorption by the electrochemically generated ferric ions 

[Rittmann and McCarty, 2001; Rittmann et al. 2011; Wang et al., 2014]. P concentrations at all 

temperatures ranged between 0.04 – 0.1 mg/L, far below the appropriate phosphate concentration 

for healthy biofilm growth, thus it can be assured that the formation of biocake was suppressed. 

Filterability improvement through binding of phosphorus by addition of iron or aluminium salts 
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into feed or the mixed liquor was observed by several other investigators [Wu et al., 2006; Fan et 

al., 2007; Koseoglu et al., 2008; Song et al., 2008; Mishima and Nakajima, 2009]. 

 

One drawback of the EMBR technology is accumulation of the precipitates on the anode surface. 

In this research, strong shear force and electric polarity reversal were adopted to minimize the 

electrode fouling or passivation. However, manual cleanup was still necessary to maintain the 

electric efficiency. The precipitate was a mix of ferric phosphate, ferric hydroxide and other 

organic compounds and inorganic salts co-precipitated or adsorbed. The FTIR spectrums in Fig. 

4.68 show presence of proteins and hydrocarbons in the precipitates and Fig. 4.69 proved their 

amorphous structures, suggesting there were no crystallization conditions during formation of 

precipitates. 

                 

  

 

 

 

 

 

 

 

 

 

 

Fig. 4.68 FTIR of the electrode precipitates  

 

 
10 20 30 40 50 60

Two-Theta (deg)

0

10

20

30

40

50

60

70

80

90

100

In
te

n
s
it
y
(%

)

[Wei-1.raw] Wei-1

10 20 30 40 50 60

Two-Theta (deg)

0

10

20

30

40

50

60

70

80

90

100

In
te

n
s
it
y
(%

)

[Wei-2.raw] Wei-2

-NH group 

(proteins) 

C=O stretching  

(polysaccharides)    

Aromatic CH and 

carboxyl-carbonate  

-OH group 

   

5 
0
C  

10 
0
C  

15 
0
C  

5 
0
C  10 

0
C  



208 

 

 
 

Fig. 4.69 XRD images of the electrode precipitates  
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CHAPTER 5 ENGINEERING SIGNIFICANCE  

 

This research was carried out in an attempt to facilitate the practical application of electrokinetic 

technologies in MBR and the findings offer the following engineering significance: 

 Developed an EMBR system to  mitigate membrane fouling in MBRs - this was 

demonstrated to work with synthetic and real municipal wastewater; 

 Determined the regime for EMBR operation that would not be detrimental to bacterial  

growth and at the same time ensured successful nutrient removal and membrane filtration 

with improved MBR performance;  

 Demonstrated low temperature operation with long cleaning intervals – this will facilitate  

future applications in remote northern regions;  

 Identified the problem of abiotic ammonia generation and found a method of combatting 

it;  

 Defined electrode passivation as the key problem in EMBR and proposed methods of 

alleviation. 

 

Engineering economics is a key consideration for application of a new technology. Accurate 

calculations and comparisons of the operating costs for the electrokinetic process are difficult 

due to unavailability of a number of variables such as capital and operating costs of the control 

devices, electrochemical vessels, sludge treatment/disposal systems, electrode cleaning 

equipment and price differences of electricity and electrodes in different countries and regions. 

In addition, those costs fluctuate over the course of time; therefore, operating costs can only be 

obtained through rough estimation on the basis of semi-quantitative analysis. According to the 



210 

 

literature involving EC cost data over the last three decades, generally only costs of electrode 

materials and power consumption are taken into account as follows:     

OC = a * 
𝑈∗𝐼

𝑉
 + b * MC                                                    (5-1) 

Where: 

OC = Operating cost ($/m
3
 of treated wastewater) 

a = price of electricity ($/KWH), 0.06175 CAD/kWh in Manitoba according to 

http://www.gov.mb.ca/jec/invest/busfacts/utilities/comp_hy_med.html accessed on Sept. 10, 

2015.       

U = applied electric voltage (V) 

I =  applied electric current (A) 

V = volume of the treated wastewater per hour (m
3
/h)  

MC = electrode material consumption (hourly metal mass per m
3
 of the treated wastewater) 

b = price of the electrode material ($ per unit mass of the electrode material), 2.01 CAD/kg of Al 

and 0.24 CAD/kg of steel as per the London Metal Exchange (LME) on Sept. 10, 2015.   

The calculated results show that the OCs for Al and Fe electrodes are 0.16 CAD/ m
3
 of the 

treated wastewater and 0.06 CAD/ m
3
 of the treated wastewater, respectively. In fact, the OCs, 

based on Equation 5-1, are greatly underestimated as electrode passivation, electrode cleanup 

cost and the waste disposal of electrode materials are not considered. Nevertheless, even with all 

of these extra operating cost included, it can still be reasonably expected that the OC of the 

developed EMBR technology is still significantly lower than the electrokinetic costs of some 

other applications as shown in Table 5.1. The substantial differences in the electrokinetic 

operating costs for different wastewater sources, targeted pollutants, electrode materials, research 

needs and study locations are inevitable. The electrokinetic process is still under progress and 

http://www.gov.mb.ca/jec/invest/busfacts/utilities/comp_hy_med.html
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some innovations may significantly reduce its cost in the future. New technologies under 

development include utilization of the by-product hydrogen gas to compensate the energy 

consumption, solar-powered electrokinetic system, recirculation of the electrokinetic sludge 

supernatant to reuse as the coagulant, and pretreatment of the wastewater with sonar or magnetic 

field technologies prior to electrokinetic process [Espinoza-Quiñones et al., 2009; Kobya et al., 

2010].    

Table 5.1 Operating costs of some electrokinetic processes 

 

 

Source of water 

or wastewater 

Electrode 

materials 

Treatment efficiency Operating cost  Reference 

Electroplating 

wastewater 

Iron 99.4% for cadmium, 

99.1% for nickel, 

99.7% for cyanide. 

$1.05/m
3 

for 

cadmium, 

$2.45/m
3
 for 

nickel and 

cyanide 

[Kobya et al., 

2010] 

Remazol Red 

3B wastewater 

Iron 99% decolorization 3.3 kWh/kg dye 

at a cost of 0.6 

€/m
3
 

[Kobya et al., 

2010] 

Fluorescent 

wastewater 

from aircraft 

industry 

Al 95% of COD, 99% 

color, and 99% 

turbidity 

Return of 17 

weeks 

[Meas et al., 

2010] 

Oil bilge 

wastewater 

Al and iron 

electrodes with 

bipolar (BP) 

and monopolar 

(MP) 

configuration 

93% of BOD, 95.6% 

oil and grease, 

99.8% of TSS, and 

98.4% turbidity 

$0.46/m
3
, for 

energy and 

electrode 

consumption, 

chemicals, and 

sludge disposal 

[Asselin et al., 

2008] 

Removing iron 

[Fe(II)] from 

tap water 

Al Removing a 

concentration of 15 

mg/L Fe(II)  

$6.05 USD/m
3
 [Ghosh et al., 

2008] 

Agro-industry 

wastewater 

Mild steel 

electrodes 

82% of COD 

removal 

$0.95 - $4.93 

USD/m
3
 

[Drogui et al., 

2008] 

Shipping 

industry 

wastewater 

Al, bipolar 

electrode 

arrangements 

80% turbidity, 56% 

of COD, 90% oil 

and grease, and 89% 

of BOD 

$1.54 - $2.40 

CAN/m
3
, 

including energy 

and electrode 

consumption and 

sludge disposal 

[Drogui et al., 

2009] 
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Pulp and paper 

mill wastewater 

Parallel iron 

electrodes 

97% of color and 

77% of COD 

US$0.29 /m
3
 [Khansorthong et 

al., 2009]  

Paper mill 

effluent 

Aluminum 

electrode 

60% of BOD $8.34 to $31.74 

USD/m
3
 

[Orori et al., 

2010] 

Dye polluted 

wastewater 

Parallel-

connected Al 

electrodes 

TOC removal varies 

between 56% and 

91% from 

US$ 1.3–3.4 per 

kg TOC 

[Eyvaz 

et al., 2009] 

Pulp and paper 

wastewater 

Al 94% of color, 90% 

of COD and 87% of 

BOD  

US$ 1.52 /m
3
 to 

1.72 / m
3
 

[Sridhar et al., 

2011] 

 

 

 

Apart from demonstrating significant membrane fouling mitigation and nutrient removal 

capacity and low operating cost, the EMBR system developed in this study has a compact 

configuration, is easy to operate and maintain and requires no phosphorus precipitating 

chemicals, suggesting its potential to be an alternative decentralized wastewater treatment system 

suitable for cold regions.   
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CHAPTER 6 GENERAL CONCLUSIONS 

 

MBRs have been globally seen as a promising technology for wastewater treatment and reuse. 

Electrokinetically based EMBRs demonstrated significant advantages in membrane fouling 

reduction over other conventional antifouling strategies due to the configuration simplicity, 

operational flexibility and elimination of chemical demand. In this research, after extensive 

investigation of the technical fundamentals, an EMBR with significantly reduced energy 

expenditures and chemical consumption was developed. It was demonstrated on real municipal 

wastewater at various temperatures found in Canadian plants.  The main research observations 

and findings have met the research objectives and could be summarized as follows:  

 

One. The electrochemical and elecrokinetic fundamentals of EMBR were extensively 

investigated, which paved the way for practical application of this technology as a promising 

decentrtalized wastewater treatment alternative in the remote northern communities. (1). With 

separate electrolytic cells the localized pH changes in the vicinities of cathode and anode were 

proven to be significant and thus sufficient mixing must be provided to avoid inactivation of the 

microorganisms. (2). Overall, the upward pH trend in a one-tank electrochemical configuration 

was beneficial to the nitrification process due to increase in alkalinity. For the MBR system 

studied in this research, no pH adjustment was necessary to maintain a favorable acid-base 

environment for bacterial growth. (3). Aluminum cathode dissolution and pitting corrosion 

collectively caused higher cationic aluminum yield than theoretical calculations (ranging from 

118% to 143%). The actual Al
3+ 

production
 
was dependent on the influent characteristics, 

including the presence of chlorides which enhances aluminum dissolution. High current density 

should be avoided because it not only leaves extra toxic Al
3+

 ions in the effluent but also 
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produces large amount of explosive hydrogen gas. (4). When using iron anode, sufficient DO 

must be present in the electrolytic fluid so that the electrochemically generated ferrous ions can 

be oxidized to ferric ions which have much lower solubility and higher positive charge density 

and therefore much higher coagulation efficiency.  In addition, the generation and diffusion 

dynamics of ferric ions in the electrolytic solution was first demonstrated with complexing ferric 

thiocyanate. (5). It was found that the steady state particle size of biomass was the result of the 

dynamic equilibrium of floc aggregation and breakage. Due to denser floc mass and lesser 

amount of bound water contained, biomass in the EMBR showed improved settleability, 

expressed as SVI which was reduced by 5.5% - 21.4% with Al electrode and 7.8% - 30.2% with 

Fe electrode. The filterability expressed as capillary suction time (CST) decreased by 5.6% - 

26.1% with Fe electrode and 6.8% - 23.5% with Al electrode, respectively. (6). Electrode 

passivation was found to be a major challenge for broader application of electrokinetic 

technologies and minimization of electrode passivation was found crucial for successful 

application of the EMBR. It was found that when current intensity was lower than 0.2 A, polarity 

reversal had minimal impact on reduction of electrode passivation due to minimum hydrogen 

yield. With current intensity above 0.2 A, polarity reversal that was too frequent (that is less than 

5 min per cycle) was found to be detrimental, as aluminum ions reacted with hydroxyl groups 

before they were able to diffuse into the bulk liquid. For practical application a mechanical 

electrode cleaning device must be in place to allow for consistent treatment performance. (7). A 

new method for in-situ non-invasive imaging of membrane fouling in membrane reactors was 

developed using MRI. The method was demonstrated on conventional MBR and EMBR. (8). It 

was demonstrated that viability of the microorganisms in an electrically enhanced MBR is 

dependent on duration of the current application and current density. The bacterial viability was 
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not significantly (less than 10% of inactivation) affected when the applied current density was 

less than 6.2 A/m
2
.  The live cell fraction dropped by 15% and 29% at currents of 12.3 A/m

2 
and 

24.7 A/m2, respectively. Cells on the cathode surface exhibited the highest death rate, whereas 

bacteria outside the space between electrodes had the highest viability as they were the least 

affected by the toxicity of electrochemical byproducts and electric field. It was concluded that 

sufficient mixing should be provided for an electro technology hybrid wastewater treatment 

vessel to prevent localized cell inactivation.   

 

Two. Abiotic ammonification was demonstrated with Al and Fe electrodes in a synthetic nitrate 

wastewater and activated sludge. It was found that: (1). under electrolytic conditions, DO in the 

treated liquid will be depleted within an hour and thus create an electrochemically reducing 

environment; (2). under the anaerobic condition in EC nitrate will be nearly chemometrically 

reduced to ammonium, without generation of nitrogen gas. Intermediate nitrite concentration was 

very low and was diminished by the biological nitratation process. The anode was the electron 

donor in this case. (3). Abiotic conversion from nitrate to ammonium followed a two-step first 

order reaction. For Al cathode: k1 was 0.02038 with 95% confidence limits, k2 was 0.1006 with 

95% confidence bounds. For Fe cathode:  k1 was equal to 0.00711, with 95% confidence limits, 

k2 was 0.07472 with 95% confidence bounds (0.06752, 0.08193). (4). Aluminum was found to 

have stronger capability than iron for electrochemical nitrate reduction. (5). Aeration was found 

to be a convenient strategy to suppress the occurrence of electrochemical nitrate reduction. At 

DO levels larger than 2 mg/L, abiotic ammonification was completely prevented. The finding 

resolved the problem of abiotic ammonification of nitrate, offering a simple but effective method 

to prevent it. 
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Three. With synthetic wastewater, the control MBR and EMBR both removed > 99% of 

ammonium-N and > 90% of dissolved COD.  Through chemical precipitation and physical 

adsorption, the ortho-P removal in the EMBR was between 93 - 98%, compared with 39 – 56% 

of ortho-P removal in the MBR, which offers an efficient nutrine control strategy with no 

chemical consumption and less sludge production.  

 

Four. A new mathematical model was developed for an EMBR, defining the specific fouling rate 

(SFR) = dRt/dt = d(TMP)/dt x 1/(J*u).  (1). The fouling rate was shown to be related to permeate 

flux and temperature- dependent viscosity. (2). The SFR model was found to more accurately 

describe the fouling propensity at low temperatures, when flux is taken into account and can be 

used as a key indicator for evaluating membrane quality. (3). For the first time pore clogging and 

biocake resistance were quantified with the same membrane module and operating conditions as 

in a control MBR. Biocake resistance reduction, which resulted from SMP destruction, was 

found to be a major advantage of electrokinetic technology. (4). Overall comparison of the 

developed EMBR showed that EMBR offered effective membrane fouling mitigation through 

eliminating the elevated EPS at low temperatures.  

 

Five. Operation of EMBR at low temperatures has shown that the transmembrane pressure 

(TMP) increased significantly more slowly in the EMBR and the filtration resistance was about 

one third of the regular MBR prior to necessitating a chemical cleaning cycle necessary for 

MBR, suggesting the significant potential for extending the membrane life and MBR operating 

cost.    
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Six. The EMBR also exhibited a prominent advantage over conventional MBR in terms of 

membrane fouling retardation and phosphorus removal at an operating temperature of 10 
0
C and 

5 
0
C with real sewage as feed. Despite the membrane fouling suppression advantage, the 

additional operating costs of EMBR were not significant, with 0.16 CAD/ m
3
 of the treated 

wastewater for Al electrodes and 0.06 CAD/ m
3
 of the treated wastewater for Fe electrodes. 
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APPENDICS 

Appendix 1 Synthetic feed wastewater preparation 

One. 4 L of Stock solution containing:     

     

 

Chemical g 

      

 

MgSO4.7H2O 16 

      

 

(NH4)2 SO4 38.55 

      

 

CaCl2 1.38 

      

 

K2HPO4 15 

      

 

KCl 2.63 

      

 

FeSO4.7H2O 0.85 

      

 

MnSO4.H2O 1.14 

      

         

 

NaHCO3 80 

      

         

 

Glucose 100 

      

 

Yeast extract 40 

      

         Two. Feed preparation: 800 mL stock solution diluted to 50L 

   

         Three. Procedure:  

       

         (1). Weigh the above amount of MgSO4.7H2O, (NH4)2SO4, CaCl2, K2HPO4, KCl, 

FeSO4.7H2O, MnSO4.H2O into a 4L container,  add 3 L of hot tap water into it and 

mix for half hour;    

 

  

         (2). Weigh 80 g of  NaHCO3 into a 1L beaker and add 1 L of hot tape water and mix it for half 

hour, then pour the solution into the 4L container in (1); 

    

    

         (3). Weigh 100 g of glucose and 40 g of yeast into the 4L container after one hour mixing of 

(1) and (2)  

         (4). Let the final stock solution mix for two more 

hours  

    

         (5). Evenly distribute the stock solution in 5 portions (800 mL each) and store them in a 4 

degree fridge.    
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Appendix 2 Protocol for TEP Analysis [Arruda et al., 2004; de la Torre et al., 2008] 

 

Materials: 

Filter Paper Schleicher & Schuell Black Ribbon 

Alcian Blue solution 1% in 0.3% acetic acid (Clin Tech LTD) 

Natrium Acetate (NaAc) 99% 

Acetic acid (Ac) 99.8% 

 

Preparation of Alcian Blue solution 

 Prepare Alcian blue solution (1%) in 0.3% HAC solution by dissolving 1 gram Alcian 

Blue 8GX and 0.3 ml HAc in 100 mL flask 

 

Preparation of acetate buffer solution (pH = 4, 0.2 M) 

 1 liter buffer solution by adding the following; dilute to 1 litre 

o 9.75 mL in Ac 

o 2.4526 g NaAC 

 Adjust pH with HAc if necessary to get a pH of 4 

 

Preparation of the Alcian Blue solution 0.055% (m/v) 

 Put 5.5 ml of the alcian blue solution 1% in a 100 mL flask and make up the volume with 

the acetate buffer solution. Shake the flask always before use 

 

Preparation of the calibration curve 

1. Prepare a stock solution of 100 mg/L xanthan gum in acetate buffer solution 

a. This should be done day before and left on stir plate overnight 

2. Prepare reference solutions from 1 to 20 mg/L xanthan gum in acetate buffer solution 

from the stock solution 

3. Mix in a centrifuge tube: 

a. 5 mL of sample (sludge filtered through a filter paper Schleicher and Schuell 

Black Ribbon), 0.5 mL of the prepared alcian blue solution 0.055% (m/v) and 4.5 

mL of acetate buffer solution 
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4. Vortex for 1 min 

5. Centrifuge at 15300 rpm (23292 xg) for 10 minutes at 25C 

6. Measure the absorbance of the supernatant at 602 nm DIRECTLY after centrifugation.  

The blank used is acetate buffer solution 

 

Protocol for high concentrated samples (20-100 mg TEP/L)  

 Dilute the sample 5:1 by taking only 1 mL of sample instead of 5 mL and add 4 mL more 

of acetate buffer solution in the centrifuge tube.  The concentration will be then 

multiplied by 5 after measuring it with the spectrophotometer 

 

Recommendations: 

 It is recommended to use the alcian blue solution only for one month after its preparation, 

as the dyee aggregates and its absorbance decreases with time. 

 The use of the stock solution of 1% Alcian blue is quite useful and avoids the dilution of 

the alcian blue in powder form 

 The calibration curve will change depending on the alcian blue supplier and batch 

 

Appendix 3 LIVE/DEAD® BacLight. Bacterial Viability Kits 

 

[Modified from https://tools.thermofisher.com/content/sfs/manuals/mp07007.pdf] 

1. Introduction 

 

Molecular Probes’ LIVE/DEAD® BacLightTM Bacterial Viability Kits provide a novel two-

color fluorescence assay of bacterial viability that has proven useful for a diverse array of 

bacterial genera. Conventional direct-count assays of bacterial viability are based on metabolic 

characteristics or membrane integrity. However, methods relying on metabolic characteristics 

often only work for a limited subset of bacterial groups, and methods for assessing bacterial 

membrane integrity commonly have high levels of background fluorescence. Both types of 

determinations suffer from being very sensitive to growth and staining conditions. Because of the 

marked differences in morphology, cytology and physiology among the many bacterial genera, a 

universally applicable direct-count viability assay has been very difficult to achieve. The 

LIVE/DEAD BacLight Bacterial Viability Kits allow us to easily, reliably and quantitatively 

distinguish live and dead bacteria in minutes, even in a mixed population containing a range of 

bacterial types. The LIVE/DEAD BacLight Bacterial Viability Kits utilize mixtures of SYTO® 9 

green-fluorescent nucleic acid stain and the red-fluorescent nucleic acid stain, propidium iodide. 

These stains differ both in their spectral characteristics and in their ability to penetrate healthy 

bacterial cells. When used alone, the SYTO 9 stain generally labels all bacteria in a population - 

https://tools.thermofisher.com/content/sfs/manuals/mp07007.pdf
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those with intact membranes and those with damaged membranes. In contrast, propidium iodide 

penetrates only bacteria with damaged membranes, causing a reduction in the SYTO 9 stain 

fluorescence when both dyes are present. Thus, with an appropriate mixture of the SYTO 9 and 

propidium iodide stains, bacteria with intact cell membranes stain fluorescent green, whereas 

bacteria with damaged membranes stain fluorescent red. The excitation/emission maxima for 

these dyes are about 480/500 nm for SYTO 9 stain and 490/635 nm for propidium iodide. The 

background  remains virtually nonfluorescent. Furthermore, although the dye ratios suggested for 

the LIVE/DEAD BacLight Bacterial Viability Kits have been found to work well with a broad 

spectrum of bacterial types, these kits also accommodate fine tuning of the dye combinations so 

that optimal staining of bacteria can be achieved under a variety of environmental conditions. 

 

A common criterion for bacterial viability is the ability of a bacterium to reproduce in suitable 

nutrient medium. Exponentially growing cultures of bacteria typically yield results with the 

LIVE/DEAD BacLight bacterial viability assay that correlate well with growth assays in liquid 

or solid media. Under certain conditions, however, bacteria having compromised membranes 

may be able to recover and reproduce - such bacteria may be scored as “dead” in this assay. 

Conversely, some bacteria with intact membranes may be unable to reproduce in nutrient 

medium, and yet these may be scored as “alive.”  Kit L7012 to be used in this research provides 

separate solutions of the SYTO 9 and propidium iodide stains. Having separate staining 

components facilitates the calibration of bacterial fluorescence for quantitative procedures.  

 

2. Materials 

Kit Contents for Viability Kit, L7012 

SYTO 9 dye, 3.34 mM (Component A), 300 μL solution in DMSO 

Propidium iodide, 20 mM (Component B), 300 μL solution in DMSO 

BacLight mounting oil (Component C), 10 mL, for bacteria immobilized on membranes. The 

refractive index at 25°C is 1.517 ± 0.003. DO NOT USE FOR IMMERSION OIL. 

 

3. Storage and Handling 

 

For L7012, the DMSO stock solutions should be stored frozen at -20°C and protected from light. 

Allow reagents to warm to room temperature and centrifuge briefly before opening the vials. 

Before refreezing, seal all vials tightly. When stored properly, these stock solutions are stable for 

at least one year. 

 

4. Culture Conditions and Preparation of Bacterial Suspensions 

 

Note: Care must be taken to remove traces of growth medium before staining bacteria with these 

kit reagents. The nucleic acids and other media components can bind the SYTO 9 and propidium 

iodide dyes in unpredictable ways, resulting in unacceptable variations in staining. A single wash 

step is usually sufficient to remove significant traces of interfering media components from the 

bacterial suspension. Phosphate wash buffers are not recommended because they appear to 

decrease staining efficiency. 

 

4.1 Take 25 mL of homogeneous biomass.  



275 

 

4.2 Concentrate 25 mL of the bacterial culture by centrifugation at 10,000 × g for 10 - 15 

minutes. 

4.3 Remove the supernatant and resuspend the pellet in 2 mL of 0.85% NaCl or appropriate 

buffer. 

4.4 Add 1 mL of this suspension to each of two 30 - 40 mL centrifuge tubes containing either 20 

mL of 0.85% NaCl or appropriate buffer (for live bacteria) or 20 mL of 70% isopropyl alcohol 

(for killed bacteria). 

4.5 Incubate both samples at room temperature for 1 hour, mixing every 15 minutes. 

4.6 Pellet both samples by centrifugation at 10,000 × g for 10 - 15 minutes. 

4.7 Resuspend the pellets in 20 mL of 0.85% NaCl or appropriate buffer and centrifuge again as 

in step 1.6. 

4.8 Resuspend both pellets in separate tubes with 10 mL of 0.85% NaCl or appropriate buffer 

each. 

4.9 Determine the optical density at 670 nm (OD670) of a 3 mL aliquot of the bacterial 

suspensions in glass or acrylic absorption cuvettes (1 cm pathlength). 

 

5. Fluorescence Microplate Readers 

 

Staining Bacterial Suspensions with either Kit L7012 

5.1 Adjust the biomass suspensions (live and killed) to 2 × 108 bacteria/mL (~0.06 OD670)  

5.2 Mix five different proportions of biomass (Table 1) in 16 × 125 mm borosilicate glass culture 

tubes. The total volume of each of the five samples will be 2 mL. 

 

Table 4-1 Volumes of live- and dead-cell suspensions to mix to achieve various proportions of 

live:dead cells for fluorescence microplate readers. 

 

5.3 Mix 6 μL of Component A with 6 μL of Component B in a microfuge tube. 

5.4 Prepare a 2X stain solution by adding the entire 12 μL of the above mixture to 2.0 mL of 

filter-sterilized H2O in a 16 × 125 mm borosilicate glass culture tube and mix well. 

5.5 Pipet 100 μL of each of the bacterial cell suspension mixtures into separate wells of a 96-well 

flat-bottom microplate. Prepare samples in triplicate. The outside wells (rows A and H and 

columns 1 and 12) are usually kept empty to avoid spurious readings. 

5.6 Using a new tip for each well, pipet 100 μL of the 2X staining solution (from step 5.4) to 

each well and mix thoroughly by pipetting up and down several times. 
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5.7 Incubate at room temperature in the dark for 15 minutes.  

6. Fluorescence Measurement and Data Analysis 

 

6.1 With the excitation wavelength centered at about 485 nm, measure the fluorescence intensity 

at a wavelength centered at about 530 nm (emission 1; green) for each well of the entire plate. 

6.2 With the excitation wavelength still centered at about 485 nm, measure the fluorescence 

intensity at a wavelength centered about 630 nm (emission 2; red) for each well of the entire 

plate. 

6.3 Analyze the data by dividing the fluorescence intensity of the stained bacterial suspensions 

(Fcell) at emission 1 by the fluorescence intensity at emission 2. 

 

6.4 Plot the RatioG/R versus percentage of live cells in the biomass suspension (Figure 1). 

 

 

Figure 1. Analysis of relative viability of biomass suspensions in a fluorescence microplate 

reader. Samples of biomass were prepared and stained as outlined in the text. The integrated 

intensities of the green (530 ± 12.5 nm) and red (620 ± 20 nm) emission of suspensions excited at 

485 ± 10 nm were acquired, and the green/red fluorescence ratios (RatioG/R ) were calculated 

for each proportion of live/dead biomass. Each point represents the mean of ten measurements. 

The line is a least-squares fit of the relationship between % live bacteria (x) and RatioG/R (y). 

 

7. Example of the microscopic images  
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Appendix 4. Protocol of Yeast Estrogen Screen (YES) [Yang, 2009] 

 

1. Materials and chemicals  

 

Materials 

 

1 L beaker (1)  

weighing paper 

10% live bacteria in normal biomass  

10% live bacteria in bulky biomass  
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balance 

stirrer with heating 

stirring bars 

125 ml glass bottles (22) 

60 ml glass bottles (20) 

20 ml glass bottles (40) 

200(250) beakers (5) 

Autoclave ( for sterilising at 121 °C) 

0.2 μm pore size filter 

conical flasks 

pipets 

50 ml graduated cylinder 

orbital shaker 

incubator 

centrifuge 

50 ml centrifuge tubes 

96-well microtitre plate 

microtitre plate shaker 

plate reader 

 

Chemicals 

 

Potassium phosphate monobasic anhydrous 
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Ammonium sulphate 

Potassium hydroxide 

Magnesium sulfate 

Iron (III) sulfate 

L-Leucine 

L-Histidine 

Adenine 

L-Argenine 

L-Methionine 

L-Tyrosine 

L-Isoleucine 

L-Lysine 

L-Phenylalanine 

L-Glutamic acid 

L-Valine 

L-Serine 

Thiamine hydrochloride 

Pyridoxine 

D-Pantothenic acid hemicalcium salt 

Inositol 

d-Biotin 

D-(+)-Glucose  anhydrous; mixed anomers 

L-Aspartic acid free acid 
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L-Threonine 

Copper (II) sulfate anhydrous 

Chlorophenolred- -D galactopyranoside (CPRG) 

Glycerol 

β-Estradiol 

 

2. Reagent preparation and stoarage 

 

All glassware, spatulas, stirring bars, etc., must be thoroughly cleaned and finally rinsed twice 

with ethanol, and leave to air dry.  

 

Minimal Medium (pH 7.1) 

 

Add the following chemicals to 1L Milli-Q water and place it on heated stirrer to dissolve. 

13.61 g KH
2
PO4 

1.98 g (NH4)2SO4 

4.2 g KOH pellets 

0.2 g MgSO4 

1 ml Fe2(S04)3 solution (40 mg/50 ml H20) 

50 mg L-leucine 

50 mg L-histidine 

50 mg adenine 

20 mg L-arginine-HCl 
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20 mg L-methionine 

30 mg L-tyrosine 

30 mg L-isoleucine 

30 mg L-lysine-HCl 

25 mg L-phenylalanine 

100 mg L-glutamic acid 

150 mg L-valine 

375 mg L-serine  

 

Dispense 45 ml aliquots into glass bottles (125 ml×22). 

Sterilise at 121˚C for 15 min, and store at room temperature. 

 

D-(+)-Glucose 

Prepare a 200 ml 20% w/v solution. Add 40 g glucose to 200 ml Milli-Q water. 

Sterilise in 20 ml aliquots (60 ml glass bottles × 10) at 121˚C for 15 min. 

Store at room temperature. 

 

L-Aspartic Acid 

Make a 100 ml stock solution of 4 mg/ml. Add 0.4 g L-Aspartic Acid into 100 ml Milli-Q water. 

Sterilise in 20 ml aliquots (60 ml glass bottles × 5) at 121˚C for 15 min. 

Store at room temperature. 

 

Vitamin Solution 
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Add 4 mg thiamine, 4 mg pyridoxine, 4 mg pantothenic acid, 20 mg inositol, and 10 ml biotin 

solution (2 mg/100 ml H2O) to 90 ml Milli-Q water.  

Sterilise by filtering through a 0.2-µm pore size disposable filter, in a laminar air flow cabinet. 

Filter into sterile glass bottles in 10 ml aliquots (20 ml glass bottles × 10). 

Store at 4˚C. 

L-Threonine 

Prepare a 50 ml solution of 24 mg/ml. Add 1.2 g L-Threonine into 50 ml Milli-Q water. 

Sterilise in 10 ml aliquots (20 ml glass bottles × 5) at 121˚C for 10 min. 

Store in fridge at 4˚C. 

 

Copper (II) Sulfate 

Prepare a 25 ml 3.2 mg/ml solution. Add 0.08 g CuSO4 into 25 ml Milli-Q water. 

Sterilise by filtering through a 0.2-µm pore size filter, in a laminar flow cabinet. Filter into sterile 

glass bottles (20 ml × 5) in 5 ml aliquots.  

Store at room temperature. 

 

Chlorophenol red-ß-D-galactopyranoside (CPRG) 

Make a 10 ml 10 mg/ml stock solution. Add 100 mg CPRG into 10 ml MIlli-Q water.Sterilise by 

filtering through a 0.2-µm pore size filter into sterile glass bottle (20 ml× 1) ,in a laminar flow 

cabinet. 

Store in fridge at 4˚C. 

 

3. Preparation and storage of 10 x concentrated Yeast stocks  
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Carry out all yeast work in a type II laminar flow cabinet. 

 

Day 1 

Prepare growth medium by adding 5 ml glucose solution, 1.25 ml L-aspartic acid solution, 0.5 

ml vitamin solution, 0.4 ml L-threonine solution, and 125 µl copper (II) sulfate solution to 45 ml 

minimal medium. Transfer to a sterile conical flask (final volume of approximately 50 ml). Add 

125 µl of 10X concentrated yeast stock from cryogenic vial stored at -20˚C. Incubate at 28˚C (in 

water bath) for approximately 24 hour on an orbital shaker, or until turbid. 

 

Day 2  

Prepare growth medium and transfer to two conical flasks (each with a final volume of 

approximately 50 ml).  

Add 1 ml yeast from 24-h culture to each flask. 

Incubate at 28˚C for approximately 24 hour on an orbital shaker, or until turbid. 

 

Day 3 

Transfer each 24-h culture to a sterile 50-ml centrifuge tube. 

Centrifuge the cultures at 4˚C for 10 min at 2,000 g.  

Decant the supernatant, and resuspend each culture in 5 ml of minimal medium with 15% 

glycerol (add 8 ml sterile glycerol to 45 ml minimal medium). 

Transfer 0.5 ml aliquots of the 10X concentrated stock culture to 1.2-ml sterile cryovials (×20). 

Store at -20˚C for a maximum of 4 months. 

 



284 

 

4. Preparation of the working standard solutions 

 

Glassware must be scrupulously cleaned since contamination may give rise to false positives. 

Rinse all glass bottles twice with absolute ethanol (or twice with methanol, and once with 

ethanol), and leave to dry. 

 

Prepare the 17ß-estradiol (E2) stock solution in absolute ethanol, at 50 μg/L 

Add 50 mg E2 in 10 ml absolute ethanol to make a 5 mg/ml solution. Add 0.1 ml 5 mg/ml 

solution in 9.9 ml absolute ethanol to make a 50 mg/l solution. Add 10 μl 50 mg/l solution into 

10 ml absolute ethanol to make a 50 μg/L solution. 

Serially dilute solutions at concentrations of 50, 100, 300, 500, 750, 1000 ng/L. 

 

 5. Assay procedure 

 

Carry out all yeast work in a type II laminar flow cabinet. 

Day 0 

Prepare growth medium by adding 5 ml glucose solution, 1.25 ml L-aspartic acid solution, 0.5 

ml vitamin solution, 0.4 ml L-threonine solution, and 125 µl copper (II) sulfate solution to 45 ml 

minimal medium. 

 

Transfer to a sterile conical flask (final volume of approximately 50 ml). Add 0.25ml of 10X 

concentrated yeast stock from cryogenic vial. 
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Incubate at 28˚C for approximately 24 hour on an orbital shaker, or until turbid.  

 

Day 1 

Prepare assay medium by adding 0.5 ml CPRG to 50 ml fresh growth medium. Seed this medium 

with 2 ml yeast from the 24-h culture prepared on Day 0. For every 2.5 assay plates, prepare 50 

ml assay medium.  

 

Transfer 10 µl water samples to a 96-well optically flat bottom microtitre plate. Add 200 µl of 

the seeded assay medium (growth medium containing CPRG and yeast) to wells using a 

multichannel pipette.  

 

Each plate should contain at least one row of blanks (solvent and assay medium only), and each 

assay should have a 17ß-estradiol standard curve. 

 

Seal the plates with Parafilm wrapping film and shake vigorously for 2 min on a titre plate 

shaker. 

 

Incubate at 32˚C in an incubator for 72 h. 

  

Day 4 

After incubating for 3 days, shake plates (2 min) and leave for approximately 1 hour to allow the 

yeast to settle. Read the plates at an absorbance of 540 nm (optimum absorbance for CPRG ~575 

nm) and 620 nm (for turbidity) using a plate reader. 
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Leave the plates at room temperature and read later if necessary. 

 

6. Calculation 

 

To correct for turbidity the following equation needs to be applied to the data: 

Corrected value = Abs. (540 nm) - [Abs. (620 nm) – Absblank. (620 nm)] 

 

Appendix 5 Procedure of SEM sample preparation 

 

Procedure of SEM sample preparation in EM lab. (morphology) 

Fix sample in Fixation Buffer for 4hr in room temp. or overnight in 4 
0
C buffer and 

rinses 3X 15 min in room temp. before proceed to following steps 

Buffer rinses 3X 15 min in room temp. 

 

30% EtOH 10 min 

50% EtOH 10 min 

70% EtOH 10 min or overnoight 

85% EtOH 20 min 

95% EtOH 20 min 

100% EtOH 20 min 

100% EtOH 20 min or overnight 

100% Acetone 20 min$ 
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100% Acetone 20 min 

Critical point drying or freeze drying 

Sample on stubs 

Coating Au 

Observation 

Note: 

*Fixation Buffers (choose one): 

(1) Gluteraldehyde buffer 

2.5% GA + 4% PFA/0.1M phosphate or cacodylate buffer 

 

(2) Osmium tetroxide buffer 

1% OsO4/0.1M phosphate or cacodylate buffer 4hr in room temp. 

Make fresh - 1-2 days in advance to disolve 

Use FUME HOOD! and use gloves all the time 

This buffer can be used after buffer (1) 

$Do not proceed to acetone step if you are not going to the drying procedure right 

away, as the materials will be fragile if left in acetone for too long. 

GA = gluteraldehyde 

PFA = paraformaldehyde 

OsO4 = osmium tetroxide 
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Appendix 6 Particle size data 

Electrocoagulation batch test (Trial 1) 

T(min) D0.1(µm) D0.5 (µm) D0.9 (µm) 

3.5 121.8 554.4 206.4 

3.6 123.2 555.6 207.4 

4.4 131.6 562.1 213.2 

1.9 92.8 527.8 185.4 

2.2 99.2 534.2 190.1 

 

Electrocoagulation batch test (Trial 2) 

T(min) D0.1(µm) D0.5 (µm) D0.9 (µm) 

4.2 129.5 560.6 211.8 

2.7 108.8 543.3 197.1 

2.2 99.7 534.8 190.5 

1.7 85.1 519.3 179.4 

1.5 76.0 508.3 172.2 

 

Electrocoagulation batch test (Trial 3) 

T(min) D0.1(µm) D0.5 (µm) D0.9 (µm) 

7.1 150.4 575.9 226.4 

3.4 120.7 553.5 205.6 

2.0 93.8 528.7 186.1 
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1.6 79.8 513.0 175.2 

1.6 80.4 513.7 175.7 

 

Electrocoagulation batch test (Trial 4) 

T(min) D0.1(µm) D0.5 (µm) D0.9 (µm) 

3.7 124.4 556.6 208.2 

2.5 105.7 540.4 194.9 

1.7 86.5 521.0 180.6 

1.5 77.1 509.6 173.1 

1.1 55.5 476.5 153.8 

 

Chemical coagulation data 

 

 

Control 
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Chemical Dosage 1 

 

 

 

dose 27 mg/L Al3+, 

mean floc size = 225 um 

dose 54 mg/L Al3+, 

mean floc size = 225 um 
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Electrocoagulation batch test 
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MBR vs EMBR 
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Appendix 7 MRI scanning program 

 

##TITLE=Parameter List 

##JCAMPDX=4.24 

##DATATYPE=Parameter Values 

##ORIGIN=Bruker BioSpin MRI GmbH 

##OWNER=gruwelm 

$$ /opt/pv/data/gruwelm/nmr/fil080410.1z1/85/method 

##$Method=MSME 

##$PVM_EchoTime=14.000 

##$PVM_RepetitionTime=1500.000 

##$PVM_NAverages=1 
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##$PVM_NRepetitions=1 

##$PVM_ScanTimeStr=( 16 ) 

<0h8m0s0ms> 

$$ @vis= Method PVM_EchoTime PVM_RepetitionTime PVM_NAverages  

PVM_NRepetitions 

##$PVM_UserType=Expert_User 

##$PVM_DeriveGains=No 

##$PVM_SliceBandWidthScale=85 

##$ExcPulseEnum=hermite 

$$ @vis= PVM_ScanTimeStr PVM_UserType PVM_DeriveGains PVM_SliceBandWidthScale 

##$ExcPulse=(2.000, 2700.0, 90.0, 23.0, 100.00, 0.00, 100.00, LIB_EXCITATION,  

<hermite.exc>, 5400.000000, 0.219734, 50.000000, 0.409600, conventional) 

##$RefPulseEnum=hermite 

##$RefPulse=(1.267, 2699.3, 180.0, 13.0, 100.00, 0.00, 100.00, LIB_REFOCUS, < 

hermite.rfc 

>, 3420.000000, 0.219734, 0.000000, 0.409600, conventional) 

##$PVM_Nucleus1Enum=1H 

$$ @vis= ExcPulseEnum ExcPulse RefPulseEnum RefPulse RF_Pulses 

##$PVM_Nucleus1=( 8 ) 

<1H> 

##$PVM_NEchoImages=1 

##$constNEchoes=Yes 

##$nEchoesPerEchoImage=( 1 ) 
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1 

$$ @vis= PVM_Nucleus1Enum PVM_Nucleus1 Nuclei PVM_NEchoImages constNEchoes 

##$NEchoes=1 

##$EffectiveTE=( 1 ) 

14.00 

##$FitFunctionName=( 32 ) 

<No Function Defined> 

##$ProcessingMacro=No 

##$PVM_EffSWh=50000.0 

##$PVM_ReadDephaseTime=1 

$$ @vis= nEchoesPerEchoImage NEchoes EffectiveTE Echoes PVM_EffSWh 

##$PVM_2dPhaseGradientTime=1 

##$SliceSpoilerDuration=1.00 

##$SliceSpoilerStrength=40.0 

$$ @vis= PVM_ReadDephaseTime PVM_2dPhaseGradientTime SliceSpoilerDuration 

##$PVM_GeoMode=GeoImaging 

##$PVM_SpatDimEnum=2D 

##$PVM_Isotropic=Isotropic_None 

$$ @vis= SliceSpoilerStrength Sequence_Details PVM_GeoMode PVM_SpatDimEnum 

##$PVM_Fov=( 2 ) 

32.000 32.000 

##$PVM_FovCm=( 2 ) 

3.200 3.200 
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##$PVM_SpatResol=( 2 ) 

0.100 0.100 

##$PVM_Matrix=( 2 ) 

320 320 

##$PVM_MinMatrix=( 2 ) 

32 32 

##$PVM_MaxMatrix=( 2 ) 

2048 2048 

$$ @vis= PVM_Isotropic PVM_Fov PVM_SpatResol PVM_Matrix PVM_MinMatrix 

##$PVM_AntiAlias=( 2 ) 

1.000 1.000 

##$PVM_MaxAntiAlias=( 2 ) 

4.000 8.000 

##$PVM_SliceThick=1.000 

$$ @vis= PVM_MaxMatrix PVM_AntiAlias PVM_MaxAntiAlias StandardInplaneGeometry 

##$PVM_ObjOrderScheme=Interlaced 

##$PVM_ObjOrderList=( 16 ) 

0 2 4 6 8 10 12 14 1 3 5 7 9 11 13 15 

##$PVM_NSPacks=1 

##$PVM_SPackArrNSlices=( 1 ) 

16 

$$ @vis= PVM_SliceThick PVM_ObjOrderScheme PVM_ObjOrderList PVM_NSPacks 

##$PVM_SPackArrSliceOrient=( 1 ) 
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axial 

##$PVM_SPackArrReadOrient=( 1 ) 

L_R 

##$PVM_SPackArrReadOffset=( 1 ) 

0.000 

$$ @vis= PVM_SPackArrNSlices PVM_SPackArrSliceOrient PVM_SPackArrReadOrient 

##$PVM_SPackArrPhase1Offset=( 1 ) 

-0.100 

##$PVM_SPackArrPhase2Offset=( 1 ) 

0.000 

##$PVM_SPackArrSliceOffset=( 1 ) 

-1.700 

$$ @vis= PVM_SPackArrReadOffset PVM_SPackArrPhase1Offset 

##$PVM_SPackArrSliceGapMode=( 1 ) 

non_contiguous 

##$PVM_SPackArrSliceGap=( 1 ) 

0.000 

##$PVM_SPackArrSliceDistance=( 1 ) 

1.000 

$$ @vis= PVM_SPackArrSliceOffset PVM_SPackArrSliceGapMode  

PVM_SPackArrSliceGap 

##$PVM_SPackArrGradOrient=( 1, 3, 3 ) 

1.000000000000000 0.000000000000000 0.000000000000000 -0.000000000000000  
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1.000000000000000  

0.000000000000000 0.000000000000000 0.000000000000000 1.000000000000000 

##$NDummyScans=2 

##$PVM_TriggerModule=Off 

$$ @vis= PVM_SPackArrSliceDistance StandardSliceGeometry NDummyScans 

##$PVM_FatSupOnOff=Off 

##$PVM_MagTransOnOff=Off 

##$PVM_FovSatOnOff=Off 

##$PVM_InFlowSatOnOff=Off 

$$ @vis= PVM_TriggerModule PVM_FatSupOnOff PVM_MagTransOnOff 

PVM_FovSatOnOff 

##$PVM_MotionSupOnOff=Off 

##$PVM_FlipBackOnOff=Off 

##$PVM_EchoTime1=14.0 

$$ @vis= PVM_InFlowSatOnOff PVM_MotionSupOnOff PVM_FlipBackOnOff Preparation 

##$PVM_EchoTime2=14.0 

$$ @vis= PVM_EchoTime1 PVM_EchoTime2 MethodClass 

##END 

 

Appendix 8 FTIR method 

 

FTIR instrument: Bruker Tensor 27  
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Procedure: approximately 4.5 mg of sample was mixed with approx. 150 mg of KBr and pressed 

into a 13mm IR pellet. A background spectra was collected prior to each sample spectra. Both 

background and sample spectra used scantimes of 100 scans. Spectral range was 4000 cm
-1

 to 

400 cm
-1

. All results are baseline corrected. 

Samples were prepared using stock KBr that is stored in a warming oven at 100+ degrees C. One 

spectra was collected for each sample immediately following pellet preparation. The pellets were 

placed in the warming oven over the weekend to drive off any absorbed water and a second 

spectra was then collected for each sample. 

Naming conventions for the spectra files are as follows: 

VW-I_KBr.dpt:  sample I; baseline corrected; collected when KBr pellet was made.  

VW-II_KBr.dpt: as above, for sample II. 

VW-I_KBr_H.dpt: sample I; baseline corrected; spectra collected after heating ("_H") 

VW-II_KBr_H.dpt: as above, for sample II 

 

15 
0
C 
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FTIR images of the electrode precipitates at different temperatures  

Appendix 9  SEM Elemental analysis program 

 

LT:          60.82      RT:          62.87      DT:   3.3 % 

Calibrations: 

  Energy = 1.308E-08 +1.000E-02 * Ch  (keV) 

  Efficiency = A*Exp((-T1*U1-T2*U2-T3*U3-T4*U4-DL*U5) / Cos(AI))* 

                 (1-Exp(-DI*U5/Cos(AI))) 

    where E is Energy in keV 

    where the Ui are the appropriate linear mass absorption coefficients and 

15 
0
C 

10 
0
C 
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      Geometry Factor (A):      1.62E-04    Be Window (T1):                   0.300 um 

      Detector Thickness (DI)   0.250 cm    Au Window (T2):                 0.020 um 

      Detector Dead Layer (DL): 0.300 um    Al Window (T3):               0.040 um 

      Det. Incident Angle (AI): 0.000 deg 

Additional Detector Parameters 

      Det. Takeoff Angle:       40.000 deg 

      Detector ID:              Generic Be   

      Detector Material:        Si(Li)      Detector Shape:               Planar 

      Detector Diameter:        0.356 cm    Source Dist.:                 7.000 cm 

  Resolution = Sqr(23447.7 + 2242.9 * ( E - 5.894)) / 1000 

      FWHM at 5.894 keV = 0.153 keV 

Presets 

  Presets are :              Off 

  Preset Live Time:          100 secs       Preset Real Time:             180 secs 

  Preset Peak:               0 

  Preset Integral of All ROIs:   0          

Tool Setup 

  Application Type:          Electron Beam Excited 

  Peak Finder Mode:          Low Peak to Bkg 

  Peak Power:                128            Peak Integral:                1024 

  Low Energy Cutoff:         0.000 keV      Stat Uncert. Cutoff:          0.500 

  Minimum Line Intensity:    0.100 

  ROI Width:                 2.2 * FWHM     BKG Width:                    1 Chan 
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  Background Width:          1 Chan         Background Gap:               0.0 * FWHM 

  BKG Gap:                   0 * FWHM 

  Energy Match Equation:     4.00E-02 + 0.000 * E 

  MDL Constants:             Ka = 2.710     Kb = 4.650 

EDS Analysis Models 

  Mass Absorption:           Henke & Gullikson 

  Absorption:                Philibert (w/ Duncumb & Heinrich modifications) 

  K Flourescence Yield:      Bambynek et al. (1972) 

  L Flourescence Yield:      Bambynek et al. (1972) 

  M Flourescence Yield:      Bambynek et al. (1972) 

  Mean Ionization Pot.:      Berger & Seltzer (1969) 

  Stopping Power:            Thomas (1964) 

  Jumps:                     ANS Database 

  K Shell Cross Section:     Zaluzec (1978) 

  L Shell Cross Section:     Zaluzec (1978) 

  Backscatter Factor:        Duncumb (1991) 

  Peak Intensity Calc.:      Overlap Corrected Net 

Hardware Parameters 

  Hardware Device:           SYS8004:01 at Bus Address 0 Unit 0 

  Connected as Port:         0 using device handle  0  

  Device type is             100 

  High Voltage:              0, On          Bias Set Point:               600 

  Bias Control Flags:        0xFF0 
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  Amp Coarse Gain:           32             Amp Fine Gain:                1.005 

  Amp Shaping Type:          Triangular     Amp Shaping Time:             3.00 usec 

  Amp Pole Zero:             0.0 %          Amp Fast Thresh:              0.0 % 

  Amp Input Polarity:        Pos            Amp Pile Up Rejection:        Neg 

  Amplifier Control Flags:   0xB9 

  ADC Group Size:            1,024          ADC Conversion Gain:          1,024 

  ADC Lower Level Disc:      0.00 %         ADC Upper Level Disc:         100.00 % 

  ADC Digital Offset:        0              ADC Zero:                     0.00 % 

  Dead Time Correction Mode: External       ADC Gate Mode:                Off 

  ADC Operation Mode:        PHA 

  ADC Conversion Mode:       Linear         ADC Pile Up Rejector:         Neg 

  ADC Sync Mode:             Internal       External ADC Control Word:    0x0 

  Stabilizers 

    Type    Status    Range   Offset   Start Ch    End Ch    Assoc. ROI 

    Gain   Off        ±12.5%    0.00         0         0         0 

    Gain   Off        ±12.5%    0.00         0         0         0 

 

Additional Microscope Parameters 

  Beam Incident Angle:       0.00           Sample X Tilt:                0.00 

  Working Distance:          3.90 cm        Detector Height:              3.90 cm 

  Beam Energy:               15.00 keV      Beam Current:                 20.00 nA 
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 Z   Element  Line     Compound       K-Ratio                Concentration 

                                                          wt%      at%  Cmpd wt% 

 13 Al KA1 @  1.487                   0.6206            64.586   68.183   64.586 

 15 P  KA1 @  2.013                   0.0589             8.262    7.595    8.262 

 16 S  KA1 @  2.307                   0.2038            26.747   23.749   26.747 

 14 Si KA1 @  1.740                   0.0000             0.000    0.000    0.000 

 12 Mg KA1 @  1.254                   0.0041             0.405    0.474    0.405 

                                               Total   100.000  100.000  100.000 

 

 Z  Element  Line        Gross      Bkg     Overlap     Net         Stat. Unc. 

                         (cps)     (cps)     (cps)     (cps)     (cps)      ( % ) 

 13 Al KA1 @  1.487     282.966    26.948     0.001   256.017     2.257      0.9 

 15 P  KA1 @  2.013      49.671    30.714     0.001    18.957     1.150      6.1 

 16 S  KA1 @  2.307      93.341    28.642     0.040    64.648     1.416      2.2 

 14 Si KA1 @  1.740      30.056    30.072     0.096     0.000     0.994          

 12 Mg KA1 @  1.254      22.230    20.372     0.111     1.719     0.837     48.7 

 

 Z  Element   Line     Z Corr    A Corr    F Corr  Tot Corr       Concentration 

                                                                  wt%      at% 

 13 Al KA1 @  1.487     1.004     1.049     0.987    1.0406     64.586   68.183 E   

 15 P  KA1 @  2.013     1.011     1.420     0.977    1.4032      8.262    7.595 E   

 16 S  KA1 @  2.307     0.987     1.330     1.000    1.3127     26.747   23.749 E   



309 

 

 14 Si KA1 @  1.740     0.977     1.640     0.981    1.5727      0.000    0.000 E   

 12 Mg KA1 @  1.254     0.975     1.115     0.902    0.9798      0.405    0.474 E   

                                                     Total     100.000  100.000 

Appendix 10 Modelling of Nitrate, Nitrite and Ammonium production Kinetics 

   

Equations: 

Nitrate = 40 * e
-k1 * t

  

Nitrite = k1*40 * 
𝑒−𝑘2 ∗ 𝑡−𝑒−𝑘1 ∗ 𝑡

𝑘1−𝑘2
  

 

1. To find K1 and K2 based on the following data: 

                 t (min)                  Nitrate                  Nitrite 

0 40 0 

5 35.9 2.3 

10 31.8 3.7 

15 29.3 4.7 

30 18.9 5.6 

45 15.4 4.4 

60 11.8 3.2 

75 9.5 1.9 

90 8.2 1.6 

105 4.8 0.8 

120 3.8 0.7 

135 3.4 0.8 
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150 1.9 0.3 

165 2.9 0.4 

180 2.1 0.2 

   

Solution: 

a). For Nitrate: 

1). Parameter result 

cfun(x) = 40.*exp(-k1.*x) 

     Coefficients (with 95% confidence bounds): 

     k1 =     0.02038  (0.01906, 0.02171) 

2). Curve fitting output 

The related curving fitting output is showed below: 

 

3).Related MATLAB codes: 

a=fittype('40.*exp(-k1.*x)'); 

x=t; 

y=nitrate; 

0 20 40 60 80 100 120 140 160 180
0

5

10

15

20

25

30

35

40

Curve Fitting Output for Nitrate

t / min

N
it

ra
te

 

 

Nitrate Lab Result

k1=0.02038 Curve Fitting Result

 C
o

n
ce

n
tr

at
io

n
 (

m
g

/L
) 

Time (min) 



311 

 

plot(x,y,'.'); 

[cfun,gof]=fit(x,y,a); 

x1=min(x):0.01:max(x); 

yy=40.*exp(-cfun.k1.*x1); 

hold on 

plot(x1,yy); 

 

b). For Nitrite: 

1). Parameter result 

If we fix the k1=0.02038 ( The same as Nitrate), we can get: 

cfun =  

     General model: 

     cfun(x) = 0.02038.*40.*(exp(-k2.*x)-exp(-0.02038.*x))./(0.02038-k2) 

     Coefficients (with 95% confidence bounds): 

     k2 =      0.1006  (0.09073, 0.1104) 

 

2). Curve fitting output 

The related curve fitting output is showed below: 
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3) Related MATLAB codes: 

a=fittype('0.02038.*40.*(exp(-k2.*x)-exp(-0.02038.*x))./(0.02038-k2)'); 

x=t; 

y=Nitrite; 

plot(x,y,'.'); 

[cfun,gof]=fit(x,y,a); 

x1=min(x):0.01:max(x); 

yy=0.02038.*40.*(exp(-cfun.k2.*x1)-exp(-0.02038.*x1))./(0.02038-cfun.k2); 

hold on 

plot(x1,yy); 

 

2. To find k1 and k2 based on the following data: 

               T (min)                  Nitrate                  Nitrite 

0 40 0 

5 37.7 1.5 

10 36.8 1.8 

15 34.9 1.9 

30 32.5 2.6 

45 29.4 2.8 

60 24.9 3.4 

75 23.7 2.7 

90 21.4 2.5 

105 19.1 1.6 

120 17.3 1.8 

135 15.6 1.5 

150 12.8 1.3 

165 12.1 1.4 
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180 12.3 0.8 

 

Solution: 

a). For Nitrate: 

1). Parameter result 

cfun =  

     General model: 

     cfun(x) = 40.*exp(-k1.*x) 

     Coefficients (with 95% confidence bounds): 

k1 =     0.00711  (0.006871, 0.007349) 

2). Curve fitting output 

The related curving fitting output is showed below: 

 

3) Related MATLAB codes: 

a=fittype('40.*exp(-k1.*x)'); 

x=t; 
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y=nitrate; 

plot(x,y,'.'); 

[cfun,gof]=fit(x,y,a,'start',0.007); 

x1=min(x):0.01:max(x); 

yy=40.*exp(-cfun.k1.*x1); 

hold on 

plot(x1,yy); 

b). For Nitrite: 

1). Parameter result 

cfun =  

     General model: 

     cfun(x) = 0.00711.*40.*(exp(-k2.*x)-exp(-0.00711.*x))./(0.00711-k2) 

     Coefficients (with 95% confidence bounds): 

       k2 =     0.07472  (0.06752, 0.08193) 

2). Curve fitting output 

The related curve fitting output is showed below: 

 

3) Related MATLAB codes: 

a=fittype('0.00711.*40.*(exp(-k2.*x)-exp(-0.00711.*x))./(0.00711-k2)'); 
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x=t; 

y=Nitrite; 

plot(x,y,'.'); 

[cfun,gof]=fit(x,y,a,'start',0.074); 

x1=min(x):0.01:max(x); 

yy=0.00711.*40.*(exp(-cfun.k2.*x1)-exp(-0.00711.*x1))./(0.00711-cfun.k2); 

hold on 

plot(x1,yy) 

 


