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NOMENCLATURE

2
Am the surface area of the membrane (m )

b adsorption affinity, a constant related to the heat of adsorption

C concentration of the adsorbate in the solution (bulk phase concentration, mg/L)

Cb the organic concentration in the bulk phase in the reactor (mg/L)

Ce equilibrium concentration of the solute (mg/L)

Ce effluent concentration

Ci influent concentration

C0 the organic concentration in the feeding tank (mg/L)

Cr Q/3 concentration in the bulk phase

C" equilibrium concentration of Q/3 in the bulk phase

Cs the concentration of the external surface of PAC particles (mg/L)

De the free liquid diffusivity of the solute

Ds the surface diffusion coefficient (the rate of diffusion of the target 
compound along the surface of the carbon, m /s)

H adsorption constant (Henry’s Law)

k the first order reaction coefficient

ka coefficient for adsorption onto PAC

km coefficient for attachment to the membrane

kd coefficient for the bacterial decay, and

ke coefficient for inactivation due to the desorption of Q/3 from PAC

K constants characteristic of the system

Kf the external mass transfer coefficient (m/s) 

ks the solid mass transfer coefficient

M the weight of PAC used (g)

MCC the membrane correlation coefficient

IX



n parameter in the Sips equation

1/n constants characteristic of the system

q measured amount of organic matter adsorbed onto a unit amount of
adsorbent (mg/g)

q° maximum adsorbed phase concentration (mg/g)

qe saturation amount of organic adsorbed (mg/g)

qm amount of solute adsorbed per unit weight of adsorbent required for 
monolayer capacity (mg/g)

qt the rate of change of surface concentration with time (t) at any radial
distance (r) from the center of the activated carbon particle during 
adsorption (mg/g)

Q the flow rate (m3/s)

R radius of carbon particle, L

T temperature

V the volume of the bulk solution in the reactor (nr)

VM the volume of membrane (m3)

W PAC dose

[(M/V)-(dq/dt)] represents the adsorption of the organics onto PAC in suspension

[(AM/VM)'MCOCb] describes the adsorption onto the PAC layer deposited onto
membrane surface

Greek letters

£■ parameter (= vF(l + KW))

\p organic concentration spreading parameter

5 the thickness of the diffusional sublayer

pp apparent density of the activated carbon (kg/m3)

X
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ABSTRACT

Generally, the conventional wastewater treatment cannot remove all the effluent organic 

matter (EfOM) such as synthetic organic chemicals and natural organic matter etc. As a 

result, the biologically treated effluent from sewage treatment plant needs to undergo 

further advanced treatment processes. To obtain water of recyclable quality, initially 

physico-chemical processes such as flocculation, sedimentation, filtration and 

adsorption were normally used. However, with advanced technologies and ever 

increasing stringent water quality criteria, membrane processes are becoming more 

attractive in water reuse.

Among different membrane processes, although microfiltration (MF) can be operated 

economically, it alone cannot remove organic matter. If MF is combined with an 

enhanced flocculation or/and adsorption, it will be able to reduce superior level of 

organic contaminants. The aims of this study are: (i) improving the dissolved organic 

removal and reduce membrane fouling of two membrane hybrid systems (crossflow 

microfiltration (CFMF) and submerged membrane adsorption hybrid system (SMAHS)) 

using different pretreatment methods (flocculation, adsorption and flocculation- 

adsorption); (ii) investigating the critical flux of a laboratory-scale CFMF with and 

without different pretreatments.

The incorporation of powdered activated carbon (PAC) as pretreatment to CFMF 

resulted in high TOC removal efficiency (more than 80%) when the PAC-CFMF system 
was operated at a relatively high filtration flux of 250 L/m2.h. The incorporation of 

flocculation and PAC as pretreatments to CFMF process resulted in a very high TOC 

removal efficiency (99.7%) and a stable filtration flux during 5-hour filter run (less than 

12% flux decline), when the hybrid system was operated at a higher filtration flux (270 

L/m2.h).

Application of membrane processes requires lower investment and operating costs. One 

of the ways is to operate system at a constant filtration flux below the critical flux. With 

both flocculation and adsorption as pretreatment to CFMF, the critical flux of 

biologically treated effluent increased dramatically (5-7 times increase).
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The preadsorption, PAC dose, aeration rate and filtration flux had effects both on 

organic matter removal efficiency and TMP development. The preadsorption of 1 hour 

prior to the membrane operation was important in mitigating the membrane fouling. The 

suitable aeration rate, filtration flux and initial PAC dosing were 16 L/min, < 24 L/m.h 

and 5 g/L respectively for the wastewater used in this study. The long term SMAHS 

experiments conducted with regular PAC replacement indicated that the PAC 

replacement in PAC-MF reactor could stimulate both biological activity and adsorption, 

as well as optimize the operation of the hybrid system.
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1.1 General

1.1.1 Wastewater reuse

Scarcity of freshwater sources is growing day by day due to population growth and 

urban expansion. Wastewater reuse is being increasingly emphasized as a strategy for 

rational use of limited freshwater and as a means of safeguarding the deteriorating 

aquatic environment due to wastewater disposal. Reuse of wastewater has become all 

the more important in small and isolated communities where alternative sources of 

freshwater are neither available nor cost-effective. In Australia, water reuse is being 

considered as a major strategy in promoting water conservation both at the national 

level through a National Working Group on Water Conservation and in the states 

through state level strategies such as the NSW Water Conservation Strategy. At present, 

water reuse is being tried for non-potable uses in various locations. The level of reuse is 

projected in Australia is substantial by world standards although the contribution to total 

urban water needs in Australia is small. Un-reticulated sewage systems and small 

sewage treatment plants are prevalent in the coastal areas of NSW and Queensland and 

the interior parts of Northern Territory with small and isolated communities. The 

highest rate of reuse is projected for Queensland (30%) and the lowest rate for the ACT 

(3%). Current minimum projections for 2001-2008 are that 328 GL/year of wastewater 

from water utility treatment plant will be reused, which is about 19% of the total 

projected wastewater output from water utility wastewater treatment in Australia (Dillon, 

2000).

1.1.2 Water reuse technologies

Conventional sewage treatment includes primary treatment to remove the majority of 

suspended solids, secondary biological treatment to remove the biodegradable dissolved 

organics and nitrogen and tertiary treatment to remove most of the remaining organic 

solids and pathogenic microorganisms. The effluent coming out of this treatment, 

although can be discharged into a waterway, cannot be recycled. To obtain water of 

recyclable quality, initially physico-chemical processes such as flocculation, 

sedimentation, fdtration and adsorption were used. With technological advances and
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ever increasing stringent water quality criteria, membrane processes became more 

attractive in water reuse.

The membrane options range from nanofiltration (NF) through ultrafiltration (UF) to 

microfiltration (MF), and in some applications UF or MF combined in a hybrid system 

with chemical or adsorbent addition. These processes lead to complete removal of 

turbidity and pathogens. NF can readily achieve 90-99% organic (mainly THMP) and 

colour removal. But, due to a high pressure requirement, NF may not be an economical 

option in wastewater treatment. Although MF can be operated economically in a water 

treatment system, it alone cannot remove organic matter. If MF is combined with an 

enhanced coagulation, adsorption, it will be able to reduce superior level of organic 

contaminants. Introduction of adsorption and or flocculation as pretreatment to MF will 

not only remove most of the small molecular weight organics which cannot removed by 

MF but also minimize the membrane fouling that would have occurred by small 

molecular weight organics. The large molecular weight organics will successfully be 

removed by MF together with suspended solids and microorganisms. The choice of 

correct filtration rate (or flux) is important in the long term operation of the membrane 

unit. Hence, the filtration rate is optimized as a function of the aeration requirement. 

Critical flux approach is used as a means to quantify the hydraulic gain associated with 

various aeration (bubbling) conditions (Kwon et ah, 2000). The critical flux is the 

highest stable flux achievable with a given suspension under a given set of hydraulic 

conditions.

Further, if a submerged hollow fibre membrane unit is used instead of an external loop, 

the pressure requirement becomes much lower (Chiemchaisri et ah, 1993), and the 

cleaning requirements become minimal (Ben Aim, 1999).

Submerged membrane units are simple to operate and suffer minimum membrane 

clogging. As they are often operated at low filtration rates (to minimize membrane 

clogging), submerged membrane reactors are particularly suitable for producing 

reusable quality wastewater in smaller communities. However, biological degradation 

may be disrupted in submerged membrane bioreactors if wastewater is contaminated 

with toxic and other not-easily biodegradable matter. Submerged membrane bioreactors 

carry out the entire treatment activity (namely biodegradation, solid-liquid separation,
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and sludge accumulation and withdrawal) in a single unit. This may pose an operational 

problem. To facilitate the removal of refractory organics, the submerged membrane 

reactor may be dosed with adsorbents and flocculants. Theoretically, flocculation and 

adsorption should remove large and small molecular weight dissolved organic 

substances, respectively. These processes are physico-chemical in nature and can be 

controlled easily. Presence of both adsorbents and flocculants have also been found to 

minimize membrane clogging, thereby significantly increasing the filtration rate 

(permeate flux) (Abdessemed et al., 1998).

1.2 Objectives of the study

1.2.1 Crossflow microfiltration hybrid system

The main aim of this study is to evaluate the practical use of specific pretreatment such 

as adsorption (in-line PAC addition) and flocculation (e.g. floating medium flocculator 

FMF) - PAC for crossflow microfiltration (CFMF) to treat a biological treated sewage 

effluent for water reuse.

This aim can be made through:

1. To evaluate the reduction in membrane fouling and the improvement in the 

removal of large and small molecular weight organics removal by the 

introduction of flocculation, adsorption or flocculation and flocculation as pre

treatment to MF;

2. To evaluate the applicability of pretreatment of flocculation and adsorption on 

flux improvement in terms of the critical flux. The reduction of membrane 

fouling increases the filtration flux and thus the critical flux.
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1.2.2 Submerged membrane adsorption hybrid system (SMAHS)

The main objective of this part is to optimize the submerged hollow fibre membrane 

hybrid system through:

1. To optimize the aeration, adsorption and biodegradation of adsorb organics in the 

SMAHS:

(i) To determine the adsorptive capacity of powdered activated carbon (PAC) 

in removing different molecular weight ranges of organics in biologically 

treated sewage effluent,

(ii) To identify the optimum hydrodynamic conditions to promote the 

biodegradation of organics adsorbed onto PAC and to facilitate membrane 

declogging,

(iii) To investigate whether the PAC replacement can enhance the performance 

of SMAHS for organic removal,

(iv) To identify the operation conditions of hollow fibre membrane system with 

low water head and continuous suction.

2. To comparison the performance of SMAHS with and without pre-treatment 

(flocculation, adsorption, flocculation-adsorption) in terms of organic removal and 

removing of MW size; and

3. To develop a conceptual mathematical modelling to simulate the organic removal 

efficiency of SMAHS using the concept of a continuous flow stirred tank reactor.

1.3 Scope of the study

1.3.1 Adsorption experiments

Detailed adsorption equilibrium and kinetic experiments were conducted using the 

synthetic wastewater in the Environmental Engineering R & D laboratory at UTS and 

biologically treated sewage effluent (Homebush Bay Wastewater Reclamation Plant). 

The adsorption equilibrium was quantified based on Talu model which takes into
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account of three main characteristics of the adsorption system, namely chemical 

equilibria, equation of state (EOS) and phase equilibrium. Adsorption as pretreatment 

experiments were carried out at different PAC doses.

1.3.2 Flocculation experiments

Laboratory and on-site flocculation experiments were conducted at different flocculant 

doses using spiral flocculator, floating medium flocculator or mechanical stirrers. A 

spiral flocculator was used which has the flexibility of varying flocculation time and 

velocity gradient. In case of floating medium flocculator (FMF), the system operated in 

a downflow mode under constant head pressure and incorporated in-line flocculation.

1.3.3 Study on crossflow microfiltration hybrid system

A detailed study on semi-pilot-scale PAC-CFMF was carried out at Homebush Bay 

Reclamation Plant with the experimental conditions at different PAC dose, filtration 

flux, and backwash time. The FMF-PAC-CFMF hybrid experiments at different 

filtration flux.

1.3.4 Critical flux experiments

A series of short term and long term critical flux experiments were conducted using the 

three laboratory-scale systems namely adsorption (PAC)-CFMF, flocculation-CFMF 

and flocculation-adsorption-CFMF using synthetic wastewater and biologically treated 

sewage effluent. These experiments are conducted to investigate the importance of 

pretreatments to CFMF in minimizing membrane fouling and enhancing the organics 

removal efficiency based on the concepts of critical flux.
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A detailed experimental study was conducted to investigate the optimum operation 

conditions and the advantages of pretreatments to SMAHS. The experiments were 

carried out at varying operation conditions such as filtration flux, initial PAC dose, 

preadsorption duration etc. A spiral flocculator (SF) was employed as preflocculation 

process prior to a PAC-submerged hollow fiber microfiltration (SMF) hybrid system. 

The short term experiments were conducted to investigate how SF can minimize the 

membrane fouling as pretreatment to PAC-SMF system. Long term experiments (with 

PAC replacement) also were carried out to study the performance of SMAHS on 

organic removal, TMP development, dry mass growth on PAC and DO variation.

1.3.5 Study on submerged hollow fiber membrane-adsorption hybrid
system (SMAHS)

1.3.6 Mathematical modelling of SMAHS

A semi-empirical model was developed to predict the results of SMAHS using the 

concept of a continuous flow stirred tank reactor. An empirical term, membrane 

correlation coefficient (MCC) was introduced by Chaudhary (2003) in the model to 

incorporate both adsorption of organics on membrane surface and retention of PAC 

(associated with organics adsorbed on it) on membrane. The model was first calibrated 

using the experimental data and then was used to predict the performance of SMAHS 

through model simulation. Model predictions were based on adsorption equilibrium and 

kinetic parameters determined from isotherm and batch experiments respectively.

1.4 Organization of the report

This report was organized in 8 chapters. A brief introduction of wastewater reuse and 

membrane processes, especially membrane hybrid system has been given in Chapter 1. 

It further elaborates the specific objectives and scope of the research work. Chapter 2 

includes the review of available background literature pertaining to the topic of the 

thesis. It provides an intensive review of various technologies available in wastewater 

treatment for water reuse. Fundamental concepts of critical flux in membrane filtration
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and various applied mathematical modellings of adsorption are also included in this 

chapter. Chapter 3 describes the materials and methods used in the study, as well as 

discussing the experimental techniques and experimental protocols devised to meet the 

goal. Chapter 4 investigates on the importance of different pretreatments to CFMF. 

Evaluation of the possible incorporation of pretreatments to microfiltration based on the 

critical flux concepts are shown in Chapter 5. The short term performance of SMAHS 

incorporating with pretreatments under different operation conditions and its conceptual 

mathematical modelling are discussed in Chapter 6. Chapter 7 concluded with the long 

term SMAHS experiments with the optimum conditions obtained from Chapter 6. 

Conclusions drawn from the study and recommendations for the future work are given in 

Chapter 8. The thesis concludes with a list of references on the research and the articles 

relevant to the study. Finally, the necessary appendices have been listed at the end.
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2.1 Introduction

This chapter explains an extensive review of wastewater treatment and reuse with 

specific reference to various problems, concepts, treatment processes and configurations 

and its practical application. The most advanced submerged membrane bioreactor 

hybrid system for the treatment of wastewater studied by several researchers has been 

elaborated.

2.2 The world’s worsening water crisis

All living organisms are composed of cells that contain at least 60 percent water 

because organisms can only exist where there is access to adequate supplies of water. 

Water is also a unique and essential for life on Earth because it has remarkable physical 

properties. We need water everyday for our basic physiological needs, for food and 

cleaning, for energy, and most important, for sustaining our global ecosystems. 

Worldwide water demands roughly tripled. Agriculture now accounts for about 70% of 

world water use, industry for about 22% and towns and municipalities for 8% 

(Worldwatch Institute, 2004). However, during the last half century the scale and pace 

of human influences on freshwater systems has accelerated rapidly with population and 

consumption growth and our usable water supplies have been exhausting due to both 

human and natural factors. Today, 1.1 billion people lack safe drinking water and 2.4 

billion lack access to basic sanitation. The United Nations estimates that it costs $30 

billion a year to meet current drinking water supply and sanitation needs, and that 

between $14 and $30 billion more per year would be needed to meet global water and 

sanitation targets. If people continue with business as usual, two-thirds of the world’s 

population will be living in moderate to severe water stress by 2025 (Skirble, 2003).

2.3 Wastewater reclamation and water reuse

It is important to understand the terminology used in the arena of water reclamation and 

reuse. Wastewater reclamation means the treatment or processing of wastewater to
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make it reusable whilst water reuse is the use of treated wastewater for beneficial 

purposes such as agricultural irrigation and industrial cooling. Reclaimed water is a 

treated effluent suitable for an intended water reuse application. In addition, direct water 

reuse requires the existence of pipes or other conveyance facilities for delivering 

reclaimed water. Indirect reuse is discharge of an effluent to receiving water for 

assimilation and withdrawals downstream. In contrast to direct water reuse, water 

recycling normally involves only one use or user and the effluent from the user is 

captured and redirected back into that use scheme. In this context, water recycling is 

predominantly practiced in industry (Metcalf & Eddy, 1991). A conceptual comparison 

of the extent to which water quality changes through municipal applications is shown in 

Figure 2.1. Water treatment technologies are applied to produce high quality drinking 

water for domestic water supply. Conversely, municipal and industrial water use tends 

to degrade water quality by introducing chemical or biological contaminants. The 

dashed broken line represents an increase in treated water quality as necessitated by 

water reuse. Ultimately, as the quality of treated water approaches that of unpolluted 

natural water, the practical benefits of water reclamation and reuse are evident. As more 

advanced technologies are applied for water reclamation, such as carbon adsoiption, 

advanced oxidation, and reverse osmosis, the quality of reclaimed water can exceed 

conventional drinking water quality by most parameters, and it is termed repurified 

water (Asano, 2001).

To solve the worlds worsening water crisis, the need and benefits of water reclamation 

and reuse from sewage are assessed. Water reclamation and reuse are being considered 

as an unavoidable stage not only for alleviating the contradiction of growing water 

demand in connection with limiting water resources, but also for protecting existing 

water sources being polluted. Water reclamation and reuse provides a unique and viable 

opportunity to augment our water supplies. As a multi-disciplined and important 

element of water resources development and management, water reuse can help to close 

the loop between water supply and wastewater disposal (Asano, 2001).

Water reuse accomplishes two fundamental functions: (i) the treated effluent is used as 

a water resource of beneficial purposes, and (ii) the effluent is kept out of streams, lakes 

and beaches; thus, reducing pollution of surface water and groundwater (Asano, 1998). 

The foundation of water reuse is built upon three principles: (i) providing reliable
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treatment of wastewater to meet strict water quality requirements for the intended reuse 

application, (ii) protecting public health, and (iii) gaining public acceptance. Whether 

water reuse is appropriate for a specific locale depends upon careful economic 

considerations, potential uses for the reclaimed water, and the relative stringency of 

waste discharge requirements.

Water j 
Reclamation / 

and reuse /
Repurified

waterDrinking
water

Municipal
and
industrial

Reclaimed
water

Water
Treatment

Unpolluted
water

Treated
effluent

Wastewater
treatment

Wastewater

Time Sequence (no scale)

Figure 2.1 Water quality changes during municipal uses of water in a time sequence
(Asano, 2001)

In the planning and implementation of water reuse, the applications of intended water 

reuse govern the degree of wastewater treatment required and the reliability of 

wastewater treatment processing and operation. In principle, wastewater or any 

marginal quality waters can be used for any purpose as long as adequate treatment is 

provided to meet the water quality requirements for the intended use. The dominant 

applications for water use include agricultural irrigation, landscape irrigation, 

groundwater recharge, industrial reuse, environmental and recreational uses, non- 

potable urban uses, and indirect or direct potable reuse. The relative amount of water 

used in each category varies locally and regionally due to differences in specific water 

use requirements and geopolitical constraints (Asano, 2001).
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2.4 Water reuse in Australia

Water consumption (in industry and households) in Australia is shown Table 2.1 

(Australian Bureau of Statistics (2000) and Sydney Water (1999)). Although households 

account for only around 8% of water consumption, there remains significant potential 

demand for recycled water in urban areas.

Table 2.1 Water consumption for different activities in Australia 
(Australian Bureau of Statistics, 2000 and Sydney Water, 1999)

(a) Water consumption in industry in Australia and households in Sydney

Uses of Water Percentage (%)

Agriculture 70

Households 8

Water and sewerage industries 8

Gas and electricity industries 6

Manufacturing 3

Mining 3

Others 2

(b) Water consumption for different households’ activities

Households Percentage (%)

Outdoor 27

Bathroom 27

Toilets 20

Laundry 20

Kitchen 6

Since 1990, Australian government and the community have focussed increasing 

attention on the sustainable use of natural resources, including its water resources. 

Higher standards have been imposed on waste management, including wastewater 

management through Sewage Treatment Plants (STPs) (Radcliffe, 2004).
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Radcliffe (2003a) indicated that nearly 10% of Australia’s sewage effluent is being 

recycled in one form or another (Table 2.2). Recycling of water from wastewater 

treatment plants has been widely practised in much of rural Australia. For example, 

during 2000, 109 country STPs in New South Wales used some or all of their effluent 

for recycling, and 56 of these recycled more than half of their total effluent flow (Water 

Directorate, 2000). Although very limited recycling water has been used within the 

major capital cities (Table 2.3), the reduced availability of water resources in Australia 

has led to policies to encourage the substitution of recycled water for existing drinking 

water supplies where drinking water standards are not required (such as toilet flushing, 

urban garden irrigation, car washing, fire fighting, community amenity plantings, 

playing fields maintenance and industrial uses) (Radcliffe, 2003b). The targets for the 

use of recycled water or for reduced overall water use in major cities in Australia are as 

follows:

> Sydney - reduce per capita use by 35%

> Canberra - 20% recycling by 2013

> Melbourne - 20% recycling by 2010

> Perth - recycle 20% of wastewater by 2012

Table 2.2 Annual water reuse from water utility STPs in Australia 
during 2001 and 2002 (Radcliffe, 2003a)

Region Effluent, GL/yr Reuse, GL/yr Percentage (%)

QLD 339 38 11.2
NSW 694 61.5 8.9
ACT 30 1.7 5.6

VIC 448 30.1 6.7

TAS 65 6.2 9.5
SA 101 15.2 15.1
WA 126 12.7 10.0
NT 21 1.1 5.2
Aust.

m A 9 T

1824 166.5 9.1
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Table 2.3 Recycled water use in State capital cities during 2001 and 2002
(Radcliffe, 2003b)

State Capital % recycled water use

Sydney 2.3

Melbourne 2.0

Brisbane 6.0

Adelaide 11.1

Perth 3.3

Hobart 0.1

*Expressed as a percentage of sewage effluent treated

Two typical cases for incorporating recycled water into new housing developments are 

discussed below. They provide opportunities to reduce demand on potable water 

resources. (Radcliffe, 2004; Anderson, 2003):

4 Rouse Hill STP: Water is recycled for residential uses at Rouse hill (north-western 

sector of Sydney). The area is ultimately planned to have 300,000 people with the 

first stage of the development catering for 100,000 people in 35,000 houses. A 

second reticulation system has been installed to supply recycled water for toilet 

flushing and garden watering. The first section of a residential “third pipe” scheme, 

which can treat 4.4 ML/day for reuse with ozonation, microfiltration and 

superchlorination, commenced operation in August 2001 and now services 12,000 

homes.

4 Homebush Bay STP: A water recycling scheme has been installed at the Sydney 

Olympic Park, Homebush Bay in Sydney. An integrated effluent/stormwater system 

as input to its microfiltration-reverse osmosis plant to provide recycled water to 

Olympic Park and the adjacent suburb of Newington through a third pipe system. 

The recycled water meets the requirements of the NSW Recycled Water Co

ordination Committee (Table 2.3). Up to 7,000 m3/d of recycled water is used for 

toilet flushing in sporting venues, irrigation of open space areas, and to 2,000 

residential houses for gardens and toilet flushing. The scheme reduces demands on 

Sydney’s freshwater supplies by about 850,000 m3/yr (Melbourne Water, 1999).
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Table 2.4 The quality of recycled water in Homebush Bay STP (Melbourne Water, 1999)

Contaminant Level

Faecal Coliform <1 per 100 millilitre

Coliforms <10 per 100 millilitre

Viruses <2 per 50 litres

Parasites <1 per 50 litres

Turbidity <2 NTU

PH 6.5-8

Colour <15 TCU

Free Residual Chlorine <0.5 milligrams per litre

Water reuse increases the available supply of water and enables greater human needs to 

be achieved with less fresh water, thus lessening mankind’s impact on the world’s water 

environment. Therefore, there is still much to do to improve advanced water recycling 

technologies and improve the evaluation of project economics and sustainability.

2.5 Adsorption technology

In this research, the adsorption together with membrane filtration was used to remove 

dissolved organic matter from wastewater. Thus, this section provides the details on the 

properties of activated carbon (AC), and the quantification methods of adsorbed organic 

matter on AC.

2.5.1 General

Over the last few decades adsorption has gained paramount importance in industry and 

environmental protection. As a purification and separation process, the ability of 

adsorption in technological, environmental and biological aspects can never be in doubt.

Adsorption works on the principle of adhesion. The process of adsorption involves 

separation of a substance from one phase accompanied by its accumulation or 

concentration at the surface of another. The process involves in the following systems:
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liquid-gas, liquid-liquid, solid-liquid and solid-gas. The adsorbing phase is the 

‘adsorbent’, and the material concentrated or adsorbed at the surface of adsorbing phase 

is the ‘adsorbate’. The bulk gas or vapour phase prior to being adsorbed is called the 

‘adsorptive’ (Slejko, 1985; Suzuki, 1990).

Adsorption can result either from the universal van der Waals interactions and 

electrostatic forces between adsorbate molecules and the atoms which compose the 

adsorbent surface (physical adsorption, physisorption), or it can have the character of a 

chemical process (chemical adsorption or chemisorption). Contrary to physisorption, 

chemisorption occurs only as a monolayer, and it is a specific process which can only 

take place on some solid surfaces for a given gas at temperatures much higher than the 

critical temperature (Adamson, 1990). Thus, physical adsorption can be compared to the 

condensation process of the adsorptive. Most of the solid adsorbents possess a complex 

porous structure that consists of pores of different sizes and shapes. In terms of the 

experience of adsorption science, total porosity is usually classified into three groups of 

micropores (smaller than 2 nm), mesopores (in the range of 2 to 50 nm) and macropores 

(larger than 50 nm) (IUPAC, 1985). The adsorption in micropores is essentially a pore

filling process, because sizes of micropores are comparable to those of adsorbate 

molecules. All atoms or molecules of the adsorbent can interact with the adsorbate 

species. That is the fundamental difference between adsorption in micropores and larger 

pores like meso- and macropores. Thus, the size of the micropores determines the 

accessibility of adsorbate molecules to the internal adsorption surface, and the pore size 

distribution of micropores is another important property for characterising adsorptivity 

of adsorbents. (Dubinin, 1975; Slejko, 1985; Suzuki, 1990).

In the case of mesopores whose walls are fonned by a great number of adsorbent atoms 

or molecules, the boundary of interphases (adsorbent surface area) has a distinct 

physical meaning. The action of adsorption forces occur at a close distance from 

mesopores’ walls. Therefore, the mono- and multilayer adsorption takes place 

successively on the surface of mesopores, and their final fill proceeds according to the 

mechanism of capillary adsorbate condensation (Oscik, 1982). The basic parameters 

characterising mesopores are: specific surface area, pore volume and pore-size or pore- 

volume distribution. Mesopores, like macropores, play also an essential role in the 

transport of adsorbate molecules inside the micropore volume. The mechanism of
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adsorption on the surface of macropores does not differ from that on flat surfaces. The 

specific surface area of macroporous solids is very small, that is why adsorption on this 

surface is usually neglected. The capillary adsorbate condensation does not occur in 

macropores.

2.5.2 Application of adsorption

Adsorption plays a significant role in the environmental control and life supporting 

systems or planetary bases, where adsorbents may be used to process the habitat air or 

to recover useful substances from the local environments. Adsorption processes are 

good candidates for separation and purification by virtue of such high reliability, 

relatively high energy efficiency, design flexibility, technological maturity and 

regenerability. The most important practical applications of adsorption and related areas 

are summarized (Dqbrowski, 2001) is shown in Table 2.5.

2.5.3 Basic types of adsorbents

Development and application of adsoiption can not be considered separately from 

development of technology of manufacture of adsorbents applied both on the laboratory 

and industrial scales. The adsorbents can take a broad range of chemical forms and 

different geometrical surface structures. Table 2.6 gives basic types of adsorbents 

(Dqbrowski, 2001).

A large specific surface area provides large adsorption capacity. The creation of a large 

internal surface area in a limited volume inevitably gives rise to large numbers of small 

sized pores between adsorption surfaces. Especially materials such as activated carbon 

and zeolite can be specifically engineered with precise pore size distributions and hence 

tuned for a particular separation (Slejko, 1985 and Suzuki, 1990).

2-10



2.5.4 Activated carbon

2.5.4.1 General

Since early history, active carbon was the first widely used adsorbent. Its application in 

the fonn of carbonised wood (charcoal) has been described as early as 3750 BC in an 

ancient Egyptian papyrus. The use of activated carbons is perhaps the best broad- 

spectrum technology available at present to control contamination of water by organic 

pollutants.

Table 2.5 The practical applications of adsorption and related areas (Dqbrowski, 2001)

Areas Application

Flue gas treatment SOx, NOx and mercury emissions removal

Solvent recovery and solvent 
vapour fractionation

Volatile organic compounds (VOCs) recovery 
from the working environment, among them 
from ground water; adsorption methods are 
needed to prevent VOCs emission into air by 
increasing emphasis on development and use of 
air purification (AP) and solvent vapour recovery 
(SVR) processes.

Wastewater treatment Organics, nitrogen and phosphorus removal, i.e. 
removal and recovery of nutrients from wastewater

Drinking water production Amelioration of water sources, advanced treatment 
of wastewater, etc.

Dessicant dehumidification 
Technology

Improvement of indoor air quality and removal of 
air pollutants and the number of microorganisms 
either removed or killed by dessicants due to 
coadsorption by dessicant materials.

Global warming control Emission control of‘greenhouse’ gases (CO2, CH4, 
N2O); utilization of CH4

Ozone layer depletion Recovery of chlorofluorocarbons (CFCs) in 
emission control of ozone-depleting gases, still 
used in refrigeration systems.

Defense applications Removal of contaminants used in defense tasks, 
that present extreme toxic chemical agents; in 
contrast to SVR processes, defense systems have 
only to purify air,.
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Table 2.6 Basic types of common adsorbents (Dqbrowski, 2001)

Carbon adsorbents Mineral adsorbents Other adsorbents

Active carbons Silica gels Synthetic polymers

Activated carbon fibres Activated alumina Composite adsorbents:

Molecular carbon sieves Oxides of metals (complex mineral- 
carbons, X-elutrilithe; X

Mesocarbon microbeads Hydroxides of metals = Zn, Ca Mixed sorbents)

Fullerenes Zeolites

Heterofullerenes Clay minerals

Carbonaceous
Nanomaterials

Pillared clays

Porous clay hetero
structures (PCHs)

Inorganic nanomaterials

Activated carbon is an excellent adsorbent because activated carbon has a strong affinity 

for binding organic substances, even at low concentrations. It has a vast network of 

pores of varying size to accept both large and small contaminant molecules and these 

pores give activated carbon a very large surface area. The larger percentage of the total 

surface area is believed to be of the planar surface type with few attached functional 

groups (Snoeyink and Weber, 1967); hence, the majority of the adsorption on the 

surface is considered to be due to the relatively weak physical (Van der Waal) forces 

(Van der Plas, 1968). On the other hand, the sides of these planar surfaces are attached 

with many functional groups such as organic carboxyl, phenolic and carbonyl groups 

(Mattson and Mark, 1971) and inorganic oxygen complexes (Snoeyink and Weber, 

1967). Therefore a rather high polarity for the surfaces is provided, and some 

electrolytes may then be chemically attracted by the carbon surface for adsorption 

(chemi-sorption).

Once the surface of the pores is covered by adsorbed material, the carbon loses its 

ability to adsorb. The spent carbon can then be reactivated by essentially the same 

process as the original activation, or it can be discarded and replaced with fresh carbon. 

There are many commercially available activated carbons manufactured from various 

carbonaceous substances, which increases the surface area and porosity of the material. 

Activated carbon can be made from a variety of materials such as wood, coals
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(anthracite, bituminous and lignite), coconut shells, peat, and petroleum residues. Most 

carbonaceous materials have an internal surface area around 10 m /g. After the 

activation process, the carbons will acquire an internal surface area of 500 to 1500 m /g 

(experimental activated carbon has been made with over 3000 m /g surface area) 

(Jiintgen, 1975). Hence, adsorption capacity of activated carbon can reach up to 0.30 g 

(organic matter)/g (carbon) or even more. For example, 1 kg of activated carbon can trap 

and hold over 0.5 kg of carbon tetrachloride (Chow, 1975).

2.5.4.2 Category and application of activated carbon

Activated carbon adsorption is utilised in a wide range of industrial, municipal and 

domestic applications, including water and wastewater purification, liquid and gas 

purification, precious metal recovery, personnel protection and a range of environmental 

applications (Chow, 1975; Cheremisinoff and Morresi, 1978).

Activated carbon can be produced in powdered (pulverized), granular or extruded 

(pelletised) forms. The choice of the carbon normally depends upon specific 

applications. The two common forms of activated carbon used in water treatment are 

powdered activated carbon (PAC) and granular activated carbon (GAC). Table 2.7 

compares the general properties of types of PAC and GAC (AWWA, 1995).

Table 2.7 Comparison of GAC and PAC Properties (AWWA, 1995)

Property Types of Carbon
GAC PAC

Density, g/cm3 (0.42-0.48) (0.32-0.72)

Surface area, m /g 650-1150 500-600

Mean particle diameter, mm 0.1-1.6 less than 0.1

Powdered activated carbon and granular carbons are used to improve taste, odor, and 

color (Mckay, 1996). Although carbon adsorption can not remove all organics, it has 

emerged as an efficient process for removing undesirable constituents. Zogorski at al. 

(1976) found the adsorption of phenolic compounds by granular activated carbon is 

extremely rapid (approximately 60-80% of the ultimate adsorption occurs within the 

first hour of contact). Singley at al. (1977) showed about 90% removal of synthetic
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organic chemicals (SOCs) such as chlorobenzene and several polynuclear aromatic 

hydrocarbons with PAC doses of 10-15 mg/L and 2 hour of contact time at the Sunny 

Isles water treatment plant. Najm at al. (1990) indicated that PAC could efficiently 

remove the representative SOC - 2,4,6-trichlorophenol (TCP) from drinking water 

when applied in a continuously stirred tank reactor (CSTR) in the absence of coagulant. 

Nowadays, many water authorities are using activated carbon as part of the chemical 

treatment processes for wastewater treatment and reuse.

2.5.5 Powdered activated carbon (PAC)

The use of powdered activated carbon (PAC) in most modem water treatment plants 

processing surface water is a routine practice. The use of PAC in water treatment 

subsequently became widespread since its first application for taste and odor control in 

1929 (AWWA 1981). Almost 90% of water treatment plants worldwide that use 

activated carbon in the powdered form (Sontheimer, 1976).

PAC is usually applied to raw water in the form of slurry at any treatment stage before 

filtration (in a batch-type system). The optimum point of application should allow 

adequate dispersion of the carbon and sufficient contact tie to ensure maximum 

adsorption. For example, the carbon slurry may be added to the mixing tank or a 

flocculation tank ahead of the settling tanks. This application point allows adequate 

contact time and the carbon can be removed easily with the settled sludge. Several 

design and operational parameters affect the performance of PAC for potable water 

treatment. Important criteria for selecting the point with addition of PAC include (Faust 

and Aly, 1998):

(a) the provision of good mixing or good contact between the PAC and all the water 
under treatment,

(b) sufficient contact time for adsorption of the contaminant(s),

(c) a minimum interference by other treatment chemicals with the adsorption 
process, and

(d) no degradation of the finished water quality.
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Furthermore, simultaneous addition of chlorine and activated carbon should be avoided 

because of carbon’s dechlorination capability. In such cases where chlorine addition is 

required, the PAC should be applied at a point upstream or ahead of the chlorine. This 

allows the use of lower carbon doses, reduces the potential of formation of 

trihalomethanes and other chlorination by-products, and avoids the potential loss of the 

carbon’s adsorptive capacity due to formation of oxidized surface groups.

The use of PAC in water treatment is more adaptable to applications where relatively 

low contaminant levels require less carbon. Also, when applications are periodical or 

seasonal in nature, such as taste and odor problems in some surface water supplies, the 

capital investment in equipment is relatively small, and the carbon addition can be 

adjusted to changes in water quality. However, if continuous application of activated 

carbon is required, or if the contaminants have low adsorbability, the PAC may be more 

costly and may generate sludge disposal problems. In addition, batch systems do not 

allow efficient utilisation of the adsorptive capacity, since the carbon will be in contact 

with a continuously decreasing solute concentration.

Various alternative techniques are available for applying PAC to improve its adsorption 

of large, slowly diffusing compounds. Adding PAC to a solids contact clarifier has 

potential for improved adsorption efficiency because the carbon can be kept in contact 

with the water for a longer time than when it is added to the rapid mix of a conventional 

plant. For instance, mean carbon residence times ranging from 9 hours to 8.5 days were 

reported when PAC was added to a solid contact slurry recirculating clarifier (SCSRC). 

Moreover, it was found that very high concentrations of PAC (>4000 mg/L) would be 

accumulated in an SCSRC. However, isotherm tests showed that the adsorptive capacity 

of PAC-containing slurry for CHCf appeared to decrease somewhat when the residence 

time of the PAC in the clarifier was longer than 100 hours (Kassam, 1991).

With the increasing emphasis on the health implications of disinfection by-products 

(DPBs), PAC is considered an additional treatment for the removal of natural organic 

matter (NOM), reducing the DPB precursor compounds. Matsui et al. (2004) showed 

micron PAC had greater removal capability of NOM (MW of NOM < 5000 Dalton; pH 

= 6.9-7.0) from Takkobu Lake water in terms of UV absorbance (260nm), which 

achieved 50% NOM removal with PAC (20 mg/L) alone and over 90% NOM removal
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with coagulant PACI (Polymerized-aluminum chloride) at 1 mg/L after PAC (20 mg/L) 

adsorption. Cook at al. (2001) also indicated that PAC could effectively remove the 

algal metabolites 2-methylisobomeol (MIB) and geosmin when the correct dose was 

applied. MIB and geosmin are not removed by conventional water treatment process 

and their presence in the distribution system (even at low ng/L levels) can result in 

consumer complaints.

Another innovation in the PAC treatment of water is combination membrane technology 

with PAC for denitrification, NOM and pesticides removal, and disinfection. In this 

process, PAC added to the membrane reactor adsorbs organic matter and the membrane 

keeps the solids and high-molecular-weight compounds in the reactor by separating 

them from the treated water. For example, the UF is a low-pressure membrane process 

that is available in four basic configurations: tubular, hollow-fiber (HF), plate-type and 

spiral-wound modules. HF modules have the highest surface-area-to-volume ratio and 

are easy to backwash because of the self-supporting nature of the fibers. A pilot PAC- 

UF system was evaluated for the removal of 2,4,6-trichlorophenol (TCP) and TOC from 

groundwater (Adham at al., 1991). Currently, two PAC-UF systems, namely 

CRISTAL® (Combination of reactors, including membrane separation treatment and 

adsorption in liquid), have been used for full-scale application (removing 

micropollutants) in the production of drinking water in France (Campos, et al, 1998).

2.5.6 Adsorption equilibria

2.5.6.1 Definition of adsorption equilibria in liquid-phase

The fundamental concept in adsorption science and its mechanism is adsorption 

isotherm. The analytical forms of adsorption isotherms are complex due to structural 

and energetic heterogeneity of the solid surfaces. A competitive adsorption process 

complicates the theoretical description and physical interpretation of adsorption energy 

distribution function. Moreover, adsorption of more than one type of molecules 

increases the number of parameter which must be taken into account by theoretical 

description of the phenomenon. In case of the relatively simple adsorption from a two- 

component solution over the full range of their concentrations at constant temperature,
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the process is determined by the following parameters: (1) molecular interactions in the 

bulk phase; (2) molecular interactions in the surface phase; (3) interactions between the 

bulk and surface phases; and (4) molecular interactions at the solid/solution interface. In 

the case of adsorption from multi-component solutions and adsorption from gas 

mixtures, the description is largely complicated (Dqbrowski, 2001).

When an amount of adsorbent contact with a given volume of a solution containing an 

adsorbate under a given temperature and concentration, adsorption of adsorbate on the 

adsorbent occurs until equilibrium is reached. The state of equilibrium is characterized 

by an adsorbed solute concentration in the adsorbent and the resulting equilibrium 

solute concentration in the liquid phase. For a given adsorbate-adsorbent system (for the 

case of liquid-phase adsorption), the adsorption equilibrium can be expressed as follows 

(Tien, 1994):

where, q = amount adsorbed per unit mass of adsorbent, commonly expressed as moles 

of adsorbate per gram of adsorbent or equivalent quantities 

C = concentration of the adsorbate in the solution 

T = temperature

At constant temperature, the amount of adsorption may be considered as

Equation (2.2) is most fundamental representation of an adsorption isotherm. 

Description of adsorption equilibrium by an appropriate isotherm equation is the first 

step in the design of an adsorption system as it reflects the capacity or affinity of an 

adsorbent for a particular adsorbate. The various isotherm expressions that can be 

extended to liquid-phase adsorption are discussed below.

2.5.6.2 Langmuir Adsorption Isotherm

This is proposed by Langmuir (1919) for homogeneous adsorption. The basic 

assumptions underlying Langmuir’s model, which is also called the ideal localized 

monolayer model, are:

q =/(C, T) (2.1)

q =/(C), T = constant (2.2)

2-17



(1) the molecules are adsorbed on definite sites on the surface of the adsorbent;

(2) each site can accommodate only one molecule (monolayer);

(3) the area of each site is a fixed quantity determined solely by the geometry of the 

surface;

(4) the adsorption energy is the same at all sties; and

(5) the adsorbed molecules cannot migrate across the surface or interact with 

neighbouring molecules.

The Langmuir equation was originally derived from kinetic consideration and has been 

widely used as an empirical equation for qualitative purposes in both single component 

and multicomponent systems (Manes, 1980). Later, it was derived on the basis of 

statistical mechanics, thermodynamics, the law of mass action, theory of absolute 

reaction rates, and the Maxwell-Boltzmann distribution law (Young and Crowell, 1962). 

The Langmuir adsoiption isotherm is expressed as follows:

q bCe
9* i + *c<.

(2.3)

where, q = the amount of solute adsorbed per unit weight of adsorbent (mg/g)

Ce = equilibrium concentration of the solute (mg/L)

qm = amount of solute adsorbed per unit weight of adsorbent required for 
monolayer capacity (mg/g)

b = a constant related to the heat of adsorption

In Freundlich equation, the adsorbed amount increases infinitely with the increase in 

concentration, which is unrealistic. Therefore, nonconformity with the physical model 

should not detract from the usefulness of the Langmuir isotherm for analytical 

description of adsorption systems that do not proceed beyond monomolecular layers 

(Brunauer and Emmett, 1937).

2.5.6.3 Freundlich Adsorption Isotherm

The Freundlich adsorption equation is perhaps the most widely used mathematical 

description of adsorption in aqueous systems. The Freundlich equation is expressed as 

follows (Freundlich, 1926):
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(2.4)9 = KC

where, q = the amount of solute adsorbed per unit weight of adsorbent (mg/g)

Ce = the solute equilibrium concentration (mg/L)

K, 1/n = constants characteristic of the system

The Freundlich equation is an empirical expression that encompasses the heterogeneity 

of the surface and the exponential distribution of sites and their energies (Young and 

Crowell, 1962; Sips, 1948). The drawback of Freundlich isotherm is that it does not 

converge to Henry’s law at low surface coverage and therefore fails to describe 

equilibria as q -> 0 and is thermodynamically inconsistent. However, this problem has 

been overcome by extrapolation of data to zero concentration (Fritz and Schlunder, 

1981).

2.5.6.4 Langmuir-Freundlich (Sips) Adsorption Isotherm

In 1948, Sips proposed an empirical equation for the adsorption of pure component, 

which combined the Langmuir equations and Freundlich equations. This three- 

parameter equation has been widely used for fitting the isotherm data of different 

hydrocarbons on activated carbon. This Sips adsorption isotherm equation for pure 

component has the following form (Ahmadpour at al., 1998):

q = (bC 
q° 1 + {bC)v

(2.5)

where, q = adsorbed phase concentration, mg/g

q° = Maximum adsorbed phase concentration, mg/g 

b = adsorption affinity

C = equilibrium concentration of the solute (mg/L) 

n = parameter in the Sips equation

The Sips equation only corresponds to a special case of surface energetic heterogeneity. 

The model can be extended to describe the multicomponent adsorption equilibrium data. 

The Sips multicomponent adsorption isotherm model can be written in different forms. 

One of these is (Al-Asheh at al., 2000)
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(2.6)Si.
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In this caseg;°, «, and 6, are the single-solute Sips constants as obtained by Eq. (2.5) for 

component in the system. It is important to predict the binary adsorption equilibrium.

2.5.6.5 Talu Adsorption Isotherm

Talu and Meunier (1996) first proposed this theory to better understand water vapour 

adsorption on hydrophobic surfaces, especially on activated carbon. The Talu model 

takes into account of three main characteristics of the adsorption system, namely 

chemical equilibria, equation of state (EOS) and phase equilibrium. Chemical equilibria 

and EOS describe the behaviour of the surface phase, and the phase equilibrium links 

the surface phase properties to bulk phase properties. The mathematical representation 

of the Talu model is shown in Eqs. 2.7-2.9.

ZAP • exp
C. =

( vp ^ 

<lej

¥

(l + CT)

A-l + (l + 4/^)°^

2K

VS
0.-0

= ¥(l + A?F)

(2.7)

(2.8)

(2.9)

where, Ce = Equilibrium organic concentration, mg/L 

H = Adsorption constant (Henry’s Law)

K = Reaction constant

qe= Saturation amount of organic adsorbed, mg/g 

T* = Organic concentration spreading parameter

q = measured amount of organic matter adsorbed onto a unit amount of 
adsorbent, mg/g

The association theory is fairly straightforward although the derivations are 

mathematically complicated. It contains only three parameters, H, K and qm. The
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adsorption constant, H, increases the value of equilibrium concentration. However, as 

can be seen from Eq. 2.9, the shape of the isotherm curve is mainly determined by the 

saturation capacity of the adsorbent (qm). The physical interpretation is extremely 

simple involving three major features: (1) Guest molecules interact more strongly with 

each other than they do with the surface; (2) The surface provides certain hot-spots to 

nucleate adsorption; (3) The micropore volume available for adsorption is finite. 

Numerous versions, extensions and improvement are possible within the outlined Eqs. 

2.7-2.9. Although the theory is only tested with water on carbon data, it is applicable to 

all 5-type isotherms which were proposed by Brunauer et al. (Talu and Meunier, 1996; 

Chaudhary, 2003).

In this study, the association theory was utilized to describe the isotherm equilibrium of 

the multicomponent system of wastewater. This is due to the unfavourable nature of the 

isotherm curves in a wide range of initial organic concentration of the wastewater. The 

theory is very simple and the parameters required to describe the equilibrium state by 

the theory can be obtained form simple integral adsorption equilibrium tests in the 

laboratory.

2.5.7 Adsorption kinetics

2.5.7.1 General

With the development of the theory of equilibria of adsorption, the theory of adsorption 

kinetics was also developed to evaluate the performance of unit processes utilizing 

adsorption. Adsorption kinetics requires not only an understanding of the kinetics of 

uptake or the time dependence of the concentration distribution of the organic solute in 

both bulk solution and solid adsorbent, but also an identification of the rate-determining 

step. Adsorption of organics from aqueous solution by a porous adsorbent such as 

activated carbon can be described by three consecutive steps (Weber, 1972; Smith, 

1968; Weber and Van Vliet, 1980):

The first step is the transport of the adsorbate from bulk solution to the outer surface of 

the adsorbent granules by molecular diffusion. This is called external or film diffusion
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(Kf). There is no actual film surrounding the granule, but the term is used generally to 

describe the resistance of mass transfer at the surface of the particle. The mass transfer 

coefficient Kf in film theory is related to the free liquid diffusivity of the solute, De, and 

the thickness of the diffusional sublayer 8 as follows:

Kf = De/5 (2.10)

The concentration gradient in the liquid film around the granule is the driving force in 

film diffusion.

The second step, internal diffusion, involves the transport of the adsorbate form the 

particle surface into interior sites by diffusion within the pore-filled liquid and migration 

along the solid surface of the pore (surface diffusion). This step is governed by 

intraparticle diffusion coefficient (Ds).

The third step is adsorption of the solute on the active sites on the interior surfaces of 

the pores. Since the adsorption step is very rapid, it does not affect the overall kinetics. 

Therefore, the overall rate of the adsorption process will be controlled by the slowest 

step, which would be either external (film) diffusion or internal diffusion. However, 

control might also be distributed between intraparticle and external mechanisms in some 

systems (Sontheimer, 1976).

In general, the properties of the solute and the adsorbent determined the nature of 

adsorption kinetics in batch systems. Rates of adsoiption are usually measured by the 

change in concentration of the solute in contact with the carbon as a function of time. 

Sontheimer (1976) found that the adsorption rate is external diffusion-controlled during 

initial stages of the adsorption process in batch reactors and initial breakthrough in 

fixed-bed reactors. As the carbon becomes loaded with the adsorbate, the reaction rate 

becomes controlled by intraparticle diffusion. On the other hand, adsorbates that exhibit 

high affinity to activated carbon usually result in intraparticle diffusion control of the 

adsorptive process. For processes controlled by intraparticle diffusion, the size and 

configuration of the adsorbate molecule should affect the overall rate of adsorption. The 

larger the molecule or the more branched, the lower rate it diffuses.
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2.5.7.2 Homogeneous Surface Diffusion Model (HSDM)

Extensive research has been done in the mathematical model of the adsorption kinetics 

of organic compounds by PAC (Najm et al., 1990, 1991; Roy et al., 1993; Qi et al., 

1994; Najm, 1996; Campos et al., 2000). In these studies, adsorbate uptake by PAC 

particles has been successfully described using the Homogeneous Surface Diffusion 

Model (HSDM) with no external mass transfer limitation. The model presented by 

Crittenden and Weber (1978a). The main assumption in the HSDM is that the adsorbate 

molecule diffuses in the adsorbed state along the surface of the carbon particle. Other 

assumptions of the HSDM are that the adsorbent surface is homogeneous, that the 

surface diffusive flux of the adsorbate can be described by Fick’s first law, and that 

there is no reaction between the adsorbate molecule and the adsorbent surface. HSDM 

consists of a three-step process (Najm, 1996): (i) the adsorbate diffuses through a 

stagnant liquid film layer surrounding the carbon particle; (ii) the adsorbate adsorbs 

from the liquid phase onto the outer surface of the carbon particle; (iii) the adsorbate 

diffuses along the inner surface of the carbon particles until it reaches its adsorption site. 

The mathematical representation of HSDM is shown in Eqs. 2.11-2.14.

h_ = D d'~cl‘ | 2 dch"
dt s v dr2 r dr j

(2.11)

The initial and Boundary Conditions are:

t = 0; 0 < r < R : qt = 0 (2.12)

r = 0; t > 0: = 0 (2.13)
dr

r = R; t > 0: DsPp^ = kf(C-Cs) (2.14)
or

Where, qt = adsorbed phase adsorbate concentration with time (t) at any radial distance 
(r) from the center of the activated carbon particle during adsorption, mg/g

Ds = the surface diffusion coefficient (the rate of diffusion of the target 
compound along the surface of the carbon), m /s

Kf = the external mass transfer coefficient, m/s

pp = apparent density of the activated carbon, kg/m3

R = radius of carbon particle, L
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In this study, the HSDM was used to calculate the Kf and Ds of the multicomponent 

system of wastewater because the model is simple and adequate in describing the 

adsorption process when PAC is applied to membrane filtration systems.

2.6 Coagulation and flocculation technology

Adsorption is efficient in removing small molecular weight organic matter of 

hydrophobic nature. The organic matter in the biologically treated effluent consists of 

large and small molecular weight substances. The large molecular weight organic matter 

can successfully be removed by coagulation and flocculation.

2.6.1 General

Raw water contains a wide variety of particles of different sizes ranging from 0.00 lpm- 

100 nm. These particles have different settling velocities depending on their size and 

density (Table 2.8). Some of the particles may take several years to fall by a depth of

0. 5 m (Dharmappa and Hagare, 2000). The nonsettleable particles resist settling because 

of the particle size and natural forces between particles (zeta potential). Hence, in order 

to shorten the settling velocities of nonsettleable particles, the alternative way is to 

increase the particle size or bring the zeta potential near to zero (neutral charge) by 

coagulation and flocculation.

The physical-chemical processes associated with coagulation and flocculation. 

Coagulation is a rapid mixing process, in which chemical coagulants are quickly and 

uniformly dispersed in the raw water and particles are destabilized. The four distinct 

mechanisms of coagulation were summarized as follows (Amirtharajah and O’Melia, 

1991; (Dharmappa and Hagare, 2000):

1. Double layer compression

The aggregation of particles occurs through the compression of electrical double 

layer. In a solution, counter ions are attracted towards particle surface. In order to 

achieve destabilization of particles, it is necessary to neutralize these counter ions by
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compression of the diffuse layer surrounding the particles. High ionic strength 

produces correspondingly high concentrations of counter ions in the diffuse layer. 

The volume of diffuse layer necessary to maintain electroneutrality is lowered and the 

effective thickness of the diffuse layer is reduced. This results in the domination of 

van der Waals interaction, which will lead to disappearance of activation energy 

carrier. Subsequently, the particles aggregate to form floes.

Table 2.8 Settling time for representative particles (Dharmappa and Hagare, 2000)

Particle diameter,
fJLlW Representative particle Time required to 

settle 0.5 m depth

Settleable

100 Sand 50 second
1,000 Biological floes 50 second
10 Silt 1.4 hour

Nonsettleable

10 Algae/protozoa 50 hour

5 Organic debris 65 hour
1 Bacteria 92 hour
0.1 Clay 570 day
0.01 Viruses 650 day
0.001 Colloidal particles 10 year

Dissolved organic matter Fulvic/humic acids Infinite

2. Adsorption and charge neutralization

Coagulant-solvent interactions are primarily responsible for the adsorption of the 

coagulant at the particle-water interface. For coagulants such as hydrolyzed 

aluminium ions and cationic polyelectrolytes, coagulation through adsorption and 

charge neutralization is common. Addition of coagulants such as alum results in the 

replacement of counter ions in the double layer by Al3+ ions. This is the adsorption 

process. The adsorbed cations (Al3+) neutralize the charge on the colloids, thereby 

forming destabilized particles. Destabilized particles come together to from 

aggregates.
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3. Sweep coagulation

When a metal salt such as alum (AhCSO^) and ferric chloride (FeC^) is added to 

water in concentrations sufficiently high, it is precipitated to form metal hydroxide 

(e.g. A1(OH)3(s) or Fe(OH) 3(s)). Due to the high concentration of precipitated metal 

hydroxide, colloidal particles are enmeshed in these precipitates as they are formed 

and also collide with them afterwards.

4. Interparticle bridging

This type of destabilization occurs when long chain coagulants such as synthetic 

organic polymers are used. When a polymer molecule comes into contact with a 

colloidal particle, some of these groups adsorb at the particle surface, leaving the 

remaiii of the molecule extending out into the solution. If a second particle with some 

vacant adsorption sites contacts the extended segments of the first particle, 

attachment occurs. A particle-polymer complex is thus formed in which the polymer 

works as a bridge.

Flocculation is a slow mixing process, in which destabilized particles slowly aggregate 

and form into a settleable or filterable floes. The three major mechanisms of 

flocculation are (Vigneswaran and Visvanathan, 1995):

1. Aggregation resulting from random Brownian movement of fluid molecules 

(perikinetic flocculation). When particles move in water under Brownian motion, 

they collide with other particles. They form large particles until they become too 

large to be affected by Brownian motion. Perikinetic flocculation is predominant for 

submicron particles. A large initial concentration of particles in the suspension will 

cause faster floe formation, since the opportunity for collision is higher.

2. Aggregation induced by velocity gradient in the fluid (orthokinetic flocculation). 

Orthokinetic flocculation that involves particle movement with gentle motion of 

water considers that particles will agglomerate if they collide and become close 

enough to be within a zone of influence of one another. It also considers that 

particles have negligible settling velocity; hence there is a need for agitation of the 

water, or a velocity gradient to promote the collisions. The rate of flocculation is
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proportional to the velocity (shear) gradient, the volume of the zone of influence, 

and the concentration of particles.

3. Differential settling, where flocculation is due to the different rates of settling of 

particles of different sizes. Larger particles settle faster than smaller particles, which 

makes the relative velocities between the particles different. This also helps in 

orthokinetic flocculation because velocity gradients are produced, causing further 

agglomeration.

Secondary effluents contain a wide variety of suspended and colloidal particles that 

cause color and turbidity. Chemical coagulation and flocculation are most important 

steps to remove colloidal particles and turbidity from wastewater and are quite effective 

in removing viruses. Chemical coagulation-flocculation processes are known to 

aggregate wastewater constituents within the size ranging from 0.1 /mi to 10 /mi 

(Levine et al., 1985). The effectiveness of coagulation and flocculation depends on type 

of flucculant dose, mixing conditions and raw water characterizations (Dharmappa and 

Hagare, 2000).

2.6.2 Flocculant chemicals

The flocculants (coagulants) used in water treatment normally consist of positively 

charged ions because most of the difficult particles to be removed from water are 

negatively charged. There are two types of chemicals used in the flocculation process: 

flocculants and flocculant aids (AWWA, 1995).

In general, if pH and alkalinity are at proper levels, flocculation can be improved by 

increases in turbidity, temperature, and mixing energy. Table 2.9 provides a list of 

commonly used flocculants. Other flocculant chemicals that are occasionally used for 

special conditions are aluminum ammonium sulfate and aluminum potassium sulfate. 

Normally, the secondary chemical is added to adjust the pH or enhance the effectiveness 

of the primary chemical.
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Table 2.9 Common flocculation chemicals (AWWA, 1995)

Common Name Chemical Formula Comments

Aluminum sulfate A12(S04)3-14(H20) Most common flocculant; often 
used with cationic polymers

Ferric chloride FeCl3 May be more effective than alum in 
some applications

Ferric sulfate Fe2(S04)3 Often used with lime softening

Ferrous sulfate Fe2(S04)3 -7(H20) Less pH dependent than alum

Aluminum polymers - Include polyaluminum chloride and 
polyaluminum sulfates

Cationic polymers - Synthetic polyelectrolytes; large 
molecules

Sodium aluminate Na2Al204 Used with alum to improve 
flocculation

Sodium silicate Na2O(Si02)x x can range from 0.5 to 4.0; 
ingredient of activated silica 
flocculant aids

2.6.3 Ferric chloride

Although the most commonly used chemical for coagulation-flocculation in water and 

wastewater treatment is alum, public health concerns about Alzheimer’s disease 

possibility caused by alum point at iron salts as potential replacement for alum as 

primary flocculant agent (Banin, 1992).

O’Melia (1972) stated that if sufficient ferric chloride (FeCl3) flocculant is added to 

colloidal suspensions, oversaturation occurs to such an extent that rapid precipitation of 

a large quantity of ferric hydroxide occurs, enmeshing colloidal particles in the sweep
. . . T4- .floe and removing the particles from the solution. Therefore, Fe is present in water as 

part of aquocomplexes such asFe(H20)^+. Ions or molecules (such as water molecules)

that are bonded to a central metal ion are called ligands. These aquometal ions are acidic 

and are proton donors. The addition of a Fe3+ salt to water in concentrations less than 

the solubility limit of the metal hydroxide leads to the formation of soluble monomeric,
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dimeric, and possibly small polymeric hydroxometal complexes, in addition to the free 

aquometal ion. These hydroxide ions are also ligands and the formation of which is 

highly pH dependant (Abdessemed and Nezzal, 2002): Fe(OH)2+, Fe(OH)2 , 

Fe2(OH)2+ , Fe2(OH)2+ , Fe3(OH)3+ , neutral Fe(OH)3 and negatively charged 

Fe(OH)4 . Snoeyink and Jenkins (1980) indicated that the predominant species is 

Fe(OH)2 in the pH range from 4.5 to 8 (which covers all natural waters). The polymer 

(dimmer) Fe2(OH)2+ does not predominate at any pH value but is a significant species 

below pH 2.5. Moreover, at pH values typically encountered in natural waters, Fe3+ is a 

minor component of the ferric iron species in the presence of Fe(OH)3 (s).

Johnson and Amirtharajah (1983) compared Fe3+ and alum flocculation diagrams. The 

results showed that both flocculants share a large area of effective sweep coagulation 

and the efficacy of ferric chloride and alum as flocculants is similar when they are 

compared on a molar basis. Ademoroti (1980) also proceeded to the flocculation 

followed by sand filtration using aluminium sulphate and ferric chloride on a raw 

wastewater. Percentages of reduction are 83.3% for turbidity, 75% for BOD and 78% 

for COD for a concentration of FeCl3 equal to 300 mg/L and 400 mg/L of A12(S04)3 

with an optimum pH = 4.8.

Ngo and Vigneswaran (1998) used a floating medium and sand filter (FMSF) combined 

system to treat prawn farm effluent. The system produced higher quality of effluent 

when FeCl3 was considered as a flocculant (compared with alum and polyaluminum 

chloride). Al-Malack and Anderson (1997) observed that FeCl3 (with an optimum dose 

of 200 mg/L at pH = 9) could remove 99.6% turbidity and 99.3% COD when treating a 

domestic wastewater. In addition, Aguiar et al. (1996) studied the organic matter 

removal from colored water by flocculation using FeCl3. The results showed that the 

optimum pH by flocculation was between 4 and 5 for an elimination of the organic 

matter. Whatever the origin of the raw water, the optimal dose of coagulant was 2.1± 

0.2 mg Fe per mg of TOC. The same results were obtained with fulvic acid solution. 

FeCl3 flocculation process reached 60-80% total organic carbon (TOC) removal 

efficiency.
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2.6.4 Flocculation - membrane system in water reuse

The use of flocculants in conjunction with membrane (MF/UF) processes is not new. 

The use of flocculants such as alum, ferric salts and polyaluminum chlorides have been 

previously applied in industrial wastewater applications as part of the precipitation to 

remove insoluble metals. The treatment approach has also been evaluated as a flux 

enhancing agent, to reduce color, or to reduce phosphorous in wastewaters. Flocculants 

use may also provide additional removal of organic matter which may also contribute to 

membrane fouling. Flocculants, when used in crossflow microfiltration (CFMF), can 

reduce or even to eliminate internal clogging of the membrane by depositing the 

colloidal particles and helping form sufficiently large aggregates to facilitate obtaining 

higher flux rates (Al-Malack and Anderson, 1996). Ben Aim et al. (1988) investigated 

in-line flocculation-crossflow microfiltration. They concluded that a significant 

improvement in the permeate flux was achieved, and the degree of improvement 

depends on the flocculation dose, flocculation time and crossflow velocity. Chapman at 

al. (2002) conducted a set of experiments with kaolin clay suspension and fulvic acid to 

investigate the effect of flocculation (FeCf) on organic removal and critical flux. They 

found that the TOC removal efficiency of CFMF was improved up to 30-70% after 

flocculation. Meanwhile, flocculation enhanced the critical flux by up to 77% without 

fulvic acid and 63% in the presence of fulvic acid.

Furthermore, the flocculant has been employed for removing NOM, including 

disinfection by-products (DBPs) precursor materials. Olivieri et al. (1991) demonstrated 

that with the addition of 10-15 mg/L of ferric chloride as a pretreatment to MF, the total 

trihalomethane formation potential (THMFP) removal of the surface water could be 

increased from 15% to 60%. Vickers at al., (1995) summarized the following 

advantages of flocculation-membrane in removing NOM:

> Higher NOM removals are possible because a membrane filter has higher 

particle removal efficiency.

> Lower flocculant dosings are possible because a full and settleable floe is not 

developed prior to filtration.

> Higher NOM removals because organic removal and flocculant selection can be 

optimized specifically for NOM removal s particle removal is assured.
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2.7 Membrane technology

2.7.1 General

To reduce the pollution to environment, various technological processes can be applied, 

principally separation techniques. At present, a number of processes are applied as 

wastewater treatment and reuse technologies, such as filtration on sand beds, adsorption, 

absorption, sedimentation, flocculation, extraction, precipitation, aeration, distillation, 

condensation, membrane processes and others (Mulder, 1994). The choice of an 

appropriate separation technique has two factors: it must be technically feasible and 

attractive in view of cost effectiveness. Frequently, to achieve the preset goal, two or 

more separation processes must be joined (hybrid processes) (Drioli, 1992; Fane, 1994). 

In many cases, hybrid processes are characterized by higher efficiency and effectiveness 

in applications involving environment protection. Such endeavours are beneficial for 

recovering and reusing raw materials and by-products, limiting the consumption of 

energy and obtaining better quality products, or even new products.

Due to considerable research investigations involving the development of membrane 

technology, the processes of membrane separation as well as membrane reactors have 

been enjoying widespread application. The integration of membrane operations with 

traditional technologies, or the development of new production cycles based on 

membrane technology is becoming a very promising field of activity for different 

specialties (Mulder, 1994).

2.7.2 Membrane processes and applications

The major pressure-driven membrane processes are microfiltration (MF), ultrafiltration 

(UF), nanofiltration (NF), and reverse osmosis (RO). In addition, important membrane 

processes include dialysis, electrodialysis (ED) and electrodialysis reversal (EDR), gas 

separation and pervaporation (PV). A general classification of membrane processes is 

summarized in Table 2.10 (Aptel and Buckley, 1996) based on driving force, 

mechanism of separation, membrane structure and phases in contact.
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Table 2.10 Technically relevant main membrane processes in water treatment
(Aptel and Buckley, 1996)

Membrane Mechanism of Membrane Phase
process Driving force separation structure feed permeate

Microfiltration Pressure Sieve Macropores L L

Ultrafiltration Pressure Sieve Mesopores L L

Pressure Sieve +
Nano filtration (solution/diffusion, 

+ exclusion)
Micropores L L

Reverse
osmosis Pressure Solution/diffusion 

+ exclusion Dense L L

Activity
Pervaporation (partial

pressure)
Solution-diffusion Dense L G

Membrane
stripping

Activity
(partial

pressure)
Evaporation Macropores L G

Membrane
distillation

Activity
(temperature) Evaporation Macropores L L

Dialysis Activity
(concentration) Diffusion Mesopores L L

Electrodialysis Electrical
potential Ion exchange Ion

exchange L L

L= liquid; G = gas

Table 2.11 presents the potential for the application of membrane processes for 

wastewater treatment and removal of typical impurities allowing for the scope of their 

elimination (Fane, 1996).

Membrane technologies have spawned a multimillion dollar industry, growing at the 

rate of 10-20 percent per year. Common applications of membrane technologies include 

(Johns, 2000):
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Table 2.11 Application of membranes for treatment of wastewater allowing for the type 
of substance subject to treatment (Fane, 1996)

Species MF UF NF RO ED D MD PV LM MC HI H2 H3

Suspension

Colloids

High MW
Organic
Compounds

Mid MW
organic
compounds

Low MW
organic
compounds

Dissolved
Gas

Ionic (salts)

(a)

|(b)

I I

~T

I I

i

i I I I

(a) near complete removal (b) possible removal
ED-electrodialysis; D-dialysis; MD-membrane distillation; PV- pervaporation; LM- 
liquid membrane; MC-membrane contactors; HI-chemical treatment + MF/UF; H2- 
adsorption + MF/UF; H3-biological treatment + MF/UF.

(1) Drinking water treatment

Membranes are used in drinking water treatment to obtain potable water from all 

water supplies. The primary uses for membranes in drinking water treatment have 

been the removal of giardia and Cryptosporidium (MF and UF), naturally-occurring 

organic matter (NOM) (MF and UF), metals including arsenic (RO), and inorganic 

salts (RO and EDR).

(2) Industrial water purification

Membrane separation processes are used in producing ultrapure water for industrial 

processes, for analytical procedures and for biomedical devices. In the 

semiconductor industry, as the size of the integrated circuit chip gets smaller, the 

need for improved water purity and reliance on UF increases. MF has been used in 

the production of sterilized water in the manufacturing of biomedical devices and in 

the pharmaceutical industry.
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(3) Wastewater treatment

Many industries found that the incremental cost to achieve nowadays stringent water 

standards for reuse in the membrane processes was minimal. Membrane separation 

processes are a key component behind the ability of industries to achieve zero 

discharge goals. Membranes are now used in treating both industrial and municipal 

wastewater to produce water fit for recycle and reuse in industry. For example, MF 

systems are used in the metal plating industry to reduce concentrations of cadmium, 

chromium, and mercury down to the part per billion (ppb) range (Broom et al. 1994). 

MF is also being applied to the removal of heavy metals from other industries 

including mining and battery manufacturing.

(4) Waste concentration

With increasing cost of waste disposal, it is becoming more cost effective for 

industry to apply additional treatment to reduce the quantity of waste disposal. 

Membrane technologies are used to remove water, products and by-products from 

the waste to reduce the overall volume of the waste stream.

(5) Product purification and recovery

A broad spectrum of industries use membrane technologies in their processes to 

purify their products, recover valuable products and by-products from waste streams 

that used to go to the sewer or incinerators, and conserve energy by replacing energy 

intensive processes (such as distillation, concentration and fractionation). For 

instance, the chemical processing industry uses membrane technologies (MF, UF 

and PV) for better operational efficiency and economy, and to produce ultrahigh 

purity chemicals. In addition, membrane technologies are used to recover valuable 

organic material from chemical process wastes (Lien 1998).

Among the different types of membrane processes, microfiltration finds an important 

place in water and wastewater treatment due to the low pressure requirement and high 

filtration flux.
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2.8 Microfiltration

2.8.1 General

Microfiltration (MF) is a filtration processes that use porous membranes (with diameters 

between 0.1 and 10 /mi) to separate fine particles, microorganisms and emulsion 

droplets. Thus, MF membranes fall between ultrafiltration membranes and conventional 

filters. A comparison of the various pressure-driven processes is given in Table 2.12 

(Mulder, 1996).

Table 2.12 Comparison of various pressure-driven membrane processes (Mulder, 1996)

Microfiltration Ultrafiltration Nanofiltration/ 
reverse osmosis

separation of particles separation of
macromolecules (bacteria, 
yeasts)

separation of low MW 
solutes (salts, glucose, 
lactose, micropollutents)

osmotic pressure* 
Negligible

osmotic pressure* 
negligible

osmotic pressure high 
(=1-25 bar)

applied pressure low

(<2 bar)

applied pressure low

(=1-10 bar)

applied pressure high 
(=10-60 bar)

Symmetric structure 
asymmetric structure

asymmetric structure asymmetric structure

thickness of separating 
layer
symmetric =10-150 /xm 
asymmetric =1 /xm

thickness of separating 
layer =0.1-1.0 /xm

thickness of actual 
separating layer =0.1-1.0 

/xm

separation based on 
particle size

separation based on 
particle size

separation based on 
differences in solubility 
and diffusivity

* In absence of concentration polarization

Microfiltration is the oldest membrane technology. It had its modem origins in the 

development of collodion (nitrocellulose) membranes in the 1920s and 1930s. In 1926 

Membranfilter GmbH was founded and began to produce collodion MF membranes 

commercially. The first large-scale application of MF membranes was to culture

2-35



microorganisms in drinking water. Until the mid-1960s, the use of MF membranes was 

confined to laboratory or very small-scale industrial application. The introduction of 

pleated membrane cartridges by Gelman in the 1970s was an important step and made 

possible the use of MF membranes in large-scale industrial applications. Some of the 

important milestones in the development of MF are presented in Table 2.13 (Baker, 

2000).

Table 2.13 Milestones in the development of microfiltration (Baker, 2000)

Time (year) Milestones

1918 Zigmondy and Bachman patent collodion membranes

1926 Membranfilter GmbH founded

1944 Membrane test to screen water for bacterial contamination 
developed in Germany

1947 Goetz produces cellulose acetate-cellulose nitrate microfiltration 
membranes at CalTech

1954 Millipore Corporation founded

1963 Cold sterilization of beer introduced

1971 Crossflow filtration described

1972 Pleated cartridge membrane filters introduced

1985 Membralox ceramic tubular microfiltration modules produced

Basically, MF (pore size 0.1 micron) alone can remove (AWWA, 1995) suspended 

matter, turbidity, algae, fungi, protozoa, microorganisms and giardia lamblia, 

Cryptosporidium. However, MF can not remove colour, all bacteria, all viruses and 

natural organic matter (which contributes to forming disinfection by-products or DBPs) 

(AWWA, 1995).

2.8.2 Microfiltration process

As one of the pressure driven membrane processes, MF process is now the largest 

market for technical membranes and membrane modules. The most widely used process 

designs of MF are dead-end (in-line) and crossflow modes (Figure 2.2).
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In dead-end filtration, the feed flow is forced through the membrane perpendicularly 

under pressure. As particles get accumulated on the membrane surface or in its interior, 

the thickness of the cake increases with filtration time and consequently the permeation 

rate decreases with increasing cake layer thickness. After some point, the membrane 

must be replaced. In crossflow filtration, the feed flow is circulated across the 

membrane surface tangentially. The system produces two streams: a clean, particle-free 

permeate and a concentrated retentate containing the particles. The equipment required 

for crossflow filtration is more complex, but the benefit is that particles/solutes that 

would accumulate at the membrane surface are moved along. The system can achieve a 

steady-state distribution of particles or solutes at the interface, rather than the 

continually developing one that is in dead-end filtration. The consequence of crossflow 

is that in continuous operation the flux through the membrane tends to a constant while 

in dead-end filtration the flux continues to fall. If higher fluxes are desired then higher 

crossflow are required (Mulder, 1996; Cardew and Le, 1998; Baker, 2000).

Membrane -filtration

Dead-end filtration Crossflow fdtration

Time Time

Figure 2.2 Schematic illustrating difference between dead-end and crossflow filtration
(Ripperger, 1989)
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2.8.3 Membranes for microfiltration

MF membranes may be prepared from organic materials (polymers) or inorganic 

materials (ceramics, metals and glasses). Various techniques can be employed to 

prepare MF membranes from polymeric materials. Table 2.14 summarizes the effect of 

the preparation method on the porosity and the pore size distribution (Mulder, 1996).

Table 2.14 Porosities and pore size distributions achieved by 
various preparation methods (Mulder, 1996)

Process Porosity Pore size

Sintering low/medium narrow/wide

Stretching medium/high narrow/wide

Track-etching Low narrow

Phase inversion High narrow/wide

Polymers and ceramics are the most popular materials to prepare MF membranes. 

Synthetic polymeric membranes can be divided in two classes: hydrophobic and 

hydrophilic. Other materials such as glass (Si02), carbon and various metals (stainless 

steel, palladium, tungsten, silver) have also been used for preparing MF membranes.

2.8.4 Applications of microfiltration

MF is used in a wide variety of industrial applications where particles of a size > 0.1 /mi 

and have to be retained from a liquid. A number of applications in industry are 

summarized below (Mir at al., 1992; Eykamp, 1995):

> cold sterilization (food and pharmaceuticals)

> cell harvesting and membrane bioreactor (biotechnology and fine chemical)

> clarification (beverages and dairy)

> ultrapure water in the semiconductor industry

> metal recovery as colloidal oxides or hydroxides

> wastewater treatment

> continuous fermentation
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> separation of oil-water emulsion

> dehydration of latices

There are several applications of MF in the drinking water industry (Jacangelo and 

Buckley, 1996). The primary impetuses for the more widespread use of MF are: (i) the 

increasingly more stringent requirements for better removal of particles and 

microorganisms from drinking water supplies; (ii) the limiting of concentrations and 

number of chemicals that are applied during water treatment. Figure 2.3a shows a 

typical treatment for MF application for particle and microbial removal, which consists 

simply of pre-screening, MF and disinfection. In this case, no chemicals are added 

during the water production process.

Another application of MF technology is for removal of natural or synthetic organic 

matter. Normally, MF removes little or no organic matter. However, when pretreatment 

is applied, improving removals of organic matter as well as retarding membrane fouling 

can be achieved. The two most common pretreatments are metal flocculation and 

powdered activated carbon (PAC) adsorption (Figure 2.3b).

Raw 
water

Prescreen Microfiltration Clearwell

(a)

Coagulant addition
or powdered activated 
carbon addition

■►To distributionRaw
water

Microfiltration ClearwellPrescreen
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■►To distribution
Raw
water

(C)

Raw
water

Prescreen Microfiltration

►■To distribution

Nanofdtration Clearwell

(d)

Figure 2.3 Schematic of various applications of MF: (a) MF only; (b) organics removal 
by MF pretreatment with coagulant or PAC; (c) MF as pretreatment to reverse osmosis; 

(d) MF as pretreatment to nanofiltration (Jacangelo and Buckley, 1996)

Two other applications involve using MF as a pretreatment to RO or NF (Figure 2.3c 

and 2.3d). MF is being involved in dewatering of sludge and removing colloidal matters 

in wastewater as a pretreatment to RO for water reuse. In anticipation of new and more 

stringent DBP regulations, surface water utilities are considering using NF for removal 

of precursors of the by-products. Reiss and Taylor (1991) showed that pretreatment in 

terms of scaling control and prefiltration (5 to 20 /mi) was not sufficient to prevent NF 

membrane fouling when treating surface water in Florida. They found that MF was 

more effective than alum coagulation (followed by settling and sand filtration) or 

granular activated carbon filtration for maintenance of NF specific flux. Because of the 

many potential advantages of MF comparing to conventional water treatment, the 

technology has been the focus of numerous studies and full-scale applications.

2.9 Membrane fouling and critical flux

2.9.1 Membrane fouling
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In membrane filtration processes, the permeate flux decreases with time as the retained 

particles accumulate on membrane surface. This phenomenon is defined as membrane 

fouling. Membrane fouling can be classified as reversible fouling and irreversible 

fouling, of which the distinction is entirely dependent on the context in which 

membranes are operated and cleaned. Reversible fouling occurs due to the concentration 

polarization of materials at the membrane rejection surface. The reversible fouling can 

be restored through chemical cleaning, backwashing or hydrodynamic scouring (surface 

washing). Irreversible fouling occurs by chemisorption and pore plugging mechanisms. 

In case of irreversible fouling, the loss in transmembrane flux cannot be recuperated 

hydrodynamically or chemically. This means that the membranes must go through 

extensive chemical cleaning or be replaced (AWWA, 1992; Chaudhary, 2003).

Membrane fouling can occur both at the membrane surface and in the membrane pores. 

The following processes are considered as causes for the fouling process (Giinder, 

2001):

■ adsorption of macromolecular and/or colloidal matters on the external and inner 

surfaces of the membrane

■ adhesion and growth of biofilms on the membrane surface (bio-fouling)

■ precipitation of solved matters on the membrane surface

■ aging of the membrane (polymerization)

Raw waters contain a wide distribution of particle size. Fouling by particulate and 

dissolved matter can be considered to occur by different mechanisms. Particulate matter, 

which is clearly larger than the pores in membranes, forms a cake at the membrane 

surface. Dissolved matter, some of which can penetrate pores, causes fouling by a 

variety of mechanisms, such as forming a surface cake, penetrating and clogging pores, 

or adsorbing within pores to reduce the pore diameter. Howe and Clark (2002) indicated 

that particulate matter (larger than 0.45 fim) was relatively unimportant in fouling as 

compared to dissolved matter because particulate fouling accumulated during the 

filtration cycle could be removed during the backwash cycle. Very small colloids, 

ranging from 3 nm to 20 nm in diameter, appeared to be important membrane foulants. 

Adsorption was demonstrated to be an important mechanism for fouling by colloids. Lin 

et al. (2000) found that the high-MW (molecular weight) organic components (both 

hydrophobic and hydrophilic fractions) caused more fouling. Clark and Heneghan
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(1991) also found hydrophobic membrane suffers more fouling than hydrophilic 

membrane.

Schafer et al. (2000) noted that both inorganic and organic compounds can contribute to 

fouling. Table 2.15 shows the average foulant distribution worldwide (Van Hoof et al., 

2002). Inorganic compounds can cause fouling when precipitation occurs on the 

membrane due to hydrolysis and oxidation during fdtration (Wiesner and Aptel, 1996). 

Potts et al. (1981) found that Calcium, magnesium, carbonate, sulphate, silica and iron 

are the main inorganic substances that cause fouling of the membrane. In case of 

organic fouling, NOM is the most important organic foulant. Kaiya et al. (1996) showed 

that NOM was a major cause of the flux decline in the microfiltration of natural water. 

Fan et al. (2001) proposed that the high MW fraction of NOM (>30 kDa) was 

responsible for the greater flux decline in microfiltration. On the basis of comparable 

dissolved organic carbon (DOC) concentration, the order of the fouling potential of the 

fractionated NOM was consistently hydrophilic neutral > hydrophobic acids > 

transphilic acids > hydrophilic charged.

Table 2.15 Average foulant distribution worldwide (Van Hoof et al., 2002)

Foulant Percentage (%)

Organic 50.2

Fe203 7.6

Si02 13.5

A1203 4.7

CaP04 3.6

CaC03 3.7

CaS04 2.6

Others 14.1

2.9.2 Minimizing membrane fouling

Previous studies in minimizing membrane fouling carried out in various areas can be 

classified into three categories: fouling control, pretreatment technologies, and anti

fouling membrane and modules (Sheikholeslami, 1999).
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1. Fouling control

In membrane fouling mechanism, there always has an induction period before fouling 

occurs. The induction period is a function of the system and operating condition. If 

one can increase the period indefinitely, fouling would never occur. Therefore, there 

exists a critical flux, below which fouling resistance remains negligible. Controlling 

the flux at a sub-critical level can avoid cake formation and mitigate membrane 

fouling. Besides, maintaining stability of solution can control colloidal fouling. 

Critical flux, salinity, pH, cross flow velocity, temperature, pressure, repulsion forces 

and type of particles are all factors which affect stability of colloidal particles. 

Another method for fouling control is the use of antisealants or antifoulants. They act 

as scale inhibitors, particulate dispersants, scale crystal modifiers or sequestrates (for 

Fe, Mg, etc.). However, considering the safety/environmental aspects and cost, it 

seems that research in this area is very limited.

2. Pretreatment technologies

Since the fouling takes place on the membrane, there is a need for fouling control at 

this stage. The membrane is subject to both surface and pore fouling. Normally, 

intermittent backwashing and less frequent chemical cleaning are used for 

maintaining stable performance of membrane and restoring the flux. Pretreatment of 

raw waters can modify the properties of feed water before it passes through 

membrane. Adsorption, flocculation and membrane softening are common methods 

used for pretreatment.

3. Anti-fouling membranes and modules

There have been numerous efforts to develop membrane and modules that are 

resistant to fouling. The first feature is modifying the feed flow or physical properties 

to improve the dynamic conditions of flow distribution. This helps to reduce the 

boundary layer thickness at the membrane surface and enhance both membrane flux 

and apparent rejection. The second approach is modifying the membrane properties. 

Membrane surface modification attempts to change the physical and chemical 

properties of the surface to reduce primary fouling and adsorption of molecules. The 

last achievement is the module and spacer design. Module and spacer design results 

in a module with better packing, higher density and easy cleaning. It affects the
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performance and fouling propensity of membrane systems by improving the 

hydrodynamics of flow and contact time.

2.9.3 Critical flux

As mentioned in previous section, to overcome the flux decline problem and to make 

the membrane process more competitive, one of the main approaches is operating 

membrane systems in the region of sub-critical flux. In this section, the theoretical and 

experimental development of critical flux is briefly introduced.

2.9.3.1 General

Around the early 90s a number of researchers explored the advantages of low 

transmembrane pressure (TMP) operation. Hence, reducing the crossflow velocity and 

the attainable flux have an economic advantage to saving energy. In 1992, Howell 

suggested that there was a flux below which fouling might not occur (Howell, 2004). 

Bacchin (1994) worked out theoretically that at a certain flux a colloid would overcome 

surface interaction and aggregate with the membrane surface. At the same time, Field et 

al. (1995) and Howell (1995) defined the term critical flux as that flux below which 

fouling would not occur and demonstrated that effect through experiments. Several 

methods have been developed to measure a quantity termed critical flux.

An original concept for critical flux was that it was a flux below which there was no 

fouling, and thus the TMP at a given flux of permeate while filtering a suspension 

would be the same as with a pure solvent. Other workers have regarded linearity 

between TMP and flux as a demonstration that fouling was not occurring and the point 

at which this linearity broke down was considered to be a strong form of the critical flux. 

In measuring these critical fluxes, systems were operated under a controlled flux for 

periods of 5 to 30 minutes and the TMP was measured. Another definition is that the 

critical flux was considered to be the point at which any fouling became irreversible. 

Therefore, operation in the sub-critical flux region was advocated by some researchers, 

whilst others suggested operating in a near critical flux region above the critical flux and
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accepting some slight fouling which could subsequently be easily cleaned (Howell, 

2004).

In real systems, there are not only various species, but also different size of colloidal 

particle and multiple interactions which occur between the membrane system and the 

different species. However, critical flux may not be exceeded for the principal 

component fouling by smaller particles, by pore capture and blocking, or by adsorption 

within or around the pore of smaller species (Howell, 2004). A number of different 

manifestations of sub-critical flux operation have been proposed, largely depending on 

the method of determination employed (Table 2.16) (Le Clech et al. 2003).

Table 2.16 Methods of determining critical flux (Le Clech et al. 2003)

Definition Method of 
determination Restriction Reference

Stable operation 
for long period

Observation of TMP 
and flux behaviour

Initial flux decline 
not take account Howell, 1995

Transition between 
pressure-dependant 
and pressure- 
independent flux

Hydraulic tests 
(changes in TMP 
for different fluxes)

Short term 
experiment

Bouhabila et al., 
1998

Inertial lift velocity 
(V,l)

Determination of
V,l

Based on 
theoretical model

Kwon and 
Vigneswaran, 

1998; Green and 
Belfort, 1980

No material 
deposition

Direct observation 
through membrane 
(DOTM)

Soluble deposition 
not visible

Kwon et al., 
2000

No material 
deposition Mass balance Soluble deposition 

not visible
Shirato et al., 

1985

Stable operation 
(constant specific 
flux) from the 
start-up

Flux-step method Short term 
experiment

Cho and Fane, 
2002

Limiting flux Stepwise increase 
of TMP

Less fouling 
control

Defrance and 
Jaffrin, 1999
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2.9.3.2 Critical flux in crossflow microfiltration

The flux decline in microfiltration results from the development of resistance in the 

filtration system. This is related to the permeability of the gel layer/surface cake formed 

by colloidal/particulate material on the membrane surface, and the effective size of 

membrane pores affected by the adsorption of dissolved material within the membrane 

pore structure (Fan et al. 2001). Hence, the efficiency and economic competitiveness of 

crossflow microfiltration (CFMF) depends on the effective control of the extent of 

particle deposition on the membrane.

There are five factors which can affect the performance of CFMF (Al-Malack and 

Anderson, 1997): (i) crossflow velocity; (ii) transmembrane pressure; (iii) pore size of 

membrane; (iv) feed concentration; (v) temperature. In CFMF, the particle transport is 

not only the result of Brownian diffusion and physico-chemical interactions, but also as 

a result of shear-induced diffusion, turbulent transport, axial transport (or particle 

rolling), inertial-lift forces, and particle-particle interaction forces (Huisman and 

Tragardh, 1999). Similarly, the critical flux is related to particle size, membrane pore 

size, crossflow velocity, influent concentration and bulk ionic strength.

Li et al. (1998) observed particles behaviour of CFMF through DOTM technique. The 

imposed flux was controlled at, below and above the critical flux. Below the critical flux, 

the particle deposition was negligible; near the critical flux the particle deposition was 

significant; and above the critical flux, particle layers were formed on the membrane 

surface. Rolling of the particles was observed during the filtration of 6.4 /mi latex near 

the critical flux, and a flowing cake layer was observed during the filtration of 3 /xm 

latex. The particle size distribution of the deposited particles changed with the crossflow 

velocity. The lower the crossflow velocity, the more stagnant the particles deposit on 

the membrane surface. Smaller particles incline to deposit on the membrane at higher 

crossflow velocity. Kwon et al. (2000) conducted an experimental study on critical flux 

in CFMF with synthetic suspensions of spherical polystyrene latex particles. The results 

revealed that the critical flux increased with particle size (ranging from 0.32 to 11.9 /xm) 

and crossflow velocity, and decrease with influent concentration, whereas, the critical 

flux remained almost same with different membrane pore size (0.1, 0.2, 0.45 and 0.65 

/xm). In case of ionic strength, critical flux based on the TMP concept decreased with
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• • 5 2 *the increase in ionic strength of feed suspension (10" -10" M) and then increased 

afterwards, but the critical flux based on mass balance was almost the same. Wu et al. 

(1999) reported the effect of membrane pore size (50k, 100k, and 0.2/xm) on critical 

flux using a constant-flux mode for three types of feed fluids. They found the critical 

flux decreased with increasing membrane pore size.

The usual way of characterizing MF behaviour was to perform constant TMP filtration 

experiments and to study the variation of flux with time for various operating conditions. 

However, the interpretation of the data from constant-pressure experiments often causes 

problems because the flux variation produces changing conditions (of concentration, 

rheology, solubilities, etc.) in the boundary layer throughout any experiment. As a result, 

more MF experiments focus on various constant-fluxes. In 1987, Turker and Hubble 

designed an experimental set-up operating at constant permeate flux to investigate the 

fouling of an ultrafiltration membrane. Since Aimar and Howell (1989) pointed out 

maintaining the flux constant during filtration, the TMP was dependent variable. Field 

at al. (1995) also indicated that the value of TMP through constant-flux, rather than 

under the condition of constant-pressure, was crucial to understand critical flux 

fundamentally.

2.10 Submerged membrane bioreactor hybrid system

Membrane bioreactor (MBR) processes are becoming a promising option for 

wastewater treatment and reuse because MBR technology combines membrane 

separation and biological treatment. Comparing to other MBR processes, the submerged 

configuration is widely used due to its superiority. Thereby, this research is mainly 

focus on a combined PAC-hollow fiber submerged membrane hybrid system in order to 

enhance dissolved organic matter removal efficiency in tertiary wastewater treatment 

and reuse. This section gives the comprehensive ideas about organic contaminants of 

tertiary wastewater and submerged membrane bioreactor.
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2.10.1 Organic pollutants in water and wastewater

2.10.1.1 General

In public water supplies, there have been reported that a remarkable increase in the level 

of synthetic organic chemicals (SOCs). Hundreds of SOCs, which include pesticides, 

herbicides, detergents, polycyclic aromatic hydrocarbons, nitrosamines, phenolic 

compounds, trihalomethanes and other pollutants, have been identified in drinking water 

supplies. On the other hand, natural organic material (NOM) is found in varying 

concentrations in all natural water sources (D^browski, 2001). The types of organic 

pollutants present in natural water are shown in Figure 2.4 (Jegatheesan et al., 2002).

Municipal wastewater contains wide range of contaminants which are complex mixtures 

of particulate and soluble substances, which range in size from less than 0.001 to over 

100 jam. The size ranges of typical organic contaminants characteristic of settled 

municipal wastewater are presented in Figure 2.5. The contaminants are classified by 

size range as settleable, supracolloidal, colloidal and soluble. The size range and the 

organic content of each fraction are summarized in Table 2.17 (Levine et al., 1985).

Organic 
Contaminants 
in natural water

Chemical by-products
Additives (enter or form in water during 
treatment or in the distribution system)

Humic substances 
(300-30,000 Da)

Dissolved organics 
from plant tissues

Dissolved organics 
From animal wastes

Microbial exudates

Humic acid
(soluble in alkaline solution)

Fulvic acid
(soluble over entire pH range)

Humin (insoluble)

Others

Synthetic
organic
chemicals

NOM

Pesticides

Volatile organic chemicals (VOC)
Synthetic chemicals produced commercially 

Chemicals generated as waste products

Figure 2.4 Classification of organic substances present in natural water
(Jegatheesan et al., 2002)
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Recalcitrant compounds Algae, protozoa
(e.g. DDT,

PCB, Fulvic acids Bacteria
dioxin)

Humic acids Cell fragments ______Bacterial floes

Nutrients RNA______
(e.g. nitrogen,
phosphorus) ch| ,y|| viruses

Carbohydrates Polysaccharides
(e.g. glucose, fructose) (e.g. starch, cellulose, pectin)

Proteins

Amino acids Vitamins

Organic debris 
(food and human wastes)

DNA

Fatty acids Exocellular enzymes 
bacterial

Approximate molecular mass, amu (atomic mass units, 1 nm = 1-3 KD)

101 102 103 104 105 10® 107 10® 109
1------------------------h—1-------1------- 1—r1--------A------------- 1-------------1

10-4 10-3 10-2 10-1 10° 101 102

Particle size, microns

Figure 2.5 Typical organic constituents in settled municipal wastewater
(Levine et al., 1985)

Table 2.17 Composition of organic materials in wastewater (Levine et al., 1985)

Classification

Item Soluble Colloidal Supracolloidal Settleable

Size range (/mi) <0.08 0.008-1.0 1-100 >100

COD (% of total) 25 15 26 34

TOC (% of total) 31 14 24 31

Organic constituents 
(% of total solids)

Grease 12 51 24 19
Protein 4 25 45 25
Carbohydreates 58 7 11 24

Biochemical 
oxidation rate, k, d'1 

(base 10) 0.39 0.22 0.09 0.08
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2.10.1.2 The effects of organic pollutants

Natural organic matter (NOM) is a complex heterogeneous mixture of compounds 

formed as a result of decomposition of animal and plant materials in the environment. 

NOM in natural water significantly influences many aspects of water treatment, 

including the performance of unit processes (i.e. oxidation, flocculation and adsorption), 

application of disinfectants, and biological stability. As a result, NOM affects potable 

water quality in the areas of DBP formation, biological regrowth in the distribution 

system, colour, tastes and odours. Most NOM comprise of a range of compounds, from 

small hydrophobic acids, proteins and amino-acids to larger humic and fulvic acids. 

Some portion of them is persistent organic pollutants (POPs). The POPs are non- 

biodegradable substances which are hardly removed by biological secondary treatment 

process. In addition, the organic constituents of wastewater change during biological 

treatment. The reactions between NOM and disinfectants such as chlorine can form 

trihalomethanes (THMs) and other halogenated by-products such as haloacetonitriles, 

trichloroacetic acid, trichloroacetone, chlorinated aldehydes, chlorophenols, and other 

specific compounds, as well as organic halides. Many of these halogenated organic 

compounds are carcinogens or mutagens and are toxic at high concentrations. For 

example, the reaction of chlorine with humic acids in groundwaters can lead to 

chlorophenols and halomethanes, and these are the most common products of 

chlorination. Many of these organic chemicals are carcinogenic. Therefore, effluent 

from sewage treatment plant may contain various kinds of refractory organic substances. 

Since these effluent organic matters (EfOMs) are able to chelate heavy metals and 

protect pathogenic organisms by coating and impair the color of the effluent, their low 

removal efficiency results in adverse effect in water environment (Seo at al., 1997; 

Owen et al., 1995; Bouwer and Crowe, 1988).

The major fraction of NOM is composed of humic substances (HS), which are complex 

macromolecular products of the chemical and biological degradation of plant and 

animal residues, including lignin, carbohydrates and proteins. Although HS are often 

present in surface waters, it was shown that they constitute a significant fraction of 

residual organics in secondary effluents (Manka and Rebhun, 1982). HS (MW range 

from 1,000-100,000 Da) can be divided into humic acids, fulvic acids and humin 

according to their solubility in acidic (pH) solutions. Humin is insoluble in water at any
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pH; humic acid is not soluble under acidic conditions and precipitates at pH values 

below 2; fulvic acid is soluble under all pH conditions. The HS have both aromatic and 

aliphatic components and containing three main functional groups: carboxylic acids 

(COOH), phenolic alcohols (OH), and methoxy carbonyls (C=0) (Yuan and Zydney, 

1999; Kipton et al., 1992). The HS comprise over 50% of the dissolved organic carbon 

(DOC) of NOM and are mainly responsible for the colour in waters. The non-humic 

fractions of NOM are composed of transphilic acids, proteins, amino acids and 

carbohydrates and account for 20-40% of the DOC in waters; the non-humic fractions 

are less hydrophobic than the humic fractions (Fan et al., 2001).

Besides giving the waters a yellowish to brownish colour, the humic acid can also cause 

fouling problems in filtration system. Lin at al. (2000) observed that the hydrophilic 

fraction induced the worst flux decline despite little rejection of DOC when studying the 

effects of the characteristics of the fractionated humic acid on the performance of a 

negatively charged hydrophobic ultrafiltration membrane. Meanwhile, the largest 

molecules (6.5-22.6 kDa) of both hydrophobic and hydrophilic fractions caused the 

greater flux decline. It was NOM is often implicated as a major foulant of membrane 

systems (Nystrom et al, 1996; Zhang et al, 2003). There are at least three fouling 

mechanisms:

1. the NOM might adsorb in the membrane pores and narrow or block the passageways 

available to the water

2. it might block access to the pores by forming a separate gel layer on the membrane 

surface

3. in cases both NOM and particles are present, it might bind particles together to form 

a low permeability particle/NOM layer on the membrane surface.

Yuan and Zydney (1999) showed that the initial fouling on MF membranes (with a pore 

size of 0.16 /xm) was caused by the convective deposition of large humic acid 

aggregates/particles on the membrane surface, with relatively little internal fouling 

within the membrane pore structure. This initial deposit was then able to accelerate the 

subsequent deposition of macromolecular humic acid. Mallevialle et al. (1989) indicated 

that organic matter, including humic acids, served as “cement” for the inorganic clays in 

the fouling deposit formed on the membrane surface. Kaiya et al. (1996) also found that
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the fouling layer deposited on a MF membrane after filtration of eutrophic lake water 

was primarily composed of NOM along with precipitated manganese. The factors 

affecting NOM-membrane interactions are as follows (Cho et al, 1999):

■ NOM properties: bulk NOM concentration, humic/non-humic fraction, molecular 

weight distribution, charge

■ membrane properties: physical structure, surface/pore charge, hydrophobicity

■ inorganic environment of solutions, and

■ operating conditions

2.10.1.3 Organic pollutants removal

In conventional methods for removal of humic substances (HS), the most common 

treatment is flocculation-sedimentation-rapid sand filtration. Floes with low settleability 

may be removed by flotation instead of sedimentation. Alum and Ferric salts are usually 

used as flocculant. However, it is difficult to remove HS with low molecular weight 

(< 10,000). Combined flocculation and PAC may interfere due to deteriorated adsorption 

by precipitation of metal hydroxides on the activated carbon surface (Ericsson and 

Tragardh, 1996).

In order to guarantee the required quality of treated water, unconventional and high- 

efficiency membrane processes have been introduced for a number of treatment 

purposes, like disinfection, removal of NOM, turbidity, hardness and micropollutants. 

For example, membrane filtration has become a preferred method to remove HS in 

Norway because of good and stable water quality and simple plant operation. 

Nevertheless, the main challenge with the technology is to reduce flux decline because 

of fouling and secure stable long term operation (Thorsen, 1999). On the other hand, 

methods that have been used to reduce NOM fouling include frequent backwashing and 

application of advanced pretreatment processes. Periodic backwash improves membrane 

permeability and reduces fouling, so it can lead to optimal, stable hydraulic operating 

conditions (Cote et al., 1997). Feed-water pretreatment can consist of alterations to the 

solubility of NOM and the reduction of the NOM concentration by flocculation (Jucker 

and Clark, 1994).
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Among the membrane processes, microfiltration (MF) and ultrafiltration (UF) are 

considered as competitive processes to remove organic pollutants, such as 

microorganisms and pathogens (Giardia and Cryptosporidium). However, these 

technologies only show little removal efficiency on colour, NOM and POPs. Therefore, 

MF and UF must be combined with other conventional technologies such as activated 

carbon adsorption and flocculation to overcome the limitations. The use of PAC in 

conjunction with different UF systems has been successfully demonstrated for removal 

of synthetic organic chemical (3,4,6-trichlorophenol) and NOM at bench scale and at 

pilot plants (Laine et al., 1990; Adham et al., 1991). Jacangelo et al. (1995) also 

indicated that 97% of simulated distribution system THM could be removed at PAC 

dosage of 90 mg/L. Recent years, a series of physico-chemical or biological unit- 

processes have been developed worldwide. In these advanced processes, the submerged 

membrane configurations offer an opportunity to develop new combined treatment 

processes.

2.10.2 Biological wastewater treatment

2.10.2.1 Biological processes

The application of biological treatment can be traced back to the late nineteenth century. 

By the 1930s, it was a standard method of wastewater treatment (Rittmann, 1987). 

There are two major biological wastewater treatment processes, which are known as 

aerobic and anaerobic processes. In aerobic process, dissolved oxygen is required as an 

electron acceptor, while the existence of oxygen is not permitted in anaerobic process.

The microbial population could be carbonaceous wastes in domestic sewage, or 

introduced from the soil as the wastewater flows through the drains, or from the 

microbial spores carried by the wind. The microorganisms which are important in 

wastewater are yeast, fungi, bacteria, algae and protozoa. The microorganisms may be 

dispersed in the wastewater or they could aggregate to form floes or slimes. They 

support microbial growth in treatment processes and in distribution systems. Bacterial 

slimes in distribution systems may also facilitate corrosion of pipes; produce taste, odor, 

and color in the treated water; and increase the amount of chlorine needed to maintain a

2-53



residual throughout the distribution system. Extremely low concentrations of 

biodegradable organic matter can be utilized by oligotrophic microorganisms. Ammonia, 

iron and manganese remaining in the product water are also suitable growth substrates 

for certain bacteria. Consequently, biodegradation of assimilable organic carbon (AOC) 

is one approach to achieving a product water that is biologically stable and offers 

limited opportunity for regrowth (Ouano, 1981; Bouwer and Crowe, 1988).

Aerobic degradation of organic wastes could be generalized by the following reaction:

bacterial cell + organic matter + oxygen + nutrient —» CO2 + H2O
+ more bacterial cells (2.16)

Anaerobic degradation could be generalized by a two stage symbiotic reaction:

acid forming bacteria cell + organic matter + nutrient -» organic acids +
CO2 + more acid forming bacteria cells (2.18)

and

methane forming bacteria cell + organic acids + nutrient —> CH4 +
CO2 + more methane forming bacteria cells (2.19)

During the biological wastewater treatment process, organic matter, mainly insoluble 

form, is converted into H2O, CO2, NH* , CH4, NO, , MOj and bacteria cells. Although 

the end products vary depending on the presence or absence of oxygen, bacteria cells 

are always an end product. They go through the following four stages (Ouano, 1981; 

Benefield and Randall, 1980; Visvanathan et al., 2000):

1. Lag phase: When a bacterial culture is introduced into a solution containing 

carbonaceous substances, the sells adjust their enzymatic system to suit the food 

available. The growth rate at this stage is very low. This phase of growth is known 

as lag phase or acclimatization stage.

2. Exponential growth phase: After the bacterial cells have been acclimatized, they 

grow and multiply rapidly at a growth rate that is exponential in nature. This period 

of rapid growth is known as log phase or exponential growth phase.
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3. Stationary growth phase: When almost all the food is used up, a balance is 

established between the bacterial population and the food supply and the growth rate 

remains close to zero. This period is known as stable growth phase.

4. Death phase: When the food is used up, the bacterial cells start to consume the stored 

cellular reserves. The bacterial cells stop reproducing and they lose weight. This 

phase is known as endogenous phase.

2.10.2.2 Aerobic Biological Systems in Wastewater Treatment

The aerobic bioreactors can be clarified into two major categories (Cardew and Le, 

1998; Giinder, 2001):

1. Suspended floe systems

These systems utilize more intensively the natural purification processes that occur in 

streams and other water bodies. Microorganisms are cultivated in the form of floes 

suspended in a tank which must then be separated from the wastewater to produce a 

clarified effluent. The sufficient quantities of microorganisms must be maintained in 

the reactor so that continuous and efficient removal of pollutant can be sustained. The 

simplest form of the systems is the aerated lagoon, but the activated sludge process 

(ASP) is most widely used.

ASP was developed for purification of municipal wastewater in England from 1912 

to 1914 by Ardem and Lockett under the guidance of W. J. Fowler. It is now also 

widely used for industrial wastewater treatment. The process often preceded by 

primary sedimentation of the wastewater, normally involves two stages:

(1) Transformation of the solved and particular wastewater contents to activated 

sludge.

(2) Separation of the activated sludge from cleaned wastewater through 

sedimentation.

The aeration tank contains an aerobic suspension of many different microorganisms 

which under the right operation conditions. The wastewater to be treated enters the 

activated sludge tanks and is mixed with the microbial suspension and supplied with 

oxygen. Organic material is oxidized and microbial biomass grows. The biomass is

2-55



separated from the treated effluent in a settling tank and the thickened sludge is 

recycled back to the aeration tank inlet. Effluent is discharged from this final settling 

tank. A small proportion of the recycled flow is removed from the system as surplus 

sludge. This fraction is an important process variable and its value not only 

determines the average concentration of the mixed liquor suspended solids (MLSS) in 

the aeration tank but also the overall rate of treatment.

The design parameters of the ASP include: wastewater retention time, sludge loading 

rate, sludge age, sludge production rate, aeration requirements, and solids liquid 

separation.

2. Fixed film system

Fixed film systems have developed form the early practice of treating sewage by 

spreading on land. The wastewater to be treated flows as a thin film over the surfaces 

of inert mediums which are exposed to the air. A bacterial flim forms on the surfaces 

of the medium over the course of a few weeks from growth of bacteria present in the 

wastewaters, or from those derived from air and soil. The bacteria utilize oxygen to 

oxidize organic matter in the wastewater and obtain energy for growth. In time 

protozoa and later metazoan (worms, fly larvae, springtails, etc.) populate the film 

until there is a balanced community of organisms, and the accumulation of film on 

the medium is balanced by the loss of humus solids in the flow of water.

The treatment processes include: conventional biological filters, biological aerated 

filters (BAFs and BAFFs), rotating biological contactors (RBCs), biological fluidized 

beds (BFBs) and reed beds.

2.10.2.3 Opportunities for Membrane in Biological Wastewater Treatment

Normally, high rate wastewater treatment processes utilize the exponential growth 

phase of bacterial cells, while low rate or extended aeration phase processes use the 

endogenous phase of bacterial cells. Therefore, in conventional processes, the growth 

phase could vary between the two extremes. The stable growth phase is difficult to 

attain in practice due to the varying quality and quantity of wastewater influent to the 

wastewater treatment processes (Ouano, 1981). Solids liquid separation is a major
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disadvantage of suspended floe systems. Poor settling sludges are common and can 

make operation unsustainable. This has resulted in the development of alternative 

processes to overcome the problem (Cardew and Le, 1998).

Furthermore, conventional activated sludge process is restricted to a fairly low biomass 

concentration because of final settlement limitation. Consequently, the required reactor 

volumes are large (high capital cost) and the conversion rates are necessarily low (high 

operating cost). Over recent years, attempts have been made to increase the working 

biomass (e.g. BAFFs, BFBs) in order to develop highly efficient systems, especially 

with the use of membranes for biomass retention. Membrane systems have the potential 

for a very high sludge age which generally means a reduction in the surplus sludge 

volume (Davies et al., 1998).

Figure 2.6 illustrates the evolution of water reclamation treatment trains for Water 

Factory 21 in Orange County (USA) (Cote et al., 1997). The wastewater was treated for 

groundwater recharge. Figure 2.6(a) shows a conventional high-rate activated sludge 

process to remove the bulk of suspended solids and organic matter, followed by lime 

softening, sedimentation and sand filtration to pre-treated effluent for RO. In this train, 

large volumes of primary, biological and chemical sludges are produced. A simplified 

process under evaluation at demonstration-scale at Water Factory 21 consists in 

replacing the physical-chemical pretreatment to RO by MF or UF (Figure 2.6(b)). The 

production of chemical sludge is eliminated in this process, but the backwash 

requirement of the MF/UF membranes lead to over-designing of the pretreatment by 

10-20%. The simplest treatment process shown in Figure 2.6(c) provides the same 

overall level of treated quality water as the two processes described above. The 

submerged membrane activated sludge process allows the treating of raw wastewater 

after simple screening, with a high biomass concentration and a long sludge residence 

time. This results in the elimination of liquid side-streams (sand and/or membrane filter 

backwash). Hence, it significantly reduces the sludge production and improves pre

treated water quality for RO.
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Figure 2.6 Evolution of water reclamation treatment processes (Cote et al., 1997)
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2.10.3 Membrane Bioreactor

2.10.3.1 General

Ultrafiltration as a replacement for sedimentation in the activated sludge process was 

first described by Smith et al. (1969). The concept of an activated sludge process 

coupled with ultrafiltration was commercialized in the 1970s by Dorr-Oliver and Sanki 

Engineering Co. Ltd. Today, over 500 membrane bioreactor processes have been used 

to treat both industrial and municipal wastewaters, as well as for in-building treatment 

and reuse. While solids/liquid separation membrane bioreactors (MBRs) have been 

extensively applied at full-scale, membrane aeration bioreactors (MABRs) and 

extractive membrane bioreactors (EMBRs) have only been operated at up to pilot-scale 

(Stephenson et al., 2000).

Combining membrane technology with biological reactors for the treatment of 

municipal and industrial wastewater has led to the development of three generic 

membrane processes in biological treatment (Brindle and Stephenson, 1996):

> For separation and retention of solids: solid-liquid membrane separation bioreactors 

employ MF or UF modules for the retention of biomass for recycle to the bioreactor.

> For bubbleless aeration within the bioreactor: gas-permeable membranes are used to 

provide bubbleless oxygen mass transfer to degradative bacteria present in the 

bioreactor. Additionally, the membrane can act as support for biofilm development, 

with direct oxygen transfer through the membrane wall in one direction and nutrient 

diffusion from the bulk liquid phase into the biofilm in the other direction.

> For extraction of priority organic pollutants from industrial wastewaters: an extractive 

membrane process has been devised for the transfer of degradable organic pollutants 

from hostile industrial wastewaters, via a nonporous silicone membrane, to a nutrient 

medium for subsequent biodegradation.

In a MBR, membranes like MF or UF can prevent the loss of biological solids and high 

moleculare weight solutes from the bioreactor, and facilitate complete mineralization of 

influent organic matter maintaining a high biomass concentration. As a result of
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membrane separation, solids retention time (SRT) is independent of Hydraulic retention 

time (HRT). Membrane separation in bioreactors is most attractive for situations where 

long solids retention times are necessary to achieve the removal of pollutants (Sutton et 

al., 1994; Chiemchaisri and Yamamoto, 1994; Knoblock et al., 1994). However, since 

high biomass concentrations in membrane separation bioreactors, microbes require a 

minimum amount of energy to maintain cell structure and integrity. Therefore, high 

oxygen concentrations are required in aerobic membrane systems to ensure continuous 

biosynthesis and cell growth. Consequently, one of the major operating costs is the 

energy required for oxygen dissolution or aeration, because the solubility of oxygen in 

water is very low and large quantity of energy is required to introduce the oxygen from 

the air into the wastewater (Ouano, 1981; Chiemchaisri et al, 1992; Aya. 1994).

2.10.3.2 Membrane Separation in Bioreactors

Membranes have been used for biomass separation in aerobic and anaerobic biological 

treatment systems, ranging from laboratory scale bioreactors to commercial treatment 

plants. The five principal configurations of membrane have various practical benefits 

and limitations (Table 2.18). Thus, the development or selection of membrane materials 

and module configuration for MBR has been governed by the need to suppress 

membrane fouling or ameliorate the problems associated with it. The nature and extent 

of fouling depend both on the feedwater quality and specific facets of the membrane 

separation system. The membrane elements represent linear dimension (i.e. the channel 

height of the tube diameter), the specific permeation rate/flux and the hydrodynamic 

conditions prevailing at the membrane solution interface (Stephenson et al., 2000).

The preferred membrane materials for MBRs are invariably polymeric on the simple 

basis of cost (Table 2.18). Geometries employed in key commercial systems mainly are 

flat plate/plate-and-frame, tubular and hollow fibre. The choice of configuration is 

profoundly influenced by the MBR process configuration. The standard MBR 

(solids/liquid separation) requires a module that can handle suspended solids, has a 

relatively low energy demand and can accommodate reasonably high membrane 

packing densities. Therefore, compared with the traditional tubular membranes applied 

in the past, hollow fiber and sheet membranes promote a progression to larger 

installations (Fane and Chang, 2002).
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Table 2.18 Membrane configurations (Stephenson et al., 2000)

Configuration
Area/volume
ratio
(m2/m3)

Cost
Turbulence
promotion

Advantages Disadvantage
Applications

(most
important first

Pleated filter 
cartridge 800-1000 Low Very poor

robust
construction 
compact design

Easily fouled 
cannot be 
cleaned

Dead end
MF

Plate-and-
frame 400-600 High Fair can be dismantled 

for cleaning

complicated 
design 
cannot be 
backwashed

ED, UF,
RO

Spiral-wound 800-1000 Low Poor
low energy cost 
robust and 
compact

not easily 
cleaned 
cannot be 
backwashed

RO, UF

Tubular 20-30
Very
high Very good

easily
mechanically 
cleaned 
tolerates high
TSS waters

high capital 
and membrane 
replacement 
cost

Crossflow 
filtration, 
high TSS 
waters

Capillary
tube 600-1200 Low Good characteristics between tubular and 

hollow fiber UF

5000
40000

Very
low

can be 
backwashed sensitive to

Hollow fiber very poor compact design 
tolerates high 
colloid levels

pressure
shocks

MF, RO

Table 2.19 Membrane configurations (Stephenson et al., 2000)

MBR Type Membrane material Configuration Pore size (/tm)

Solids/liquid polyethylene hollow fiber 0.4
separation ceramic tubular 0.1

polysulphone tubular 0.1
polyethylene plate-and-frame 0.4
polypropylene plate and frame 5
polyethylene hollow fiber 0.2

Aeration polytetrafluoroethylene hollow fiber 2
polypropylene hollow fiber 0.04-1.0
polytetrafluoroethylene plate-and-frame 0.2
silicone hollow fiber Dense

Extraction polysulphone & ZnCE Tubular UF
silicone Tubular Dense
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2.10.3.3 Membrane Bioreactor as Solids/Liquid Separation

The most common type of membrane bioreactors is solids/liquid separation membrane 

bioreactors (MBRs), which amalgamate an activated sludge process and membrane 

separation into a single unit process. This kind of MBRs has attracted increasing interest 

both academically and commercially because the process offers the inherent advantages 

over conventional wastewater treatment systems. The advantages of MBR are listed as 

follows (Stephenson et al., 2000; Van der Roest et al., 2002):

(1) High effluent quality: complete retention of all suspended matter is attainable, 

including bacteria and viruses. Hence, MBR effluents can be a suitable quality 

for discharge to sensitive regions, further purification by dense membrane 

processes (such as RO) or even recycling.

(2) Limited space requirement: Mixed liquor concentrations between 10,000 to 

20,000 mg/L in MBR are easily maintained during municipal wastewater 

treatment, while some zero-sludge wastage processes operated at biomass 

concentration up to 50,000 mg/L (Houten and Eikelboom, 1997; Muller et al. 

1995). This intensification is directly translated into a reduction in reactor 

volume and hence small footprint compared to the sedimentation process places 

in activated sludge process in order to maintain the biomass concentration.

(3) Low/zero sludge production: The combination of high biomass concentrations 

and the complete retention of solids allow the process to be operated at low 

organic loading rates. The sludge wastage can be minimized by maintaining a 
low food to microorganism (F/M) ratio (common ratios: 0.05-0.15 d'1). Zero 

production of sludge has been achieved whereby all incoming organic feed is 

utilized for cell maintenance rather than growth (Muller et al. 1995).

(4) Sludge bulking not a problem: sludge age and HRT are completely independent. 

Thus, MBRs can be operated at low HRTs and long sludge ages without washout 

of biomass common inactivated sludge.

(5) Possibilities for a flexible and phased extension of existing wastewater treatment 

plants (WWTPs).
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Solids/Liquid separation MBRs can be designed in two ways - in an external loop or 

integrated into the bioreactor as submerge membranes (Figure 2.7). In the external loop 

design, the MBR consists of cross-flow membrane, which is installed outside the 

bioreactor (aeration tank). Feeding pump delivers the mixed liquor from bioreactor to 

the pressure-drive membrane where the solids are retained and the permeate passes 

through the membrane. The concentrate then is recycled back to the aeration tank. The 

main commercial company for external loop configuration MBR is French based 

Lyonnaise-des-Eaus/Degremont. In the submerged MBR, the low-pressure membrane is 

directly immersed into the aeration tank and operates under vacuum pressure. The 

membrane is agitated by coarse air that assists in preventing solis build up at the 

membrane surface. Currently, there are three companies marketing the submerged 

configuration MBR: Mitsubishi Rayon Corporation (Mitsubishi) from Japan, Zenon 

Environmental Systems, Inc. (Zenon) from Canada, and Kubota Corporation (Kubota) 

from Japan (Gagliardo et al., 2000).

Influent

Membrane
reactor

Effluent

Crossflow
membrane
module

Sludge
Pump

Influent Effluent

Membrane
reactor

Vacuum-driven
membrane
module

(a) External loop mode

Sludge 

(b) Submerged mode

Figure 2.7 Schematics of MBR systems (Fane and Chang, 2002)

In both case of external loop mode and submerged mode, surface shear and/or 

backwashing is applies to control cake formation and fouling. The membrane is 

systematically backwashed in order to remove solids build-up, and chemically cleaned
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when operating pressures become too high. Table 2.20 also gives summarized 

comparison of these two configurations (Seyfried et al., 1998).

Table 2.20 Comparison of different configurations of MBR hybrid system
(Seyfried et al., 1998)

Items External loop mode Submerged mode

The feed flows parallel to the 
membrane surface

membrane submerged 
into the feed

Pressure 300-500 kPa
no pressure is applied to the 

feed, but vacuum to the
permeate instead

Energy consumption 3-7 kWh/m3 0.2-0.5 kWh/m3

Permeate flux 100-300 L/m2.h approximately 20 L/m .h

Crossflow operation of external loop mode required large amounts of energy to generate 

the sludge velocity across the membrane surface in order to maintain both the high 

crossflow velocity for membrane cleaning and the required pressure drop necessary for 

permeation. As a result, this mode is considered as non-viable for the applicability in 

municipal wastewater treatment. Furthermore the use of the crossflow re-circulation 

pump with its associated high pressure and excessive shear is supposed to be 

detrimental to the floe size and stability within the system. However, the energy 

consumption of submerged mode is significantly reduced. The reduced pressure applied 

in permeate extraction was considerably lower than that required for crossflow 

permeation. In addition, the essential part in the external loop configuration, the re

circulation pump, is absent in the submerged MBR. Low pressure air diffusion, which 

could be considered part of the activated sludge process, is used to maintain a clean 

membrane surface. The shear stress in the mixed liquor of the submerged MBR is much 

lower compared with that experienced in a crossflow system, so sludge characteristics 

are much better (Van der Roest et al., 2002).

Currently, over 1,000 MBRs are in operation world-wide, with many more proposed or 

currently under construction. MBRs have proliferated in Japan, which has 

approximately 66% of the world’s total installation. The remainder can be found mainly 

in North America or Europe. Over 98% of the systems couple the membrane separation
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process with an aerobic biological process rather that to an anaerobic bioreactor. 

Approximately 55% of the systems have the membranes submerged in the bioreactor 

while the others have the membranes external to the biological process (Van der Roest 

et al., 2002).

2.10.4 Submerged Membrane Adsorption Hybrid System

In submerged MBR system, fouling control is achieved by scour at the membrane 

surface, usually from aeration with the movement of bubbles close to the membrane 

surface generating the necessary liquid shear velocity. However, the high biomass 

concentrations can result in aeration problems because the viscosity of the sludge 

becomes significant when the biomass concentration exceeds 25,000 mg/L (Stephenson 

et al., 2000). Moreover, Bouhabila et al. (2001) found that the liquid fraction of 

activated sludge (colloids and solutes) plays an important role in membrane fouling of 

submerged MBR for treating a synthetic wastewater. The specific resistance of this 

fraction is about ten times as high as the specific resistance of the total sludge 

(suspended solids, colloids and solutes). The contribution of colloids and solutes to 

membrane fouling is about 75% (from hydraulic resistance calculations). Consequently, 

the use of air bubbles and periodic backwashing are efficient for limiting particle 

deposition and polarization phenomena, but not for internal fouling.

Various attempts have been made to reduce the membrane fouling in submerged MBR. 

Yamamoto et al. (1989) examined the influence of operational modes and found that 

intermittent suction reduced membrane fouling greatly compared to continuous suction. 

Lee at al. (2001) indicated that alum and natural zeolite addition to a submerged MBR 

not only reduced membrane fouling, but also increased the removal of COD removal. 

Furthermore, the association of submerged MBR and PAC became a promising unit 

process for advance water treatment, because the addition of PAC as pretreatment to 

membrane processes (such as MF or UF) could achieve more DOC and DBPs removal 

and mitigate membrane fouling by reducing organic loading to membrane adsorbing 

organic matters (Kim at al. 2001; Clark and Heneghan, 1991; Graham, 2000).
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PAC in the submerged membrane adsorption hybrid system (SMAHS) provides the 

following benefits (Lebeau et al. 1998):

(1) better physical removal of NOM and SOCs through optimal use of PAC

(2) biological removal of the biodegradable fraction of NOM

(3) reduced sludge volumes (0.1% of treated water flow rate)

(4) absolute containment of PAC within the system independent of process 

conditions.

The precious researches on SMAHS were carried out using very high concentration of 

PAC. For example, Lebeau et al. (1998) found the immersed MF/PAC system provided 

essential removal of suspended solids (>99%) and turbidity (97.5%) as well as 

particulate matters such as precipitate forms of Fe (>76%), Al (90%) and Mn (13%). It 

provided also a high level of disinfection through physical retention of microorganisms. 

PAC achieved the nearly complete removal of atrazine (>92%) and high level of NOM 

removal (50%) at dosage of 10-20 g/L. Khan et al. (2002) investigated a high dose 

PAC-MF system. By using PAC dose of 40 g/L, the retention rate of suspended solids 

could be decreased in a significant amount and PAC could handle huge number of 

bacteria (5><105 cell/ml). Kim et al. (2001) also reported that removal of organic matter 

was more than 95% with PAC dose of 40 g/L and 90% with PAC dose of 10 g/L in 

SMAHS.

Therefore, the SMAHS process provides (Lebeau et al. 1998):

(1) excellent water quality through significant enhancement of particulate matters as 

well as Nom and SOCs removal

(2) excellent response to variations of the feed water quality

(3) suitability for plant upgrading by conversion of existing clarifiers or sand filters 

into membrane reactors.

In this thesis, one of the main objectives of this research is to determine the optimum 

operating conditions of a SMAHS and investigate the long term performance of the 

system using low dose of PAC with PAC replacement.
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3.1 Introduction

This chapter gives a detailed description of materials used and procedure followed for 

various experiments performed to achieve the objectives of the present study as outlined 

in chapter 1. In this study, experiments were conducted with three different systems, 

namely:

> On-site semi-pilot-scale flocculation-adsorption-crossflow microfiltration 

hybrid system

> Laboratory-scale crossflow microfiltration hybrid system

> Laboratory-scale submerged membrane bioreactor hybrid system

The experimental set-up, materials used and analysis methods adopted are discussed 

separately in this chapter.

3.2 Wastewaters used in the experiments and their 
characteristics

3.2.1 Diluted synthetic wastewater

A diluted synthetic wastewater was used to study the performance of submerged 

membrane adsorption hybrid system at first state. The chemical composition of the 

synthetic wastewater is shown in Table 3.1. The organic matters contain glucose, 

peptone and yeast extract which contribute the TOC value for 79%, 11% and 10% 

respectively. This is representative of a diluted domestic wastewater (TOC = 2-3.5 

mg/L and COD = 30 mg/L).

3.2.2 Synthetic secondary sewage effluent

The synthetic secondary sewage effluent contains persisting organic (less 

biodegradable) compounds such as humic acid, tannic acid, lignin, polysaccharide and 

other high molecular weight carbohydrates. The characteristics of the synthetic 

wastewater used are shown in Table 3.2. TOC concentration of the synthetic wastewater
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was 3.6-4.2 mg/L, COD was 60-65 mg/L and pH was 7.6-7.7. This wastewater 

composition was first used by Seo et al. (1996).

Table 3.1 Constituents of the diluted synthetic wastewater

Compounds Weight (mg/L)

MnS04 0.125

CaCl2 0.925

NaHC03 0.875

NaCl 2.500

MgS04.7H20 3.750

kh2po4 1.250

nh2.nh2.h2so4 3.500

Glucose(C6Hi206) 7.500

Yeast Extract 1.750

Peptone 1.750

Table 3.2 Constituents of the synthetic wastewater

Compounds Weight (mg/L)

Beef Extract 1.8

Peptone 2.7

Humic acid 4.2

Tannic acid 4.2

(Sodium) lignin sulfonate 2.4

Sodium lauryle sulphate 0.94

Acacia gum powder 4.7

Arabic acid (polysaccharide) 5

(NH4)2S04 7.1

kh2po4 7.0

nh4hco3 19.8

MgS04.3H20 0.71
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3.2.3 Biological treated wastewater (sewage) effluent in Homebush

The biologically treated wastewater (sewage) effluent from Homebush Wastewater 

Reclamation Plant (WRT) in Sydney, Australia, was used for the PAC-CFMF and 

FMF-PAC-CFMF experiments. The characteristics of this wastewater are shown in 

Table 3.3.

Table 3.3 Specific characteristics of biologically treated wastewater used over the 
experimental period (Homebush, Sydney)

Wastewater character Range

Total Organic Carbon (TOC) 1.6-3.8 mg/L

Turbidity 0.8-6 NTU

Orthophosphate (POf3) 0.5-12 mg/L

Suspended Solid (SS) 2-15 mg/L

3.2.4 Biological treated wastewater (sewage) effluent in Gwangju

The biologically treated effluent from the Sewage Treatment Plant (STP) in Gwangju, 

South Korea was used for CFMF critical flux experiments. The characteristics of this 

wastewater are shown in Table 3.4.

Table 3.4 Characterization of biologically treated sewage effluent 
(Gwangju, South Korea)

Wastewater character Range

Total Organic Carbon (TOC) 6.0-10.4 mg/L

BOD5 9.4-18 mg/L

pH 6.8-7.5

Suspended Solid (SS) 3.5 -5.0 mg/L

Total N 23.2-40 mg/L

Total P 2.2 - 5 mg/L

Conductivity 200-584 fiS/cm

Discharge rate 600,000 m3/d
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3.3 Adsorption equilibrium experiments

3.3.1 Methodology

Isotherm experiment was conducted using 100 ml of wastewater in flasks. The PAC 

concentration varied from 0 g/L to 10 g/L. PAC was washed with distilled water then 

dried at 103°C and desiccated prior to use. The characteristics of wastewater and PAC 

are presented in Section 3.2 and Table 3.5.

Table 3.5 Characteristics of powdered activated carbon (PAC) used

Specification PAC-WB

Iodine number (mg/g min) 900

Ash content (%) 6 max.

Moisture content (%) 5 max.

Bulk density (kg/m3) 290-390

Surface area (m2/g) 882

Nominal size 80% min finer than 75 micron

Type Wood based

Mean pore diameter (A) 30.61

Micropore volume (cc/g) 0.34

Mean diameter (pm) 19.71

Product code MD3545WB powder

The flasks were shaken continuously for 90 hours at 130 rpm at 25 °C on a Ratek 

platform mixer (Figure 3.1). Total organic carbon (TOC) of the water samples was 

measured using the UV-Persulphate TOC analyzer (Dohrmann, Phoenix 8000), which is 

illustrated in Figure 3.2.
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Figure 3.1 Adsorption equilibrium experimental apparatus

Figure 3.2 UV-Persulphate TOC analyzer (Dohrmann, phoenix 8000)

3.3.2 Experimental conditions

Table 3.6 gives the details of the conditions of equilibrium experiments.

3.4 Adsorption kinetics experiments
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3.4.1 Methodology

The six-mechanical stirrers with speed controller were used to experimentally study the 

adsorption kinetics (Figure 3.3). The batch experiment was carried out using 2 L of 

wastewater at 25 °C. The PAC doses were varied from 0.5-5 g/L. The stirring speed 

was maintained at 110 rpm. The samples were collected at different contact times to 

calculate the amount of adsorbed organic matter in terms of TOC.

Table 3.6 Adsorption equilibrium experimental conditions

Flask
No.

PAC
(g/L)

Volume of 
wastewater 
used (ml)

Mixing
time

(hours)

Flask
No.

PAC
(g/L)

Volume of
wastewater 
used (ml)

Mixing
time

(hours)

1 0 100 90 9 1.0 100 90

2 0.05 100 90 10 2.0 100 90

3 0.1 100 90 11 3.0 100 90

4 0.2 100 90 12 4.0 100 90

5 0.3 100 90 13 5.0 100 90

6 0.4 100 90 14 7.0 100 90

7 0.5 100 90 15 10.0 100 90

8 0.7 100 90 16 5.0 100 90

Figure 3.3 Adsorption kinetics experimental apparatus
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3.4.2 Experimental conditions

The experimental conditions of the kinetics experiments are shown in Table 3.7. 

Table 3.7 Adsorption kinetics experimental conditions

Beaker No. PAC dose 
(g/L) Mixing time (minutes)

Volume of 
wastewater 

used (L)

1 0.5 1,5, 10, 15,20, 30, 45,60, 120, 180 2

2 2 1,5, 10, 15,20, 30, 45,60, 120, 180 2

3 5 1,5, 10, 15,20, 30, 45,60, 120, 180 2

3.5 Semi-pilot-scale on-site experiments

3.5.1 Methodology

In this study, a series of semi-pilot-scale on-site experiments were carried out using a 

CFMF system consists of a polypropylene hollow fiber membrane module with 

membrane pore size of 0.2 pm and a total membrane area of 1 m (US Filter Memcor 

membrane module) (Figure 3.4). The microfiltration unit is equipped with an automatic 

programmable air backwash system and compressed air while having high power water 

blasts to wash the particles out of the membrane system during backwash. The 

backwash duration was 2 minutes.

A static floating medium flocculator (FMF) was used as pretreatment of flocculation. In 

the FMF, the filter column (inner diameter of 9 cm) is made from Perspex and stands a 

total of 1.8 meters. It was packed with polystyrene beads (diameter of 1.9 mm, density 

of 50 kg/m3, bed depth of 1 m and porosity of approximately 0.36) (Figure 3.5). In this 

study, ferric chloride (FeCb) was used as a flocculant at a dose of 50 mg/L. A periodic 

backwash (1 minute every 60 minutes) was adopted and the backwash flow rate was 

maintained at 30 m/h. This FMF unit was operated at a high filtration velocity of 30 m/h 

with inline flocculation arrangement. The effluent from the flocculator was used as feed 

water to the adsorption unit.
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Figure 3.4 CFMF unit
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Figure 3.5 Saturated floating medium flocculator and the medium (polystyrene beads)

The schematic of the semi-pilot-scale experimental set-up of flocculation-adsorption- 

membrane hybrid system (FMF-PAC-CFMF) is shown in Figure 3.6. The FMF was 

followed by a mixing tank, in which certain amount PAC was added and mixed well 

with feeding wastewater before sending the effluent through the CFMF unit. The 

characteristics of PAC used in the experiments are shown in Table 3.5. Firstly, a series 

of adsorption-membrane experiments were carried out to study the effects of: (i) 

different PAC dose, (ii) different filtration flux, and (iii) different backwash time. Then, 

the experiments of CFMF performance with and without FMF were investigated. At last, 

two experiments were conducted with incorporation of FMF-PAC-CFMF hybrid system 

at filtration flux of 220 L/m2.h and 270 L/m2.h at backwash frequency of 36 minute and 

backwash during 2 minutes.
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Biologically
treated ---------- » ____FeCl3 Stirrer
wastewater addition
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Pre-filtered
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Membrane influent

Hollow Fiber 
Membrane

Permeate

Figure 3.6 Schematic of flocculation-adsorption-micro filtration hybrid system

3.5.2 Experimental conditions

Table 3.8 - Table 3.11 give the details of the experimental conditions.

Table 3.8 Experimental conditions for filtrate quality experiments

Experiment
No.

FMF as pretreatment PAC as pretreatment CFMF initial 
filtration flux 

(L/m2.h)
Velocity

(m/h)
Backwash
condiction Dose

(g/L)

Mixing
velocity
(rpm)

1 - - - 277

2 40 lhr 1 min - - 277

3 40 lhr 1 min 1 125 277

Note: FeCf dose used = 50 mg/L
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Table 3.9 Experimental conditions for adsorption (PAC) as pretreatment to CFMF

Experiment
No.

Initial
filtration flux 

(L/m2.h)

Backwash
frequency
(minutes)

PAC dose 
(g/L)

PAC mixing 
time

(minutes)

PAC mixing 
velocity 

(rpm)

4 200 36 0 5 125

5 200 36 0.1 5 125

6 200 36 0.5 5 125

7 200 36 1.0 5 125

8 200 36 5.0 5 125

9 100 36 1 5 125

10 250 36 1 5 125

11 300 36 1 5 125

12 250 20 1 5 125

13 250 30 1 5 125

14 250 40 1 5 125

15 250 60 1 5 125

Table 3.10 Experimental conditions for flocculation (FMF) as pretreatment to CFMF

Experiment ' 
No.

FMF
CFMF initial

Flow
velocity

(m/h)

Backwash
frequency
(minute)

Backwash
duration
(minute)

filtration flux 
(L/m2.h)

16 - - - 220

17 30 60 1 220

Note: FeCl3 dose used = 50 mg/L
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Table 3.11 Experimental conditions for PAC and FMF as pretreatment to CFMF

Experiment
No.

FMF conditions PAC conditions CFMF initial
Velocity

(m/h)
Other

conditions
Dose
(g/L)

Other
conditions

filtration flux 
(L/m2.h)

18

19
30 Same as

Ex. No.16
1 Same as 

Ex. No. 6

220

270

Note: FeCf dose used = 50 mg/L

3.6 Laboratory-scale critical flux experiments

3.6.1 Methodology

The schematic diagram of the flat-plate microfiltration set-up used in the critical flux 

experiments is shown in Figures 3.7 and 3.8. In this study, the flat-plate microfiltration 

was used. The dimensions of the filtration channel in the CFMF cell are 6cm, 0.6cm and 

0.036cm in length, width and thickness respectively. The total membrane area is 

3.24x10‘3m2. The membranes used are PVDF (modified polyvinylidene difluoride) 

Minitan-S Microporous Sheets (with pore size of 0.45 pm and 0.65 pm). In each 

experiment, new membrane was used to obtain reproducible results. The solution was 

circulated along the surface of the flat-plate membrane in the module. The wastewater 

was delivered from a stock tank to the CFMF cell. The reject water and filtered water 

were returned to the feed tank. The initial transmembrane pressure was controlled by 

two valves and its variation during the filtration was monitored by using a pressure 

transducer at three points PI, P2 and Pf respectively. During the experiment, the 

filtration flux at each step was kept constant for at least 40 minutes by the use of suction 

pump, the speed of which can be changed. The difference between PI and P2 was less 

than 1 kPa. The TMP was calculated using the following equation:

TMP = (PI + P2)/2 - Pf
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Filtrate returned to 
the feeding tank

Pressure 
Transducer P2

Reject water
Feed Tank

Suction pump

CFMF
membrane

Pressure 
Transducer PI

Pressure 
Transducer Pf

Filtration flux

t—t—t
Figure 3.7 The schematic diagram of the CFMF experimental set-up

Figure 3.8 Laboratory-scale CFMF system

3.6.2 Experimental conditions

Table 3.12 - Table 3.15 give the details of the experimental conditions. The duration of 

short term and long term critical flux experiments were 40 minutes and 2 hours
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respectively for one certain constant filtration flux.

Table 3.12 Experimental conditions for the short term and long term critical flux 
experiments using synthetic wastewater

Experiment
No. Pretreatment Critical flux 

status

1 Synthetic wastewater only Short term

2 Flocculation as pretreatment (FeCb: 68 mg/L; 
settle down for 20 min)

Short term

3 Adsorption as pretreatment(PAC: 2 g/L; 
settle down for 15 hrs)

Short term

4 Flocculation and adsorption as pretreatment 
(FeCf: 68 mg/L;PAC: 2 g/L; settle down for 15 hrs)

Short term

5 Synthetic wastewater only Long term

6 Flocculation as pretreatment (FeCb: 68 mg/L; 
settle down for 20 min)

Long term

7 Adsorption as pretreatment (PAC: 2 g/L; 
settle down for 15 hrs)

Long term

8 Flocculation and adsorption as pretreatment 
(FeCf: 68 mg/L; PAC: 2 g/L; settle down for 15 hrs)

Long term

Table 3.13 Experimental conditions for the short term critical flux experiments using 
biologically treated wastewater (sewage) effluent from Homebush WRT

Experiment
No. Pretreatment Critical flux 

status

9 Biologically treated wastewater Short term

10 Wastewater after flocculation (batch reactor as 
flocculator; FeCf: 50 mg/L; settle down for 20 min)

Short term

11 Wastewater after flocculation (FMF as flocculator; 
FeCf: 50 mg/L; settle down for 20 min)

Short term

12 Wastewater after adsorption (PAC: 2 g/L; settle down 
for 1 hr)

Short term

13 Wastewater after flocculation (batch reactor as 
flocculator; FeCW 50 mg/L) and adsorption (PAC: 2 
g/L; settle down for 1 hr)

Short term

14 Wastewater after flocculation (FMF as flocculator; 
FeCC: 50 mg/L) and adsorption (PAC: 2 g/L; settle 
down for 1 hr)

Short term
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Table 3.14 Experimental conditions to study the effect of different crossflow 
velocity on critical flux of synthetic wastewater

Experiment
No. Treatment condition Cross flow velocity (m/s)

15 0.15

16 Synthetic wastewater (without 0.30

17 pre-treatment) 0.45

18 0.70

19 0.15

20 Flocculation as pretreatment to CFMF 0.30(settle down for 20 min)
21 0.45

22 0.70

23 0.15

24 Adsorption as pretreatment to CFMF 0.30(settle down for 1 hr)
25 0.45

26 0.70

27 Flocculation + adsorption as 0.15

28 pretreatment to CFMF 0.30

29 (settle down for 1 hr) 0.45

30 0.70
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Table 3.15 Experimental conditions for the short term and long term critical flux using 
biologically treated effluent from Gwangju STP

Experiment
No. Pretreatment Critical flux 

status

31 Biologically treated wastewater Short term

32 Wastewater after flocculation
(FeCIs: 120 mg/L; settle down for 20 min)

Short term

33 Wastewater after adsorption (PAC: 2 g/L; settle down 
for 1 hr)

Short term

34 Wastewater after flocculation (FeCC: 120 mg/L) and 
adsorption (PAC: 2 g/L; settle down for 1 hr)

Short term

35 Wastewater after flocculation (FMF as flocculator; 
FeCC: 120 mg/L) and adsorption (PAC: 2 g/L; settle 
down for 1 hr)

Long term

The definition of short term and long term was only determined by membrane backwash 

frequency. Normally the backwash frequency for CFMF is 20-40 minutes. Therefore, 

the filtration flux will recover with the backwash frequency of 40 minutes. However, if 

one continues the experiment for 2 hours without backwash, the CFMF may cause 

irreversible fouling and the filtration flux can not be recovered. The main purpose of 

long term critical flux experiments of 2-hour was to check the definition of critical flux 

in the case of long term operation.

3.7 Experimental conditions optimization and modeling of 
submerged membrane adsorption hybrid system (SMAHS)

3.7.1 Methodology

The schematic diagram of the submerged membrane adsorption hybrid system (SMAHS) 

is shown in Figures 3.9 and 3.10. The characteristics of the hollow fiber membrane 

module are summarized in Table 3.16. Wastewater was pumped into the reactor using a 

feeding pump controlling the feed rate while the effluent flow rate was controlled by a 

suction pump. Level sensor was used to control the wastewater volume in reactor. Two
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different volumes of the membrane reactor are used, which are 6 L and 8 L respectively. 

A predetermined amount of PAC was added into the tank to adsorb the dissolved 

organic substances. A pressure gauge was used to measure the transmembrane pressure 

(TMP) and a soaker hose air diffuser was used to maintain a high air flow rate. The 

reason of using soaker hose diffuser is that the permeable nature of the soaker hose 

allows the formation of 0.5-2 mm diameter fine bubbles. In operation, the hose tends to 

flex upward between anchors locations, which, like the Wilfley Weber diffuser head, 

helps reduce fouling of the pores in the hose (DeMoyer et al., 2001). The three 

functions of bubbling air in this system were: (i) sweeping the membrane surface, (ii) 

mixing the PAC in SMAHS and (iii) supplying oxygen to facilitate the biological 

degradation organics on the PAC in the case of long term operation of SMAHS. Since 

the membrane fouling in this study was mainly due to the organic matter, after each 

experiment, chemical cleaning was used to clean membrane in order to obtain 

reproducible results. The procedure of the chemical cleaning used is as follows: (1) the 

membrane was submerged in 2% citric acid for 2 hours to remove iron, aluminium and 

manganese attachments from the membrane; (2) the membrane was then submerged in 

0.4% NaOCl and 4% NaOH solution for 2 hours to remove silica and organic matter.

Level controller

Pressure
gauge Permeate

Feeding pump Level
sensor

Suction pump
□ ° 0O

PAC-MF reactor

L Jo°ooo 1 I

Compressed air
wastewater tank

Figure 3.9 Experimental set-up of SMAHS
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Figure 3.10 SMAHS system and hollow fiber membrane module
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Table 3.16 Characteristics of the hollow fiber membrane module

Items Characteristics

Material Polyethylene with hydrophilic coating

Nominal pore size 0.1 pm

Outer diameter 0.41 mm

Inner diameter 0.27 mm

No. of fiber 320 (16x20)

Length of fiber 12 cm

Surface area 0.05 m2

Membrane packing density 9858 m2/m3

Membrane manufacturer Mitsubishi-Rayon, Tokyo, Japan

3.7.2 Experimental conditions

Table 3.17 shows the experimental conditions of the short term SMAHS experiments.

3.8 Flocculation as pretreatment to SMAHS

3.8.1 Methodology

In this study, a spiral flocculator (SF) was employed as preflocculation process prior to 

a PAC-submerged hollow fiber microfiltration (SMF) hybrid system. The short term 

experiments were conducted to investigate how SF can minimize the membrane fouling 

as pretreatment to PAC-SMF system. A helicoidal flocculator used consists of two 

parts: (i) rapid mixing device made by winding a 3 mm inner diameter polyvinyl 

chloride (PVC) tube around a column of 11cm diameter; and (ii) slow mixing device 

made by winding a 6 mm inner diameter PVC tube around a 11cm diameter column. 

The flow rate of SF was determined by the filtration flux of the SMF, which was 

maintained at 60 L/m2.h. The velocity gradient (G) of SF (6 mm diameters tube) was

3-20



calculated using the formula G = 4.46(v/d)’ 18 (Ngo et aL, 1995). Based on the filtration 

flux and the tube diameter, the G value was found to be 30 s~\

Table 3.17 Experimental conditions of short term SMAHS experiments 
with synthetic secondary sewage effluent

Experiment
No.

Filtration
flux

(L/m2.h)

PAC
dose
(g/L)

Preadsorption 
time (hours)

Aeration
rate

(L/min)

Backwash 
condition 

(frequency - 
duration)

1 48 5 0 8 -

2 48 5 1 8 -

3 48 5 2 8 -

4 48 5 1 12 -

5 48 5 1 16 -

6 48 5 1 20 -

7 48 2 1 16 15 mins - 15 secs

8 48 2 1 16 30 mins - 30 secs

9 48 2 1 16 1 hr - 1 min

10 48 2 1 16 2 hrs - 2 mins

11 48 10 1 16 1 hr - 1 min

12 48 5 1 16 1 hr - 1 min

13 36 5 1 16 1 hr - 1 min

14 24 5 1 16 1 hr - 1 min

The schematic diagram of the SF-SMF system (without floes settling) is shown in 

Figure 3.11. A hollow fiber membrane module was used and its characteristics are 

summarized in Table 3.16. Synthetic wastewater was pumped into the SF using a 

feeding pump controlling the feed rate while the effluent flow rate was controlled by a 

suction pump. A dosing pump was used to add 60 mg/L of FeCf prior to the rapid
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mixing device. After flocculation, when the floes were allowed to settle down, there was 

then a sedimentation tank between the SF and SMF. A pressure gauge was used to 

measure the transmembrane pressure (TMP) and a soaker hose air diffuser was used to 

maintain a high air flow rate. In the PAC-SMF and SF-PAC-SMF experiments, a 

predetermined amount of PAC was added into the tank.

Rapid Mixing device
mixing

Slow
mixing

Figure 3.11 Experimental set-up of SF-PAC-SMF hybrid system

3.8.2 Experimental conditions

Table 3.18 gives the details of experimental conditions when SF was introduced to 

SMAHS as pretreatment.
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3.9 SMAHS experiment using Homebush biologically treated 
effluent and MWSD

Table 3.18 Experimental conditions of SF as pretreatment to SMAHS

Experiment
No.

Filtration
flux

(L/m2.h)

PAC
dose
(g/L)

FeCb hose

(m g/L)

Aeration
rate

(L/min)
Floes settling 

condition

1 60 - - 12 -

2 60 2 - 12 -

3 60 5 - 12 -

4 60 - 60 12 with 1 h settling

5 60 - 60 12 without settling

6 60 2 60 12 with 1 h settling

7 60 2 60 12 without settling

A 10-hour experiment was conducted using SMAHS to treat the biologically treated 

effluent from Homebush WRT in Sydney. The experimental condition is as follows: 

fdtration flux = 48 L/m2.h; PAC dose = 5g/L; preadsorption = 1 hour; aeration rate = 16 

L/min; backwash frequency = 1 hour; backwash duration = lmin; backwash rate = 2.5 

times of filtration flux. Samples were collected from feed, aerated tank and effluent for 

the MWSD at 1st hour, 5th hours and 10th hours.

3.10 Long term SMAHS Experiments

3.10.1 Methodology
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Long term SMAHS experiments were earned out for organic matter removal from two 

kinds of synthetic wastewater using low dose of PAC. The experimental set-up was 

same as Section 3.7.1.

During the long term experiments, dry mass was measured as an indicator of biomass 

growth on the PAC because the ignite point of the wood based PAC used in the 

experiments is much low than the temperature for biomass measurement (500°C).

3.10.2 Experimental conditions

All the experimental conditions were summarized in Table 3.19.

Table 3.19 Experimental conditions of long term SMAHS experiments

Experiment
No.

Filtration
flux

(L/m2.h)

PAC
dose
(g/L)

PAC
replacement 
rate (% of 

total amount)

Aeration
rate

(L/min)

Backwash condition 
(frequency - 

duration)

1* 12 1 8 -

2* 12 5 - 8 daily- 2 min

12 5 - 12 -

12 5 2.5%/day 12 2 times/day- 2 min

5** - 5 2.5%/2-day 16 2 times/day- 2 min

24 5 2.5%/2-day 16 1 hr - 1 min

12 5 2.5%/2-day 16 1 hr - 1 min

*
**

with diluted synthetic wastewater (Section 3.2.1) 
with synthetic secondary sewage effluent (Section 3.2.2)
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3.11 Measurement of molecular weight size distribution

3.11.1 Methodology

The synthetic wastewater (before and after each treatment) was subjected to MW 

distribution measurements. High pressure size exclusion chromatography (HPSEC, 

Shimadzu Corp., Japan) with a SEC column (Protein-Pak 125 silica column, Waters 

Milford, USA) was used to determine the MW distributions of organics. The procedure 

adapted was based on the work of Her (2002). The HPSEC mobile phase was prepared 

with a phosphate buffer (0.0024 M NaH2P04 + 0.0016 M Na2HP04, pH 6.8) and 0.025 

M Na2S04, producing an ionic strength of 0.1M. Helium gas was sparged into the 

mobile phase reservoir to eliminate inorganic carbon and oxygen that can cause 

interferences or react with the mobile or stationary phases. The flow rates were 1 

mL/min and sample injection volume was 2 mL. Standards of MW of various 

polystyrene sulfonates (PSS: 210, 1800, 4600, 8000, and 18000 Daltons) were used to 

calibrate the equipment.

3.11.2 Determination of molecular weight size distribution

A semi-log calibration curve (r2 > 0.99) was used to calculate the the MWs. The MW 

distributions can be presented by weight-average molecular weight (Mw), number- 

average molecular weight (Mn), and polydispersity ratio (P). They can be calculated 

using the following equations (Tanford, 1961; Flory, 1953):

(3.1)

Mn=E;il(hi)/xuhiMl) (3.2)

P = Mw/Mn (3.3)

where, n is the number of the HPSEC chromatographic slices,

hj is the SEC curve height at the ith volume increment,

Mj is the molecular weight of the species eluted in the ith retention volume 
increment, and

P is the polydispersity.
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4.1 Introduction

Crossflow micro filtration (CFMF) is a pressure driven process, which is generally used 

to filter suspended solids of colloidal or fine particles with a size range of 0.02 to 10p.m. 

In recent years, there has been growing interest in using CFMF for wastewater 

treatment. However, the major obstacles in applying CFMF are the filtration flux 

decline below the theoretical capacity of the membranes due to membrane fouling and 

extremely low dissolved organic matter removal ability. The membrane clogging is 

generally caused by the deposition of particles on and within the membrane surface. In 

real wastewater, the small molecular substances can pass through the membrane and 

become adsorbed inside the membrane pores. Macromolecules and colloids are rejected 

on the membrane surface and tend to form a cake layer (Bian, 2000). Under the 

conditions of constant transmembrane pressure (TMP) and crossflow velocity, the 

filtration flux in microfiltration declines to a steady state value which can be as much as 

two orders of magnitude lower than the initial filtration flux. Research into crossflow 

microfiltration has therefore been focused on overcoming this decline in filtration flux 

and membrane clogging. To achieve this goal, researches have experimented with 

membrane modifications, the feed water, and the fluid dynamics in the membrane 

modules. This fluid dynamics approach focuses on the design of membrane modules 

and optimization of operating conditions. By operating the microfiltration below critical 

flux, one can avoid or minimize the membrane fouling. Another more effective way of 

improving the filtration performance of the membrane is through the modification of the 

feed water. Therefore, an introduction of effective pretreatment to the CFMF is 

inevitable to overcome the problems (Guo et al. 2004).

Flocculation is one of the efficient pretreatment methods to CFMF. Preflocculation (or 

inline flocculation) of the feed water with flocculants has been shown to modify the 

way that the suspended solids deposit on the membrane, so that affect the membranes 

performance. The preflocculation not only leads to superior removal of particulates, but 

also reduces the decline in filtration flux (Kwon, et al. 1997). Adin et al. (1998) have 

shown the superiority of ferric chloride (FeCf) over aluminum sulphate (alum) in 

flocculating the organic colloids present in the activated sludge effluent. A recent study 

showed the importance of FeCf flocculation as pretreatment to crossflow
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microfiltration of biologically treated effluent (Chapman et al., 2002). However, they 

found flocculation as pretreatment can only help in removing organic colloids and 

phosphorus (94% removal) effectively, but cannot remove the dissolved organics 

(20%-40% removal). Thus, to remove the small molecular weight organics which are 

unable to be removed by flocculation and to minimize the membrane fouling caused by 

small molecular weight organics, the introduction of adsorption process is necessary as 

a pretreatment.

A pretreatment of adsorption, on the other hand, can remove the dissolved organics. It 

was found that the addition of PAC (as adsorbent) into a submerged membrane reactor 

can lead to more than 80% dissolved organics removal of biologically treated effluent 

(Vigneswaran et al., 2003). Abdessemed et al. (2000) showed experimentally that the 

flocculation-adsorption process (FeCf concentration of 40 mg/L and PAC dose of 20 

mg/L) could be able to remove 86% of chemical oxygen demand from domestic 

wastewater. Pirbazari et al. (1992) also found that PAC-MF process was an effective 

combination to prevent the decline in permeate flux caused by membrane fouling and 

concentration polarization. The organic pollutants were also removed effectively by 

PAC adsorption.

In this study, static flocculator known as floating medium flocculator (FMF) has been 

used because it can efficiently flocculate the particles and associated large molecular 

weight organics and retains the majority of the floes and associated organics in the filter 

bed (Ngo, 1995). The main aim of this chapter is to evaluate the practical coupling of 

specific pretreatment such as adsorption (in-line PAC addition), flocculation (FMF) and 

flocculation-adsorption (FMF-PAC) for crossflow microfiltration (CFMF) to treat a 

biological treated sewage effluent for water reuse. The combination of PAC with FMF- 

CFMF was also studied in terms of (i) removing different molecular weight organics, 

and (ii) improving the filtration flux of CFMF and dissolved organic removal.
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4.2 Characterization of Homebush wastewater

The biologically treated effluent from Homebush Wastewater Reclamation Plant in 

Sydney was used for semi-pilot-scale on-site experiments (Section 3.2.3, Chapter 3). 

Figure 4.1 shows the change in turbidity, TOC and suspended solids over the 

experimental period.

Figure 4.1 Influent variations over experimental period (turbidity (NTU); orthophosphate 
(POf3 mg/ L); TOC (ppm C); suspended Solids (mg/ L)

The molecular weight size distributions (MWSDs) of the biologically treated effluent 

with and without different pretreatment methods were studied. The wastewater mainly 

contains relatively low MW molecules from 520-1600 daltons. Figure 4.2 - 4.3 show 

the MWSDs of adsorption kinetics with different time (PAC dose 1 g/L) and different 

adsorption dosage (adsorption duration = 1 h) of the wastewater. As can be seen from 

the figures, the adsorption was effective in removing MW fraction of 520-1320 daltons, 

but could not remove the fraction >1600 daltons. For this part of low MW molecules (> 

1600 daltons), they are not amenable to PAC adsorption because of their hydrophilic 

nature (Lin, et al. 1999). There was no apparent difference of MWSD with different 

time except the TOC removal efficiency (Table 4.1). Furthermore, the higher the PAC
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dosage, the more TOC removed. With the PAC doses of 0.5, 1 and 2 g/L, the TOC 

removal efficiency were 75.61%, 81.68% and 82.45% respectively.

Homebush
wastewater
(initial)

1 min
30 min
60 min
120 min
180 min

Time (s)

Figure 4.2 MWSD of adsorption kinetics at different time 
(PAC dose = 1 g/L; initial TOC = 2.5519 mg/L; stirring speed = 110 rpm)

Table 4.1 TOC removal efficiency of adsorption kinetics at different time 
(PAC dose = 1 g/L; initial TOC = 2.5519 mg/L; stirring speed = 110 rpm)

Time (min) TOC removal efficiency (%)

1 66.44

30 79.65

60 81.68

120 81.96

180 82.85
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Homebush
wastewater

• PAC 0.5 g/L
-------PAC 1 g/L

— PAC 2 g/L

Time (s)

Figure 4.3 MWSD of adsorption as pretreatment 
(initial TOC = 2.5519 mg/L; stirring speed = 110 rpm; mixing time = 1 hour)

With the flocculation as pretreatment, the MW molecules >1320 daltons were partially 

removed (Figure 4.4). However, large portion of molecules (520-1320 Da) still 

remained, which reflected the low TOC removal efficiency. In case of FeCC dose of 50, 

70 and 90 mg/L, the TOC removal efficiency were 26.84%, 30.76% and 39.97%.

When both flocculation and adsorption were adopted, the chromatogram results 

demonstrated that the pretreatment was efficient in removing most of MW fraction 

present in this wastewater (Figure 4.5), but neither flocculation nor adsorption could 

remove the small part of molecules (around 1450 Da). The TOC removal efficiencies of 

flocculation-adsorption as pretreatment were 83.92%, 88.42% and 89.75% respectively, 

which were corresponding to the PAC doses of 0.5, 1 and 2 g/L with same FeCl3 dose 

(50 mg/L).
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4.3 Filtrate quality

The schematic of the on-site semi-pilot-scale experimental set-up of flocculation- 

adsorption-membrane hybrid system is detailed in Section 3.5 (Chapter 3). The 

performance of the pretreatments was evaluated on their ability to improve the removal 

efficiency by the microfiltration. The performance is shown with respect to total organic 

carbon (TOC, mg/L), orthophosphate (POT3 mg/L) and turbidity (NTU). The ability of 

the pretreatment to improve the filtration flux was also examined. Table 4.2 compares 

the effluent quality with the pretreatments, as well as the effluent quality of the 

membrane without pretreatment.

Table 4.2 Effluent quality with different pretreatment (FMF velocity = 40 m/h; FeCf = 
50 mg/L; PAC dose = 1 g/L; PAC mixing time = 1-2 minutes; average influent 

TOC = 2.75 mg/L; experiment duration = 2 hours)

Items
Quality of 

biologically 
treated 
effluent

Membrane
without

pretreatment

Removal
efficiency

(%)
Flocculation 
+ Membrane

Removal
efficiency

(%)

Flocculation 
+ adsorption 
+ membrane

Removal
efficiency

(%)

TOC
(mg/L)

3.16 2.53 20 1.71 33 0.074 99.7

PCV3 
(mg/ L)

6.63 6.3 5 0.24 94 0.2 94

Turbidity
(NTU)

8 <0.1 - <0.1 - <0.1 -

Flux
Decline
(L/nT.h)

- 277 to 245 - 277 to 265 - 277 to 245 -

The membrane has the ability to remove the most of organic colloids without any 

pretreatment. The ability of membrane in reducing the phosphorus and TOC on the 

other hand was limited without any pretreatment (e.g. removal of less than 5% of 

orthophosphate and 20% of TOC). When a pretreatment of flocculation (FMF) was 

incorporated, the removal of both TOC and Orthophosphate was increased to 33% and 

94%. With this pretreatment, the decline in filtration flux with time was also lower 

(277-265 L/m2.h with preflocculation instead of 277-245 L/m2.h without 

preflocculation). The pretreatment of flocculation and adsorption presented an excellent 

TOC removal efficiency, which was more than 99.5%.
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4.4 Effect of adsorption as pretreatment on the CFMF

4.4.1 Effect of PAC dose

The adsorption-microfiltration experiments were conducted with different doses of PAC 

at an initial filtration flux of 200 L/m2.h and backwash time 36 minutes. In this study, 

CFMF system explained in Section 3.5 in Chapter 3 was sued. The total organic carbon 

(TOC) removal efficiency is shown in Figure 4.6. The results indicate that the effective 

PAC dose was between 0.5 g/L and 1 g/L, which TOC removal efficiency was above 

80%. However, there was nearly no difference in the efficiency when PAC dose was 

increased from 1 g/L to 5 g/L. Moreover, there was hardly any filtration flux decline in 

the efficiency when the PAC dose was increased up to 1 g/L, but the filtration flux 

dropped significantly at a higher dose of PAC of 5 g/L. (Figure 4.7 and Table 4.3). The 

lower values of filtration flux were observed at 210 and 240 minutes of operation as 

these times coincided with the backwashing time of the CFMF. Hence, in this case, the 

optimum PAC dose in this case was around 1 g/L (taking into account the cost, filtration 

flux and TOC removal efficiency).

♦ PAC=0 g/L □ PAC=0.1 g/L ▲ PAC=0.5 g/L • PAOl g/L X PAC=5 g/L

Time (min)

Figure 4.6 TOC removal efficiency of adsorption-CFMF system (influent TOC = 2.4-3 
mg/L; initial filtration flux = 200 L/m .h; membrane backwash frequency = 36 min; 

PAC mixing speed = 125 rpm; PAC mixing time = 5 min)
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Figure 4.7 TOC removal efficiency of adsorption-CFMF system 
(influent TOC = 2.4-3 mg/L; membrane backwash frequency = 36 min (backwash 

duration = 2 min); PAC mixing speed: 125 rpm)

Table 4.3 Comparison of filtration flux of adsorption-CFMF hybrid system at differentj m
dose of PAC (filtration flux = 200 L/m .h; membrane backwash frequency = 36 min)

PAC dose 
(g/L)

Average filtration 
flux (L/m2.h)

The initial filtration 
flux (L/m2.h)

The lowest filtration 
flux (L/m2.h)

0 187 200 178

0.1 183 200 173

0.5 187 200 169

1 182 200 167

5 158 200 94

4.4.2 Effect of initial filtration flux

The efficiency of PAC-CFMF system was investigated for different initial filtration flux. 

In these experiments, the PAC dose and membrane backwash frequency were 

maintained at 1 g/L and 36 minutes respectively. Figure 4.8 shows the TOC removal 

efficiency was high at the filtration flux from 200 L/m2.h to 250 L/m2.h. The TOC
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removal efficiency was up to 89 %. Table 4.4 gives the average value of TOC removal 

efficiency of the system at different initial filtration flux.

When operating at the filtration flux of 300 L/m2.h, the decline in filtration flux with 

time was significant. Table 4.5 shows the average filtration flux during every 30 

minutes. The higher the initial filtration flux, the more decline in filtration flux with 

time of system running. For example, when the system was operated at a low filtration 

flux of 100 L/m2.h, there was practically no flux decline during the filter run of 6 hours. 

At 200 L/m2.h, the filtration flux reduced from 200 L/m2.h to 172 L/m2.h in 6 hours. 

When the initial filtration flux was 250 L/m2.h, the flux declined to 200 L/m2.h after 6 

hours.
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Figure 4.8 TOC removal efficiency of adsorption-CFMF system 
(influent TOC = 2.4-3 mg/L; PAC dose = 1 g/L; membrane backwash 

frequency = 36 min; PAC mixing speed = 125 rpm; PAC mixing time = 5min)
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Table 4.4 The average value of TOC removal efficiency of adsorption-CFMF 
hybrid system operated at different initial filtration fluxes 

(PAC dose = 1 g/L; membrane backwash frequency = 36 min)
* . 2Initial filtration flux (L/m .h) Average value of TOC removal efficiency (%)

100 84.4

200 88.7

250 85.6

300 83.2

Table 4.5 Comparison of average filtration flux of adsorption-CFMF 
hybrid system operated at different initial filtration fluxes 

(PAC dose = 1 g/L; membrane backwash frequency = 36 min)

Time
(minutes)

-------------------------------------- ------------------ ------------------------------------------------------
Average filtration flux at different intervals (L/m .h)

Initial filtration 
flux 100 L/m2.h

Initial filtration 
flux 200 L/m2.h

Initial filtration 
flux 250 L/m2.h

Initial filtration 
flux 300 L/m2.h

0-30 100 191 239 282

30-60 100 182 226 251

60-90 100 173 213 236

90-120 100 177 196 237

120-150 100 177 202 247

150-180 100 177 201 236

180-210 100 180 202 238

210-240 100 172 196 224

240-270 100 172 199 235

270-300 100 180 198 235

300-330 100 179 204 235

330-360 100 176 200 241
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4.4.3 Effect of backwash frequency

The PAC-CFMF experiments were conducted at different backwash frequencies. The 
PAC dose was kept at 1 g/L and the initial fdtration flux at 250 L/m2.h. The TOC 

removal efficiency and average filtration flux during every 30 minutes are presented in 

Figure 4.9 and Table 4.6 respectively. The results indicate that the more frequent 

backwash, the higher filtration flux and more stable operation achieved. Although 

relatively high TOC removal efficiency (86%—88%) can be obtained between the 

backwash frequency of 20-30 minutes, when considering the amount of PAC 

consumed during the experiments, the adequate backwash frequency was between 30 to 

40 minutes.
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Figure 4.9 TOC removal efficiency of adsorption-CFMF system 
(influent TOC = 2.4-3 mg/L; PAC dose = 1 g/L; initial filtration flux = 250 L/m2.h; 

PAC mixing speed = 125 rpm; PAC mixing time = 5 min)
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Table 4.6 Comparison of average filtration flux of adsorption-CFMF hybrid system for 
different backwash frequencies (PAC dose = 1 g/L; initial filtration flux =250 L/m2.h)

30 minutes average filtration flux (L/m ,h)
Time

(minutes)
Backwash 

frequency 20 
minutes

Backwash 
frequency 30 

minutes

Backwash 
frequency 40 

minutes

Backwash 
frequency 60 

minutes

0-30 230 241 235 221

30-60 228 231 226 138

60-90 226 225 214 213

90-120 228 217 208 171

120-150 227 218 206 198

150-180 219 214 189 161

180-210 237 214 202 205

210-240 223 217 202 167

240-270 226 214 201 200

270-300 218 218 187 155

300-330 222 216 190 194

330-360 217 217 191 155

4.5 Effect of FMF as pretreatment on the CFMF

The pretreatment of flocculation was performed using a static flocculator of FMF 

(Section 3.5, Chapter 3). According to previous studies (Chapman, 2002), the FMF 

velocity of 30 m/h and 60 minutes backwash frequency (duration 1 minute) showed the 

good results for periodic backwash of flocculation column to maintain a consistent 

effluent quality and minimum headloss development. This corresponds to less than 

1.5% of daily water production which is less than the amount necessary for filter 

backwash in water treatment.

The performance of CFMF with and without FMF as pretreatment was studied. When 

the FMF was used as a pre-treatment (at a velocity of 30 m/h) to CFMF process, a very 

high phosphorus removal was obtained (Figure 4.10). This is due to the chemical
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precipitation of ferric phosphate and its subsequent removal by the FMF and CFMF. 

The removal efficiency was more than 97%.

When CFMF was used alone without any pretreatment, the filtration flux dropped 

significantly. The filtration flux was found to decline from 210 L/m .h to 180L/m .h in 

six hours when no pretreatment was employed (Figure 4.11). The adoption of a 

pretreatment of flocculation using FMF slowed down the declining rate of the filtration 

flux. During the six-hour experiment, the filtration flux only decreased from 216 L/m .h 

to 205 L/m2.h when flocculation was used as pretreatment. However, the preflocculation 

did not significantly improve the TOC removal (Figure 4.10). The preflocculation only 

helped to remove the TOC from 20% to 40%.
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Figure 4.10 Removal efficiency comparisons with and without flocculation as 
pretreatment (filtration flux: 220 L/m2. h; membrane backwash frequency = 36 min 

(backwash duration 2 min); FMF velocity = 30 m/h; FeC^ dose = 50 mg/L; flocculator 
backwash frequency = 60 min (backwash duration 1 min))
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Figure 4.11 Variation of filtration flux of CFMF with filtration time for different 
pretreatment (filtration flux = 220 L/m2.h; membrane backwash frequency = 36 min; 

filtration velocity = 30 m/h; PAC = 1 g/L; FeCf = 50 mg/L; flocculator backwash
frequency = 60 min)

4.6 Flocculation and adsorption as pretreatment

At last, FMF flocculation was used as pretreatment to PAC-CFMF system because 

flocculation can remove the colloidal organics effectively (from size 3500 daltons to 0.1 

pm) by more than 70%. The incorporated FMF-PAC-CFMF hybrid system was 

operated with an initial filtration flux of 220 L/m\h and 270 L/m2.h. The overall TOC 

removal of the flocculation-adsorption-microfiltration system reached to 98.5% and 

99.7% respectively (Figure 4.12 and 4.13). The decline in filtration flux of CFMF was 

minimal from 220 L/m2.h to minimal 202 L/m2.h (Fig. 4.11) when the initial filtration 

flux 220 L/m .h was adopted. In case of initial filtration flux of 270 L/m .h, the decline 

of filtration flux was just from 270 L/m .h to 238 L/m .h. The average filtration flux 

during 5 hours of filtration run reached a high value of 251 L/m .h. Thus, the 

flocculation and adsorption pretreatment not only removed the majority of colloids and 

dissolved organics in the biologically treated wastewater, but also contributed to 

minimize the membrane fouling phenomenon.
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Figure 4.12 TOC removal at different stages of the flocculation-adsorption- 
microfiltration hybrid system (initial filtration flux = 220 L/m2.h; membrane 

backwash frequency = 36 min; PAC = 1 g/L; FeCf = 50 mg/L; FMF filtration 
velocity = 30 m/h; flocculator backwash frequency = 60 min)
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Figure 4.13 TOC removal at different stages of the flocculation-adsorption- 
microfiltration hybrid system (initial filtration flux = 270 L/m2.h; membrane 

backwash frequency = 36 min; PAC = 1 g/L; FeC13 = 50 mg/L; FMF filtration 
velocity = 30 m/h; flocculator backwash frequency = 60 min)
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4.7 Conclusions

The results from the wastewater characterization indicated that PAC could remove the 

majority of small MW organics and both of hydrophobic and hydrophilic organic matters. 

PAC adsorption used as a pretreatment to CFMF membrane resulted in a higher TOC 

removal (more than 80%) with an optimum PAC dose of 1 g/L. In this case, the PAC- 

CFMF hybrid system can operate steadily at relatively high filtration flux (250 L/m .h) 

with 30-40 minutes backwash frequency. The combination of flocculation and 

adsorption as pretreatment could achieve a high TOC removal efficiency (99.7%) and 

led to a stable filtration flux during 5-hour filter run (12% flux decline) when the hybrid 

system was operated at a higher filtration flux (270 L/m .h). Hence, the combination of 

FMF-PAC-CFMF can be an alternative solution to remove large and small molecular 

weight organics while enhancing the filtration flux of CFMF and dissolved organic 

removal.

The TOC and phosphorus removal by CFMF alone was very poor (as low as only 5% of 

POf3 and 20% of TOC removal). The flocculation as pretreatment to CFMF (FMF- 

CFMF hybrid system) was successful in removing phosphorus (more than 97%). The 

preflocculation also helped to reduce the decline in the filtration flux, which is due to 

organic colloids removal by flocculation. However, the preflocculation did not 

contribute to TOC removal efficiency. It was only able to remove 40% of TOC. The 

FMF used in this study is a simple static flocculator with no moving parts. The energy 

required for backwashing of this flocculator is minimal. As such, this preflocculation 

unit does not significantly increase the capital and, in particular, the operational cost.
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5.1 Introduction

Membrane systems are becoming increasingly important in wastewater treatment as 

wastewater reuse. The stability of filtration flux is an important aspect in the application 

of any pressure-driven membrane process. Basically, under the conditions of constant 

transmembrane pressure (TMP) and cross-flow velocity, the flux in CFMF declines to a 

steady-state value which can be as much as two orders of magnitude lower than the 

initial or clean water value (Lojkine at al., 1992; Kwon at al., 2000). The occurrence of 

this fouling affects the performance of the membrane either by forming a deposition of a 

layer onto the membrane surface (which introduces additional resistance to permeate 

flow), or by partial blocking the pores (which changes the effective pore size 

distribution).

A number of studies have been conducted to understand and minimize the membrane 

clogging in order to make the membrane process more competitive. These studies can 

be classified into three broad categories, namely, hydrodynamic (changing flow regime 

across the membrane surface), surface modification (changing the surface/foulants 

affinity) and regular cleaning. Howell (1995) and Field et al. (1995) found significant 

advantage in CFMF operation when it was operated in sub-critical flux condition. Based 

on their experimental results, they stated that there exists a critical flux below which a 

decline of flux with time does not occur; but above this flux, the flux decline is 

observed.

Critical flux can be schematically explained as shown in Figure 5.1. A flux at which 

particles deposit on the membrane can be assumed below critical flux if the deposit 

layer does not interfere with the flux to cause decline (Figure 5.1 (b)). At this condition, 

the flux is equal to that of clean water (with the same TMP) and this TMP remains 

constant with time (Figure 5.1 (a)). Figure 5.1 (c) presents the case where the flux is 

above the critical value. Here, the particles deposit on the surface or into the pores of the 

membrane, causing a flux decline. This flux decline can be due to reversible effects 

such as cake and gel layer, or due to irreversible effects such as adsorption, pore 

clogging and membrane compactness (Kwon, 1998).
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Figure 5.1 Comparison of flux profile with the flux below and above critical flux

The value of the critical flux depends on the hydrodynamics and also on the particle 

size and their surface and chemical characteristics (Kwon and Vigneswaran, 1998).

Vigneswaran et al. (2000) experimentally compared three different methods of 

determining the critical flux:
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1. Based on the increase in TMP: the critical flux is the flux below which there is no 

presence of TMP increase in resistance.

2. Based on particle mass balance: the critical flux is calculated from the rate of 

particle deposition at membrane surface. The highest flux value at which no 

particles deposition is observed is considered as critical flux.

3. Based on direct observation through microscope (DOTM): Li et al. (1998) and 

Kwon (1998) observed from a series of DOTM experiments that there are three 

stages of particles deposition on membranes - no approach of particles near the 

membrane surface, temporary deposition and permanent deposition. The maximum 

flux leading to no permanent deposition of particles is defined as critical flux based 

on DOTM.

Application of membrane processes to water and wastewater treatment requires lower 

investment and operating costs. One of the ways of limiting operating costs is to operate 

at a constant filtration flux below the critical flux. In the long experimental run, the 

water produced by MF operated at critical flux will be comparable or more than that 

operated at initially high filtration flux. However, due to the presence of colloids and 

soluble organics in most raw waters and in biologically treated wastewater, the critical 

flux is quite low which implies an increase in membrane area and thus in investment 

cost. The critical flux can be increased by modifying hydrodynamic conditions (e.g. 

high shear stress), but this requires higher energy consumption and thus higher 

operating cost. Therefore, the influence of additives for modifying the colloidal fraction 

(flocculants) or entrapping the organic solutes (adsorbents) has to be evaluated. This 

may lead to superior pollutant removal efficiency and higher critical flux.

In this chapter, the applicability of pretreatment of flocculation and adsorption on flux 

improvement was discussed in terms of the critical flux.
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5.2 Critical flux experiments with synthetic wastewater

The experimental set-up and the procedure are explained in Chapter 3 (Section 3.6). 

Powdered activated carbon (PAC, wood based) was used for adsorption test and ferric 

chloride (FeCl3) was used for flocculation test. The characteristics of PAC used are 

presented in Table 3.5 (Chapter 3). The characteristics of the synthetic wastewater used 

are shown in Table 3.2 (Section 3.2.2). In both adsorption and flocculation tests, treated 

wastewaters were settled down before the supernatant was sent through CFMF.

5.2.1 Performance of different pretreatments in terms of total organic 
carbon (TOC) removal and modification on MW size 
distribution of organic matter

Table 5.1 shows the TOC removal efficiencies of synthetic wastewater by different 

pretreatment methods. The highest TOC removal was achieved when flocculation 

together with adsorption was used as pretreatment.

Table 5.1 Effect of pretreatment on TOC removal of synthetic wastewater (Jar test)

Experimental conditions TOC (mg/L) TOC removal efficiency (%)

Synthetic wastewater only 3.9869 -

With flocculation
(FeCl3: 60 mg/L) 1.0206 74.4

With adsorption (PAC: 2 g/L) 1.3316 66.6

With flocculation and adsorption
(FeCl3: 60 mg/L; PAC: 2 g/L) 0.5342 86.6

The MWSD of organic matter in the synthetic wastewater and the wastewater after 

different pretreatments are presented in Figure 5.2. The MW of the synthetic wastewater 

ranged from about 270 daltons to 36,270 daltons with serval highest fractions in the 

middle (630, 950 and 1,200 daltons). These results indicate that flocculation removed 

the majority of large MW organics ranging from 1,200-36,270 daltons. It also removed 

a portion of the small molecular weight organics (270-1,000 daltons). This was mainly 

due to complexation mechanism of Fe. In addition, the adsorption of organic molecules
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onto Fe hydroxide was also responsible for small molecular weight organic matter 

removal (Vilge-Ritter et al. 1999). Adsorption alone removed 66.6% TOC. Nevertheless, 

the MW size distribution analysis showed that adsorption could not remove the middle 

molecular weight range between 630-1,200 daltons. When PAC was used at low dose 

(<0.3 g/L), there was a obvious trend that adsorption could not remove most of the large 

MW fraction of this wastewater (Shon, et al., 2004). However, when PAC dose was 

over 0.5 g/L, the majority of large MW molecules could be removed. The removal the 

large MW molecules may be due to (i) the chemi-sorption of the PAC, which increases 

the retention of large MW molecules on the surface of PAC; (ii) the adsorption onto the 

mesopores of PAC. The PAC used had a pore radius from 1 to 5 nm with mean radius of

1.5 nm. When flocculation together with adsorption was adopted as pretreatment, the 

process could remove the majority of the organics (both small and large MW organic 

matter).
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5.2.2 Short term critical flux experiments with different pretreatment 
methods

In this study, absorption and flocculation tests were carried out using a batch reactor 

equipped with mechanical stirrers. The experimental details are given in Table 3.12 

(Chapter 3).

Figures 5.3 and 5.4 show the variation of TMP value for constant filtration flux using 

the synthetic wastewater without and with preflocculation. Flocculation was operated in 

batch mode. Firstly, 68 mg/L FeCC was added in wastewater, and then agitated for 21 

minutes (rapid mixing of 1 minute at 110 rpm, slow mixing of 20 minutes at 30 rpm). 

The flocculated wastewater was then settled for 20 minutes prior to application of the 

supernatant to CFMF. The critical flux was observed to be only 100 L/m .h for the 

wastewater without preflocculation. It increased to 380 L/m h when a pretreatment of 

flocculation was provided (an increase of 280%). The flocculation captured and 

agglomerated colloids, thereby reducing the membrane fouling by colloids. Some of the 

dissolved organic matter was also removed by FeCC complexation. According to the 

results, flocculation had significant effect in improving the critical flux than the 

adsorption for the synthetic wastewater investigated in this study (Figures 5.4 and 5.5). 

The organic matter with MW range from 630-1,200 daltons may be the main factor to 

cause membrane fouling.

The effect of adsorption and flocculation followed by adsorption as pretreatment on 

critical flux is shown in Figures 5.5 and 5.6. Here, 2 g/L PAC was added in the 

wastewater and mixed for 1 hour, then the PAC was settled down for 15 hours. The 

supernatant was then sent through CFMF system. With the pretreatment of adsorption, 

the critical flux increased from 100 L/m .h to 240 L/m .h (an increase of 140%). 

However, with flocculation followed by adsorption as pretreatment, the critical flux 

increased more than 5 times (about 520 L/m2.h) that of synthetic wastewater without 

pretreatment. This is due to the fact that flocculation-adsorption was able to remove 

both large and small molecular weight organic matter. The MW size distribution 

analysis showed a significant removal of middle MW organics between the sizes of 630 

to 1,200 daltons was achieved by flocculation followed by adsorption.
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Figure 5.3 CFMF experiments with constant filtration flux 
(synthetic wastewater; membrane pore size = 0.45 fim; crossflow velocity = 0.15 m/s)
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Figure 5.4 CFMF experiments with constant filtration flux with flocculation as 
pretreatment (synthetic wastewater; membrane pore size = 0.45 /mi; 

FeCf dose = 68 mg/L; crossflow velocity = 0.15 m/s)
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Figure 5.5 CFMF experiments with constant filtration flux with adsorption 
as pretreatment (synthetic wastewater; membrane pore size = 0.45 jam; 

PAC dose = 2 g/L; crossflow velocity = 0.15 m/s)
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Figure 5.6 CFMF experiments with constant filtration flux of synthetic wastewater with 
flocculation-adsorption as pretreatment (synthetic wastewater; membrane pore size = 

0.45 nm; PAC dose = 2 g/L; FeCf = 68 mg/L; crossflow velocity = 0.15 m/s)
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5.2.3 Long term critical flux experiments with different pretreatment 
methods

In order to confirm the validity of critical flux in long term, experiments were 

conducted with an extended period of time. The experimental conditions are given in 

Table 2.13 (Chapter 3). The CFMF system was operated at the flux values (80% to 

120% of critical flux values) observed from short term critical flux experiments. The 

experiments were conducted for a period of 2 hours at a constant flux (for each flux 

value). Figures 5.7 to 5.10 show that the critical fluxes determined from long term 

experiments were identical to those of short term ones. However, as can be seen in 

Table 5.2, the critical flux value of synthetic wastewater with the pretreatment of 

flocculation-adsorption decreased slightly in long term test (494 L/m .h) compared to 

short term run (520 L/m .h). The TOC removal efficiencies with different pretreatment 

methods are presented in Table 5.3.

C3s
fin
§H

♦ 80 L/m2h 100 IVm2h a 120 L/m2h

♦♦♦♦♦♦♦ « ♦♦♦♦♦♦ ♦♦♦♦♦♦♦♦♦♦¥

120 240 360

Time (min)

Figure 5.7 CFMF experiments with constant filtration flux 
(synthetic wastewater; membrane pore size = 0.45 /zm; crossflow velocity = 0.15 m/s;

filtration time at constant flux = 2 hour)
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Figure 5.8 CFMF experiments with constant filtration flux with adsorption 
as pretreatment (synthetic wastewater; membrane pore size = 0.45 /mi;

PAC dose = 2 g/L; crossflow velocity = 0.15 m/s)
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Figure 5.9 CFMF experiments with constant filtration flux with flocculation 
as pretreatment (synthetic wastewater; membrane pore size= 0.45 fim;

FeCC = 68 mg/L; crossflow velocity = 0.15 m/s)
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120 240
Time (min)

360

Figure 5.10 CFMF experiments with constant filtration flux with flocculation- 
adsorption as pretreatment (synthetic wastewater; membrane pore size = 0.45 /mi; PAC 

dose = 2 g/L; FeCl3 = 68 mg/L; crossflow velocity = 0.15 m/s)

Table 5.2 Comparison of a long and short term critical flux of synthetic 
wastewater under different pretreatment conditions (synthetic wastewater; 

membrane pore size = 0.45 /mi; crossflow velocity = 0.15 m/s)

Experimental conditions
Short term critical

flux (L/m2.h)

Long term critical 

flux (L/m2.h)

Synthetic wastewater 100 100

Wastewater after flocculation 
(FeCl3: 68 mg/L) 380 380

Wastewater after adsorption 
(PAC: 2 g/L) 240 240

Wastewater after flocculation and 
adsorption (FeCl3: 68 mg/L; PAC: 2 g/L) 520 494
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Table 5.3 Average TOC removal efficiencies after different pre-treatments and CFMF 
(synthetic wastewater; membrane pore size = 0.45 /rm; crossflow velocity = 0.15 m/s)

Experimental conditions Average TOC removal 
efficiency (%)

After membrane 8.79

After flocculation + membrane (FeCl3: 68 mg/L) 76.8

After adsorption + membrane (PAC: 2 g/L) 69.3

After flocculation-adsorption + membrane 
(FeCl3: 68 mg/L; PAC: 2 g/L) 87.2

5.3 Effect of different crossflow velocities on critical flux of 
synthetic wastewater with and without pretreatment

Experiments were carried out at different cross flow velocity to study its effect on 

critical flux. The experimental conditions are summarized in Table 3.14 (Chapter 3). 

The Reynolds number and shear stress calculated for different crossflow velocity are 

listed in Table 5.4.

Table 5.4 The Reynolds number (Re) and shear stress values for 
different crossflow velocities

Crossflow velocity (m/s)
2

Flow rate (L/m .h) Reynolds number Shear stress (pa)

0.15 3240 120 2.97

0.30 6481 240 5.94

0.45 9722 360 8.91

0.70 15120 560 13.86
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5.3.1 Effect of crossflow velocity on Critical flux of synthetic

wastewater

As can be seen in Figure 11 (a-d), the value of critical flux values at different crossflow 

velocity was nearly the same, which were in the range of 100 tol 10 L/m .h.
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Figure 5.11 40 minutes constant permeate flux of synthetic wastewater at 
different crossflow velocity values (membrane pore size = 0.45 /mi)
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Flocculation (batch reactor) as pretreatment was used and the critical flux of synthetic 

wastewater with flocculation (FeCb = 68 mg/L) was evaluated for different crossflow 

velocity. As can be seen in Figure 5.12 (a-d), the critical flux was remained at 380 

L/m2.h.

5.3.2 Effect of crossflow velocity on critical flux for preflocculated
synthetic wastewater

(a) Cross flow velocity = 0.15 m/s

6
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(b) Cross flow velocity = 0.30 m/s
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Figure 5.12 Effect of crossflow velocity on critical flux of preflocculated 
synthetic wastewater (membrane pore size = 0.45 fim)
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Similar critical flux experiments were conducted after adsorption as pretreatment. 2 g/L 

PAC was added in the synthetic wastewater and mixed for 1 hour. Before the 

supernatant was sent to CFMF system, the PAC was settled down for 1 hour. In these 

experiments, flux was also kept constant for a 40 min-duration of constant (Figure 5.13. 

a-d). The lowest value of critical flux of 120 L/m .h was found at the lowest value of 

cross flow velocity of 0.15 m/s (120 L/m2.h). When cross flow velocity was between

0.30 to 0.45 m/s, the critical flux increased up to 160 L/m .h in both cases. However, the 

value of critical flux dropped slightly to 140 L/m2.h when the cross flow velocity was 

further increased to 0.70 m/s.

5.3.3 Effect of crossflow velocity on Critical flux of synthetic
wastewater after adsorption pretreatment

(a) Cross flow velocity = 0.15 m/s
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(d) Cross flow velocity = 0.70 m/s
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Figure 5.13 Effect of crossflow velocity on critical flux of synthetic wastewater 
after adsorption as pretreatment (membrane pore size = 0.45 jam)
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5.3.4 Effect of crossflow velocity on Critical flux of synthetic 
wastewater after pretreatment of flocculation and adsorption

With flocculation-adsorption as pretreatment, the cross flow velocity was very much 

higher in the range of 500 L/m2.h. When crossflow velocity was 0.15 m/s, the critical 

flux of pretreated synthetic wastewater was 540 L/m .h. However, this critical flux did 

not increase with the increase in crossflow velocity (Figure 5.14). At crossflow velocity 

of 0.70 m/s, the critical flux only reached 480 L/m2.h.
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Figure 5.14 Effect of crossflow velocity on critical flux of synthetic wastewater after 
flocculation and adsorption as pretreatment (membrane pore size = 0.45 /mi)
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5.4 Critical flux experiments with biologically treated effluent 
in Homebush, Sydney

In this study, flocculation experiments were conducted in two different ways: (i) using a 

batch reactor with mechanical stirrers; (ii) using an in-line static floating medium 

flocculator (FMF). The details of the experimental set-up of FMF are discussed in 

Section 3.5.1 (Chapter 3). The membrane with pore size of 0.65 pm was used in these 

experiments.

5.4.1 Performance of different pretreatments in terms of total organic 
carbon (TOC) removal and modification on MW size 
distribution of organic matter

The TOC removal efficiencies of Homebush biologically treated effluent after different 

pretreatment methods list in Table 5.5. The highest TOC removal was achieved when 

flocculation together with adsorption was used as pretreatment.

Table 5.5 Effect of pretreatment on TOC removal of Homebush 
biologically treated effluent (Jar test)

Experimental conditions TOC (mg/L) TOC removal 
efficiency (%)

Biologically treated effluent only 3.2089 _

Flocculation as pretreatment 
(FeCl3: 50 mg/L) 2.3489 26.8

Adsorption as pretreatment 
(PAC: 2 g/L) 0.5648 82.4

Flocculation and adsorption as 
pretreatment (FeCl3: 50 mg/L;
PAC: 2 g/L)

0.3273 89.8

The MWSD of Homebush biologically treated effluent with and without different 

pretreatments are presented in Figure 5.15. The MW of the wastewater ranged from 

about 520 daltons to 1600 daltons with serval highest fractions in the middle (640, 960 

and 1,320 daltons). These results indicate that flocculation removed the portion of
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relatively large MW organics and adsorption could remove the majority of small MW 

fraction. As expect, flocculation-adsorption as pretreatment had significant effect on 

removing MW present in this wastewater.

Homebush
wastewater
Flocculation 
(FeCl3 = 50 mg/L)

------ Adsorption
(PAC = 2 g/L)

------ Flocculation +
Adsorption

PAC = 2 g/L)

Time (s)

Figure 5.15 MW distribution of Homebush biologically treated effluent 
with and without different pretreatments

5.4.2 Short term critical flux experiments with different pretreatment 
methods

The experimental conditions are listed in Table 3 .13 (Chapter 3). Figures 5.16 and 5.17 

show the TMP value for different filtration flux values. The biologically treated 

wastewater without and with adsorption was used as feed water. Without any 

pretreatment, the critical flux was around 150 L/m h. However, the filtration flux 

improved dramatically when a pre-treatment of adsorption with 2 g/L of powdered 

activated carbon was used. The critical flux was approximately 900 L/m h (6 times 

higher).
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Figure 5.16 CFMF experiments with constant filtration flux 
(Homebush biologically treated effluent; crossflow velocity = 0.15 m/s; 

membrane pore size= 0.65 /xm)
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Figure 5.17 CFMF experiments with constant filtration flux after adsorption as
pretreatment (Homebush biologically treated effluent; PAC dose = 2 g/L;

crossflow velocity = 0.15 m/s; membrane pore size = 0.65 /xm)
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As can be seen from Figures 5.18 and 5.19, the pretreatment of flocculation led to an 

increase in critical flux to 200 L/m2.h (both with batch reactor and FMF). The results 

indicated that the pretreatment of adsorption as pre-treatment was far superior to 

flocculation in the case of biologically treated wastewater. This may be due to the fact 

that flocculation removed mainly the organic colloids from the biologically treated 

effluent. The dissolved organic matter found in significant quantity in the wastewater 

was not removed by flocculation.

Furthermore, when both flocculation and adsorption were used together as pretreatment, 

the critical flux of wastewater increased dramatically. The critical flux was in the range 

around 1100 L/m2h in case of the batch reactor as preflocculator (Figure 5.20). With 

FMF as preflocculator, the critical flux increased up to 1400 L/m h (Figure 5.21).
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Figure 5.18 CFMF experiments with constant filtration flux after batch flocculation as 
pretreatment (Homebush biologically treated effluent; batch reactor mode; FeCl3 = 

50 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 0.65 /xm)
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Figure 5.19 CFMF experiments with constant filtration flux after FMF flocculation as 
pretreatment (Homebush biologically treated effluent;; FMF mode, FeCf =

50 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 0.65 /xm)
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Figure 5.20 Effect of flocculation (batch reactor) and adsorption as pretreatment on
critical flux (Homebush biologically treated effluent; PAC = 2 g/L; FeCf =

50 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 0.65 /xm)
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Figure 5.21 Effect of flocculation (FMF) and adsorption as pretreatment on 
critical flux (Homebush biologically treated effluent; PAC = 2 g/L; FeCl3 = 

50 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 0.65 /xm)

All the results at different pre-treatment conditions are summarized in Table 5.6.

Table 5.6 The critical flux of biologically treated wastewater under different 
pretreatment conditions (crossflow velocity = 0.15 m/s; membrane pore size = 0.65 /xm)

Experimental condition Critical flux (L/m2h)

Biologically treated wastewater 150

Wastewater after flocculation (batch reactor as 
flocculator; FeCl3: 50 mg/L) 200

Wastewater after flocculation (FMF as flocculator; 
FeCl3: 50 mg/L) 200

Wastewater after adsorption (PAC: 2 g/L) 900

Wastewater after flocculation (batch reactor as 
flocculator; FeCl3: 50 mg/L) and adsorption 
(PAC: 2 g/L)

1100

Wastewater after flocculation (FMF as flocculator; 
FeCl3: 50 mg/L) and adsorption (PAC: 2 g/L) 1400
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5.5 Critical flux experiments with biologically treated 
wastewater in Gwangju, South Korea

5.5.1 Critical flux experiments with different pretreatment methods

The critical fluxes of biologically treated effluent (refer to 3.2.4 in Chapter 3) from the 

Sewage Treatment Plant in Gwangju, South Korea was investigated with different 

pretreatments. The experimental conditions are given in Table 3.15 (Chapter 3). 

Without any pretreatment, the critical flux of biologically treated wastewater was 200 

L/m2.h (Figure 5.22). With flocculation, the TMP of filtration flux increased with time 

at 300 L/m .h. Hence, the critical flux of preflocculation was 250 L/m .h (Figure 5.23).

♦ 80 L/m2h M00iVm2h -150I7m2h 200 L/m2h • 250 I7m2h

A A A . A A A A

• • 4

J______ L _l______ I______ I_

40 80 120
Time (min)

160 200

Figure 5.22 CFMF experiments with constant filtration flux 
(Gwangju biologically treated effluent; crossflow velocity = 0.15 m/s; 

membrane pore size= 0.45 /xm)

5-29



OSa,_£
Ok
sH

8.0

7.5
7.0
6.5
6.0

5.5
5.0
4.5
4.0
3.5
3.0

-
♦ 150 L/m2h ■ 200 L/m2h ~ 250 L/m2h * 300 L/m2h A 350 L/m2h

▲
- ▲
- A
- A
- A
- A
- A

:
: xxxxxxx* K

____ i____ i____ i____ i____

0 40 80 120 160 200

Time (min)

Figure 5.23 CFMF experiments with constant filtration flux after batch flocculation 
as pretreatment (Gwangju biologically treated effluent; FeCl3 = 120 mg/L; 

crossflow velocity = 0.15 m/s; membrane pore size = 0.45 /mi)

As shown in Figure 5.24, the preadsorption led to an improvement of critical flux by 

more than 2 times higher than that of wastewater, which was increased to 650 L/m .h. 

When both flocculation and adsorption were used as pretreatment, the critical flux of 

wastewater improved up to 1000 L/m2.h (Figure 5.25). A long term experiment was also 

conducted at the same condition (flocculation and adsorption as pretreatment) by 

increasing the operation time from 40 minutes to 2 hours at each constant permeate flux 

step. The value of critical flux was same as the short term result (Figure 5.26). All the 

results under different pre-treatment conditions are summarized in Table 5.7. The 

organic matter removal efficiencies (in terms of TOC) are presented in Table 5.8.
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Figure 5.24 CFMF experiments with constant filtration flux after adsorption as 
pretreatment (Gwangju biologically treated effluent; PAC dose = 2 g/L; 

crossflow velocity = 0.15 m/s; membrane pore size = 0.45 /xm)
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Figure 5.25 CFMF experiments with constant filtration flux after flocculation-
adsorption as pretreatment (Gwangju biologically treated effluent; PAC = 2 g/L; FeCf =

120 mg/L; crossflow velocity = 0.15 m/s; membrane pore size = 0.45 jum)
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Figure 5.26 Long term CFMF experiments with constant filtration flux with 
flocculation-adsorption as pretreatment (Gwangju biologically treated effluent; 

PAC dose = 2 g/L; FeCf = 120 mg/L; crossflow velocity = 0.15 m/s; 
membrane pore size = 0.45 /mi)

Table 5.7 The critical flux of biologically treated wastewater under different 
pretreatment conditions (crossflow velocity = 0.15 m/s; membrane pore size = 0.45 /mi)

Experimental condition Critical flux (L/m2h)

Gwangju Biologically treated wastewater (short term) 200

Flocculation as pretreatment (short term;
FeCl3: 120 mg/L) 300

Adsorption as pretreatment (short term; PAC: 2 g/L) 650

Flocculation and adsorption as pretreatment 
(short term; FeCf: 120 mg/L; PAC: 2 g/L) 1000

Flocculation and adsorption as pretreatment 
(long term; FeCl3: 120 mg/L; PAC: 2 g/L) 1000
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Table 5.8 Average TOC removal efficiencies after different pre-treatments and CFMF 
(wastewater TOC = 6.8 mg/L; membrane pore size = 0.45 /xm; crossflow velocity = 0.15

m/s)

Experimental conditions Average TOC removal 
efficiency (%)

After membrane 8.1

After flocculation + membrane (FeCl3: 120 mg/L) 52.2

After adsorption + membrane (PAC: 2 g/L) 77.3

After flocculation-adsorption + membrane 
(FeCl3: 120 mg/L; PAC: 2 g/L) 89.1

5.5.2 Effect of different pretreatments on organic matter removal and 
on MW size distribution

Table 5.9 shows the TOC removal efficiencies of Gwangju biologically treated effluent 

by different pretreatment. The highest TOC removal was achieved when flocculation 

together with adsorption was used as pretreatment.

Table 5.9 Effect of pretreatment on total organic carbon (TOC) removal of Gwangju
biologically treated effluent (Jar test)

Experimental conditions TOC (mg/L) TOC removal 
efficiency (%)

Synthetic wastewater only 6.8 -

Flocculation as pretreatment 
(FeCl3: 120 mg/L) 3.4 50.0

Adsorption as pretreatment 
(PAC: 2 g/L) 1.6 76.5

Flocculation and adsorption as pretreatment 
(FeCl3: 120 mg/L; PAC: 2 g/L) 1.0 85.3
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The related MWSD chromatogram (Figure 5.27) shows that this wastewater contains 

small and middle range MW molecules (250-780 Da). Flocculation as pretreatment 

could remove major portion of middle range MW fraction from 520 Da to 780 Da. 

Adsorption, on the other hand, removed the majority of MW molecules (250-520 Da). 

Thus, flocculation-adsorption as pretreatment was efficient to remove most of organic 

matter in this wastewater.

Gwangju
wastewater

Flocculation

----Adsorption
(PAC=2 g/L)

— Flcculation + 
Adsorption

PAC=2 g/L)

Time (s)

Figure 5.27 MW distribution of Gwangju biologically treated effluent 
with and without different pretreatments

The MWSD of organic matter in the Gwangju biologically treated effluent at different 

stages during critical flux experiment was investigated (Figure 5.28). The MW 

distribution didn’t change much after the wastewater filtered through the CFMF. This 

shows that CFMF alone has no or little ability in removing dissolved organic matter. 

With flocculation as pretreatment, the MW distribution didn’t change after flocculation 

during the critical flux experiment (Figure 5.29).
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Figure 5.28 MW distribution of biologically treated effluent without any 
pretreatment (Gwangju wastewater water; crossflow velocity = 0.15 m/s; 

membrane pore size= 0.45 /xm)

Gwangju
wastewater
After Flcculation

------ 2 h (tank)
------- 350 L/m2.h (tank)
------  350 L/rrf.h (effluent)

780 520

Time (s)

Figure 5.29 MW distribution of biologically treated effluent after flocculation 
(Gwangju wastewater water; crossflow velocity = 0.15 m/s; 

membrane pore size= 0.45 /xm)
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With PAC adsorption, the MW over 780 daltons could not be removed. There was no 

difference in MW distribution after CFMF application (Figure 5.30).

Figure 5.31 showed the MW results of the wastewater during the critical flux 

experiment after the pretreatment of flocculation-adsorption (long term). Both MWSD 

results of the short term and long term experiments are similar. After treatment, there 

had only two small peaks at 320 and 780 daltons corresponding to most of organic 

matter removal. As before, the MW distribution after CFMF didn’t vary.

-— Gwangju 
wastewater

...... After adsorption
(PAC 2 g/L)

----2 h (tank)
780 520

700 L/m2.h (effluent)

Time (s)

Figure 5.30 MW distribution of biologically treated effluent after adsorption 
(Gwangju wastewater water; crossflow velocity = 0.15 m/s; 

membrane pore size= 0.45 /im)
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Figure 5.31 MW distribution of biologically treated effluent after flocculation and 
adsorption (long term; Gwangju wastewater water; crossflow velocity = 0.15 m/s;

membrane pore size= 0.45 /xm)

5.5.3 SEM investigation

After each critical flux experiment, the membrane was cut using nitrogen and scanning 

electron microscope (SEM) was taken to illustrate the membrane fouling phenomena 

(Figure 5.32).

As can be seen from Figure 5.32 (a), the new membrane had lots of clear large pores. After 

critical flux test with biologically treated effluent, the number of the clear large pores 

reduced obviously. The membrane surface also has lumped (pore blocking).
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(a) new membrane

(c) flocculation as pretreatment

(e) adsorption as pretreatment

(b) without pretreatment

(d) flocculation as pretreatment 
(washed membrane)

(f) adsorption as pretreatment 
(washed membrane)
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(g) flocculation-adsorption as pretreatment (h) flocculation-adsorption as pretreatment 
(washed membrane)

(i) flocculation-adsorption as pretreatment (j) flocculation-adsorption as pretreatment 
(long term) (washed membrane; long term)

Figure 5.32 SEM of new membrane and membrane after critical flux with different 
pretreatment (Gwangju wastewater water; crossflow velocity = 0.15 m/s; 

membrane pore size= 0.45 /mi)

Figure 5.32 (c) and (d) show the membrane when flocculation as pretreatment was 

adopted. It is clear that flocculant form large pieces on the membrane surface even after 

washed with milli-q water (soft brush was used to remove the settled PAC or/and 

flocculant), the pieces still remained on membrane surface. With adsorption or 

flocculation-adsorption as pretreatment (Figure 5.32 (e) and (g)), there had irregular 

crystals formed on the membrane surface and many small pieces sticking on membrane 

surface even after washing (Figure 5.32 (f) and (h)). In long term experiment, the 

phenomenon was evident when large amount of crystals formed on membrane surface 

(Figure 5.32 (i)). However, these crystal layers did not affect the critical flux. The small
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particles remained after washing the membrane surface was believed to be the major 

factor causing membrane fouling (Figure 5.32 (j)).

5.6 Conclusions

The synthetic wastewater contains MW molecules from 270-36270 daltons. 

Flocculation as pretreatment to CFMF was successful in improving the critical flux, 

especially in the case of synthetic wastewater. Flocculation with ferric chloride was 

efficient in removing large molecular weight organic matter. Flocculation as 

pretreatment to CFMF was successful in improving the critical flux (up to 280 L/m .h ). 

The improvement in critical flux by adsorption of synthetic wastewater was less 

significant. With flocculation together with adsorption as pretreatment, the critical flux 

was increased more than 5 times. There was no noticeable difference of the critical flux 

between long term and short term constant flux experiments when a pretreatment of 

flocculation and or adsorption was provided to the synthetic wastewater. There was not 

much difference in critical flux when the crossflow velocity was increased. It may be 

due to the fact that the shear stress may not be an important factor in case of multi

components wastewater especially when the flocculation and/or adsorption were used as 

pretreatment.

However, neither the biologically treated effluent in Homebush nor the biologically 

treated effluent in Gwangju had relatively large MW molecules. The improvement in 

critical flux by preflocculation of both biologically treated wastewaters was less 

significant comparing to the one with synthetic wastewater. The pretreatment with 

adsorption led to considerable increase in critical flux of two biologically treated 

wastewaters. With both flocculation and adsorption as pretreatment of the biologically 

treated wastewater, the critical flux increased dramatically. These results indicate the 

pretreatment by flocculation and/or adsorption is the key feature to obtain 

simultaneously higher permeate flux and quasi steady conditions of operation (in the 

case of biologically treated wastewater). The MWSD had no much difference before 

and after the CFMF application.

5-40



The SEM showed that membrane fouling during the critical flux experiments was 

mainly due to pore blocking and small particles deposit on the membrane surface.
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6.1 Introduction

The low-pressure driven membrane techniques such as microfiltration (MF) and 

ultrafiltration (UF) have been considered as indispensable treatment methods in the 

water and wastewater treatment applications to remove specific pollutants which are not 

normally removed by the conventional processes. MF and UF are excellent in removing 

microparticles, microorganisms (such as Giardia and Cryptosporidium which are 

chlorine resistant), macromolecules, colloids and most bacteria. However, they can only 

partially remove color and dissolved organic matter (including natural organic matter 

(NOM) and synthetic organic compounds (SOCs)). Although the nanofiltration (NF) 

and reverse osmosis (RO) enable to remove the dissolved organic matter, they require 

higher pressure for their applications, hence higher operational cost. Therefore, there is 

an advantage in combining MF and UF with other conventional treatment processes 

such as activated carbon adsorption and coagulation to achieve a high removal 

efficiency of NOM and SOCs in a cost-effective manner (Lebeau et al., 1998).

The cross-flow microfiltration-adsorption (external loop) hybrid system demands higher 

energy for the operation. On the other hand, the submerged membrane adsorption 

hybrid system (SMAHS) requires only a low suction pressure, thus requiring lower 

energy for its operation. In SMAHS, dissolved organic compounds which normally can 

pass through the MF are pre-adsorbed onto PAC particles. The PAC together with 

adsorbed organics is then separated by the membrane filtration process. The previous 

researches showed that the addition of PAC could: (i) provide better physical removal 

of NOM and synthetic organic compounds (SOCs), (ii) biological removal of the 

biodegradable fraction of NOM, (iii) reduce the direct loading of dissolved organic 

pollutants onto the membrane, and (iv) prevent membrane fouling and reduce sludge 

volume (Vigneswaran et al., 1991; Seo et al, 1997; Lebeau et al., 1998; Kim et al., 

2001). Seo et al. (1996) conducted an experimental study on the biological activated 

carbon-microfiltration system for removing refractory organic matter (or persistent 

organic pollutants). The results showed that the system could remove 83% of total 

organic carbon (TOC) with 20 g/L of membrane reactor volume PAC dose for 64 days 

and 99.999% of coliphage Q/3 was easily adsorbed on PAC for 1 hour contact. 

Furthermore, Kim et al. (2001) found that the system could consistently remove more
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than 95% TOC with a PAC dose of 40 g/L for 40 days from a synthetic wastewater. It 

should be noted that this 40 g/L PAC is only added at the start of the experiment and the 

system has been running without any further addition of PAC. Nevertheless, they 

indicated that a high concentration of PAC could result in the formation of a cake at the 

membrane surface, thus reducing the effectiveness of physical cleaning by aeration and 

increasing the filtration resistance. Moreover, the drawback of PAC-membrane system 

is the initial fouling due to rapid, irreversible adsorption of organic substances onto the 

membrane surface (Ben Aim et al., 1993). Consequently, preadsorption of organics 

prior to the wastewater passing through the membrane could avoid the initial membrane 

fouling.

The performance of the membrane-adsorption hybrid system depends on reactor 

configuration, operating modes, carbon dose, carbon adsorptive characteristics and 

influent characteristics (Vigneswaran et al, 2003). The amount of adsorption onto 

activated carbon could be computed by using continuously stirred tank reactor (CSTR) 

model and plug-flow reactor (PFR) model, both of which are based on the homogeneous 

surface diffusion model (HSDM) (Najm, 1996; Adham et al., 1991; Kim et al., 1996); 

Adham et al., 1994). Campos et al. (2000a, 2000b) proposed a mathematical model to 

predict the removal of organic compounds when PAC was applied to various membrane 

reactor configurations and operations. Their model predictions were based on a single 

set of equilibrium assumed to occur by homogeneous surface diffusion. The adsorption 

equilibrium was described with the Freundlich isotherm. Kim et al. (2001) also assumed 

a first-order driving force model to simulate the organic removal efficiency of a PAC- 

MF system. Besides, Chang et al. (2003) have developed a model, which focused on 

modeling of organics removal using a PAC-submerged membrane system with PAC 

initially dosed to the reactor. They identified that the PAC load was an important 

process parameter for the “PAC initially dosed mode”.

However, all the earlier studies considered only the adsorption aspect but they did not 

incorporate influent characteristics or membrane properties in the modeling. 

Vigneswaran, et al. (2003) developed a simple mathematical model for SMAHS using 

the concept of CSTR. In their study, the effect of membrane was introduced using the 

membrane packing density (AM/VM) and membrane correlation coefficient (MCC).
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Since the filtration flux was very low, the flux decline was negligible and not 

considered in this model.

The membrane fouling is still an existing problem in applying a PAC-MF system for 

wastewater treatment. Since the membrane must be either chemically cleaned or 

replaced by a new membrane once it gets fouled, finding a techno-economical 

pretreatment for PAC-MF is an undoubtedly indispensable way to solve this problem.

Previous study in minimizing membrane fouling carried out in various areas can be 

classified into three categories: (i) fouling control by operating membrane system below 

critical flux or use antiscalants/antifoulants; (ii) pretreatment technologies to modify the 

properties of feed water before it passes through membrane, (iii) anti-fouling 

membranes and modules to modify hydrodynamic conditions of feed flow or modify 

membrane surface properties (Sheikholeslami, 1999). The more effective way of 

improving the filtration performance of the membrane can be made through the 

modification of the feed water. Preflocculation or inline flocculation of the feed water 

using flocculants can modify the way that the suspended solids deposit on the 

membrane, and thereby improve the membranes performance. The preflocculation not 

only led to increase in the average particle size, but also improved the permeate flux 

during microfiltration (Kim et al. 2001). Adin et al. (1998) have shown the superiority 

of ferric chloride (FeCf) over aluminium sulphate (alum) in flocculating the organic 

colloids present in the activated sludge effluent. The performance of FeCf was well in a 

wide pH range (3-10) and as pretreatment, it could remove most of the organic colloids 

present in the biologically treated sewage effluent. Chapman et al. (2002) showed the 

importance of FeCf flocculation as pretreatment to crossflow microfiltration for 

treating a biologically treated effluent and flocculation helped in removing organic 

colloids. Furthermore, the flocculation-adsorption-ultrafiltration process could able to 

remove 75% of chemical oxygen demand (COD) from a domestic wastewater when 

using FeCf at a concentration of 40 mg/L and PAC at a dose of 10 mg/L (Abdessemed 

et al., 2000).

In this chapter, the detailed experiments were conducted with submerged membrane- 

adsorption hybrid system at varying operation conditions such as filtration flux, initial 

PAC dose, preadsorption duration etc. The experimental results were verified using a
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simple mathematical model. Model predictions were based on adsorption equilibrium 

and kinetic parameters determined from isotherm and batch experiments respectively. 

Experiments were also carried out with flocculation as pretreatment. A spiral flocculator 

(SF) was employed as preflocculation process prior to a PAC-submerged hollow fiber 

microfiltration (SMF) hybrid system. These short term experiments were conducted to 

investigate how SF as pretreatment can minimize the membrane fouling in PAC-SMF 

system. The synthetic wastewater (with the composition shown in Table 3.2 in Chapter 

3) was used in the experiments except mentioned.

6.2 Mathematical modeling of membrane adsorption hybrid 
system

Extensive research has been done on the mathematical modeling of the adsorption 

kinetics of dissolved organic compounds by PAC (Najm et al., 1990; Roy et al., 1993; 

Qi et al., 1994). Najm (1996) applied homogenous surface diffusion model (HSDM) 

and Freunlich isotherm to model the continuous flow stirred tank reactor (CSTR) and 

plug-flow reactor (PFR) models of the adsorption system. Campos et al. (2000a and 

2000b) utilized HSDM model with no external mass transfer limitations and developed 

an intergraded mathematical model to predict the removal of organic compounds in the 

PAC-membrane hybrid system. Four cases of adsorption were considered: (i) membrane 

reactor fed with step input of fresh PAC, (ii) CSTR-membrane system fed with step 

input of fresh PAC, (iii) PFR-membrane reactor dosed with step input of fresh PAC, and 

(iv) the membrane reactor fed with pulse input of fresh PAC at the beginning of the 

filtration cycle. Model predictions were based on a single set of equilibrium and kinetic 

parameters independently determined from the results obtained from continuous-flow 

bench-scale experiments.

Kim et al., (2001) used PAC-MF (submerged membrane) system to evaluate the 

removal efficiency of Q/3 and organic matter from a synthetic secondary effluent. The 

assumed a first order driving force model, and proposed the equation 6.1 for the rate of 

Q/3 concentration change in the reactor.
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(6.1)

Where, Cr= Q/3 concentration in the bulk phase

C“ = equilibrium concentration of Q/3 in the bulk phase, and 

k = the first order reaction coefficient

A correlation between log (k) and log (PAC concentration) raised to the power 1.69 was 

found to be good agreement with experimental batch kinetics data. They further 

purposed a dynamic mass balance equation for the long term performance of the 

membrane hybrid bioreactor as follows:

Where, V = volume of the reactor 

Q = flow rate

Cj = influent concentration 

Ce = effluent concentration 

q = amount of Q/3 absorbed onto PAC 

W = PAC dose, and

ka = coefficient for adsorption onto PAC

km = coefficient for attachment to the membrane

kd = coefficient for the bacterial decay, and

ke = coefficient for inactivation due to the desorption of Q/3 from PAC

These models are capable of predicting the organic removal efficiency of the system. 

However, they do not incorporate the characteristics of the influent and the membrane 

properties in an explicit manner. Both parameters are likely to affect the organic 

removal during the operation of the hybrid system, and thus, need to be incorporated in 

the model.

In this study, the material balance of organic matter concentration in the SMAHS can be 

described by Eq. (6.3)

(6.2)

v dt VM
— MCCCb (6.3)
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Where, Cb = the organic concentration in the bulk phase in the reactor (mg/L);

Q = the flow rate (m3/s);

V = the volume of the bulk solution in the reactor (m3);

C0 = the organic concentration in the feeding tank (mg/L);

M = the weight of PAC used (g);

Am = the surface area of the membrane (m );

VM = the volume of membrane (m3);

MCC = the membrane correlation coefficient.

The second term, [(M/V)-(dq/dt)] represents the adsorption of the organics onto PAC in 

suspension, and [(AM/VM)’MCC-Cb] describes the adsorption onto the PAC layer 

deposited onto membrane surface. The membrane correlation coefficient (MCC) is an 

empirical coefficient that combines adsorption of organics on membrane surface and 

retention of PAC on membrane (associated with organics adsorbed on it).

Comparing to the amount of organics adsorbed onto the PAC, the amount of organic 

matter adsorbed onto membrane is very small. Therefore, the later was neglected. In this 

study, the role of membrane was mainly to remove the PAC and the organics adsorbed 

onto PAC.

The model was tested for various parameters such as MCC, solid mass transfer 

coefficient, filtration flux and influent organic concentration. The organic removal in 

the model was found to depend mainly on MCC and the filtration flux. The higher the 

value of MCC, the better the organic removal efficiency of the membrane hybrid system. 

The organic removal efficiency of the system decreased with the increase of filtration 

flux. The model was sensitive neither to the solid mass transfer coefficient (ks) nor to 

the influent organic concentration (Co) within a wide range of organics found in 

biologically treated sewage effluent (Vigneswaran et al., 2003).

The adsorption equilibrium was quantified based on Talu model (Talu et al., 1996). The 

Talu model takes into account of three main characteristics of the adsorption system, 

namely chemical equilibria, equation of state (EOS) and phase equilibrium. Chemical 

equilibria and EOS describe the behavior of the surface phase, and the phase 

equilibrium links the surface phase properties to bulk phase properties. The
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mathematical representation of the Talu model is shown in Eqs. 6.4-6.6. From the above 

three equations, qe, K and H can be calculated when knowing q and Ce.

/TP • exp
C. =

vp =

K<lej
(l + £¥)

^-l + (l + 4 Kif5^
2 K

(6.4)

(6.5)

4' = -^- = T(l + CT) (6.6)
9,-9

where,

Ce = Equilibrium organic concentration, mg/L;

H = Adsorption constant (Henry’s Law);

K = Reaction constant;

qe= Saturation amount of organic adsorbed, mg/g;

\p = Organic concentration spreading parameter; and

q = measured amount of organic matter adsorbed onto a unit amount of adsorbent, mg/g.

The homogeneous surface diffusion model (HSDM) has been used to study the PAC 

adsorption kinetics (Eqs. 6.7 - 6.10). Using the isotherm parameters and the above 

equations, one can calculate the Kt- and Ds values. HSDM consists of a three-step 

process (Najm, 1996): (i) the adsorbate diffuses through a stagnant liquid film layer 

surrounding the carbon particle; (ii) the adsorbate adsorbs from the liquid phase onto the 

outer surface of the carbon particle; (iii) the adsorbate diffuses along the inner surface of 

the carbon particles until it reaches its adsorption site.

Sq,
dt

= D.
f dllL+ 2 dq ^

dr‘ dr
(6.7)

The initial and Boundary Conditions are:

o
II

o
II (6.8)

r = 0; ^ = 0 
dr

(6.9)
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r = rP; DsPp^r = kAc-c.)
(6.10)

Where,

qt = the rate of change of surface concentration with time (t) at any radial distance (r) 

from the center of the activated carbon particle during adsorption, mg/g;

Ds = the surface diffusion coefficient (the rate of diffusion of the target compound along 

the surface of the carbon), m /s; 

kf = the external mass transfer coefficient, m/s; 

pp = apparent density of the activated carbon, kg/m ;

C = bulk phase concentration, mg/L;

Cs = the concentration on the external surface of PAC particles, mg/L.

The SMAHS model was solved numerically by applying the orthogonal collocation 

method to discretize the equations. The discretization was done for the spatial variable, 

resulting in a set of time derivative ordinary differential equations (ODEs) for the 

adsorbate concentration. The resulting sets of ODEs were solved using the subroutine 

DVODE (Brown et al., 1989).

The value of Ds is dependent only on the influent organic concentration. As such, in this 

study, the value of Ds used in the SMAHS simulation was calculated from batch 

experimental data. On the other hand, Kf is a function of the agitation speed. Since the 

mixing effect was different for batch and SMAHS, we used the SMAHS data 

calculating the Kf value (Tragner and Suidan, 1989; Suzuki, 1990). In this study (Batch 

and SMAH), the Nelder-Mead simplex method (Riggs, 1988) was used. This method is 

based on minimizing the differences between the experimental and predicted adsorption 

amount as a function of time (Traegner and Suidan, 1989; Roy et al., 1993).

The aim of the study is to optimize the operation parameters of SMAHS and to reduce 

the membrane fouling using flocculation as pretreatment. Synthetic secondary sewage 

effluent (Table 3.2 in Chapter 3) was used in the experiments.
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6.3 Adsorption equilibrium

The Talu model described well the adsorption equilibrium behavior of PAC for the 

synthetic wastewater (section 3.2.2 in Chapter 3) used in this study. The adsorption 

equilibrium experimental results and the Talu model prediction are shown in Figure 6.1. 

The isotherm parameters qe, K, H and R of the synthetic wastewater were computed as 

37.98 mg/g, 0.20, 0.43 and 0.977 respectively. The adsorption capacity of PAC was 

found to be 5.67 mg(Toc)/g(PAC) with synthetic wastewater of TOC of 3.87 mg/L used in 

this study according to the isotherm results.

• Experimental 
----Talu model prediction

Equilibrium concentration, Ce (mg/L)

Figure 6.1 Adsorption isotherm of synthetic wastewater (initial TOC = 3.87 mg/L)

6.4 Adsorption kinetics

In the adsorption kinetics experiments, the TOC removal efficiency of PAC increased 

by approximately 15 % when PAC dose was increased nearly in proportion by 15% 

from either 0.5 to 2 g/L or from 2 to 5 g/L (Figure 6.2). As shown in Figure 6.2, the 

prediction curve fitted well with the experimental values. The value of the surface 

diffusion coefficient Ds was calculated as 4.709x10' m /s. The external mass transfer 

coefficient Kf calculated for different doses of PAC is summarized in Table 6.1.
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Table 6.1 The mass transfer coefficient in synthetic wastewater at different doses of 
PAC (initial TOC = 3.63 mg/L; stirring speed =110 rpm)

PAC dose (g/L) Ds (m2/s) Kf (m/s)

0.5 4.709xl0'15 3.992xl0'7

2 4.709x10'15 2.304x10‘7

5 4.709xl0'!S 1.163x10'7

uoH

U
0

1.2

1.0

0.8

0.6

0.4

0.2

0.0

tr

K

• PAC dose 0.5 gL
■ PAC dose 2 g/L
▲ PAC dose 5 gL

------------- HSDM model prediction
--------------- HSDM model prediction
— “ HSDM model prediction

pr
~

. B 9 U 9 9 9 m 9

^ A A * . .

’ 1 1 1 1 1 1 1 1 1 1 1 1 1 1 II 1 1 11I 1 111il111 1 l

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time (hour)

Figure 6.2 Adsorption kinetics of synthetic wastewater at different doses of PAC 
(initial TOC = 3.63 mg/L; stirring speed 110 rpm; C = effluent TOC concentration, 

mg/L and Co = influent TOC concentration, mg/L)

6.5 Experimental conditions optimization and modeling of 
submerged membrane adsorption hybrid system (SMAHS)

6.5.1 Effect of preadsorption duration

The effect of the duration of preadsorption was observed through the ten-hour 

experiments at a filtration flux 48 L/m .h. The PAC dose and the aeration rate were 

maintained at 5 g/L and 9.6 m /h.m (membrane area) respectively. The TOC removal
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efficiency was slightly higher (83.5%) in the case of no preadsorption (Figure 6.3). 

However, as shown in Figure 6.4, without preadsorption, the TMP development through 

membrane increased by 50 kPa within 10 hours. In the case of no preadsorption, the 

initial organic loading onto membrane surface was higher and could cause initial 

irreversible fouling of the membrane. Thus, preadsorption can reduce the membrane 

fouling by reducing the organic concentration exposed to the membrane surface. One- 

hour preadsorption was found to be sufficient as it produced much lower TMP 

development and comparable TOC removal (as compared to two-hour preadsorption). 

When a longer duration of preadsorption was used (i.e. 2 hours), the carbon removed 

the majority of organics during the first two hours of operation. It left less adsorption 

sites on the carbon for further removing the organic matter when the membrane 

filtration was started at the beginning of 3rd hour. As can be seen from Figure 6.5, after 

3 hours run, the TOC removal efficiency of PAC with 1-hour preadsorption declined 

slower than that with 2-hour preadsorption. Therefore, in the subsequent experiments, 

one-hour preadsorption was used as an operation condition to mitigate membrane 

fouling phenomenon.
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Figure 6.3 TOC removal efficiency of effluent at different durations of preadsorption
(filtration flux = 48 L/m2.h; PAC dose = 5 g/L; aeration rate = 8 L/min)
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Figure 6.4 TMP profile at different durations of preadsorption 
(filtration flux = 48 L/m2.h; PAC dose = 5 g/L; aeration rate = 8 L/min)
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Figure 6.5 TOC removal efficiency of PAC in PAC-MF reactor at different durations of
preadsorption (filtration flux = 48 L/m2.h; PAC dose = 5 g/L; aeration rate = 8 L/min)
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6.5.2 Effect of aeration rate

Aeration rate was varied from 8 L/min to 20 L/min to study the effect of aeration rates. 

Figures 6.6a - 6.6d and 6.7 show both the experimental results and the model 

simulation. In case of aeration rate range from 8 L/min to 16 L/min, both of the external 

mass transfer coefficient Kf and membrane correlation coefficient MCC increased 

dramatically. While aeration rate increase from 16 L/min to 20 L/min, Kf was slightly 

decreased. When the aeration rate was increased up to a certain level (e.g. 16 L/min), it 

affected the transport of the adsorbate from bulk solution to the outer surface of the 

adsorbent granules by molecular diffusion. Similarly, there was an increase in removal 

efficiency with the increase in aeration rate (8 to 16 L/min). The efficiency was not 

improved with any further increase in aeration rate from 16 (87.28% removal efficiency) 

to 20 L/min (86.85% removal efficiency) (Figure 6.8). Hence, an aeration rate of 16 

L/min was considered as the optimum value in this study.

(a) Aeration rate 8 L/min (Kf= 1.425><10’8)

♦ Effluent 
■ Aerated tank
A Influent 
— Prediction

Time (min)
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(d) Aeration rate 20 L/min (Kf= 3.249x10‘8)
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Figure 6.6 Model prediction of effluent concentration at different aeration rates 
(filtration flux = 48 L/m2.h; PAC = 5 g/L; preadsorption = 1 hour; Ds = 4.709x1 O’15)
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Figure 6.7 Variation of the model parameters of SMAHS at different aeration rates
(filtration flux = 48 L/m2.h; PAC = 5 g/L; Preadsorption = 1 hour; Ds = 4.709x1 O’15)
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Figure 6.8 TOC removal efficiency at different aeration rates 
(filtration flux = 48 L/m2.h; PAC dose = 5 g/L; preadsorption = 1 hour)

6.5.3 Effect of backwash frequency

The effect of backwash frequency was studied to see whether it had any effect on 

organic removal or on the TMP development. Four representative backwash frequencies 

were chosen from preliminary experiments: (i) 15 seconds backwash after every 14.75 

minutes filtration, (ii) 30 seconds backwash after every 29.5 minutes filtration, (iii) 1 

minute backwash after every 59 minutes filtration, and (iv) 2 minutes backwash after 

every lhour and 58 minutes of filtration. From Figure 6.10, it is clear that the removal 

efficiencies in terms of TOC were not much different between the four backwash 

frequencies studied. In cases of 15 seconds backwash after every 14.75 minutes 

filtration, 30 seconds backwash after every 29.5 minutes filtration and 2 minutes 

backwash after every lhour and 58 minutes of filtration gave slightly better TOC 

removal (85.2%, 85.3% and 87.7% respectively) than that with 1 minute backwash after 

59 min of filtration (82.9%) (Figure 6.9). Moreover, there was no obvious difference of 

the TMP development between the three backwash conditions except 2-hour backwash 

frequency (which increased significantly during 10-hour operation) (Figure 6.10). Thus, 

1 minute backwash during each hour of filtration was selected in the subsequent 

experiments.
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Figure 6.10 TMP profile at different backwash frequencies (filtration flux = 48 L/m.h; 
PAC dose = 2 g/L; preadsorption = 1 hour; aeration rate = 16 L/min)
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6.5.4 Effect of PAC dose

The effect of PAC dosage was studied in terms of TOC removal and TMP development 

(Figure 6.11). Figure 6.11 shows the model simulation results and the model parameters 

are summarized in Table 6.2. The external mass transfer coefficient Kf and membrane 

correlation coefficient MCC decreased with the increase of PAC dose. This may be due 

to the increase of the adsorbent pore volume. There was no noticeable difference of 

organic removal when PAC dose increased from 2 g/L to 10 g/L based on the short term 

experimental results presented in this study. However, higher PAC dose could reduce 

the TMP development which is helpful in preventing membrane clogging (Figure 6.12).

UoH
o
oU
0

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

X PAC dose 2 g/L 
E. D PAC dose 5 g/L

± PAC dose 10 g/L
----- - PAC dose 2 g/L prediction
------ PAC dose 5 g/L prediction
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i i i i i i i i i i i i i i i i i i i i i i i i iii i iiiiiiiiiiiiiiiiiiiiii
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Figure 6.11 Model prediction of organic removal at different PAC doses (filtration flux 
= 48 L/m2.h; preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency = 1 
hour; backwash duration = lmin; backwash rate =120 L/m2.h; Ds = 4.709><10'15; C = 

effluent TOC concentration, mg/L and Co = influent TOC concentration, mg/L)
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Table 6.2 The modeling parameters of SMAHS at different PAC doses (filtration flux = 
48 L/m .h; preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency =

1 hour; backwash duration = lmin; backwash rate = 120 L/m2.h)

Item PAC dose
2 g/L

PAC dose
5 g/L

PAC dose
10 g/L

Average influent TOC, mg/L 3.8562 3.7321 3.8717

Pre-adsorbed amount, mg/g 1.3232 0.5602 0.2535

Ds (m2/s) 4.709xl0'15 4.709xl0'15 4.709xl0'15

Kf (m/s) 5.659x10'8 1.576x10'* 5.562xl0'9

Membrane coefficient (MCC), m/s 5.373x10'* 9.009x1 O'9 6.233xl0'9

PAC dose 2 g/L
PAC dose 5 g/L
PAC dose 10 g/L

m m ■
X A A A

Time (min)

Figure 6.12 Effect of PAC dose on the TMP development (filtration flux = 48 L/m2.h; 
preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency = 1 hour; 

backwash duration = 1 min; backwash rate =120 L/m .h)

6.5.5 Effect of filtration flux

The effect of filtration flux was studied by varying the filtration flux in the range of 24

48 L/m .h (Figures 6.13 and 6.14). Table 6.3 shows the relationship of filtration flux 

with HRT, filtration velocity and organic matter flux. The model prediction and 

parameters are presented in Figure 6.14 and Table 6.4 respectively. Both values of 

external mass transfer coefficient Kf and membrane correlation coefficient MCC
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increased with the increase in filtration flux. As expected, the lower filtration flux led to 

the highest TOC removal and the lowest TMP development. The average TOC removal 

efficiencies were 89.8%, 88.6% and 83.2% (over the filtration time of 600 minutes) at
9 9 9the filtration fluxes of 24 L/m .h, 36 L/m .L and 48 L/m .h respectively.
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Figure 6.13 Model prediction of organic removal at different filtration flux (PAC dose = 5 
g/L; preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency = 1 hour; 

backwash duration = lmin; backwash rate = 2.5 times of filtration flux; Ds = 4.709x1 O'15; 
C = effluent TOC concentration, mg/L and Co = influent TOC concentration, mg/L)

Table 6.3 Experimental conditions with different filtration flux during short term 
experiments (PAC dose = 5 g/L; aeration rate = 16 L/min; preadsorption = 1 hour; 

backwash frequency = 1 hour; backwash duration = 1 min; backwash rate =
2.5 times of filtration flux)

Filtration flux 
(L/m2.h) HRT (h) Filtration velocity 

(m/s)
Organic matter flux

(mg (xoc/h)

24 5.0 0.66 XI0'5 «5

36 3.75 105 —7.5

48 2.5 1.33 X 10'5 «10
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Figure 6.14 Effect of different filtration flux on the TMP development (PAC dose = 5 
g/L; preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency = 1 hour; 

backwash duration = lmin; backwash rate = 2.5 times of filtration flux)

Table 6.4 The modeling parameters of SMAHS at different filtration flux (PAC dose = 
5 g/L; aeration rate = 16 L/min; preadsorption = 1 hour; backwash frequency = 1 hour; 

backwash duration = 1 min; backwash rate = 2.5 times of filtration flux)

Item 24 L/m2.h 36 L/m2.h 48 L/m2.h

Average influent TOC, mg/L 3.9601 3.7362 3.7321

Pre-adsorbed amount, mg/g 0.6744 0.6491 0.5602

Ds (m2/s) 4.709xl0'15 4.709* 10'15 4.709*10'15

Kf (m/s) 2.405* 10'8 5.03 lxi O'8 6.399*10'8

Membrane coefficient (MCC), m/s 2.781x1 O'8 5.005*10'8 7.269* 10‘8

6.6 Flocculation as pretreatment to SMAHS

The short term experiments were conducted to study the fouling mitigation of 

flocculation as pretreatment to PAC-submerged hollow fiber microfiltration (SMF) 

hybrid system. The spiral flocculator (SF) was employed as flocculation process prior to 

a PAC-SMF with a velocity gradient of slow mixing intensity of 30 s~\ Ferric chloride 

(FeCf) was employed as a flocculant with the dose of 60 mg/L. The rapid mixing time
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and slow mixing time were 1 minute and 15 minutes respectively. The PAC-SMF 

system was operated at a relatively high rate (membrane filtration flux maintained at 60 

L/m2.h) and lower dose of PAC (2 g/L). The total volume of the membrane reactor was 

maintained at 6 L and the aeration rate was 120 m /h.m (reactor volume) or 14.4 

m3/h.m2(membrane area)- The experiments were carried out with different configurations: (i) 

submerged hollow fibre microfiltration (SMF) alone; (ii) PAC-SMF; (iii) SF-SMF with 

settling the floes after flocculation; (iv) SF-SMF without settling the floes; (v) SF-PAC- 

SMF with settling the floes after flocculation; and (vi) SF-PAC-SMF without settling 

the floes. During the operation, as soon as the transmembrane pressure (TMP) reached 

to 50 kPa, a 2 minute-backwash with membrane filtrate was applied at a flow rate of 

150 L/m2.h.

Figure 6.15 shows that the difference of transmembrane pressure (TMP) between the 

SMF and PAC-SMF. At the beginning, the TMP development of SMF alone was less 

than that of PAC-SMF. This was due to the formation of a cake at the membrane 

surface by PAC. Hence, it resulted in reducing the effectiveness of physical cleaning by 

aeration and increasing the filtration resistance. Nevertheless, during the experimental 

time, the backwash frequency of PAC-SMF was less than the SMF alone. This means 

that a low dose of PAC can not alleviate fouling process but mitigate the membrane 

fouling. In both cases, after the TMP reaching to 50 kPa, even with 2 minutes backwash 

was conducted, unlike the crossflow microfiltration, the TMP of submerged hollow 

fiber membrane could not reverse to the initial stage. This irreversible phenomenon 

indicates the existing membrane fouling problem.

Two different doses of PAC were used and the results of TMP development were 

presented in Figure 6.16. Before the TMP reaching 50 kPa, the TMP development in 

both two cases of PAC doses were marginally. However, the higher dose of PAC led to 

better performance due to less backwash frequency and higher TOC removal efficiency 

(77.8% TOC removal with PAC dose of 5 g/L compared to 74.6 % TOC removal with 

PAC dose of 2 g/L).
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Figure 6.15 TMP profile of SMF and PAC-SMF versus operation time 
(filtration flux = 60 L/m2.h; aeration rate = 12 L/min)
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Figure 6.16 TMP profile of PAC-SMF at two different doses of PAC 
(filtration flux = 60 L/m2.h; aeration rate = 12 L/min)

Figure 6.17 presents the difference of TMP development between the two operation 

conditions of the SF-SMF: (i) with settling process (the floes were allowed to settle 

down in the settling tank and the supernatant was pumped into SMF); (ii) without
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settling (flocculated suspension added directly to the SMF). As can be seen from the 

results, the TMP in both cases increased marginally during 8 hours of filtration time (e.g. 

2.5 kPa and 0.7 kPa TMP developed respectively). Thus, the flocculation is very helpful 

in reducing the membrane fouling.

When SF was used as a pretreatment to a PAC-SMF system, similar results were 

obtained (Figure 6.18). A practical zero TMP development was observed. The increase 

of TMP under settling and non-settling circumstance did not exceed 1 kPa over 8-hour 

operating time at filtration flux 60 L/m2.h (about 0.8 kPa and 0.3 kPa increase of TMP 

in case of without and with settling process respectively). Hence, flocculation 

combining with adsorption as pretreatment for SMF could significantly reduce the 

membrane fouling.

SF-SMF (settling time = 1 hour) 

SF-SMF (without settling)

Time (min)

Figure 6.17 TMP profile of SF-SMF with floes settling and non-settling 
(filtration flux = 60 L/m2.h; FeCh dose = 60 mg/L; flocculation velocity 

gradient = 30 s“1; aeration rate = 12 L/min)

Figure 6.19 shows the variation of the total organic carbon (TOC) removal efficiency 

with all experimental conditions. The SF-PAC-SMF achieved the highest TOC removal 

efficiency when comparing with SMF alone. The SF-SMF also had higher TOC 

removal. The average TOC removal efficiency in all cases was summarized in Table 6.5.
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Figure 6.18 TMP profile of SF-PAC-SMF with floes settling and non-settling 
(filtration flux = 60 L/m2.h; PAC dose = 2 g/L; FeCf dose = 60 mg/L; 
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Figure 6.19 TOC removal efficiency at different operation configurations 
(filtration flux = 60 L/m2.h; PAC dose = 2 g/L; FeCf dose = 60 mg/L; 

flocculation velocity gradient = 30 s_1; aeration rate =12 L/min)
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Table 6.5 The average TOC removal efficiency at different operation configurations 
(filtration flux = 60 L/m2.h; PAC dose = 2 g/L; FeCC dose = 60 mg/L; 

flocculation velocity gradient = 30 s_1; aeration rate =12 L/min)

Operation configurations Average TOC removal efficiency (%)

SMF alone 41.3

PAC-SMF 74.6

SF-SMF (without settling) 70.8

SF-SMF (with settling) 81.6

SF-PAC-SMF (without settling) 96.1

SF-PAC-SMF (with settling) 97.4

6.7 SMAHS experiment using Homebush biologically treated 
effluent and MWSD

The experiment was conducted to compare the performance of SMAHS when treating 

the biologically treated effluent from Homebush WRT in Sydney and treating the 

synthetic wastewater. As can be seen from Figure 6.20, both two kind of wastewater 

had more than 80% organic matter removal. When SMAHS was used to treat the 

biologically treated effluent, the TMP development was only 5.1 kPa at filtration flux of 

48 L/m2.h. In contrast, the TMP increased by 16.3 kPa (Figure 6.21). Thus, the synthetic 

wastewater contains organic matters that cause membrane fouling more easily.

Samples were taken from influent, aerated tank and effluent at 1st, 5th and 10th hour of 

operation to investigate the MWSD of treating the biologically treated effluent (MWSD 

form 520-1600 Da). With the SMAHS, the most of the small MW organics of the 

wastewater in aerated tank (from 520-1320 Da) were removed by PAC (Figure 6.22). 

The relatively large MW organics (>1320 Da) could not be removed at the 1st operation 

period, but reduced with the operation time (Figure 6.23 and 6.24). The TOC in the 

aerated tank remain constant around 0.4 mg/L. For the effluent, the could PAC-MF 

removed majority of MW present in the biologically treated effluent.
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Figure 6.20 Comparison of TOC removal efficiency of SMAHS in case of using 
synthetic wastewater and biologically treated effluent (PAC dose = 5 g/L; 
preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency =

1 hour 1 min; backwash rate = 2.5 times of filtration rate)
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Figure 6.21 Comparison of TMP development of SMAHS in case of using 
synthetic wastewater and biologically treated effluent (PAC dose = 5 g/L; 
preadsorption = 1 hour; aeration rate = 16 L/min; backwash frequency =

1 hour 1 min; backwash rate = 2.5 times of filtration rate)

6-28



R
es

po
ns

e i
nt

en
sit

y (
m

V
) 

R
es

po
ns

e i
nt

en
sit

y (
m

V
)

14

Influent (1 hour)

Aeration tank 
(1 hour)

Effluent (1 hour)

Time (s)
Figure 6.22 MWSD of the biologically treated effluent in the SMAHS 

(operation duration = 1 hour)
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Figure 6.23 MWSD of the biologically treated effluent in the SMAHS 
(operation duration = 5 hour)
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Figure 6.24 MWSD of the biologically treated effluent in the SMAHS 
(operation duration = 10 hour)

6.8 Conclusions

The submerged membrane adsorption hybrid system (SMAHS) was effective in 

removing dissolved organic matter from the synthetic wastewater (which represents the 

secondary sewage effluent contains persisting organic pollutants). The preadsorption, 

PAC dose, aeration rate and filtration flux had effects both on organic matter removal 

efficiency and TMP development. Thus there is a need of optimizing these parameters 

with the specific water to be treated and the characteristics of PAC chosen. The 

preadsorption of 1 hour prior to the membrane operation was important in mitigating the 

membrane fouling. The suitable aeration rate, filtration flux and initial PAC dosing were 

16 L/min, < 24 L/m2.h and 5 g/L respectively for the wastewater used in this study.

The semi-empirical mathematical model was successful in describing the adsorption of 

organic matter onto the PAC as well as the effluent concentration of the membrane- 

adsorption system. Although the membrane correlation coefficient (MCC) is an 

empirical parameter in the model, it can be helpful in optimising the operating
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conditions with a limited number of experiments. The increase of aeration rate and 

filtration flux led to an increase of the values of external mass transfer coefficient Kf 

and membrane correlation coefficient MCC. However, too high aeration rate can affect 

the Kf. With the increase in PAC dose, the Kf and MCC decreased due to the availability 

of larger pore volumes of the adsorbent. Although the proposed model enables to 

predict well the organic removal efficiency of the SMAHS for the short term 

experiments, it is necessary to incorporate a biological component in equation in order 

to predict the long term efficiency of SMAHS where biological degradation of organics 

is a major factor.

The results indicated that the pretreatment of SF could improve the mitigation of 

membrane fouling significantly even when system was operated at a high flow rate. The 

TMP in case of no pretreatment reached 50 kPa after 6 hours of operation whilst the 

TMP of SF-SMF system and SF-PAC-SMF system developed marginally. In case of 

PAC-SMF system, the adsorption could reduce slightly the membrane fouling when it 

was operated at high filtration flux and low PAC dose. Moreover, the SF-PAC-SMF 

system resulted in a high TOC removal of more than 96% while only 74.6% of TOC 

was removed from PAC-SMF system. A practical zero TMP development was also 

observed when both adsorption and flocculation were used. Therefore, flocculation as 

pretreatment to PAC-SMF hybrid system can be a prospective solution for membrane 

fouling problem.

The MWSD of biologically treated effluent in Homebush show that SMAHS could 

remove most of the MW organics present in the wastewater.
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7.1 Introduction

The use of membrane filtration technology has been developed in replacing the 

conventional water and wastewater treatment processes to produce high quality treated 

water. Membrane processes can be useful in situations where a traditional sedimentation 

or concentration process is inadequate to provide the desired effluent. In particular, 

membrane processes can accept influents with a much higher solids concentration than 

conventional sedimentation. Solid concentration may be inline with the upstream 

aeration tanks which permits a reduction in the volume of the tanks compared to 

conventional clarification systems (Cardew and Le, 1998). With its versatile separation 

capability, membrane technology is making an impact on a number of wastewater 

treatment areas including:

■ tertiary solid capture (Olivieri and Willinghan, 1990; Langlais et al. 1992)

■ enhanced clarification and biological process intensification (Chiemchaisri et al., 

1992; Magara et al., 1992)

■ sludge thickening (Saw et al., 1985; Ross et al., 1992)

■ water reuse (Thanh and Visvanathan, 1991; Olsen and Haagensen, 1991).

In every case, membranes offer a reliable, high rate filtration process with absolute 

removal of sub-micron sized particles, biological materials and coliform bacteria. Their 

low footprint ensures minimum land space requirement and provides excellent scope for 

retrofitting existing wastewater treatment works.

Among membrane processes, submerged membrane adsorption hybrid system 

(SMAHS) is regarded as an alternative technology to meet stringent water regulations 

because of its low energy consumption, high efficiency and cost-effective option. 

Taking advantage of the fast development of submerged membrane bioreactors (SMBR) 

as summarised by Visvanathan, et al, (2000), the same concept may be extended to 

physicochemical processes. In SMAHS, the entire treatment activity (such as 

adsorption/biodegradation, liquid-solid separation, and sludge accumulation and 

withdrawal) can be carried out in a single unit. This combination has been developed for 

removing organic micropollutants in the production of drinking water (CRISTAL 

process) (Campos, et al., 1998).
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Chiemchaisri et al. (1992) investigated the use of hollow fiber (HF) submerged 

membranes (0.03 and 0.1 fim) in a nitrifying/denitrifying activated sludge process for 

domestic sewage treatment. It was reported that stable operation was achieved over a 

period of nearly 1 year with N removal of up to 90% and a mean permeate COD of 20.8 

mg/L. A pilot Kubota SMBR treating screened domestic sewage has shown impressive 

results (Davies at al., 1998). Operating with an average mixed liquor suspended solids 

(MLSS) of 16,000 mg/L and 4.5 hours Hydraulic retention time (HRT), the bioreactor 

produced a very high quality effluent with typical values of 4 mg/L and 5 mg/L of BOD 

and NH4-N respectively with very low bacterial counts. Similarly, Suzuki et al. (1998) 

found that 70% of organic matter (in terms of E26o) was achieved by PAC addition in a 

PAC-MF hybrid system to remove humic substances. Moreover, soluble manganese 

was biologically oxidized by the iron-oxidizing bacteria which were condensed in the 

submerged tank by the membrane separation. More than 90% of ammonia nitrogen was 

also biologically oxidized at water temperatures higher than 5 °C.

Various attempts have been made to reduce the membrane fouling in SMBR. 

Yamamoto et al. (1989) examined the influence of operational modes and found that 

intermittent suction reduced membrane fouling greatly compared to continuous suction. 

Ueda et al. (1997) examined the effect of aeration on cake removal and concluded that 

aeration is a significant factor governing the filtration condition. They pointed out that 

the cake-removing efficiency of polyethylene hollow fiber membrane was improved 

either by augmenting an air flow rate, or by augmenting aeration intensity (an air flow 

rate per unit floor area) and concentrating membrane modules over a smaller floor area. 

Other researchers investigated physical washing methods, such as air backwashing or 

jet aeration to maintain stable suction pressure (Chiemchaisri and Yamamoto, 1994; 

Visvanathan et al., 1997).

Membrane fouling can also be reduced by coupling adsorption in the MBR reactor. Seo 

at al. (1997) investigated the sorption characteristic of biological powdered activated 

carbon (BPAC) in a CFMF hybrid system, and BPAC-MF process showed a good 

performance in removing refractory organic materials. The removal efficiency was 

about 66% at PAC concentration of 0.5 g/L. They also found that the sorptive capacity 

of BPAC was almost four times higher than that of fresh PAC. Suzuki, et al. (2000) 

studied the performance of a pilot-scale hybrid MF membrane system combining
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activated carbon adsorption and biological oxidation for the removal of turbidity and 

NOM from river water. They indicated that the rate of membrane permeability loss was 

decreased by PAC addition, and the rate of permeability loss of membrane became very 

slow by using backwashing with hypochlorite because this simple chemical washing 

was effective in preventing the bio-fouling of the membrane.

This study focuses on investigating the performance of SMAHS for organic matter 

removal from two kinds of synthetic wastewater using low dose of PAC. The powder 

activated carbon (PAC) is added in the reactor (aeration tank). A simple periodic 

backwash system is used to de-clog the hollow fiber membrane. In such a reactor, 

bioreaction took place due to the growth of the dry mass on the PAC. The performance 

of the SMAHS was evaluated in terms of total organic carbon (TOC) removal, the 

transmembrane pressure (TMP) development, and the amounts of the biological 

degradation and adsorption.

7.2 Long term SMAHS Experiments with Diluted Synthetic 
Wastewater

The SMAHS was tested first with the diluted synthetic wastewater. The constituents of 

the wastewater are given in Table 3.1 in Section 3.2.1 (Chapter 3). Firstly, experiment 
was conducted with PAC dose of 1 g/L at filtration flux of 0.288 m3/m2d (12 L/m2.h). 

No backwash was applied to the system during the 30 days of operation and the average 

TOC removal efficiency was 63% (Figure 7.1). The system maintained consistent 

organic removal efficiency of 55% with TMP development of 43 kPa (Figure 7.2) even 

after 30 days of continuous run. However, after 30 days of operation, the filtration flux 

could not be maintained consistent at 0.288 m /m d.
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Time (day)

Figure 7.1 TOC removal efficiency of the submerged membrane hybrid system 
without backwash (synthetic wastewater; influent TOC = 2-3.5 mg/L;

PAC dose = 1 g/L; filtration flux = 0.288 m3/m2d; aeration rate = 8 L/min)
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Figure 7.2 TMP development of the submerged membrane hybrid system 
without backwash (synthetic wastewater; influent TOC = 2-3.5 mg/L; 

PAC dose = 1 g/L; filtration flux = 0.288 m3/m2d; aeration rate = 8 L/min)

• 3 2When the system was backwashed daily (backwash rate = 0.87 m /m d, backwash 

duration = 2 minutes) with a PAC dose of 5 g/L, the TOC removal efficiency of the 

system was maintained above 72% even after 50 days operation. The average TOC 

removal was 83% (Figure 7.3). There was no TMP development during the first 40 days
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of operation. Only after 40 days of operation, the TMP increased by 6 kPa during the 

next 10 days (Figure 7.4).
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Figure 7.3 TOC removal efficiency of the submerged membrane hybrid system with 
daily-backwash (synthetic wastewater; influent TOC = 2-3.5 mg/L, PAC dose =

5 g/L; filtration flux = 0.288 m3/m2d, backwash frequency = 1 day; backwash rate 
= 87 m3/m2d; backwash duration = 2 minutes; aeration rate = 8 L/min)
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Figure 7.4 TMP development of the submerged membrane hybrid system with daily- 
backwash (synthetic wastewater; influent TOC = 2-3.5 mg/L, PAC dose = 5 g/L; 
filtration flux = 0.288 m3/m2d, backwash frequency = 1 day; backwash rate = 87 

m3/m2d; backwash duration = 2 minutes; aeration rate = 8 L/min)

In both experiments, the PAC was added only at the beginning of the experiment and no 

addition of PAC was made thereafter. The removal of organic substances from
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wastewater can be explained as follows: at the initial stages of the operation, organic 

removal is mainly due to adsorption onto PAC, but after a few days of operation, when 

the adsorption capacity of the PAC is reached, the removal of organics appears to be 

due to biological degradation caused by the microbial communities grown on the PAC.

7.3 The Effect of PAC Replacement on POPs Removal in 
SMAHS

A series of 15 days-experiments were carried out to clarify the effect of the effect of 

PAC replacement and biodegradation using the synthetic secondary sewage effluent. 

The composition of the synthetic wastewater is shown in Table 3.2 in Section 3.2.2 

(Chapter 3). Two conditions of the operation have been compared, one without PAC 

replacement, and the other with PAC replacement at a constant rate (2.5% of total PAC 

amount per day). In the case of PAC replacement, a 200 ml solution was withdrawn 

from the reactor on a daily basis and compensated back with a 200 ml influent which 

contained 1 g PAC. The volume of wastewater in the aerated tank was 8 L and aeration

rate was 90 rn /h.rn (reactor volume) 14.4 m /h.rn (membrane area).
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Figure 7.5 TOC removal efficiency versus operation time (PAC dose = 5 g/L; filtration 
rate = 12 L/m2.h; aeration rate =12 L/min; HRT = 0.56 day; backwash frequency = 2 

times/day; backwash duration = 2 minutes; backwash rate = 30 L/m2.h)
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Figure 7.5 shows the variation of the TOC removal efficiency with these two conditions. 

During the first 9 days, the system without PAC replacement was about 4% more 

efficient than the one with PAC replacement. However, after 9 days, the system with 

PAC replacement became more efficient. As can be seen from Figure 7.5, The TOC 

removal efficiency was up to 82% after 15 days run without PAC replacement. 

However, the PAC replacement enabled to obtain higher TOC removal efficiency 

(>90%) even after 15 day-operation.
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Figure 7.6 Variation of TOC of influent, PAC-MF reactor and effluent (PAC dose =
5 g/L; filtration rate = 12 L/m2.h; aeration rate = 12 L/min; HRT = 0.56 day; backwash 
frequency = 2 times/day; backwash duration = 2 minutes; backwash rate = 30 L/m .h)

This behavior may be explained by the following two different mechanisms 

predominant in organic removal in the aerated tank: adsorption and biodegradation. The 

variation of TOC in the feed, the permeate and in the aerated tank during the experiment 

is shown in Figure 7.6. It can be seen that, without replacement, the adsorptive capacity 

of PAC was saturated after about one day. Therefore, due to the organics rejection by 

the membrane, the TOC concentration in the aerated tank increased during the first 6 

days with the progressive installation of a biofilm. The decrease of the TOC after 6 days
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was due to the biodegradation phenomena which was quite limited as the concentration 

in the aerated tank was only slightly different from the feed. The same kind of 

phenomena was also observed with periodic replacement of PAC, but to a lesser extent. 

The addition of PAC limited the growth of the TOC concentration in the aerated tank to 

2 mg/L. After 9 days, the simultaneous activities of biodegradation and adsorption were 

efficient enough for limiting the concentration in the aerated reactor to 1.6 mg/L. Thus, 

The quality of wastewater in the aerated tank was better with PAC replacement. 

However, in both conditions of operation (with and without PAC replacement), the 

quality of the permeate remained good (T0C<1 mg/L).

7.4 Long term Batch Experiment on Dry Mass Growth on 
PAC

A long term batch experiment was conducted to evaluate the dry mass growth on PAC 

using the synthetic secondary sewage effluent. This experiment was conducted in 10 

liter bucket fixed with a soaker hose air diffuser at the bottom of the bucket to provide 

well-distributed air (16 L/min). Synthetic wastewater was used during the experiment 

and the water level was maintain at 6-liter. Every new synthetic wastewater was added 

to compensate the evaporation water because of aeration. The total weight of PAC was 

30 g (5 g/L). The PAC was replaced once every two days at a rate of 2.5 %.

Figure 7.7 shows the TOC removal efficiency of the long term during the experiment. 

The TOC removal efficiency was maintained over 90% after 36 days operation. The 

TOC removal efficiency was slightly lower during the first 4 days. This may be due to 

the fact that there was no biomass grown on the PAC during this initial period (Figure 

7.8). The TOC removal during this period was due to adsorption. However, after 4 days, 

the biomass started growing and the amount of dry mass reached a peak (7.56 g/L of 

day mass) on the 12th day. Then the dry mass amount kept around 6.5 g/L till the end of 

the experiment. The high TOC removal efficiency is due to the low organic loading in 

the closed system (no effluent). A regular replacement of added wastewater influent 

could have stabilized the dry mass amount after 12 days operation, because steady
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quality and quantity of wastewater influent to the wastewater treatment processes could 

attain the stationary growth phase of bacterial cells (Ouano, 1981).
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Figure 7.7 TOC removal efficiency of dry mass growth experiment 
(PAC dose = 5 g/L; aeration rate =16 L/min)
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Figure 7.8 Dry mass growth during experiment 
(PAC dose = 5 g/L; aeration rate =16 L/min)

The molecular weight size distribution (MWSD) of the initial synthetic wastewater and
thwastewater in the bucket present on the 12 day are shoewn in Figure 7.9. The synthetic
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wastewater consisted large range of molecules from 270 to 36270 daltons. After 12 days, 

the MWSD of wastewater in the bucket only had a small fraction around MW of 1000. 

The large MW (36270 daltons) and the small MW (270-630 daltons) fraction were 

successfully removed. This is in accordance with the TOC removal of 94.8% of 

persistent organic pollutants (POPs).

Synthetic wastewater influent36270
Wastewater in the bucket after 
12 days of batch experiment

Time (s)

Figure 7.9 Molecular weight size distribution of dry mass growth experiment 
(PAC dose = 5 g/L; aeration rate = 16 L/min)

7.5 Long term SMAHS Experiments with Synthetic Secondary 
Sewage Effluent

7.5.1 Filtration Flux of 24 L/m2.h

The experiment was conducted at filtration flux of 24 L/m .h with hourly backwash for 

1 minute. The PAC dose and PAC replacement rate were 5 g/L and 2.5% total PAC 

amount each every 2 days respectively. After 15 days run, the SMAHS still let to a high 

TOC removal efficiency over 80% with an average TOC removal efficiency was 84.5%
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(Figure 7.10). However, the TMP development was quite high, which increased by 42 

kPa (Figure 7.11). The dry mass growth of the SMAHS was stable (around 7.4 g/L) 

after a dramatic increase during the first 4 days (Figure 7.12).
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Figure 7.10 TOC removal efficiency of SMAHS experiment at filtration flux of 24 
L/m2.h (PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.21 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 L/m2.h)
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Figure 7.11 TMP development of SMAHS experiment at filtration flux of 24 L/m .h 
(PAC dose = 5 g/L; aeration rate =16 L/min; HRT = 0.21 day; backwash frequency = 1 

hour; backwash duration = 1 minutes; backwash rate = 30 L/m2.h)
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(PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.21 day; backwash frequency = 1 
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Figure 7.13 DO concentration variation of SMAHS experiment at filtration flux of 24 
L/m2.h (PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.21 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 L/m2.h)

Dissolved oxygen (DO) variation of the wastewater withdrawn from the aeration tank at 

different periods was monitored using an oxygen monitor (YSI Model 5300). The 

purpose was to observe the microbial activity on the PAC after different periods of
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experiment. As shown in Figure 7.13, the DO concentration changes of 5th and 8th days 

were 8% and 7.5% respectively. The two points responded the two low TOC points. 

The decrease of TOC removal efficiency was due to the exhausted adsorption of PAC, 

but the high DO concentration indicated that the bacteria cell was in the exponential 

growth phase. After 9 days, the system maintained constant TOC removal and DO 
concentration change of the 12-day only reached to 6%. Figure 7.14 illustrated the 14lh 

day MWSD of the influent, the wastewater in the aeration tank and the permeate after 

membrane. In the aeration tank, the small MW fraction of 270 daltons was nearly 

removed, while part of large MW molecules still remained in the tank. In contrast, there 

was an increase in the fraction of MW molecules about 1000 daltons. This MW 

represents the carbonhydrates which may contain decomposition or metabolic products 

of the bacteria in the tank. According to the curve of effluent MWSD, the large MW 

(36270 daltons) and the small MW (270-630 daltons) fraction of the synthetic 

wastewater were nearly completely removed by SMAHS. The removal of the small 

MW molecules is due to the biodegradation of bacteria growing on PAC particles and 

the reject of biofilm forming on membrane surface.
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Figure 7.14 The 14th day MWSD of SMAHS experiment at filtration flux of 24 L/m2.h 
(PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.21 day; backwash frequency = 

1 hour; backwash duration = 1 minutes; backwash rate = 30 L/m .h)
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7.5.2 Filtration Flux of 12 L/mI 2.h

A 55-day long term experiment was carried out at filtration flux of 12 L/m .h. The PAC 

replacement rate was (26 mg/L(treated water )).The other experimental conditions are same 

as the previous one (filtration flux of 24 L/m .h). As expected, the SMAHS had high 

removal efficiency of POPs present in the wastewater (Figure 7.15). The TOC removal 

efficiency was maintained around 85% after 55 days operation and the average TOC 

removal efficiency was up to 86%. The TMP development during 55 days was 49 kPa 

(Figure 7.16), which means the hourly backwash was not sufficient enough to 

completely eliminate membrane fouling.
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Figure 7.15 TOC removal efficiency of SMAHS experiment at filtration flux of 12 
L/m2.h (PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.42 day; backwash 
frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 L/m2.h)

Figure 7.17 shows the 6 chosen days’ DO concentration of wastewater in the aeration 

tank. Similar with the previous experiment (filtration flux of 24 L/m .h), the change rate 

of DO concentration reached highest value on the 4th day, and after that, all the change 

rate of DO concentrations were below the highest value. The actual oxygen 

consumption rate of the wastewater in the tank during 55-day operation was present in 

Figure 7.18. During the experiment, the actual oxygen consumption rate fluctuated 

around 1.0 fiL/hr. The dry mass growth of the SMAHS was not stable (around 7.4 g/L) 

as compared to the one with filtration flux of 24 L/m .h experiment (Figure 7.19). The 

value was fluctuating around 0.6 g/L and the values of dry mass were much less than

7-15



higher filtration flux’s results. The filtration flux may have significant influence to dry 

mass growth in SMAHS because it affects the growth phase of bacterial cells. However, 

to minimize the disposal of excess bacterial cells and provide better stability of the 

system, the bacterial cells are better slightly starved (Ouano, 1981).
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Figure 7.16 TMP development of SMAHS experiment at filtration flux of 24 L/rn.h 
(PAC dose = 5 g/L; aeration rate =16 L/min; HRT = 0.42 day; backwash frequency = 1 

hour; backwash duration = 1 minutes; backwash rate = 30 L/m2.h)
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Figure 7.17 DO concentration variation of the wastewater taken at different periods at 
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Figure 7.18 The actual oxygen consumption rate of SMAHS experiment at filtration flux 
of 12 L/m2.h (PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.42 day; backwash 

frequency = 1 hour; backwash duration = 1 minutes; backwash rate = 30 L/m2.h)
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Figure 7.19 Dry mass growth of SMAHS experiment at filtration flux of 12 L/m .h 
(PAC dose = 5 g/L; aeration rate = 16 L/min; HRT = 0.42 day; backwash frequency = 

1 hour; backwash duration = 1 minutes; backwash rate = 30 L/m2.h)
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7.6 Conclusions

The submerged membrane adsorption hybrid system (SMAHS) was very effective in 

removing dissolved organic substances from the synthetic wastewater even with a low 

dosage of PAC. The pre-adsorption of organics onto PAC helps to reduce the membrane 

fouling and maintain a consistent permeate flux. The adsorbed organics on the PAC is 

biodegraded with time, and hence it creates sites for further adsorption of organics on 

the PAC. The PAC replacement in PAC-MF reactor could stimulate both biological 

activity and adsorption, as well as optimize the operation of the hybrid system. With the 

PAC replacement, the system could keep TOC removal efficiency over 90% after 15 

days run and 85% after 55 days run. The SMAHS can remove both the large MW 

(36270 daltons) and the small MW (270-630 daltons) fraction of the synthetic 

wastewater. However, it only can remove partially the MW molecules of 1000. The 

removal of the small MW molecules is due to the biodegradation of bacteria growing on 

PAC particles and the reject of biofilm forming on membrane surface.

Thus, with a selection of an optimum PAC dose and operational parameters such as 

filtration rate, PAC replacement rate, backwashing frequency and duration, the 

adsorption-membrane hybrid system has significant potential for long term application 

in wastewater treatment for reuse.
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8.1 Conclusions

The membrane systems coupled with flocculation and/or adsorption lead to superior 

effluent quality and result in less membrane fouling. The findings on coupling of 

physico-chemical processes with membranes are discussed in two parts: (i) crossflow 

microfiltration hybrid system and (ii) submerged membrane adsorption hybrid system 

(SMAHS).

8.1.1 Cross-flow microfiltration hybrid system

Crossflow microfiltration hybrid system reduces the fouling of membranes thus leading to 

high quality product water at economic filtration rates. Therefore, this hybrid system will 

have a major impact in treating the biologically treated sewage effluent. In this study, 

coupling of specific pretreatments such as adsorption (using PAC), flocculation (using 

floating medium flocculator, FMF with FeCf as flocculant) and flocculation-adsorption 

(FMF-PAC) with crossflow microfiltration (CFMF) process were found to be very 

effective to treat biologically treated sewage effluent for water reuse. This membrane 

hybrid system can be considered as one of the technically sound solutions to remove 

large and small molecular weight organics while enhancing the filtration flux of CFMF 

and dissolved organic removal. The above conclusions are derived from the following 

findings:

• PAC removed effectively the majority of small MW organic matter while 

flocculation with ferric chloride was efficient in removing large molecular 

weight organic matter.

• A PAC dose of 1 g/L led to high organic removal efficiency and less flux 

decline.

• The incorporation of PAC as pretreatment to CFMF resulted in a high TOC 

removal efficiency (more than 80%) when the PAC-CFMF system was 

operated at a relatively high filtration flux of 250 L/m .h with 36 minutes 

backwash frequency. The higher the initial filtration flux, the more decline in 

filtration flux with time of system running. When operating at the filtration 

flux of 300 L/m2.h, the decline in filtration flux with time was significant
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(15% flux declined after 6 hours of operation). The more frequent the 

backwash, the higher the filtration flux and the more the stable operation. 

The adequate backwash frequency in this study was between 30 to 40 

minutes.

• The adoption of a pretreatment of flocculation using FMF can help CFMF (i) 

to remove further 20% to 40% TOC, (ii) to achieve a very high phosphorus 

removal (> 97%), and (iii) to slow down the declining rate of the filtration 

flux.

• The incorporation of FMF and PAC as pretreatments to CFMF process 

resulted in a very high TOC removal efficiency (99.7%) and a stable 

filtration flux during 5-hour filter run (with less than 12% flux decline) when 

the hybrid system was operated at a higher filtration flux (270 L/m .h).

Application of membrane processes to water and wastewater treatment requires lower 

investment and operation costs. One of the ways of limiting operation costs is to operate 

system at a constant filtration flux below the critical flux. A pretreatment prior to the 

application of CFMF may be another option to increase the critical flux. Adsorption and 

flocculation can be suitable pretreatment methods. Basically, the pretreatment aims to 

reduce the loading of dissolved organic matter (DOM) on CFMF. Flocculation is one of 

the pretreatment methods that can improve the permeate flux of CFMF and remove 

particles and colloids. The flocculation enables to achieve three objectives: eliminating 

the penetration of colloidal particles into the membrane pores, increasing the critical 

flux and modifying the characteristics of the deposit. Adsorption is another pretreatment 

method which can remove dissolved organic matter, thereby reducing the membrane 

fouling. The conclusions made from the experiments of critical flux are as follows:

• With the pretreatment of adsorption, the critical flux value of synthetic 

wastewater increased from 100 L/m2.h to 240 L/m2.h (an increase of 140%). 

However, with flocculation followed by adsorption as pretreatment, the 

critical flux increased by more than 5 times (to about 520 L/m .h) than that 

of synthetic wastewater without pretreatment. The MW size distribution 

analysis showed that a significant removal of small MW organic matter

between the sizes of 270 to 1,000 daltons can be achieved by flocculation
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followed by adsorption. The critical flux value of synthetic wastewater with 

the pretreatment of flocculation-adsorption decreased slightly in long term 

test (494 L/m2.h) compared to short term run (520 L/m2.h).

• In the case of Homebush biologically treated wastewater, a pre-treatment of 

adsorption with 2 g/L of PAC increased the critical flux by 800% 

(approximately 900 L/m2h). The improvement in critical flux by 

preflocculation of biologically treated wastewater was less significant (form 

150 L/m2.h to 200 L/m2.h) comparing to the one with synthetic wastewater. 

When both flocculation and adsorption were used together as pretreatment, 

the critical flux of wastewater increased dramatically (around 1100 L/m h in 

case of the batch reactor as preflocculator and 1400 L/m h with FMF as 

preflocculator).

• There was not much difference in critical flux when the crossflow velocity 

was increased from 0.15-0.70 m/s. It may be due to the fact that the shear 

stress may not be an important factor in case of multi-components 

wastewater especially when the flocculation and/or adsorption were used as 

pretreatment.

• The biologically treated effluent from Gwangju STP had similar critical flux 

results that flocculation had less effect on improving the critical (from 200 

L/m2.h to 300 L/m2.h). However, adsorption could enhance the critical flux 

by more than 3 times and flocculation and adsorption as pretreatment 

increased critical flux up to 1000 L/m .h. The SEM taken indicated that 

membrane fouling during the critical flux experiments was mainly due to 

pore clogging and small particles deposit on the membrane surface.

8.1.2 Submerged membrane adsorption hybrid system (SMAHS)

The membrane fouling can be reduced by operating the membrane process under critical 

velocity and/or by combining the membrane processes with physico-chemical and/or 

biological processes. In this study, a submerged hollow-fibre membrane with powdered 

activated carbon (PAC) adsorption (adsorption-membrane hybrid system, SMAHS) was
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investigated for the removal of organics from synthetic secondary sewage effluent. The 

submerged membrane adsorption hybrid system (SMAHS) was very effective in 

removing dissolved organic substances from the synthetic wastewater even with a low 

dosage of PAC. Hence, it can overcome the problem of membrane fouling. In SMAHS, 

the entire treatment activity (such as adsorption/biodegradation, liquid-solid separation, 

and sludge accumulation and withdrawal) is carried out in a single unit. From the study, 

the following conclusions are made:

8.1.2.1 Short term experiments

• The preadsorption, PAC dose, aeration rate and filtration flux had effects 

both on organic matter removal efficiency and TMP development. 

Preadsorption can reduce the membrane fouling by reducing the organic 

concentration exposed to the membrane surface. One-hour preadsorption 

with an aeration rate of 16 L/min and a 1-minute backwash after every 59 

min of filtration was found to be sufficient as adsorption under these 

conditions led to low TMP development and comparable TOC removal. 

There was no noticeable difference of organic removal when PAC dose 

increased from 2 g/L to 10 g/L. Higher PAC dose could reduce the TMP 

development which is helpful in preventing membrane clogging. The lower 

filtration flux led to higher TOC removal and less TMP development.

• Flocculation (using a spiral flocculator (SF) with FeCU as flocculant) 

combined with adsorption as pretreatment for submerged membrane 

filtration (SMF) could significantly reduce the membrane fouling. A 

practical zero TMP development was observed when both adsorption and 

flocculation were used. The increase of TMP under settling (after 

flocculation) and non-settling circumstance did not exceed 1 kPa over 8-hour 

operating time at filtration flux 60 L/m2.h (about 0.8 kPa and 0.3 kPa 

increase of TMP in case of without and with settling process respectively). 

The SF-PAC-SMF system resulted in a high TOC removal of more than 

96% compared to that of PAC-SMF system (only 74.6% of TOC was 

removed).
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• The semi-empirical mathematical model was successful in describing the 

adsorption of organic matter onto the PAC as well as the effluent 

concentration of the membrane-adsorption system. An empirical parameter, 

namely, the membrane correlation coefficient (MCC) was used in the model. 

It can help to optimising the operating conditions with limited experiments. 

The values of external mass transfer coefficient Kf and membrane correlation 

coefficient MCC decreased with the increase in PAC dose due to the 

availability of larger pore volumes of the adsorbent. However, Kf and MCC 

increase with the increase in filtration flux and aeration rate.

8.1.2.2 Long term experiments

Long term experiments were conducted with submerged membrane system using two 

different synthetic wastewaters.

• In the case of low strength synthetic wastewater, no backwash and no any 

PAC replacement, the SMAHS system operated with a PAC dose of 1 g/L at 

filtration flux of 0.288 m3/m2d (12 L/m2.h). It could maintain an organic 

removal efficiency of 55% with a low TMP development of 43 kPa even 

after 30 days of continuous run. When the system was backwashed daily 

with a higher PAC dose of 5 g/L, the average TOC removal efficiency of the 

system could able to be maintained at 83% even after 50 days operation. The 

TMP development of 6 kPa observed indicates that the daily backwash was 

effective in reducing the membrane fouling.

• PAC replacement was found to be important when the synthetic biologically 

treated wastewater was used. A constant rate of PAC replacement (lg/day 

which means 2.5%/day) was found to be more efficient to remove dissolved 

organic matter than the one without PAC replacement especially after 9 days 

of operation.

• For the batch experiment, the TOC removal efficiency was maintained over 

90% after 36 days operation. There was no biomass growth on the PAC 

during the first 4 days of operation. The biomass amount of dry mass
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reached a peak (7.56 g/L) on the 12lh day of operation. The large MW 

(36270 Daltons) and the small MW (270-630 Daltons) fraction were 

successfully removed. The TOC measurement indicated that 94.8% of 

organic pollutants were removed.

• In case of using synthetic secondary sewage effluent (which contained the 

effluent organic matter (EfOM), the PAC dose of 5 g/L and the PAC 

replacement rate of 2.5% per every 2 days was good enough to achieve a 

TOC removal efficiency of 85% even after 55 days operation (at a low 

filtration flux 12 L/m2.h). At a high filtration flux of 24 L/m2.h, the SMAHS 

still kept a TOC removal efficiency of over 80%. The dry mass growth of the 

SMAHS was stable (around 7.4 g/L) after a dramatic increase during the first 

4 days.

8.2 Recommendations

Based on the present study, following are the few recommendations for the continuation 

of this research:

• Further study on the characterization of organic matter removed by 

adsorption and flocculation as pretreatments to CFMF is necessary.

• A detailed study on the optimization of aeration and the effect of air bubble 

characteristics are essential.

• The experiments with in-line flocculant and in-line PAC addition are 

recommended. The condition of recirculation needs to be considered from 

the economical point of view and reducing the chemical usage.

• Further study of the effect of PAC replacement rate and sludge retention 

time (SRT) with PAC of different type and pore size on the performance of 

SMAHS is suggested.
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APPENDIX A

The critical flux of each (single) component in 
the synthetic wastewater

The critical flux of single component presents in the synthetic wastewater (Section 3.2.2 

in Chapter 3) was investigated. The experimental set-up is shown in Figure 3.7 (Chapter 

3). The concentration of each single component and the crossflow velocity were 5 mg/L 

and 0.15 m/s. The critical flux results are summarized in Table Al.

Table Al The critical flux of single component 
(membrane pore size = 0.45 /xm; crossflow velocity = 0.15 m/s)

Compounds Critical flux (L/m2.h)

Beef Extract 350

Peptone 300

Humic acid 300

Tannic acid 300

(Sodium) lignin sulfonate 300

Sodium lauryle sulphate 200

Acacia gum powder 250

Arabic acid (polysaccharide) 250

A-2



APPENDIX B

The stirred cell experiments

The experiments were carried out to improve the permeate flux of a simple stirred cell 

(Magnetic stirrer model 208-1, AOEC Pty. Led.) using different pretreatment methods. 

The experimental set-up is given in Figure Bl. The ultrafiltration membrane material is 

regenerated cellulose (Filter Cat. No. PLHK OMS 10). The total membrane area is 

0.0015 m2 with membrane diameter of 4.4 cm. The TMP was kept constant at 150 kPa.

Figure Bl The experimental set-up of stirred cell

Firstly, the diluted synthetic wastewater (Section 3.2.1 in Chapter 3) was used. The 

permeate flux decline of synthetic wastewater and synthetic wastewater after adsorption 

as pretreatment were shown in Figure B2.

Secondly, the biologically treated effluent from Homebush WRT was used (Section

3.2.3 in Chapter 3). The permeate flux decline of wastewater only and after different 

pretreatment (flocculation, adsorption and flocculation-adsorption) were investigated. 

The floating medium flocculator (FMF, Section 3.5.1 in Chapter 3) was used for the 

pretreatment of flocculation. The results are shown in Figures B3 to Figure B5.
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Figure B2 The permeate flux decline of synthetic wastewater with and without 
adsorption as pretreatment (influent TOC = 2.8176 mg/L; TMP =150 kPa)
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Figure B3 The permeate flux decline of Homebush wastewater with and without 
flocculation as pretreatment (initial wastewater TOC = 3.7744 mg/L; TMP = 150 kPa; 
FMF velocity = 30 m/h; FeCO dose = 50 mg/L; flocculator backwash frequency = 60

min (backwash duration 1 min))
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Figure B5 The permeate flux decline of flocculated Homebush wastewater with and 
without adsorption as pretreatment (initial wastewater TOC = 3.7744 mg/L; TMP = 150 
kPa; FMF velocity = 30 m/h; FeCl3 dose = 50 mg/L; flocculator backwash frequency =

60 min (backwash duration 1 min))

A-5



APPENDIX C

Publications

1. Guo, W. S., Vigneswaran, S., Ngo, H. H., Shon, H. K. and Shimohoki, S. (2003). 

Improving the performance of a crossflow microfiltration in tertiary wastewater 

treatment and reuse by specific pre-treatment processes. Proceedings of Asian 

Waterqual2003, IWA Asia-Pacific Regional Conference, Bangkok, Thailand, October, 

2003.

2. Chaudhary, D. S., Guo, W. S., Vigneswaran, S. and Ngo, H. H. (2003). Submerged

membrane-adsorption system: an energy efficient process for water reuse.

Proceedings of Ozwater Convention & Exhibition, Perth, April, 2003.

3. Guo, W. S., Vigneswaran, S., Ngo, H. H. and Ben Aim, R. (2003), Evaluating the 

efficiency of pretreatment to microfiltration: Using critical flux as a performance 

indicator. Proceedings of 5th International Membrane Science and technology 

Conference, Sydney, Australia, November, 2003.

3. Guo, W. S., Vigneswaran, S., Ngo, H. H. and Chapman, H. (2004). Experimental 

investigation of adsorption-flocculation-microfiltration hybrid system in wastewater 

reuse. Journal of Membrane Science, vol. 242, pp. 27-35.

5. Shon, H. K., Guo, W. S., Vigneswaran S., Ngo, H. H. and Kim, In. S. (2004). Effect 

of membrane-flocculation hybrid system in water reuse. Separation Science and 

Technology, vol. 39, no. 8, pp. 1871-1883.

6. Guo W. S., Vigneswaran, S. and Ngo, H. H. (2004). A rational approach in 

controlling membrane fouling problems: pretreatments to a submerged hollow fiber 

membrane system. Proceedings of IWA Specialty Conference, Water Environment- 

Membrane Technology (WEMT2004), Seoul, Korea, June, 2004, pp 517-524.

A-6



7. Guo, W. S., Vigneswaran, S., Ngo, H. H and Ben Aim R. (2004). Performance of a 

submerged membrane adsorption hybrid system (SMAHS) in wastewater treatment 

for reuse. Proceedings of the 4th World Water Congress, Marrakech, September. 2004.

8. Guo, W. S., Vigneswaran, S. and Ngo, H. H. (2005). Effect of flocculation and/or 

adsorption as pretreatment on the critical flux of crossflow microfiltration. Desalination, 

vol. 172, no. 1, pp. 53-62.

9. Guo, W. S., Shim W. G.., Vigneswaran, S. and Ngo, H. H (2005). Effect of operating 

parameters in a submerged membrane adsorption hybrid system: mathematical 

modelling and experiments. Journal of Membrane Science, vol. 247, pp. 65-74.

10. Guo, W. S., Vigneswaran, S. and Ngo, H. H (2004). Enhancement of critical flux by 

pretreatment to a crossflow microfiltration in tertiary wastewater treatment. 1st IWA- 

ASPIRE Conference & Exhibition, Singapore, July 10-15, 2005 (accepted for oral 

presentation).

11. Guo, W. S., Vigneswaran, S., Ngo, H. H., Nguyen, T. B. V. and Ben Aim, R. (2004). 

Invluence of the bioreaction on long term operation of a submerged membrane 

adsorption hybrid system. ICOM2005, August 21-26, Seoul, Korea (accepted for 

poster presentation).

A-7


	Title Page
	Table of contents
	Nomenclature
	List of tables
	List of figures
	Abstract
	Chapter 1 Introduction
	Chapter 2 Literature review
	Chapter 3 Experimental investigation
	Chapter 4 Importance of pretreatment to crossflow microfiltration in tertiary wastewater treatment for reuse
	Chapter 5 Improving critical flux of CFMF through pretreatment
	Chapter 6 Submerged membrane adsorption hybrid system: short term experiments and mathematical modelling
	Chapter 7 Experimental investigation of submerged membrane adsorption hybrid system: Long term experiments
	Chapter 8 Conclusions and recommendations
	References
	Appendices

