
Lakehead University

Knowledge Commons,http://knowledgecommons.lakeheadu.ca

Electronic Theses and Dissertations Electronic Theses and Dissertations from 2009

2014-01-22

Electrochemical methods and

membrane bioreactor approach for

wastewater treatment and water quality assessment

Qu, Xiao

http://knowledgecommons.lakeheadu.ca/handle/2453/546

Downloaded from Lakehead University, KnowledgeCommons



ELECTROCHEMICAL METHODS AND MEMBRANE 

BIOREACTOR APPROACH FOR WASTEWATER 

TREATMENT AND WATER QUALITY ASSESSMENT 

By 

XIAO QU 

A thesis submitted in conformity with the requirements 

for the Degree of Mater of Science in Engineering 

Faculty of Engineering 

Lakehead University 

Copyright © 2011 by Xiao Qu  

 









IV 

LIST OF ABBREVIATIONS AND SYMBOLS 

AOPs   Advanced Oxidation Processes  

BOD   Biochemical Oxygen Demand 

CA   Chronoamperometry 

Ce   Equilibrium Concentration  

COD   Chemical Oxygen Demand 

COM   Conventional Optical Microscope  

CV   Cyclic Voltammetry 

DO   Dissolved Oxygen 

Ea   Activation Energy 

EC   Electrocatalysis 

EDS   Energy Dispersive X-ray Spectrometry 

EO   Electrochemical Oxidation 

EPS   Extracellular Polymeric Substances 

F/M   Food to Microorganisms Ratio 

HRT   Hydraulic Retention Time 

i   Current Density 

KF   Adsorption Capacity in Freundlich Isotherm 

KL   Langmuir Isotherm Constant 

LSV   Linear Sweep Voltammetry  

MBRs   Membrane Bioreactors 

MLSS   Mixed Liquor Suspended Solids 

OLR   Organic Loading Rate 

PEBC   Photoelectro-bifunctional Catalysis  

PEC   Photoelectrocatalysis 

PN/CH   Protein to Carbohydrate Ratio 



V 

PSD   Particle Size Distribution 

PtNPs   Pt Nanoparticles 

qe   Equilibrium Adsorption Capacity 

qm   Maximum Adsorption Capacity 

QH   Hydrogen Oxidation Charge 

R   Hydraulic Resistance 

SEM   Scanning Electron Microscope  

SRT    Sludge Retention Time 

TAMBRs  Thermophilic Aerobic Membrane Bioreactors 

TiO2NTs  TiO2 Nanotubes 

TMP   Transmembrane Pressure  

TSAMBRs  Thermophilic Submerged Aerobic Membrane Bioreactors 

TSS   Total Suspended Solids  

XRD   X-ray Diffraction 

  



VI 

TABLE OF CONTENTS 

ABSTRACT  .................................................................................................................................... I 

ACKNOWLEDGEMENTS ....................................................................................................... III 

LIST OF ABBREVIATIONS AND SYMBOLS ...................................................................... IV 

Chapter 1. Introduction .............................................................................................................. 1 

1.1 Waste Pollution and the Conventional Remediation Technologies ................................... 1 

1.2 New Methods for Industrial Wastewater Treatment and Water Quality Analysis ............ 2 

1.3 Rationale and Scope of This Thesis ................................................................................... 3 

References ................................................................................................................................... 4 

Chapter 2. Literature Review ..................................................................................................... 6 

2.1 Electrochemical Oxidation of Biorefractory Pollutants in Wastewater ............................. 6 

2.2 Membrane Bioreactor Technology for Wastewater Treatment ....................................... 13 

2.3 Electrochemical Methods for Chemical Oxygen Demand Determination ...................... 21 

References ................................................................................................................................. 27 

Chapter 3. Materials and Methods .......................................................................................... 33 

3.1 Introduction ...................................................................................................................... 33 

3.2 Chemicals and Materials .................................................................................................. 33 

3.3 Experiments ..................................................................................................................... 34 

3.4 Summary .......................................................................................................................... 36 

References ................................................................................................................................. 36 

Chapter 4. Enhanced Electrochemical Oxidation of Phenolic Pollutants Based on an 

Effective Pre-concentration Process ..................................................................... 37 

4.1 Introduction ...................................................................................................................... 37 

4.2 Experimental Section ....................................................................................................... 39 









2 

more effective, lower-cost and robust methods for the decontamination and re-use of wastewater 

are needed, without further stressing the environment or endangering human health by the 

treatment itself. 

1.2 New Methods for Industrial Wastewater Treatment and Water Quality 

Analysis 

In recent years, electrochemical technologies have reached a promising state of development due 

to intensive investigations that improved the electrocatalytic activity and stability of electrode 

materials [9-11], and can be effectively used for purification of industrial wastewater polluted 

with organic compounds. Particularly, the use of electrochemical oxidation for the treatment of 

toxic or biorefractory organics has received great attention as electrons provide a powerful, 

versatile, efficient, cost effective, and clean reagent [8-13]. Another technology now actively 

being pursued is membrane bioreactors (MBRs) [14-17]. This technology combines suspended 

biomass, similar to the conventional activated sludge process, with immersed microfiltration or 

ultrafiltration membranes that replace gravity sedimentation and clarify the wastewater effluent. 

MBRs can produce high-quality effluent that is suitable for unrestricted irrigation and other 

industrial applications. However, individual application of MBRs processes is limited due to the 

presence of biorecalcitrant compounds (resistant to biodegradation) in the industrial wastes. On 

the other hand, the application of single electrochemical oxidation is very efficient, but 

significantly more expensive than the biological process alone. An advantage of the combined 

wastewater treatment is the synergistic effect as biological and electrochemical methods 

complement each other. The electrochemical oxidation, acting as a post treatment process after 

MBRs, can be responsible for the decolourization and further reduction of chemical oxygen 
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Chapter 2. Literature Review 

This study focuses on the development of electrochemical methods and membrane bioreactor 

approach for industrial wastewater treatment and water quality assessment. A thorough analysis 

of the literature emphasizing the electrochemical oxidation process, membrane bioreactor 

technology and electrochemical methods for COD determination is presented in this chapter. 

2.1 Electrochemical Oxidation of Biorefractory Pollutants in Wastewater 

2.1.1 Biorefractory pollutants and their treatment 

Wastewater with organic biorefractory pollutants leads to the partial inhibition of biodegradation, 

as microorganisms are sensitive to these pollutants. Biorefractory compounds found in industrial 

wastewater include halogenated organics, aromatic and aliphatic hydrocarbons and pesticides 

[1]. Biorefractory pollutants cannot be completely removed by biological treatments, so water 

contaminated with these compounds must be treated by chemical methods such as the 

environmentally friendly advanced oxidation processes (AOPs) [2-3]. AOPs are chemical, 

photochemical, or electrochemical methods sharing the common feature of the in-situ production 

of hydroxyl radical (·OH) as their main oxidizing agent. The most popular AOPs include Fenton 

processes, photo-assisted Fenton processes, UV/Fe3+-oxalate/H2O2, electrocatalysis, 

photocatalysis, ozone water system, H2O2 photolysis, O3/UV, and others [4]. Among the AOPs, 

electrochemical oxidation, featuring strong oxidation performance, low-volume application, 

amenability to automation and environmental compatibility is considered as a promising and 

effective method for the degradation of biorefractory organic pollutants in wastewater [5-6]. 
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2.1.2 Electrochemical oxidation technology 

Fig. 2.1 shows a conceptual diagram of an electrochemical reactor for wastewater 

electrochemical oxidation [7], which includes a power supply, a cathode, an anode and the 

electrolyte. Under the application of potential or current, the organic compounds in wastewater 

can be oxidized on the surface of the anode or in the electrolyte through an electrochemically 

generated mediator. 

 

Fig. 2.1 Conceptual diagram of an electrochemical reactor [7]. 

Electrochemical processes offer in specific cases some advantages such as the environmental 

compatibility (e.g. no need for auxiliary chemicals), versatility (e.g. applicability to a wide range 

of pollutants), energy efficiency (e.g. no need for high pressures and temperatures), amenability 

to automation and cost effectiveness [6]. For these reasons electrochemical oxidation is 

considered a promising and attractive technique for the effective advanced treatment of 

wastewaters containing non-biodegradable organic compounds, such as textile effluents [8-10] 

landfill leachates [11-13] and tannery waste liquors [14]. 
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loading rates, which results in less sludge production and shorter HRT. Furthermore, MBRs have 

small footprints and reduced sludge production. MBRs take only half the land area of a 

conventional activated sludge and sludge production is approximately halved [40-41].  

There are two types of configuration for the MBRs system: external vs. submerged. The external 

MBR is shown in Fig. 2.3a. Mixed liquor is circulated outside of the reactor to the membrane 

module, where pressure drives the separation of water from the sludge. The concentrated sludge 

is then recycled back into the reactor. Fig. 2.3b presents a submerged MBR, where the 

membrane module immerses in the activated sludge. A suction force is applied to draw the water 

through the membrane, while the sludge is retained on the membrane surface. A manifold at the 

base of the reactor diffuses compressed air within the reactor, providing oxygen to maintain 

aerobic conditions. The air bubbles also function to scour the membrane surface and clean the 

exterior of the membrane as they rise in the reactor. The submerged configuration is more 

commonly used than the external configuration because it is less energy-intensive and provides a 

cleaning mechanism to reduce membrane fouling [42]. Thus, more studies focus on the 

submerged configuration than on the external configuration. 

 

Fig. 2.3 MBRs system configuration: (a) external MBR and (b) submerged MBR [43]. 
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The MBR technology has been successfully applied for the treatment of municipal [42,44-45] 

and industrial [46-48] wastewaters. For example, Itokawa et al. [44] analyzed the design and 

operating data from 17 full-scale municipal MBRs plants in Europe. They found that small 

footprint and high effluent quality were the decisive factors of MBR installation. Marrot et al. 

[47] provided a detailed literature review of industrial wastewater treatment by MBRs and 

concluded that the MBR systems have better removal efficiency and a potential for water reuse 

in manufacturing. However, MBRs have not reached a mature stage, and further development is 

essential in terms of both membrane modules and process engineering in order for the 

technology to become more competitive against conventional technologies. 

2.2.2 Thermophilic aerobic activated sludge processes and thermophilic aerobic MBRs 

(TAMBRs) 

Thermophilic aerobic activated sludge system represents a unique process for the treatment of 

high strength and high temperature wastewater. In recent years, thermophilic treatment systems 

have gained considerable interest due to (i) high biodegradation rate: substrate utilization rates 

are 3 - 10 times greater than those observed with analogous mesophilic processes; (ii) reduced 

sludge generation: sludge production rates are generally similar to anaerobic treatment processes; 

(iii) tolerance of high loading rate, and (iv) excellent process stability [49]. However, 

thermophilic aerobic processes have been reported to suffer from poor effluent quality, typically 

measured as higher COD values and turbidity. In particular, a high amount of dispersed particles, 

such as free bacteria and colloids, increases COD values in thermophilic effluents. Another 

problem existing in thermophilic treatment is poor floc formation and poor sludge settleability. 

Possible reasons for the poor thermophilic floc formation along with the formation of dispersed 
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2.2.3 Membrane fouling 

Membrane fouling is a major obstacle that hinders the faster commercialization of MBRs. As 

shown in Fig. 2.4, membrane fouling in MBRs can be attributed to both membrane pore clogging 

and sludge cake deposition on membranes which is usually the predominant fouling component 

[57]. Membrane fouling results in a reduction of permeate flux or an increase of transmembrane 

pressure (TMP) depending on the operation mode. 

 

Fig. 2.4 Membrane fouling process in MBRs: (a) pore blocking and (b) cake layer [58]. 

With respect to MBRs, membrane fouling occurs due to the following mechanisms: (1) 

adsorption of solutes or colloids within/on membranes; (2) deposition of sludge flocs onto the 

membrane surface; (3) formation of a cake layer on the membrane surface; (4) detachment of 

foulants attributed mainly to shear forces; and (5) the spatial and temporal changes of the foulant 

composition during the long-term operation (e.g., the change of bacteria community and 

biopolymer components in the cake layer). 

The fouling of MBRs can be classified into three major categories: biofouling, organic fouling, 

and inorganic fouling. Biofouling refers to the deposition, growth and metabolism of bacteria 

cells or flocs on the membranes. It may start with the deposition of an individual cell or cell 

cluster on the membrane surface, after which the cells multiply and form a cake layer, which has 
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a significant influence on the membrane filtration processes. Lee et al. [57] and Bae et al. [59] 

and Hwang et al. [60] reported that the cake layer resistance in the MBRs was 80%, 92 - 95% 

and 93.9%, respectively, indicating that the formation of cake layer is the main cause leading to 

membrane fouling. Organic fouling in MBRs refers to the deposition of biopolymers (i.e. 

proteins and polysaccharides) on the membranes. Due to the small size, the biopolymers can be 

deposited onto the membranes more readily promoted by the permeate flow. Metzger et al. [61] 

conducted a more detailed study to characterize organic fouling in MBRs and revealed the spatial 

distribution of biopolymers on the membrane surface. Inorganic fouling can form through 

chemical precipitation and biological precipitation. Most researchers attribute membrane fouling 

to the deposition of sludge flocs and biopolymers and, thus, inorganic fouling is considered as an 

insignificant factor in membrane fouling. 

Bound and soluble extracellular polymeric substances (EPS) are currently considered as the 

predominant cause of membrane fouling in MBRs [58]. Bound EPS consist of proteins, 

polysaccharides, nucleic acids, lipids, humic acids, etc. which are located at or outside the cell 

surface. Soluble EPS can be defined as the pool of organic compounds that are released into 

solution from substrate metabolism (usually with biomass growth) and biomass decay [62]. 

Bound EPS have been reported not only as major sludge floc components keeping the floc in a 

three-dimensional matrix, but also as key membrane foulants in MBR systems [63-65]. For 

example, Ahmed et al. [64] observed that as bound EPS concentration rose, the specific cake 

resistance increased, and this consequently resulted in the rise of TMP. In addition to bound EPS, 

soluble EPS have also been recognized as significant contributors to membrane fouling [66-67]. 

Due to the membrane rejection, the soluble EPS is more easily accumulated in MBRs, which 

results in the poor filterability of the sludge suspension. Geng and Hall [68] observed that the 
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particle size distribution and the amount of soluble EPS in the mixed liquor were the most 

important properties that significantly influenced the fouling propensity of sludge. These 

investigations suggest that the bound EPS concentrations are closely connected to sludge 

characteristics such as flocculation ability, hydrophobicity, surface charge, and sludge viscosity 

and the soluble EPS impact on membrane fouling more directly. The concentration and 

composition of the soluble EPS would determine the fouling propensity of the MBR systems. 

Although membrane fouling has been identified as the most challenging issue with MBRs, there 

is very limited information related to the membrane fouling of the thermophilic aerobic MBRs 

(TAMBRs). Kurian et al. [69] performed a long-term study on TAMBRs for the treatment of 

oily pet food wastewater at a low flux of 0.8 L m-2 h-1 and found that the cleaning the 

encapsulated membrane was more and more difficult which resulted in a gradual and 

irrecoverable decrease in flux over time. Visvanathan et al. [56] reported that the concentrations 

of soluble and bound EPS in TAMBRs were 2.5 times higher when compared to the EPS 

concentration in analogue mesophilic MBRs. The higher EPS concentration led to a higher rate 

of fouling in the TAMBR. However, the ratio of protein to carbohydrate (PN/CH) was higher in 

a mesophilic MBR, indicating that the thermophilic bacterial populations preferred utilizing 

protein-like material as a carbon source. The literature also suggests that thermophilic sludge 

contains significantly higher number of small particles compared to mesophilic sludge. For 

example, in a study conducted by Vogelaar et al. [70], the volume percentage of sludge particles 

with a diameter of less than 5 mm was 16% for thermophilic sludge and only 4% for mesophilic 

sludge. The TAMBRs hold great potential for effective and energy-saving treatment of 

wastewater within industrial processes, so it is of great interest to understand the membrane 

fouling mechanisms in the TAMBRs systems. 
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Fig. 2.7 The thin layer three electrode cell [96]. 

All the results obtained from the literature suggest that the COD values determined by the 

proposed electrocatalytic and photoelectrocatalytic method are within a small relative standard 

deviation of those by the conventional COD method. The proposed methods have the advantages 

of short analysis time, simple instrumentation and low environmental impact. As a result, the 

electrocatalytic and photoelectrocatalytic methods for the determination of COD are promising 

alternatives for the conventional method. 
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3.3.6 Water Quality Measurements 

The COD and total suspended solids (TSS) of the wastewater before and after treatment was 

analyzed as described in Standard Methods (APHA, 2005) [1]. UV-vis spectroscopy was also 

used for monitoring the pollutants concentration in the electrochemical oxidation study presented 

in Chapter 4. 

3.4 Summary 

This chapter outlines the chemicals and materials used throughout the research project. The 

experimental methods, techniques and equipments used in the membrane bioreactors study and 

electrochemical study were briefly described. The following chapter will present a study of 

enhanced electrochemical oxidation of phenolic compounds in wastewater by an effective pre-

concentration process. 
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Chapter 4. Enhanced Electrochemical Oxidation of Phenolic Pollutants Based 

on an Effective Pre-concentration Process* 

4.1 Introduction 

Water pollution, especially in industrial wastewater containing organic compounds, is one of the 

most urgent environmental problems. Phenolic compounds are a group of common organic 

pollutants existing in the effluents of coking, oil refineries, production of pesticides and 

herbicides, dyes and textiles, pharmaceuticals, pulp and paper, plastics, and detergent [1-3]. Due 

to the wide prevalence of phenolic compounds in different wastewaters and their high toxicity, 

high oxygen demand and low biodegradability, it is essential to remove them before the 

discharging of wastewater into water bodies [4-7]. Various methods such as adsorption [7-8], 

extraction with solvents [9], membrane separation [10], and advanced oxidation processes 

including Fenton oxidation, ozonation, wet air oxidation, photocatalytic oxidation and 

electrochemical oxidation have been widely studied for the treatment of the wastewater 

containing phenolic compounds [1,11]. Among them, adsorption technology is currently being 

used extensively for the removal of phenolic compounds from aqueous solutions [4,12] and 

electrochemical oxidation is becoming one of the most promising techniques for the degradation 

of phenolic compounds in wastewater [13-15]. 

Adsorption is a simple and efficient method to remove organics from wastewater. Activated 

carbon is the most widely used adsorbent due to its large specific surface area and predominant 

proportion of micropores. However, high regeneration cost and poor mechanical rigidity of 

activated carbon limit its wider applications. Polymeric adsorbents, especially hyper-cross-linked 

resin, have been considered as a practical alternative to activated carbon. A hyper-cross-linked 
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resin has relatively high surface area, high removal efficiency, superior mechanical rigidity and 

feasible regeneration [5,16]. Various polymeric adsorbents have been investigated and different 

adsorption mechanisms have been proposed [4,17-20]. However, adsorption is only a process of 

transferring the pollutants from an aqueous solution to a solid phase and no degradation is 

achieved. In order to eliminate the pollutants, further steps need to be taken. 

Electrochemical oxidation is a promising approach to the destruction of biorefractory organic 

pollutants and the remediation of wastewater [13-15,21-22]. The electrochemical oxidation of 

phenolic compounds has been reported on different anodes such as Pt, dimensionally stable 

anodes (DSA®) and boron doped diamond (BDD) electrodes [2-3,23-26]. Although 

electrochemical oxidation possesses many advantages, it is not widely applied in wastewater 

treatment due to its low current efficiency and high cost caused mainly by low concentrations of 

contaminants and the poor conductivity of most wastewater streams [21,27-28]. It is a challenge 

to develop efficient electrochemical oxidation processes for wastewater treatment. 

The aim of this study is to demonstrate a novel approach based on an effective adsorption and 

release process to enhance the electrochemical oxidation of phenolic compounds. This new 

technique overcomes the problem of non-degradability in adsorption by completing eliminating 

the pollutants in the following electrochemical oxidation process. More importantly, the 

adsorption and release process improves the efficiency of electrochemical oxidation: the mass 

transfer of the pollutants from the bulk solution to the surface of the electrode can be 

significantly enhanced due to the immensely increased concentration achieved by the adsorbing 

of the pollutants and releasing them into a solution of a much smaller volume;  the conductivity 

of the initial wastewater can be greatly increased due to the employment of a strong NaOH 

electrolyte as the releasing reagent. Three phenolic pollutants, phenol, p-NPh (containing the 
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area of the resin is 790.7 m2 g-1; the t-Plot micropore area is 493.4 m2 g-1; the micropores (%) are 

62.4% and the average pore diameter is 2.3 nm. 

4.2.3 Adsorption of phenolic compounds 

Equilibrium adsorption experiments were carried out by allowing a pre-selected amount of MN-

200 resin to reach equilibrium with phenol, p-NPh and p-cresol solutions of different initial 

concentrations, C0 (mmol L-1), ranging from 1 to 6 mmol L-1 at a temperature of 293K. Known 

weight of MN-200 resin (100mg) was introduced into 125 mL reaction bottles each containing 

50 mL of the above solutions. The solutions were stirred constantly until the equilibrium was 

reached. The equilibrium concentration, Ce (mmol L-1), was determined and the equilibrium 

adsorption capacity, qe (mmol g-1) was calculated [31]. Kinetic adsorption studies of phenol, p-

NPh and p-cresol were performed at the temperature of 293, 313 and 333 K respectively by 

analyzing the adsorption capacity qt (mmol g-1) versus the initial concentration of 1 mmol L-1 at 

different time intervals until the adsorption equilibrium was reached. 

4.2.4 Pre-concentration and release of phenolic compounds 

The pre-concentration experiments of phenol, p-NPh and p-cresol were carried out at 293 K. 160 

mg of MN-200 resin was weighed and introduced to 200 mL of phenol, p-NPh and p-cresol 

aqueous solutions with the initial concentration of 0.04 mmol L-1. The solutions were stirred until 

equilibrium was reached. After the pre-concentration process, the release experiments were 

carried out by replacing the removed 200 mL equilibrium aliquots with 40 mL of 0.5 mol L-1 

NaOH solution. The solutions were stirred until the release process reached equilibrium. For 

comparison, 0.5 mol L-1 Na2SO4 and H2SO4 solutions were also used to evaluate the release 

efficiency of p-NPh. 
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Fig. 4.1 The adsorption isotherms of phenol, p-NPh and p-cresol adsorbed onto MN-200 resin in 

aqueous solution at the temperature of 293K. 

Table 4.1 The correlated parameters for the adsorption of phenol, p-NPh and p-cresol onto MN-

200 resin at the temperature of 293K according to Langmuir and Freundlich isotherm. 

Adsorbate 
Langmuir isotherm   Freundlich isotherm 

qm(mmol g-1) KL(L mmol-1) R2  KF(mmol g-1)(L mmol-1)(1/n) 1/n R2 

Phenol 1.728  0.779  0.990   0.684  0.583  0.992  

p-NPh 1.422  6.352  0.954   1.168  0.355  0.997  

p-cresol 1.942  3.442  0.994    1.327  0.429  0.992  
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Fig. 4.2 UV spectra during the adsorption of: (A) phenol, (B) p-cresol and (C) p-NPh with an initial 

concentration of 1mmol L-1 onto MN-200 resin at the temperature of 293K; (D) Plot of Ct/C0 vs. 

time; (E) The corresponding adsorption kinetic curve of phenol, p-NPh and p-cresol; and (F) Plot of 

t/qt vs. time (pseudo-second-order kinetics) of phenol, p-NPh and p-cresol. 
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Where the qt is the adsorption capacity at contact time t (mmol g-1); k1 (min-1) and k2 (g mmol-1 

min-1) are the pseudo-first-order and pseudo-second-order rate constants, respectively. The 

corresponding fitting curves of the three adsorbates for the pseudo-second-order kinetic model 

are shown in Fig. 4.2F and the kinetic parameters of the three adsorbates are listed in Table 4.2. 

The higher correlation coefficients (R2>0.99) with the pseudo-second-order model and the 

calculated qe values closer to the experimental ones suggest that the adsorption of the three 

adsorbates can be approximated more favourably by the pseudo-second-order model. The k2 

values of phenol, p-cresol, p-NPh at the temperature of 293 K were estimated based on the 

pseudo-second-order model to be 0.154, 0.142 and 0.118 g mmol-1 min-1, respectively, indicating 

that the removal of phenol is more rapid than that of p-cresol and p-NPh. This may be attributed 

to the molecular size. The molecular size of phenol, p-cresol and p-NPh is 0.57nm × 0.43nm, 

0.66nm × 0.43nm, and 0.66nm × 0.43nm, respectively, and the smaller molecular size of phenol 

facilitates its diffusion into the micropores of the adsorbent. 

4.3.3 The effect of temperature on adsorption 

In order to evaluate the effect of temperature, a series of contact time experiments were carried 

out with constant initial concentrations of phenol, p-cresol and p-NPh of 1 mmol L-1 and MN-

200 resin dosage of 100 mg/50 mL at 293, 313, and 333 K. The effect of temperature on the 

adsorption of phenol is shown in Fig. 4.3A and the kinetic parameters for the pseudo-first-order 

and pseudo-second-order model of the three adsorbates at different temperatures are listed in 

Table 4.2. It can be seen from Fig. 4.3A and Table 4.2 that the uptake of the phenol onto MN-

200 resin decreased from 0.363 to 0.263 mmol-1 g-1 with an increase in temperature from 293 to 

333K, indicating the exothermic nature of adsorption [5,12]. The pseudo-second-order rate 

constants k2 of phenol can be determined by the slope of the plot of qt/(q2
e-qeqt) vs. time shown in 
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Fig. 4.3 (A) The adsorption kinetic curve of phenol with the initial concentration of 1mmol L-1 at 

293, 313 and 333K. (B) Plot of qt/(q2
e-qeqt) vs. time for the adsorption of phenol onto MN-200 resin 

in aqueous solution at different temperatures with the initial concentration of 1mmol L-1 and the 

slope utilized in the determination of the pseudo-second-order kinetic rate constant k2. (C) Plot of 

lnk2 vs. 1/T (Arrhenius relationship) for the adsorption of p-NPh, p-cresol and phenol with the 

initial concentration of 1mmol L-1 onto MN-200 resin in aqueous solution with a slope utilized to 

determine the activation energy. 
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the electrochemical oxidation process is its high power consumption caused by the poor 

conductivity of wastewater [28,41]. In order to achieve a high performance of electrochemical 

oxidation, phenol, p-NPh and p-cresol were first preconcentrated by the adsorption process 

described above. The adsorption was carried out by adsorbing the three pollutants with an initial 

concentration of 0.04 mmol L-1 from the 200 mL of aqueous solution onto 0.16 g of the MN-200 

resin. It was found that the removal efficiency of the three pollutants in the adsorption process 

was close to 100%. 

To re-generate the resin and to further treat the adsorbed phenolic pollutants, we have studied the 

effect of electrolytes on the release of the phenolic pollutants from the resin. Fig. 4.4 compares 

the release efficiency of 40 mL of three different solutions (H2SO4, Na2SO4 and NaOH) with the 

concentration of 0.5 mol L-1 for the release of the adsorbed p-NPh from the resin. Clearly, the 

electrolytes H2SO4 and Na2SO4 are unable to release the adsorbed p-NPh. In contrast, a large 

broad peak appeared when NaOH was used as the release agent. Similar results were obtained 

for the release of the adsorbed p-cresol and phenol. Further quantitative analysis of the UV 

visible spectra shows that the release efficiency of the NaOH solution for the adsorbed p-NPh, p-

cresol and phenol was over 90%. Our recent studies have shown that a NaOH electrolyte 

provides a desirable medium for the electrochemical oxidation of organic compounds [42-43]. 

The effective release of the adsorbed phenolic pollutants using a NaOH solution opens the door 

to the further treatment the pollutants using the advanced electrochemical oxidation approach.  
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Fig. 4.6A-C presents typical scanning kinetics graphs taken at different time intervals during the 

electrochemical oxidation of p-NPh, phenol and p-cresol, respectively, at the current density of 

100 mA cm-2 and the temperature of 293 K. As can be seen from Fig. 4.6A, the main absorption 

band centered at 400 nm significantly decreased with time. In addition, a new band appeared at 

ca. 320 nm, indicating that intermediates were formed during the electrochemical oxidation of p-

NPh. After rising to its maximum intensity, the new band began to decrease and finally 

disappeared, demonstrating that the intermediates can also be completely electrochemically 

oxidized. Similarly, for the UV spectra of phenol (Fig. 4.6B), the peak at 240 nm decreased 

significantly during the electrochemical oxidation while the peak at ca. 260nm and one new peak 

entered at ca. 320 nm increased during the first 60 min, and then decreased over time. After 420 

min electrochemical oxidation, all the peaks disappeared, indicating that the phenol and the 

intermediates were completed eliminated. Fig. 4.6C presents the spectral absorbance for the 

oxidation of p-cresol. Both absorbance bands (240nm and 295 nm) decreased with time, 

indicating a decrease in concentration. The peak centered at ca 270 nm first increased and then 

decreased over time, showing the short-time formation and complete destruction of the 

intermediates during the oxidation process. 

The C/C0 vs. time relationship for the three pollutants is calculated based on the calibration 

equation between the absorbance versus concentration carried out in 0.5 mol L-1 NaOH solution. 

As shown in Fig. 4.6D, 83%, 90% and 96% of the initial p-cresol, phenol and p-NPh were 

oxidized, after 450, 420 and 110 min periods of treatment, respectively. The stimulated curves 

based on first-order kinetics fit very well with the experimental data. The plots of ln(C/C0) vs. 

time shown in the inset of Fig. 4.6D further support the first-order kinetics relationship with 

correlation coefficients of 0.997, 0.999 and 0.999, and give rate constants of k = 0.0068, 0.0110  
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Fig. 4.6 (A-C) UV spectra of the electrochemical oxidation of p-NPh, phenol and p-cresol at a 

Ti/ SnO2-Sb2O5-IrO2 electrode in 0.5 mol L-1 NaOH at 293K with 100 mA cm-2. (D) Plot of 

C/C0 vs. time for the electrochemical oxidation of phenol, p-NPh and p-cresol at a Ti/SnO2-

Sb2O5-IrO2 electrode in 0.5 mol L-1 NaOH at 293K with 100 mA cm-2. The inset shows the 

ln(C/C0) vs. time relationship. 
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and 0.0304 min-1 for p-cresol, phenol and p-NPh, respectively. The rate constant for the 

electrochemical oxidation of p-NPh is much larger than that for the electrochemical oxidation of 

p-cresol and phenol. It has been reported that the electrochemical degradation of organics is 

primarily dependent on the hydroxyl radical generated on the anode [13,47]. Under the attack of 

hydroxyl radicals, the release of p-substituted groups [3,47] from the aromatic ring is the rate-

limiting step. Since electron-withdrawing groups are easily released, the p-substituted phenols 

with these groups are degraded faster than those with electron-donating groups [1]. In addition, 

the electron-donating groups increase the electron density of the aromatic ring, thus enhancing its 

stability and, consequently, strongly retarding the oxidation process [48]. As for the three 

chemicals in this study, the -NO2 group in p-NPh is electron-withdrawing while the -CH3 group 

in p-cresol is electron-donating, thus the rate constant for the electrochemical oxidation is shown 

as p-NPh> phenol> p-cresol. 

4.6 Summary 

To address the non-degradability nature of adsorption and the poor performance of 

electrochemical treatment of wastewater with low concentrations of pollutants, we have 

demonstrated a novel approach by integration of effective adsorption, release and 

electrochemical oxidation in this study. The adsorption process was carried out by adsorbing 

three model phenolic compounds (phenol, p-NPh and p-cresol) onto MN-200 resin and shows 

high removal efficiency of the three model pollutants. The adsorption isotherms can be 

effectively fitted using the Freundlich isotherm model. The adsorption kinetics of the three 

pollutants obeys the pseudo-second-order model and an increase in temperature expedites the 

adsorption process whereas it lowers adsorption capacity. Our experimental results have shown 

that the adsorbed phenolic pollutants onto the MN-200 resin can be efficiently released by NaOH 
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and thus raises the problem of biomass separation [4-5]. The incorporation of membrane 

separation technology into the TABP to construct unique thermophilic submerged aerobic 

membrane bioreactors (TSAMBRs) may overcome this problem [6].  

The TSAMBRs have been successfully used for the treatment of wastewaters from pulp and 

paper industry, food industry and landfill sites [7-10]. All the findings demonstrate that 

TSAMBR can achieve high effluent quality, low sludge yield and good process stability. 

However, similar to the mesophilic MBRs systems, the membrane fouling is also the intractable 

problem associated with the TSAMBRs and a careful review of the literature shows that there is 

quite limited information available for the membrane fouling in TSAMBRs. 

Hydraulic retention time (HRT) is a very important operating parameter for MBRs system, 

which correlates not only to the treatment efficiency of the MBRs [11], but also to the sludge 

properties in the MBRs [12-14]. For example, Ren et al. [11] reported on using a mesophilic 

aerobic MBR for the treatment of domestic sewage and found that with the decrease in HRT, the 

COD removal efficiency decreased. Moreover, Meng et al. [13] found that MLSS concentration, 

EPS concentration and sludge viscosity increased significantly as HRT decreased in a mesophilic 

aerobic MBR. However, to date, no investigation has been reported on the influence of HRT on 

the TSAMBR system. 

In order to practically achieve system closure, further treatment of the effluent after the 

TSAMBR system is required. Several approaches including reverse osmosis (RO) [15], 

ozonation [16-17] and electrochemical oxidation [18] have been proposed for post treatment of 

MBRs effluent. Among them, electrochemical oxidation has the advantages of versatility, easy 

operation, amenability to automation and most importantly, environmentally benign [19]. Using 
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pump (Thermo/Barnant, Model HD-pH-5e10, Barrington, IL, USA) and a pH electrode (Thermo 

Scientific, Beverly, MA, USA) were installed for the automatic control of the pH value at 6.9 ± 

0.1 using 0.2 M NaOH solution. The TSAMBR was operated at a thermophilic temperature of 

51±1 °C by circulating hot water (63 °C) through the water jacket. The thermophilic sludge in 

this study was developed by a step increase in temperature using a seed sludge obtained from the 

wastewater treatment unit of a local pulp and paper mill. The sludge liquor was continuously 

mixed by a magnetic stirrer located at the bottom of bioreactor. 

 

 

Fig. 5.1 Schematic of the thermophilic submerged aerobic membrane bioreactor set-up. 
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TMP pressate was pumped into the bottom of the bioreactor automatically by a peristaltic pump 

(Masterflex Model 7520-50, Barnant Co., USA) controlled by a level sensor (Madison Co., 

USA) and controller (Flowline, USA). The characteristics of the influent are summarized in 

Table 5.1. Macro-nutrients: nitrogen (NH4Cl) and phosphorus (KH2PO4) were fed in a proportion 

of COD: N: P = 100:5:1 for biomass growth in an aerobic environment. The permeate was 

obtained intermittently by using a peristaltic pump (Masterflex, C/L, Model 77120-70, Barnant 

Co., USA) with a operation mode of 4 min on and 1 min off. Membrane flux was controlled by 

adjusting the pump rotation speed and transmembrane pressure (TMP) was measured by a 

vacuum gauge connected between the bioreactor and the permeate pump. During the operation of 

the bioreactor, a total volume of 300 ml of sludge was taken out for bulk sludge characterization 

or was wasted daily to main the SRT = 20 d. The main operating conditions are summarized in 

Table 5.2. When the TMP reached 30 Kpa, the reactor was shut down and the membrane module 

was taken out of the bioreactor and replaced by a new one. The fouled membranes were then 

used for cake sludge characterization. 

The electrochemical oxidation of the TSAMBR effluent was performed on the lab-made 

Ti/SnO2-Sb2O5-IrO2 electrode with an applied current of 80 mA for 5.5 hours. The fabrication 

and characterization of the Ti/SnO2-Sb2O5-IrO2 electrode were elucidated in Chapter 4. 20ml of 

the TSAMBR effluent was put into a two-electrode cell where the Ti/SnO2-Sb2O5-IrO2 electrode 

with a geometric area of 5 cm2 acted as the working electrode and a platinum coil served as the 

counter electrode. The electrochemical cell was connected to an Arbin Instruments power supply 

coupled with a computer system for the application and monitoring of current and potential. A 

Fisher stirrer was used to stir the solution during the electrochemical oxidation of the TSAMBR 

treated effluent. 
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Table 5.1 Main characteristics of thermomechanical pulping pressate. 

pH 4.0 - 4.2 

TSS (mg/L) ~330 

COD (mg/L) 3343 - 4250 

Total nitrogen (mg/L) 0.01 - 0.02 

Total phosphorus (mg/L) 1.306 - 1.474 

Total Sulfur (mg/L) 55.25 - 59.61 

Aluminum (mg/L) 0.452 - 0.561 

Barium (mg/L) 0.579 - 0.726 

Calcium (mg/L) 35.810 - 43.350 

Copper (mg/L) 0.023 - 0.024 

Iron (mg/L) 0.238 - 0.288 

Potassium (mg/L) 35.30 - 38.20 

Magnesium (mg/L) 7.35 - 8.84 

Manganese (mg/L) 2.032 - 2.149 

Sodium (mg/L) 61.78 - 66.83 

Nickel (mg/L) 0.04 - 0.08 

Strontium (mg/L) 0.132 - 0.154 

Zinc (mg/L) 0.343 - 0.534 

 

Table 5.2 Main operational conditions of the TSMBR. 

 Day 17-41 Day 67-105 Day 106-158 

HRT(d) 1.7 ± 0.2 1.1 ± 0.1 0.9 ± 0.1 

SRT (d) 20 20 20 

Organic Loading Rate 
(kgCOD/(m3·d)) 

2.76 ± 0.13 3.34 ± 0.17 3.98 ± 0.23 

Flux (L/(m2 h)) 6.8 ± 0.7 9.2 ± 0.5 11.8 ± 0.4 

pH 6.9 ± 0.1 6.9 ± 0.1 
6.9 ± 0.1 (7.8 at 
day 120) 

Temperature (°C) 51 ± 1 51 ± 1 51 ± 1 
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operating period can be divided into 5 stages: acclimation stage (day 1 -17), HRT = 1.7 ± 0.2d 

stage (day 18 - 41), 1.1 ± 0.1d stage (day 67 - 105), and 0.9 ± 0.1d stage (day 106 - 156) with a 

system upset stage from day 42 to 66. The decreased HRT from 1.7 ± 0.2d to 0.9 ± 0.1d was 

achieved by increasing permeate flux from around 6.8 ± 0.7 to 11.8 ±0.4 L/(m2 h), which also led 

to an slight increase in MLSS concentration from 10.0 to 12.0 g/L (Fig. 5.2a). Previous studies 

demonstrated that the concentration of MLSS ranging from 8 to 12g/L [28] and from 9 to 14g/L 

[29] does not appear to have significant effect on the membrane fouling. The COD in the 

influent, supernatant and permeate are presented in Fig. 5.2b. The influent COD value varies 

from 3343 to 4250 mg/L, while the steady-state permeate COD value at HRT of 1.7 ± 0.2, 1.1 ± 

0.1, 0.9 ± 0.1d and was 385, 292, and 393 mg/L corresponding to a removal efficiency of 92%, 

92% and 89%, respectively. The supernatant COD in the bioreactor was consistently higher than 

the permeate COD, indicating the retention of organic compounds by the membrane and the 

formed cake layer, which is consistent with the findings of previous studies [30-32]. The 

significantly higher supernatant COD at an HRT of 0.9 ± 0.1d may contribute to the much faster 

fouling (Fig. 5.3). A pH disruption occurred on day 120, which gave rise to deterioration in COD 

degradation: both permeate and supernatant COD jumped to high values and the COD removal 

efficiency dropped sharply from around 90% to 73%. Then the TSAMBR was recovered in 5 

days. All of the findings indicate that the HRTs chosen in our experiments exert no significant 

influence in terms of COD removal efficiency and the TSAMBR has the potential to be used as 

an in-mill wastewater treatment process to achieve system closure in the pulp and paper industry 

under an optimal HRT. 


































































































