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T-N Total nitrogen

TOC Total organic carbon

T-P Total phosphorus

UF Ultrafiltration
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Nomenclature

A A membrane filtration area (m2)

Cb Concentration of bulk solution

Cf Concentration of filtrate

Ci Concentration of influent

Cx% Confidence interval at x (%)

εr Standard error of correlation coefficient

H Surface level of the liquid contained in the MBR (m)

H0 Level of an outlet for the effluent (m)

JvT Flux (m3 m-2 d-1) at T (oC)

Kc A cake filtration constant

Ks A standard blocking constant

Qobs Observed effluent flow rate (m3 d-1) at T (oC)

Q0 An initial flowrate of filtrate (mL min-1)

rm Removal by the membrane

rs Removal by activated sludge

rt Overall removal by the MBR

r Sample correlation coefficient

R2 Square of a sample correlation coefficient (in linear regression)

R Filtration resistance (m-1)

Rc Filtration resistance by a cake layer (m-1)

Rfi Filtration resistance by inorganic fouling of membrane (m-1)

Rfo Filtration resistance by organic fouling of membrane (m-1)

Rm Filtration resistance by membrane (m-1)

Rp Filtration resistance by irreversible clogging of inner pores (m-1)

Rr Restoration ratio of filtration resistance (%)

R1 Filtration resistance measured before washing (m-1)

R2 Filtration resistance measured after washing with sponge (m-1)

R3 Filtration resistance measured after washing with sodium hypochlorite (m-1)

R4 Filtration resistance measured after washing with oxalic acid (m-1)

R5 Filtration resistance measured with new membrane (m-1)

t Time, or t-value for the t-test

T Temperature (oC)

V A cumulative volume of filtrate (mL)

Δp Trans-membrane (filtration) pressure (kPa)

I  Introduction
1  Background of study

Human populations need fresh water in order to survive and maintain a healthy life.  Although fresh water is a renew-

able resource generated within a hydrological cycle, precipitation limits the amount of fresh water available for humans.  It is

estimated that less than 1 % of the Earth's water is available for beneficial human use (Botkin and Keller, 199822)).  On the

other hand, human demands for water resources are increasing rapidly as population growth continues and modernisation of
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life has increased per-capita water consumption.  Twenty countries around the world were already experiencing water scarcity

(less than 1000 m3 of available water per person per year) in 1990, and by 2025 this could increase to thirty (Bailey, 199714)).

In order to bridge the gap between the demands and availability of water resources, many countries now regard

wastewater as a precious and reliable part of their water resources (Asano, 19917)).  For instance in Japan, wastewater treat-

ment plants annually generate 1.09× 1010 m3 of treated effluent, of which 8.5× 107 m3 is reused (Maeda et al., 1996108)).

The applications for the reused effluents in urban areas include toilet flushing, industrial water, cooling water, landscape irri-

gation and snow melting.  Meanwhile within rural areas, the treated effluents are sometimes discharged to agricultural chan-

nels, and indirectly reused for agricultural purposes.

Wastewater however contains various contaminants that may pose health risks to humans.  In particular excreted

pathogens are among the most widely distributed contaminants, as humans excrete numerous pathogens which make their

way into sewers (e.g. Feachem et al., 198350)) (Table 1).  Therefore ensuring microbial safety is essential for the safe reuse of

wastewaters.  With this aim microbial standards and guidelines have been set for reused wastewaters according to their

applications (Tables 2 to 5).  The required standards vary because different applications show different degrees of exposure

of reused waters to humans.  Despite this, the gap of microbial concentrations between raw wastewater (Table 1) and reused

waters (Tables 2 to 5) clearly indicates that adequate removal of pathogens is necessary before wastewaters are reused safely.

Source: Metcalf & Eddy (1991)119).
aResults for these tests are usually reported as positive or negative rather than being quantified.

Source: Mara and Cairncross (1989)115).
aAscaris, Trichuris and hookworms.

Source: Asano and Levine (1996)8).

Table 1   Microorganisms typically found in untreated domestic wastewater

Organism Concentration (number mL-1)

Total coliform 105- 106

Faecal coliform 104- 105

Faecal streptococci 103- 104

Enterococci 102- 103

Shigella Presenta

Salmonella 100- 102

Pseudomonas aeroginosa 101- 102

Clostridium perfringens 101- 103

Mycobacterium tuberculosis Presenta

Protozoan cysts 101- 103

Giardia cysts 10-1- 102

Cryptosporidium cysts 10-1- 101

Helminth ova 10-2- 101

Enteric virus 101- 102

Table 2   Microbiological quality guidelines for treated wastewater reuse in agricultural irrigation (WHO)

Reuse process Intestinal nematodesa

(arithmetic mean no. of 
viable eggs per litre)

Faecal coliforms
(geometric mean no. per 

100 mL)

Restricted irrigation
(Irrigation of trees, industrial crops, 
fodder crops, fruit trees and pasture)

<1 Not applicable

Unrestricted irrigation
(Irrigation of edible crops, sports 
fields, and public parks)

<1 <1000

Table 3   Wastewater reclamation criteria of the State of California

Reuse conditions Total coliforms
(median no. per 100 mL)

Spray and surface irrigation of food crops, high exposure 
landscape irrigation such as parks

<2.2

Irrigation of pasture for milking animals, landscape 
impoundment

<23
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Source: Homepage of European Union (http://europa.eu.int/water) (1999).
a 95% of number of samples should comply with the I values.
b Concentration to be checked by the competent authorities when an inspection in the bathing area shows that the
substance may be present or that the quality of the water has deteriorated.

Source: Tomisaka (1998)164).
a Immediate human contact is not taken into account.
b Restricted human contact, i.e. feet and hands, is taken into account.

Thanks to the advancement of microbiology, many varieties of microorganisms, including virus, bacteria, protozoa

and helminth, are now known to transmit diseases through water (Table 6).  In recent decades, viruses have been recognised

as significant vectors of water-borne diseases, as epidemiology and analytical methods for them have been improved

(Kaneko, 199888)), and they require particular attention when considering their removal from wastewaters.

Source: adapted in part from Horan (1990)72); Mara (1996)116); Prescott et al. (1996)139); and Kaneko (1996)86).

The present study has this issue as its main aim, and in particular how viruses are removed by a membrane bioreac-

tor.  Therefore this introductory chapter first reviews: (1) the properties of viruses, (2) indicator organisms for viruses, and

(3) the fate of viruses in wastewater treatment processes.  Second it discusses the characteristics of a membrane bioreactor

and its capability to disinfect wastewaters.

Table 4   EU bathing water directive (76/160/EEC)

Microbiological parameters G
(Guide)

Ia

(Mandatory)
Minimum sampling 

frequency

Total coliforms/100 mL 500 10,000 Fortnightly

Faecal coliforms/100 mL 100 2,000 Fortnightly

Faecal streptococci/100 mL 100 - b

Salmonella/litre - 0 b

Enteroviruses PFU/10 litres - 0 b

Table 5   Selected criteria for reclaimed wastewaters in Japan

Applications Total 
coliforms/100 mL

Faecal coliforms/ 
100 mL

Relevant authorities

Toilet flush water <1000 - Ministry of Construction 
(MoC) (1983)

Environmental 
(landscaping) watera

<1000 - MoC (1990)

Recreational waterb <50 - MoC (1990)

Bathing water - <1000 Environmental Agency 
(1997)

Table 6   Typical properties of water-borne pathogenic microorganisms

Virus Bacteria Protozoa Helminth

Representative 
species

Enteroviruses
Poliovirus
Echovirus
Coxsackie 

viruses
Hepatitis-A virus
Norwalk virus
Rotavirus
Reovirus
Adenovirus

Salmonella typhi
Shigella spp.
Vibrio cholerae
Mycobacterium

tuberculosis
Campylobacter spp.
Enteropathogenic

Escherichia coli
Pseudomonas
aeruginosa

Entamoeba
 histolytica

Giardia lamblia
Cryptosporidium 

spp.

Schistosoma spp.
Ascaris

lumbricoides
Trichuris trichuria
Taenia spp.

Typical sizes 0.01-0.4 µm 0.2-5 µm 4-30 µm >30 µm

Latency Non-latent Non-latent Non-latent Often latent

Persistence Low to medium Medium to high Low to medium Often very high

Infectivity High Medium to low High Very high
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Note on the use of a term "membrane biofilm" in the present study

This is to differentiate the term "membrane biofilm used in the present study, from the term "biofilm" which is nor-

mally used to designate a growing film, as in attached growth bioreactors.  In the present study, the term "membrane bio-

film" was used to indicate that substances deposited on the membrane largely derived from such biological material as

microbial cells, cell detritus and extra-cellular polymeric substances.  The present study was not designed to confirm

whether the biofilm did or did not grow on the membrane.

2  General properties of viruses
a  Anatomy and classification

Viruses are the smallest obligate, intracellular parasites.  Their sizes range from approximately 10 to 300 nm.  A

mature infectious particle of virus, called a virion, is composed of a core of nucleic acid (RNA or DNA) surrounded by a

protein coat called capsid.  In some viruses the capsid is further surrounded by an envelope that contains lipoproteins or lip-

ids.  The capsid and envelope protect the viral core from adverse environmental conditions.  The capsid also gives viruses a

negative charge at neutral pH values, and hence the ability to adsorb to the host cells by electrostatic forces.  This suggests

that viruses could also be adsorbed to various charged media and chemical agents used in water and wastewater treatment

processes (Bitton, 197518); 198019)).

Viruses are capable of infecting animals, plants, bacteria, fungi or algae.  Accordingly, in terms of host cells, viruses

are classified as animal viruses, plant viruses, bacteriophage, fungal viruses, and cyanophage, respectively.  Viruses are quite

diverse in terms of the genetic materials contained in their core.  They have either RNA or DNA, both of which may be sin-

gle- or double-stranded.  Accordingly viruses can be classified into RNA and DNA viruses and these two are further divided

into single-stranded (ss) and double-stranded (ds).

b  Occurrence in wastewaters

Humans can excrete up to 109 infectious virus particles of various types per gram of faeces each day, regardless of

whether the individual is experiencing any discernible illness (Feachem et al., 198350)).  Accordingly waters and wastewa-

ters may become contaminated by approximately 140 types of enteric viruses (Bitton, 199420)).  Viruses are obligatory para-

sitic organisms and therefore cannot multiply outside a suitable host cell.  Nevertheless they show moderate persistence and

may survive for many weeks in the environment (World Health Organization, 1996184)).  In addition they have very low min-

imum infectious doses, possibly as low as 1 PFU (plaque forming unit) (Bitton, 198019); IAWPRC Study Group on Water

Virology, 198375)).  These properties suggest that several kinds of viruses could be transmitted through water, as well as

direct faecal-oral routes or person-to-person contacts.

Viruses, however, have been recognised as infectious agents of water-borne diseases only in recent decades.  Their

mechanisms of transmission through water still remain highly controversial, and epidemiological proof of the water-borne
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transmission of viral diseases is very difficult to obtain (IAWPRC Study Group on Water Virology, 198375); World Health

Organization, 1996184)).  The reasons for this include the following (Tyler, 1985168); World Health Organization, 1996184)):

①Many viruses, particularly animal viruses, are difficult to detect and quantify;

② Viruses may cause non-apparent infection: asymptomatic carriage and excretion occur in a large proportion of

those infected;

③ Some infections have long incubation periods;

④ Water-borne transmission may be at a low level, and secondary spread may occur by other routes; and

⑤ The symptoms may not resemble those of typical water-borne diseases.

Because of such difficulty in investigating viral diseases, only infectious hepatitis A and E had been established epi-

demiologically as the water-borne viral disease in previous years (Grabow, 196866); Bitton, 198019)).  Nevertheless more

recently a significant number of outbreaks of water-borne gastroenteritis have also been attributed to Rotavirus and Norwalk

viruses (World Health Organization, 1996184); Kaneko, 199888)).

c  Indicator organisms for viruses

For many years indicator organisms for human viruses have been searched for two reasons:

① Detection of human virus often involves skilful procedures such as concentration of sample water and immunof-

luorescence microscopy.  Therefore human-virus enumeration is often too complicated to be carried out as a rou-

tine analysis.

② The survival of viruses in both the environment and wastewater treatment plants, is known to be different from

that of bacteria (e.g. Grabow, 196866)).  This suggests that classical bacterial indicators such as coliform bacteria

are not always effective for indicating the fate of viruses in water and wastewater.

Thus it has been desired to find suitable indicator organisms for human viruses.  Although no organism has been

established as an indicator for human viruses, many scientists now regard bacteriophage, especially coliphage (bacterioph-

age infecting coliform bacteria), as a possible candidate for a viral indicator (e.g. Gerba, 198759)).

Indicator organisms are used to show if a certain water source is contaminated with faeces, and thereby poses poten-

tial health risks for humans.  An ideal indicator organism should possess the following properties (Horan, 199072)).  They

should:

① Be present exclusively in faeces and must always be present when there is the likelihood of pathogens being

present;

② Occur in greater numbers than any pathogen in order to prevent them from being diluted out in a receiving water;

③ Be easily isolated and enumerated;

④ Show slightly greater resistance to survival in a watercourse than any pathogen, including resistance to chlorina-

tion and ozonation;

⑤ Be non-pathogenic themselves to ensure that they do not pose a hazard to laboratory personnel.

Coliphage may largely satisfy part of the above criteria, namely 1, 2, 3 and 5 (Stetler, 1984156); Gerba, 198759)).

However the similarity of persistence in waters between coliphage and human viruses remains controversial, owing to insuf-

ficient data accumulated so far (IAWPRC Study group on Health Related Water Microbiology, 199174)).  Accordingly there

has been little regulation that has included coliphage as a water quality standard.  For instance the World Health Organiza-

tion (1993)183) has discussed the usefulness of coliphage as an indicator for human viruses, but has not yet included coliph-

age in the revised Guidelines for Drinking-Water Quality.  Meanwhile the State of California is revising the California

Wastewater Reclamation Criteria (Title 22), which are the level of treatment required for various uses of reclaimed water

(Jolis et al., 199985)).  The 1994 version of the revised draft mentioned that disinfected, tertiary reclaimed water should meet

"a 5-log virus reduction (for non-chlorine-based disinfection systems), demonstrated by using F-specific bacteriophage

MS2, poliovirus, or any virus as resistant to disinfection as poliovirus".  Despite the lack of consensus that coliphage has

enjoyed as a viral indicator, there is nonetheless much compelling evidence to suggest that coliphage could be used as an

indicator organism for human viruses, as summarised below.

Some studies have been undertaken on virus and phage removal with activated sludge.  Ketratanakul et al. (1991)92)

examined removal of RNA-F-specific coliphage Qβ and poliovirus 1 in activated sludge.  They found that coliphage Qβ was

more tolerant of environmental stress than poliovirus.  Funderburg and Sorber (1985)54) examined the use of indigenous
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coliphage as indicators of enteric viruses during activated sludge treatment.  They found that coliphage which gave rise to

plaques greater than 3 mm appeared to derive from small phage, and such phage was positively correlated with enteric

viruses.  Glass and O'Brien (1980)65) examined the inactivation rates of poliovirus 1, coxsackievirus B-1 and wastewater

indigenous coliphage in activated sludge.  They concluded that the inactivation rates for the enterovirus and coliphage were

not significantly different, and suggested that phage inactivation could be used as an indicator for enterovirus inactivation.

In addition to activated sludge, virus and phage removal has been investigated with other processes of water and

wastewater treatment.  Kaneko (1997)87) investigated removal rates of poliovirus, coxsackievirus, and T2 phage in small-

scale sewage treatment with contact media, and observed a similar trend of removal among these microbes: the higher the

BOD loading, the lower the removal rates.  Tree et al. (1997)165) investigated inactivation of bacterial indicators (Escherichia

coli and Enterococcus faecalis), poliovirus and MS2 bacteriophage with chlorination and UV irradiation.  They found that

the bacterial indicators underestimated human enteric virus inactivation, whereas MS2 phage was likely to give a conserva-

tive estimate of virus inactivation.  Payment (1991)137) investigated removal of coliphage, Clostridium perfringens and

human enteric viruses during drinking water treatment.  He observed that coliphage and C. perfringens were slightly more

resistant than human enteric viruses, and therefore argued that they could serve as rapid indicators for human viruses.  Gers-

berg et al. (1987)60) investigated the fate of virus and phage in artificial wetlands.  They found that indigenous bacteriophage

had persisted better than both seeded poliovirus and seeded MS2 bacteriophage.  Stetler (1984)156) monitored coliphage and

enterovirus in a drinking water plant.  He found that enterovirus was better correlated with coliphage than with total

coliforms, faecal coliforms, faecal streptococci, or standard plate count organisms.  Kott et al. (1974)97) conducted experi-

ments with oxidation pond effluents and showed that coliphage was at least equally or even more resistant to chlorine than

human enteric viruses.

Coliphage has also been proposed as an indicator of faecal pollution in natural waters.  Callahan et al. (1995)26)

investigated the survival of F-specific coliphage, somatic Salmonella phage, hepatitis A virus and poliovirus in seawaters.

They observed the greatest survival with somatic Salmonella phage over the other three viruses, and therefore somatic Sal-

monella phage would be a good indicator for enteric virus in seawaters.  Borrego et al. (1990)21) showed that coliphages had

a similar inactivation rate to Salmonella in marine and river environments.  Morinigo et al. (1992)122) observed similar exist-

ence of coliphage and enteroviruses in both river and marine water samples, and concluded that coliphage would be an opti-

mal indicator of the microbiological quality of natural waters.

The above studies employed "indigenous" bacteriophage, which were isolated from sample waters under investiga-

tion, using a particular bacterial strain as host microorganisms.  In particular Escherichia coli has been the most common

host bacteria for phage assays, reflecting the interest for using phage as an indicator of faecal pollution (Farrah, 198749)).

Among different E. coli strains, E. coli C (ATCC No. 13706; NCIMB No. 12416) has been considered to yield the highest

count (Stetler, 1984156); Grabow and Coubrough, 198667)).  Thus this strain has been designated host bacterium for the

coliphage assays in the Standard Methods for the Examination of Water and Wastewater (American Public Health Associa-

tion et al., 19953)).  Accordingly the present study employs indigenous coliphage isolated on this strain of E. coli, as an indi-

cator for virus removal with a membrane bioreactor.

3  Disinfection of viruses in wastewaters
 a  Introduction

Disinfection of wastewater is defined as the destruction or inactivation of microorganisms capable of causing dis-

eases, and it is widely carried out in order to ensure safety of reused wastewaters.  There are, however, several factors that

could affect the efficiency of wastewater disinfection.  First there is a wide variation in the resistance of microbial pathogens

to disinfection.  In general, resistance to disinfection follows the trend: vegetative bacteria < enteric viruses < spore-forming

bacteria < protozoan cysts (Bitton, 199420)).  Second, wastewaters may contain various kinds of contaminants, such as sus-

pended solids (SS), dissolved organic matter and inorganic ions, in large amounts even after secondary treatment.  Such con-

taminants can reduce disinfection efficiency in one way or another.  Third, the operating conditions for disinfection

processes, such as pH, temperature and mixing conditions, may also affect disinfection efficiency.  Consequently virus

removal varies considerably from one wastewater-treatment option to another, as Leong (1983)99) summarised in his litera-

ture review (Table 7).  This is discussed briefly in the following sections.
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Source: Leong (1983)99).

b  Primary and secondary treatment

It has been shown that the primary settlement of wastewater plays a minor role in virus removal (Table 7).  This is

largely attributed to the short retention time in the primary sedimentation tanks.

Virus removal by trickling filters is generally low and inconsistent.  They are estimated to remove approximately 40

to 50 % of virus (Table 7).  It is believed that virus removal by trickling filters is an adsorption phenomenon and that the

adsorbed virus is inactivated when coming into contact with the slime layer (Bitton, 198019)).

Activated sludge appears to be the best biological treatment process for virus removal (Table 7).  There are three pro-

posed mechanisms for the removal.  First it is suggested that proteolytic microbial enzymes may be the virucidal agents in

activated sludge (Kelly et al., 196191); Cliver and Herrmann, 197238); Knowlton and Ward, 198796)).  Second adsorption of

virus onto sludge flocs is considered to play a significant role in virus removal (Clarke et al., 196136); Malina et al., 1975112);

Gerba et al., 198058); Rao et al., 1987140)).  Third, after being adsorbed onto sludge flocs, viruses are removed by the preda-

tory actions of protozoa or metazoa (Kim and Unno, 199693)).  Thus the activated sludge process could bring about a transfer

of viruses from wastewater to sludge.  Therefore adequate separation of sludge and treated water is essential for effective

virus removal with activated sludge.  On the other hand, sludge-associated virus is not completely inactivated and thus safe

disposal of sludge is required (Bitton, 198019)).

Oxidation ponds are also known to be capable of removing a wide range of microorganisms.  As for viruses, the

mechanisms of their removal include (1) temperature and solar irradiation; (2) adsorption to SS and subsequent settling to

the bottom of the pond; (3) higher pH generated by algal photosynthesis; and (4) release of toxins by algae (Bitton, 198019);

Mara and Pearson, 1986114)).

c  Tertiary treatment processes

Several disinfecting processes are now available for incorporating into the tertiary treatment of wastewaters.  These

are classified as follows:

① Oxidising agents including chlorine, chlorine dioxide, and ozone;

② Irradiation with UV lights;

③ Coagulation and sand filtration; and

④ Membrane separation

Table 7   Virus removals by unit processes

Process Median removal 
efficiencies(%)

Primary treatment 6.6

Secondary treatment

Trickling filter 54

Activated sludge 94

Portable water/tertiary treatment

Coagulation/flocculation/sedimentation

Ferric 99.5

Lime 98.8

Alum 95

Sand filtration 73

Granular activated carbon 90

Reverse osmosis >99

Disinfection

Free chlorine 99.9

Ozone 99.9

Combined chlorine 90
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(1)  Oxidising agents

Strong oxidising agents destroy or denature parts of the cell components of organisms.  Generally speaking, the

effectiveness of oxidising agents is reduced by SS, dissolved organic matters, and reduced inorganic ions.  There are two rea-

sons for this.  First, because the mechanisms of disinfection are basically chemical reactions, it is essential for the oxidising

agents to have adequate contacts with target organisms.  Thus SS can protect pathogens from the harmful effect of oxidising

agents, when the organisms are embedded in, adsorbed to or colonising the particles (Gerba et al., 197857); Sobsey, 1989154)).

Second, oxidising agents may oxidise not only living organisms but also organic and inorganic substances.  Thus such sub-

stances may reduce or delay the oxidising actions of disinfectants toward organisms.

Chlorine is the most common disinfectant at present mainly owing to its low cost and easy maintenance.  However,

several disadvantages of chlorine disinfection have been recognised.  These include: (1) harmful effects for ecosystem in

receiving water bodies caused by by-products formation (trihalomethanes and other organic halogens) (e.g. Esvelt et al.,

197346)); (2) pH dependence; (3) interference by SS, ammonium, and dissolved organic matters; and (4) relative ineffective-

ness for protozoan cysts.

Chlorine dioxide does not appear to form trihalomethanes nor does it react with ammonia to form chloramines.  Thus

its use is becoming widespread in water treatment plants.  Nevertheless chlorine dioxide is more expensive than chlorine,

and produces the inorganic by-product, chlorite (ClO2
-), which raises health concerns.

Ozone has the strongest oxidising power among disinfectants used in wastewater treatment.  Accordingly it is effec-

tive for the inactivation of protozoan cysts as well as bacteria and virus.  However ozone is more expensive than chlorination

or UV irradiation in respect to construction as well as operation and maintenance costs.  Thus its use may be limited to the

wastewater recycling that involves extensive human contacts with reused waters.

(2)  UV irradiation

UV irradiation is becoming widespread, particularly in Europe, for wastewater disinfection owing to recent techno-

logical improvements.  UV light damages viral or bacterial genome, i.e. DNA or RNA, by causing thymine dimerization.  Its

main advantages are (1) relatively low costs and simple configuration of apparatus; and (2) no generation of toxic by-prod-

ucts.  On the other hand, its disadvantages include (1) significant interference by SS and colour, as UV light needs to reach

microbial cells; (2) needs for cleaning UV lamps; and (3) a potential problem due to photoreactivation of microbial patho-

gens.

(3)  Coagulation and sand filtration

Sand filters themselves are essentially poor adsorbents for viruses. However they effectively remove organisms

when a coagulant, such as alum and ferric salts, is added prior to the sand filters.  They have been traditionally used in water

treatment to increase the safety of drinking water.  More recently in Japan, they are employed widely in wastewater treat-

ment when treated effluent is to be used for recreational or toilet-flush waters (Maeda et al., 1996108); Ogoshi, 1998128)).

(4)  Membrane separation

Membrane processes are becoming increasingly popular as a unit process for wastewater treatment, as the innova-

tions in membrane technology have produced membranes that are robust and capable of separating various impurities con-

tained in wastewaters (AWWA Membrane Technology Research Committee, 19929)).  When used for disinfection,

membrane processes have the advantage of not producing any by-products, as no disinfectant is added within the process.  In

addition the improvement of membrane materials has produced membranes that are tolerant of the interference by SS.  This

may give membrane processes a significant advantage over traditional disinfection processes, which are often compromised

by SS.
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Fig. 1  Tertiary treatment of wastewaters with membrane separation

 (Adopted from Argo, 19846)(above); Suzuki and Minami, 1991160)(below))

Fig. 2  Conventional activated sludge process and membrane bioreactor

Fig. 3  Typical sizes of membrane pores, substances and organisms
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Within wastewater treatment plants, membranes can be introduced as a tertiary treatment process (Fig. 1), or, alterna-

tively, as an integrated part of a secondary process (Fig. 2).  The latter is discussed separately in Section I-4.  When mem-

branes are used as a tertiary process, a variety of membranes, including microfiltration (MF), ultrafiltration (UF),

nanofiltration (NF) and reverse osmosis (RO) membranes, can be used according to the purpose (Fig. 3).  Because the pore

sizes of these membranes vary considerably (Fig. 3), the selection of a membrane obviously affects the removal efficiency of

microorganisms.  However, previous studies have indicated that the removal efficiency cannot be determined solely by the

pore size of membranes (Table 8).  This is because several other factors could also affect the removal efficiency, as sum-

marised below.

Table 8   Removal of viruses by membrane separation

Membrane(pore 
size, MWCO
 or material)

Source water Organisms Log removal References

MF, 0.22µm Secondary eff. at
 STW (seeded)

Poliovirus 1.6 Madaeni et al.,
 1995106)

MF, 0.22µm MLSS (seeded) Poliovirus 2.1 Madaeni et al.,
 1995106)

MF, 0.2µm Secondary eff. at
 STW (seeded)

Coliphage MS2 0.8 Iranpour, 199876)

MF, 0.2µm Secondary eff. at
 STW

Coliphage 2-3 Dittrich et al.,
 199644)

MF, 0.2µm Tertiary eff. at
 WTW (seeded)

Coliphage MS2 0.5 Adham et al.,
 19982)

MF, 0.2µm P buffer (seeded) Coliphage MS2 0.2-1.2 Jacangelo et al.,
 199581)

MF, 0.2µm River water
 (seeded)

Coliphage MS2 0.2-2.5 Jacangelo et al.,
 199581)

MF, 0.1µm Pond water
 (seeded)

Coliphage Qβ 2.3 Urase et al.,
 1993177).

MF, 0.1µm MLSS (seeded) Coliphage Qβ 3.1 Urase et al.,
 1993177).

MF, 0.1µm P buffer (seeded) Coliphage MS2 0.4 Jacangelo et al.,
199581)

UF, 500,000 Da P buffer (seeded) Coliphage MS2 1.6-6.9 Jacangelo et al.,
 199581)

UF, 500,000 Da River water 
(seeded)

Coliphage MS2 3.0-5.9 Jacangelo et al.,
 199581)

UF, 100,000 Da River water 
(seeded)

Coliphage MS2 6.0-7.0 Jacangelo et al.,
 199581)

UF, 100,000 Da Secondary eff. at
 STW

Coliphage 3.1 Gadani et al.,
 199655)

UF, 100,000 Da River water 
(seeded)

Coliphage MS2 6.5 Jacangelo et al.,
 199180)

UF, 13,000 Da River water 
(seeded)

Coliphage Qβ 8.3 Otaki et al.,
 1998132)

UF, 13,000 Da River water 
(seeded)

Poliovirus 6.7 Otaki et al.,
 1998132)

NF (PVA) River water 
(seeded)

Coliphage Qβ 6.3 Otaki et al.,
 1998132)

NF (PVA) River water 
(seeded)

Poliovirus 7.3 Otaki et al.,
 1998132)

RO (cellulose 
acetate)

Tertiary eff. at
 WTW (seeded)

Coliphage MS2 4.2 Adham et al.,
 19982)

RO (TFC) Tertiary eff. at
 WTW (seeded)

Coliphage MS2 3.4 Adham et al.,
 19982)
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① Operating conditions of membrane filtration.  Madaeni et al. (1995)106) observed that an increase of filtration pres-

sure reduced virus retention, whereas an increase of surface shear on membrane enhanced virus retention.  Condi-

tions of bulk solution, such as pH (Herath et al., 199971)) and salinity (Lytle et al., 1999105)) could also affect virus

removal by membrane.

② Formation of a cake/gel layer on the membrane surface.  Jacangelo et al. (1995)81) pre-coated MF membrane with

kaolinite to form a cake layer and filtered MS2 phage thereafter.  They observed that the removal of MS2 phage

increased with an increasing mass of kaolinite on the membrane surface.  At a pilot-scale plant, they also

observed that the extent of phage removal was dependent on the extent of the formation of the cake layer on the

membrane.  Similarly Madaeni et al. (1995)106) observed increased virus retention when the turbidity of feed

water was increased.

③ Increase of filtration resistance.  This is another way of expressing the formation of a cake/gel layer on mem-

brane.  Urase et al. (1993)177) examined rejection of Qβ phage suspended in pond water and MLSS.  They demon-

strated that the rejection increased as filtration resistance increased over time.  Similarly Kawamura et al.

(1996)90) investigated the relationship between filtration resistance and the rejection of coliphage T1 and Qβ sus-

pended in MLSS.  They found a positive relationship between the resistance and the rejection.

④ Materials and pore structures of membranes.  Cliver (1968)37) reported that adsorption of viruses to cellulose tri-

acetate membrane was particularly weak when compared to other membrane materials.  Urase et al. (1996)178)

investigated phage removal with MF, UF and NF membranes and found that even NF membranes leaked a portion

of the filtered phage.  They attributed this to the abnormally large pores contained in the membrane.  Likewise

viruses could leak through damaged membranes (Jacangelo et al., 199180); Fane, 199648)).

A membrane process can be combined with other processes to enhance removal efficiency of microorganisms.  Jolis

et al. (1999)85) demonstrated that a MF membrane process alone could remove 2.9 log of MS2 bacteriophage and 4.5 log of

total coliforms.  By contrast, when UV disinfection was added downstream of MF, a 5-log reduction of MS2 phage was

achieved, and the final effluent satisfied the standards that required 2.2 CFU/100mL of total coliforms.

4  Membrane bioreactor
a  Introduction

As discussed in Section I-3-c-(4), membranes can be integrated into secondary processes in order to improve their

performance.  In particular the combination of membrane and activated sludge has been developed markedly in recent

decades, following the improvement of UF and MF membranes.  In such applications, membranes are used to separate acti-

vated sludge and treated water.  Therefore, the membrane separation process can be regarded as a substitute for a secondary

settling tank (Fig. 2).  Such a combination of membrane and activated sludge has been referred to under several different

names, such as a membrane bioreactor (Trouve et al., 1994166)), a membrane separation bioreactor (Brindle and Stephenson,

199623)), and a membrane separation activated sludge process (Aya, 199411)).  In this thesis, a membrane bioreactor or MBR

is adopted hereafter to describe the combined process.

The earliest reports of MBRs were presented by Smith et al. in 1969 (Brindle and Stephenson, 199623)) and by Hardt

et al. (1970)70).  Although their original ideas were to combine a membrane with an aerobic bioreactor, membranes can be

coupled with both aerobic and anaerobic bioreactors (Stephenson, 1997155)).  Anaerobic MBRs have been applied mainly for

treating concentrated industrial wastewater (Ross and Strohwald, 1994146); Brindle and Stephenson, 199623)), such as maize-

processing effluent (Ross et al., 1992147)), brewery effluent (Strohwald and Ross, 1992157)) and alcohol-distillery wastewater

(Choo and Lee, 199631)).  Another application for anaerobic MBRs was the digestion of activated sludge (Aya and Namiki,

199210)).

Meanwhile aerobic MBRs have been applied to both municipal and industrial wastewater (Brindle and Stephenson,

199623)).  Because the objective of the present study is the treatment of domestic wastewater, discussions are confined here-

after to the "aerobic" MBR, which is reviewed in detail in the following sections.  Besides the above-mentioned types of

MBRs, there is yet another category of MBRs named "membrane aeration bioreactor", in which membranes provide bubble-

less aeration for achieving high oxygen mass transfer (Brindle and Stephenson, 199623); Brindle et al., 199824); 199925)).

However this category of MBRs is also excluded from the following discussions.
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b  Principles of membrane separation

As discussed in Section I-4-a, the prime target of separation in an MBR is activated sludge.  Membrane separation of

such matter was once considered difficult because of its high concentration of SS.  However developments in crossflow fil-

tration have enabled the membrane separation of activated sludge.  The principles of crossflow filtration and the basic con-

figurations of MBRs are introduced here.

(1)  Dead-end filtration and crossflow filtration

Dead-end filtration is the most primitive application of membrane separation (Fig. 4(a)).  In dead-end filtration, the

bulk solution flows across the membrane surface and therefore the whole volume of the bulk solution excluding the solids

trapped on membrane is let through.  As a consequence, the solids eventually accumulate as filtration continues, thereby

clogging the membrane surface afterwards.  In an MBR, an SS concentration of the bulk solution, i.e. activated sludge is so

high that dead-end filtration is generally impossible because the activated sludge would clog the membrane almost instantly.

Crossflow filtration is an alternative approach to membrane filtration.  In crossflow filtration, the bulk solution flows

parallel to the membrane surface and only a portion of the bulk solution is let through the membrane (Fig. 4(b)).  "Cross-

flow" filtration is so named because the direction of the bulk flow is perpendicular to that of the permeate flow.  It is the par-

allel flow of the bulk solution that can effectively wash out the solids that accumulate on the membrane surface.  Thus

crossflow filtration enables continuous filtration of activated sludge, and it has been adopted by virtually all MBRs devel-

oped so far.

Fig. 4  Dead-end filtration and crossflow filtration

(2)  Basic configurations of MBRs

Membrane modules (manufactured units of membrane) and bioreactors are indispensable components of MBRs.

Two configurations of the two components have been proposed so far on the basis of the principle of crossflow filtration;

these are an external MBR and a submerged MBR (Fig. 5; Tables 9 and 10).

Fig. 5  Basic configurations of MBRs

(Modified after Yamamoto, K., 1994187))
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In an external MBR, membrane modules are placed outside a bioreactor (Fig. 5).  To obtain the necessary trans-mem-

brane pressure for filtration, a recirculation pump pressurises activated sludge thereby driving it into the membrane modules.

Only a portion of the bulk solution is let through the membrane and the remaining portion is returned to the bioreactor.  Nor-

mally a flow rate of the circulated bulk solution is set more than ten times that of the permeate flow, in order to keep a suffi-

cient crossflow velocity for preventing rapid clogging of the membrane.  It was reported that a crossflow velocity between 1

and 4 m s-1 was required for stable filtration (Riesmeier and Kroner, 1987142); Magara and Itoh, 1991110)).  Besides, the sys-

tem uses a relatively high trans-membrane pressure ranging from 100 to 515 kPa (Table 9).  These are the major reasons why

the external MBRs need more electric power than conventional processes.

On the other hand, in a submerged MBR, membrane modules are directly submerged or integrated into the bioreactor

(Fig. 5) (Yamamoto et al., 1989185); Manem and Sanderson, 1996113)).  Because a submerged MBR does not necessitate recir-

culation pumps, it would need relatively less electricity when compared to an external MBR.  A submerged MBR places air

diffusers under the membrane modules (Fig. 5).  Accordingly the uplifting two-phase flow of bubbling air and activated

sludge flows parallel with the membrane surface, washing out fouling substances that accumulate on membrane.  In other

words, the air/liquid flow in a submerged MBR corresponds to a crossflow in an external MBR.  Therefore aeration has two

indispensable roles in a submerged MBR: i.e. supply of oxygen to activated sludge and removal of fouling substances on a

membrane surface.

A submerged MBR is also different from an external MBR in the way it obtains pressure for filtration.  In this regard

submerged MBRs are further classified into a suction-filtration MBR and a gravitational-filtration MBR (Fig. 6) (Ueda and

Hata, 1999173)).  A suction-filtration MBR obtains trans-membrane pressure by suctioning permeate water from the effluent

side, while a gravitational-filtration MBR by pressurising the membrane from the bulk-solution side using a pressure-head

that builds up over the membrane module (Izumi et al., 199579)).

Fig. 6  Suction-filtration and gravitational-filtration MBRs

(Modified after Izumi et al., 199579))

Consequently a submerged MBR uses relatively low filtration pressure.  In a suction-filtration MBR, the pressure is

confined to below 100 kPa.  This is because a pressure higher than the atmospheric cannot be generated by a suction pump.

In a gravitational-filtration MBR, the shape of the reactor further restricts the pressure, usually below 20 kPa, as the pres-

sure-head cannot build up beyond the height of the reactor.  For this reason a submerged MBR can only employ membranes

that perform well at low filtration pressure.

Comparing external and submerged MBRs, an external MBR has a higher energy consumption but can be operated at

higher trans-membrane pressures.  Therefore they are particularly suitable for treating concentrated substrates, where a high

pressure is needed for separating the concentrated MLSS.  On the other hand, a submerged MBR has relatively low energy

consumption but the practical trans-membrane pressure is limited to below 100 kPa.  Therefore they may be cost effective

when applied to domestic wastewater treatment plants, where the substrate concentration is not so high.  Accordingly the

external MBRs have been operated with MLSS of up to 144 g L-1 and substrate of up to 42,660 mg L-1 of COD (Table 9),

whereas the submerged MBRs with MLSS of up to 40 g L-1 and substrate of up to 9,580 mg L-1 of COD (Table 10).

Because the present study mainly deals with domestic wastewater with a relatively low substrate concentration,

extremely concentrated MLSS and high trans-membrane pressures are not required.  Therefore a submerged MBR was cho-

sen for the experimental apparatus because it would save energy costs.  Furthermore a gravitational-filtration MBR was
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selected, as it does not necessitate a suction pump for membrane separation and therefore the structure of the apparatus can

be simplified.

c  Characteristics of MBRs

(1)  Introduction

Since early reports in 1969, MBRs have been developed rapidly and applied widely to the treatment of various kinds

of wastewaters.  This is because MBRs have many advantages over traditional activated sludge processes.  On the other

hand, several disadvantages, which should be overcome for practical uses, have been identified through the development of

MBRs.  In this section, such advantages and disadvantages of MBRs are summarised.

(2)  Treated water quality

MBRs employ UF or MF membranes as a means of solid/liquid separation.  This means that MBRs could almost

completely remove substances that are larger than the pore size, such as SS and bacteria (Fig. 3).  In addition several reports

claimed that a cake/gel layer deposited upon the membrane partly removes substances that are even smaller than the pore

size, such as macro-molecular dissolved organic matter (Fuchigami et al., 198751); Yamamoto et al., 1989185)) and viruses

(discussed in Sections I-3-c-(4) and I-4-d).

Many studies have reported high and stable removal of organic substances with an MBR (e.g. Yamamoto et al.,

1989185); Suwa et al., 1989158); Chiemchaisri et al., 199228); Trouve et al., 1994166); Côté et al., 199739)).  COD removal rates

greater than 90% have been commonly observed (Tables 9 and 10).  This was attributed to the complete rejection of SS and

the high activity of concentrated activated sludge.

As for nitrogen and phosphorus, MF and UF membranes cannot remove these nutrients by themselves.  Instead

MBRs remove the nutrients through biological means.  Thus nutrient removal efficiency was influenced by the operating

conditions of the bioreactor.  Nitrification deteriorated at low temperatures but could be recovered by intensification of aera-

tion (Chiemchaisri and Yamamoto, 1993b30)).  On the other hand, denitrification was not sufficient when aeration was too

intense.  Therefore keeping anaerobic condition in an MBR should enhance denitrification.  This could be achieved through

DO control (Ishida et al., 1996a77); 1996b78)) and intermittent aeration (Yamamoto et al., 1989185); Chiemchaisri et al.,

199228); Suwa et al., 1992159); Ueda et al., 1996a169); Nagaoka, 1999125); Yeom, et al., 1999189)).  Denitrification also needs a

sufficient source of carbon and augmentation of carbon sources is an effective option (Suwa et al., 1992159); Ueda et al.,

1996a169)).  Suwa et al. (1989)158) reported that, in an MBR, simultaneous nitrification and denitrification occurred under a

high DO concentration possibly because, at an extremely high MLSS concentration, micro anaerobic zones formed within

flocs thereby stimulating denitrifying bacteria.

Phosphorus removal efficiency would be affected by the amount of excess sludge wasted and the duration of a non-

aeration period, as phosphorus uptake by sludge microorganisms was the only major route to remove phosphorus from a liq-

uid phase (Ueda et al., 1996a169); Côté et al., 199739); Seo et al., 1999152)).  Cicek et al. (1999)35) found that excess load of

phosphorus could reduce a removal efficiency of organic matters, and concluded that phosphorus was an important factor in

the operation of an MBR.

(3)  Operational characteristics

MBRs enable complete sludge retention within the bioreactor, because activated sludge shows minimal leakage from

an MBR.  This means that sludge retention time (SRT) can be manipulated independently of the hydraulic retention time

(HRT) (Trouve et al., 1994166)).  Thus MBRs can be operated at long SRTs (Tables 9 and 10).  As a consequence, microor-

ganisms with relatively slow growth rates, such as nitrifying bacteria, are easily retained (Chiemchaisri and Yamamoto,

1993b30)).  This is especially beneficial for nitrification.  Moreover, MBRs can overcome bulking, which has caused serious

problems in the operation of activated sludge processes, as sludge sedimentation is not required.

Thanks to a complete sludge retention, MBRs can be operated at very high concentrations of MLSS when compared

with traditional processes.  Thus up to 40 g L-1 of MLSS is not uncommon for MBRs (Tables 9 and 10).  The highly concen-

trated activated sludge enables the treatment of concentrated substrates, such as industrial wastewater and nightsoil.  The lat-

ter is one of the most popular applications of MBRs in Japan because the substrate has extremely high organic and nitrogen

concentrations (Magara, 1990109); Magara and Itoh, 1991110); Sakurai, 1991149); Okaniwa et al., 1994130); Kawamura and

Inoue, 199589); Misaki and Matsui, 1996120)).  Moreover, concentrated activated sludge generally removes substrates faster,
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thereby reducing HRT.  Tables 9 and 10 indicate that several experiments successfully treated organic matter in less than 10

h of HRT.  As a consequence, MBRs can be more compact than conventional processes.

The above discussions indicate that operating conditions for MBRs may be characterised by a high concentration of

MLSS, a long or infinite SRT, and a low F/M ratio.  Under such conditions, the endogenous respiration rate of activated

sludge is often competitive to its substrate assimilation rate.  Thus excess sludge production is minimised in MBRs (Muller

et al., 1995123); Chaize and Huyard, 199127)).  Ghyoot and Verstraete (2000)64) reported that an MBR yielded a 20 to 30%

lower sludge production than a conventional activated sludge under similar conditions of SRT and organic loading rate.

Côté et al. (1997)39) reported that sludge production in pilot-scale MBRs was 0.25 kg SS kg-1 COD d-1, which was about 50%

smaller than a conventional activated sludge process.  Meanwhile some studies reported that MBRs can be operated without

excess sludge wasting (Yamamoto et al., 1989185); Muller et al., 1995123); Benitez et al., 199517)).  Rosenburger et al. (1999a)
144) reported that zero net sludge production was achievable at a F/M ratio of 0.07 d-1 for the municipal wastewater treatment.

(4)  Properties of activated sludge

The unique operational characteristics of an MBR discussed in Section I-4-c-(3), could affect the properties of acti-

vated sludge within an MBR.  Zhang et al. (1997)190) investigated floc-size distributions of MBR sludge using particle sedi-

mentation technique.  They found that the floc size of MBR sludge was mostly less than 30 µm, which was substantially

smaller than that of conventional activated sludge.  Luxmy et al. (1999)104) investigated bacterial communities within MBR

sludge using FISH (fluorescent in situ hybridisation) and PCR-DGGE (polymerase chain reaction-denaturing gradient gel

electrophoresis).  They identified a number of groups belonging to ammonia-oxidisers and Nitrobacter sp., and found that a

bacterial community in MBR sludge was different from that in conventional activated sludge.  Rosenburger et al. (1999b)145)

carried out direct microscopic observation of MBR sludge, and revealed that it contained a high number of free suspended

cells and filamentous bacteria, but few of protozoa.  Further studies would be necessary to understand the characteristics of

MBR sludge.

(5)  Costs

Despite the many merits of introducing MBRs, the costs for MBRs have so far inhibited their widespread introduc-

tion.  Among the major costs incurred, the costs of the membranes themselves are the major ones.  Owen et al. (1995)133)

reported that the most significant factors influencing the overall cost were membrane costs, membrane replacement fre-

quency and power requirements, and that widespread uses of MBRs will depend on the availability of cheaper membranes.

Davies et al. (1998)42) estimated that membrane modules accounted for 85% of the capital cost, and membrane replacement

cost for 40 to 75% of the running cost of the MBRs.  Churchouse and Wildgoose (1999)33) reported that membrane costs for

a Kubota MBR have been reduced significantly since 1992, as (1) the membrane fabrication costs have decreased by 4-fold,

(2) the design flux rate has been doubled, and (3) a projected membrane life has increased from 3 to 8 years.

As discussed in Section I-4-b-(2), the power consumption of recirculation pumps could lead to relatively high

requirements for electrical power within an external MBR (Chaize and Huyard, 199127)).  Therefore a submerged MBR,

which does not necessitate recirculation pumps, would reduce the power costs for MBRs (Yamamoto et al. 1989185)).   In

general an external MBR requires 3 to 5 kWh of electricity per 1 m3 of treated water, which is about ten times that of a con-

ventional process (Aya, 199411); Côté and Thompson, 199941)).  By contrast Côté and Thompson (1999)41) reported that the

energy consumption of a Zenon submerged MBR (hollow fibre membranes) was between 0.3 to 0.6 kWh/m3.  Similarly

Ueda et al. (1996a169); 1999173)) reported that the power consumption of a submerged MBR was reduced to 2.0 (hollow fibre

membranes) to 2.4 (flat membranes) kWh/m3.

(6)  Membrane fouling

One of the most significant problems for MBRs is the fouling of the membrane, because the fouling may increase fil-

tration pressure (when operated at constant flux) or reduce membrane flux (when operated at constant pressure).  This would

necessitate membrane washing, which also demands costs for chemicals and may stop the operation of an MBR during the

washing.  Therefore the search for optimum operating procedures for minimising membrane fouling and effective ways of

washing membranes, has been an important research objective.

Activated sludge, which is to be separated by membrane, is a complicated mixture of suspended and dissolved solids.

Therefore several substances that cause membrane fouling have been identified.  These include (1) attached biomass; (2)

inorganic precipitation (Choo and Lee, 199631)); and (3) macromolecular organic substances such as polysaccharides, pro-
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teins (Matsumoto, 1990118)), glycoproteins (Fukagawa et al., 199253)) and bacterial extra-cellular polymers (Liu et al.,

1993101); 1995102); Nagaoka et al., 1996124)).

Membrane fouling is affected by several operating conditions, which consist of physical and biological parameters,

within an MBR.  Physical parameters include (1) flux and (2) crossflow velocity.  (1) Recent studies have claimed that there

exists a "critical flux" below which there is no fouling by colloidal particles (e.g. Howell, 199573); Defrance and Jaffrin,

199943)).  Vigneswaran et al. (1999)179) constructed a force balance model, which took into account several forces acting

upon a particle approaching a membrane surface, and predicted a practical critical flux.  Li et al. (1998)100) demonstrated that

a critical flux could be deduced from a direct microscopic observation of particle deposition on membrane.  The concept of

critical flux is becoming increasingly important in designing an MBR plant.  (2) A number of experiments have been con-

ducted for determining a practical crossflow in an external MBR, as it affects power consumption of a recirculation pump

(Baker et al., 198516); Riesmeier and Kroner, 1987142); Fukagawa et al., 198952); Magara and Itoh, 1991110); Nishimura et al.,

1992127); Tardieu, et al., 1999162)).  On the other hand, a submerged MBR uses rising bubbles for generating a crossflow.

Therefore aeration intensity in a submerged MBR could affect membrane fouling (Yamamoto, Y. et al., 1994188); Shimizu et

al., 1996153); Ozaki and Yamamoto, 1996135); Ueda et al., 1997a171)).

Meanwhile biological parameters affecting membrane fouling include: (1) MLSS concentration (e.g. Magara and

Itoh, 1991110)); and (2) sludge viscosity (Nagaoka et al., 1996124); Ueda et al., 1996a169); 1996b170)).  Rosenburger et al.

(1999a)144) reported that sludge viscosity in an MBR was a function of shear stress, a MLSS concentration, and structure and

composition of activated sludge biomass.  Matsui (1993)117) and Ueda et al. (1997b)172) suggested that the removal of excess

sludge at regular intervals was effective for controlling membrane fouling.

Despite previous efforts for reducing membrane fouling within MBRs, it might be impossible to totally eliminate it

over a long-term operation.  Therefore effective ways of washing membranes must be developed for a successful operation

of an MBR, and these are discussed below.

The most effective and convenient way of reducing membrane fouling may be by intermittent suction of treated

water, involving a periodical cessation of a trans-membrane flow (Yamamoto et al., 1989185); Benitez et al., 199517); Choo

and Lee, 199631); Ueda et al., 1997a171)).  It was assumed that the cake layer deposited on membrane might be depressurised

and partially detached during cessation of suction.

Membrane fouling was also removed effectively by (1) jet aeration inside a bioreactor (Chiemchaisri et al., 199228);

1993a29)); and (2) periodical back-flushing by air (Scott and Smith, 1997151); Visvanathan et al., 1997180)) or by permeate

water (Pankhania et al., 1994136); Yamamoto, Y. et al., 1994188); Côté et al., 199840)).  Such "on-site" washing of membranes

needs less time because it does not displace the membranes out of a bioreactor.

As membrane fouling proceeds, however, chemical washing of membrane is often needed to recover membrane flux.

The chemicals that have been used for membrane washing include sodium hypochlorite (Muller et al., 1995123); Visvanathan

et al., 1997180); Churchouse and Wildgoose, 199933); Ueda and Hata, 1999173)), hydrogen chloride (Yamamoto, Y. et al.,

1994188)), sodium hydroxide (Hama et al., 198769)) and surfactant (Ueda et al., 1996a169)).  The duration of chemical treat-

ment and the temperature of the chemical solution, as well as the chemicals used, were important factors for successful

membrane washing (Oyama and Nishimura, 1992134)).

d  Disinfection with an MBR

An MBR is capable of removing a wide range of microorganisms, as membranes separate microorganisms on the

basis of a sieve-effect.  Membranes employed in an MBR, i.e. MF or UF membranes, have pore sizes smaller than most bac-

teria, protozoa and helminth (Figs. 3 and 7).  Thus many studies have demonstrated that an MBR is extremely efficient in the

removal of excreted bacteria (Table 11).
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Fig. 7  Sizes of microorganisms and a membrane pore. The pore size indicates the membrane used in the present study

a Number in 1 mL.
b Number in 1 L.

On the other hand, pore sizes of UF or MF membranes are often comparable to viruses (Figs. 3 and 7).  Therefore

virus removal with an MBR depends on the membrane types used.  However, because of the difficulties in conducting a

human-virus examination (see Section I-2-c), few studies have investigated removal of human viruses with an MBR.  Chur-

chouse (1997)32) did not detect any enterovirus in 15 samples (PFU/10L) of MBR effluents, and indicated that greater than 3-

log removal was achieved in comparison to the feed.  Whereas the little information has been available on human virus

removal with an MBR, a number of studies have been undertaken to clarify the virus removal efficiency with an MBR, by

employing coliphage as an indicator organism.

Table 11   Removal of bacteria by MBRs

Membrane
 pore size

Organisms Effluent 
concentration 

(/100mL)

Log removal References

0.04µm Total count 40a 5.1 Krauth and Staab, 199398)

0.04µm E. coli N.D.a - Krauth and Staab, 199398)

0.04µm FKS N.D.a - Krauth and Staab, 199398)

0.04µm EBA N.D.a - Krauth and Staab, 199398)

0.04µm Salmonella N.D.a - Krauth and Staab, 199398)

0.2µm Total coliforms 60 - Günder and Krauth, 199868)

0.2µm Faecal coliforms <30 - Günder and Krauth, 199868)

0.2µm Faecal streptococci 0 - Günder and Krauth, 199868)

0.2µm Salmonella N.D.b - Günder and Krauth, 199868)

0.2µm Total coliforms 20-43 6.1-6.4 Côté et al., 199739)

0.4µm Total coliforms N.D.a - Ueda et al., 1996a169)

0.4µm Total coliforms 6 6 Ueda and Hata, 1999173)

0.4µm Faecal coliforms <20 >5.7 Churchouse and Wildgoose, 
199933)

0.4µm Faecal streptococci <11 >5.1 Churchouse and Wildgoose, 
199933)

0.4µm Total coliforms <6 8 Gander et al., 199956)

0.4µm Total coliforms <30 - Gunder and Krauth, 199868)

0.4µm Faecal coliforms <30 - Gunder and Krauth, 199868)

0.4µm Faecal streptococci 0 - Gunder and Krauth, 199868)

0.4µm Salmonella N.D.b - Gunder and Krauth, 199868)

5µm Total coliforms 103-105 3-5 Gander et al., 199956)
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An approach to investigate virus removal with an MBR is to seed raw water with cultured phage as an indicator for

human virus.  Thus some bench-scale experiments have been conducted using cultured phage.  Urase et al. (1993)177) inves-

tigated the rejection of seeded coliphage Qβ with a MF membrane (pore size: 0.1 µm).  They observed that phage rejection

increased rapidly during the first 10 to 15 minutes of filtration (Fig. 8).  Kawamura et al. (1996)90) compared filtration of

coliphage Qβ suspended in pure water and activated sludge, using an UF membrane (MWCO: 2,000,000).  They found that

a larger removal rate of phage in an activated-sludge suspension than phage in a pure-water suspension (Fig. 9).  Chiem-

chaisri et al. (1992)28) investigated the rejection of seeded coliphage Qβ, with an MBR incorporating MF membranes (pore

sizes: 0.1 and 0.03 µm).  They observed that phage rejection increased as the operation was continued for 140 days, and that

4 to 6 log removals were achieved at steady-state (Fig. 10).  They attributed the enhancement of removal to the formation of

a gel layer on the membrane.  Yamamoto Y. et al. (1994)188) investigated rejection of seeded T1 and Qβ coliphage with an

MBR incorporating a ceramic MF membrane (pore size: 0.1 µm).  They found better performances with the T1 phage and

higher MLSS concentration (Table 12).  Winnen et al. (1996)182) and Cicek et al. (1998)34) demonstrated that seeded MS-2

phage was retained in an MBR.

Fig. 8  Crossflow filtration of phage suspension in activated sludge

(Adopted from Urase et al., 1993177))

Fig. 9  Relationship between filtration resistance and phage removal rate

(Adopted from Kawamura et al., 199690))
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Fig. 10  Rejection of coliphage Qβ along experimental run

(Adopted from Chiemchaistri et al., 199228))

 Source: Yamamoto, Y. et al. (1994)188).
 a NaCl was added to the reactor at a concentration of 500 mg/L.

On the other hand, a few full-scale studies with an MBR have employed indigenous coliphage to indicate virus

removal.  This was partly because it would be costly and time-consuming to prepare a large amount of cultured phage, and

therefore it would not be practical to seed raw sewage with cultured phage in a full-scale plant.  Thus Churchouse and Wild-

goose (1999)33) investigated the removal of indigenous coliphage with a Kubota MBR (0.4 µm pore size) treating 1900 m3/d.

They demonstrated that the MBR was capable of removing around 3 to 4 log of phage during 400 days of operation (Fig.

11).  Côté et al. (1997)39) examined the removal of indigenous bacteriophage with a Zenon MBR (0.2 µm pore size) and

achieved 3.8 to 4.5-log reduction of phage.

Fig. 11  Rejection of coliphage at a full-scale MBR

(Adopted from Churchouse and Wildgoose, 199933))

Table 12   Rejection of coliphage by a membrane bioreactor 

MLSS
(mg/L)

Organisms Reactor
(MPN or PFU/mL)

Permeate
(MPN or PFU/mL)

Log removal

0a E. coli
Coliphage T1
Coliphage Qβ

3.3× 104

2.4× 106

1.6× 104

4.9
8.4× 104

4.2× 103

3.83
1.46
0.58

1600 E. coli
Coliphage T1
Coliphage Qβ

1.1× 105

1.3× 106

1.7× 104

0.02
2.4× 103

2.6× 103

6.74
2.73
0.82

19000 E. coli
Coliphage T1
Coliphage Qβ

2.2× 105

1.3× 106

1.7× 104

0
2.2× 103

1.6× 102

5.34
2.77
2.03
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The above studies by Urase et al. (1993)177) and Kawamura et al. (1996)90) contained basic information on the filtra-

tion of phage suspended in activated sludge.  However, as they did not operate the apparatus with raw sewage, the physio-

logical conditions to which the filtered phage was exposed might be different from actual sewage treatment.  Meanwhile

Chiemchaisri et al. (1992)28), Yamamoto Y. et al. (1994)188), Winnen et al. (1996)182) and Cicek et al. (1998)34) examined

phage removal during an actual operation of MBR with raw sewage.  But they confined the period of observation to limited

periods within the whole operation, and failed to investigate the variation of phage removal over the whole operation period

(e.g. Fig. 10).  This might be partly because it was difficult for them to prepare cultured phage over a long operation period.

In addition their studies were undertaken by seeding the wastewater under treatment with cultured phages, which were

intended to act as models for virus removal.  Although this approach has been able to show the potential of an MBR for

phage removal, it has not been able to demonstrate the removal of those viruses that occur naturally in wastewaters.

By contrast Côté et al. (1997)39) and Churchouse and Wildgoose (1999)33) employed indigenous coliphage for indi-

cating virus removal with an MBR.  They were however unable to demonstrate full capability of an MBR to remove phage,

as phage concentration in the effluent was mostly below the detection limit (Fig. 11).

In order to overcome the flaws of the above studies and better investigate the phage removal efficiency of an MBR,

the present study has taken the following approaches:

① The present study used an enrichment technique to seed settled sewage with "indigenous" phage that had been

isolated from the same source (see Section I-2-c).  The indigenous phage were employed because they were more

likely to represent the actual removal mechanisms occurring in a sewage treatment works. Moreover the enrich-

ment would make it possible to demonstrate the full capacity of an MBR to remove phage, by increasing influent

concentration of phage by several log units.  In addition the use of indigenous phage might enable a comparison

of phage removal efficiencies in an MBR with those achieved at a conventional sewage treatment facility.

② In order to investigate a variation of phage removal over a long-term operation with a pilot-scale MBR, the

present study employed a more sensitive method for phage assays.  This method lowered the detection limit of

phage assays by 2 log compared to a conventional assay method.

 5  Aims and objectives of the present study
This study was aimed at clarifying the capability for, and mechanisms of, the removal of microorganisms, especially

viruses, within a membrane bioreactor.

The main objectives were to:

use indigenous coliphage as a model microorganism of virus removal

enrich raw sewage with indigenous phage of different sizes

operate a bench-scale MBR with both phosphate buffer and activated sludge

observe time variation of phage removal during both an initial stage and a steady-state period of filtration

observe the development of membrane fouling during a long-term experiment

observe phage removal in a conventional STW and compare this to the removal with an MBR

II  Development of microbiological methods

1  Introduction
As discussed in Sections I-2-c and I-4-d, the present study has employed indigenous coliphage as a model to simulate

the behaviour of human viruses.  In addition, bacterial removal has also been investigated using faecal coliforms and faecal

streptococci as indicator organisms.  Therefore this chapter initially describes those methods employed in coliphage and bac-

terial assays.  It then estimates the accuracy of these assays and the effect of host bacteria on phage assays.

As indigenous coliphage has not only been assayed to indicate virus removal efficiency, but also isolated and cul-

tured in order to enrich raw sewage, this chapter subsequently describes isolation and enrichment techniques, and micro-

scopic observations with indigenous coliphage.
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2  Methods for coliphage assays
a  Host bacteria

A pure culture strain of Escherichia coli C (NCIMB No. 12416) was purchased from the National Collections of

Industrial and Marine Bacteria (NCIMB) Ltd., Aberdeen, UK, and used as the host bacteria for somatic coliphage (or phage

for short) assay and production.  The strain was cultivated at 37ºC with either nutrient agar (Oxoid CM3) or nutrient broth

No. 2 (Oxoid CM67).

The freeze-dried culture supplied by NCIMB was revived according to the manufacturer's instructions, and subse-

quently cultivated on nutrient agar slants for storage (Penn, 1991138)).  The slants were sub-cultured on fresh agar roughly

every 4 months.  Thus the purchased bacteria could be stored for at least one year without significant loss of viability.

Before the stored culture on agar slants was used for phage assays, it was cultivated on a nutrient agar plate weekly in order

to ensure the culture viability.

b  Coliphage assays (1)

Coliphage assays were conducted using the double-layer-agar method as described by Adams (1959)1) (with the

exception of Section II-2-c).  Details of the procedure are shown in Fig. 12.  The top-layer soft agar comprised (L-1): nutrient

broth No. 2 (Oxoid CM67), 13 g and agar bacteriological No. 1 (Oxoid L11), 7 g.  The bottom-layer agar comprised (L-1):

nutrient agar (Oxoid CM3), 28 g.  For the dilution of samples, quarter-strength Ringer's solution (Oxoid BR52) was used.

All of the above media were sterilised in an autoclave at 121ºC for 15 min.  This method had a detection limit of 1 PFU mL-1.

Fig. 12  Methods for coliphage assays(1)

(Modified after Adams, 19591))

c  Coliphage assays (2)

In Chapter VII, coliphage in MBR effluents was assayed using a modified single-layer-agar method based on

Grabow and Coubrough (1986)67).  Details of the procedure are shown in Fig. 13.  The modified method employed concen-

trated nutrient agar comprising (L-1): nutrient agar (Oxoid CM3), 28 g and nutrient broth No. 2 (Oxoid CM67), 25 g.  This

method had a detection limit of 0.01 PFU mL-1.
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Fig. 13  Methods for coliphage assays(2)

(Modified after Grabow and Coubrough, 198667))

3  Methods for bacterial assays
Faecal coliforms and faecal streptococci were assayed according to the membrane filtration method described by

Ayres and Mara (1996)12).  When assaying the filtrate (final effluent) from the MBR, a 100-mL sample was filtered without

dilution.  Other samples were diluted as appropriate before filtration.  For faecal coliforms, the filter paper was placed on an

absorbent pad soaked with membrane lauryl sulphate broth (Oxoid MM615) and incubated at 44ºC for 24 h.  For faecal

streptococci, the filter paper was placed on KF streptococcus agar (Oxoid CM701) and incubated at 44ºC for 48 h.

4  Estimation of accuracy of microbial assays
a  Experimental procedures

Secondary effluent collected at the Owlwood Sewage Treatment Works (STW) on 11th December 1998 was used for

sample water.  For the phage assays, it was diluted to give three dilutions, whereas for bacterial assays only one dilution was

examined.  Each dilution was assayed 12 times as described in Sections II-2-b and II-3.  The 95% confidence limit was cal-

culated using equation (1):

where: C95% is a confidence interval of population mean at 95% level;  x is a sample mean of plaque or colony counts;

s is a standard error of plaque or colony counts; n is the number of the sample (n=12 in this case); and t* is the t-value for the

t(n-1) distribution curve with area C95% between -t* and t*.

b  Results

(1)  Normality of the data

In order to assess the normality of the data obtained for phage and bacterial assays, normal quantile plots were pre-

pared as follows (Moore and McCabe, 1998121)):

C95 x t∗ s

n
-------±=% ･･･････････（1）
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① Arrange the observed data (plaque or colony counts per plate) from smallest to largest, and record what percentile

of the data each value occupies.

② Undertake normal distribution calculations to find the z-scores at this percentile.  (The z-scores are independent

variables for the standard normal distribution with mean 0 and standard deviation 1.)

③ Plot each data against the corresponding z-score.  If the data distribution is close to any normal distribution, the

plots will lie close to a straight line.

Although the plots did not exactly lie on a straight line on the normal quantile plots (Figs. 14 and 15) owing to the

limited number of data, the plots nevertheless lay close enough to a straight line to suggest that the data followed normal dis-

tribution.  In addition no apparent outliers were observed on the normal quantile plots.  Therefore normality is assumed in

the following statistical analyses using data on phage and bacterial assays.

Fig. 14  Normal quantile plots for phage assays

Fig. 15  Normal quantile plots for bacterial assays
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(2)  Estimation of accuracy

Comparing three dilutions of phage assays (Table 13), higher dilutions showed a smaller standard deviation and 95%

confidence limit.  Nevertheless the middle (1 in 2) dilution showed the lowest coefficient of variation (CV).  Therefore the

middle dilution, with a mean PFU of 70 per plate, was considered to give greater accuracy within the current experimental

conditions.

Comparing phage (1 in 2 dilution) and bacterial assays (Tables 13 and 14), these assays showed comparable accuracy

in terms of standard deviation and 95% confidence limit.

5  Relative efficiency of plating in phage assays
a  Experimental procedures

It is known that assaying phage with the same sample using different strains of host bacteria, often results in different

assay values for each host (Adams, 19591)).  The relative efficiency of plating is used to indicate such differences between

host bacteria.  It is defined as the plaque count obtained under a given set of conditions (e.g. host bacteria) relative to the

plaque count under standard conditions.  In the present study, indigenous phage were assayed with three different host bacte-

ria, namely Escherichia coli K-12 (NCIMB 9481), E. coli Hfr (NCIMB 11288) and E. coli HfrD (NCIMB 12414).  These

assay values were compared with those obtained with the standard host bacteria, E. coli C (NCIMB 12416).  The experiment

was conducted concurrently with the estimation of accuracy described in Section II-4.

b  Results

A clear difference was observed between the plaque counts with different host bacteria (Table 15).  In terms of the

sample means, the standard host bacteria, E. coli C (NCIMB 12416), yielded more than twice the plaque counts as the other

strains of E. coli.

Table 13   Estimation of the accuracy of phage assays at three dilutions

Parameters Units

Dilution 1 1/2 1/10

No. of samples 12 12 12

Arithmetic mean count/plate 120 70 13

Geometric mean count/plate 119 70 13

Maximum value count/plate 138 80 18

Minimum value count/plate 109 60 9

Standard deviation count/plate 9.8 5.4 2.7

Coefficient of variation 0.082 0.076 0.201

95% confidence limit count/plate 120± 6.2 70± 3.4 13± 1.7

Calculated concentration PFU mL-1 1.2× 102 1.4× 102 1.3× 102

Table 14   Estimation of the accuracy of bacterial assays 

Parameters Units Faecal coliforms Faecal streptococci

Dilution 1/10 1/5

No. of sample 12 12

Arithmetic mean count/plate 32 27

Geometric mean count/plate 31 26

Maximum value count/plate 39 35

Minimum value count/plate 21 19

Standard deviation count/plate 5.5 5.5

Coefficient of variation 0.172 0.203

95% confidence limit count/plate 32± 3.5 27± 3.5

Calculated concentration CFU (100 mL)-1 3.2× 104 1.3× 104
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a Secondary effluent collected at the Owlwood STW was used as sample water.
b Relative efficiency to E. coli No. 12416.

In order to confirm the above results, a t-test was carried out against a null hypothesis H0; that is, there was no differ-

ence between the plaque counts with two different E. coli strains.  To test the null hypothesis, the following test statistic was

calculated using Excel 97 (equation (2)):

where: t is the test statistic (t-value);  x1 and x2 are sample means; s1 and s2 are sample standard deviations; n1 and n2

are the number of samples.

The degree of freedom for the t-test is given by the nearest while number to df that is calculated using equation (3):

Next the P-values for a one-sided test, i.e. P(T>t), are calculated (Table 16).  The obtained P-values are significantly

low to confirm the real differences between the plaque counts on different E. coli strains (Table 16).  Thus the standard host

(NCIMB No. 12416) was shown to yield the highest plaque counts of the E. coli strains examined.

6  Isolation and observation of indigenous coliphage
a  Isolation of indigenous coliphage from settled sewage

In order to investigate phage removal with an MBR in detail, enrichment of raw sewage with indigenous phage was

necessary.  For this purpose indigenous phage was isolated from the settled sewage (primary effluent) sampled at the Owl-

wood STW in May 1998.  The isolation was carried out using the method of Adams (1959) 1) as follows (Fig. 16).

Table 15   Relative efficiency of plating in phage assays

Parameters Units E. coli strain (NCIMB No.)

12416 9481 11288 12414

Dilution a 1/2 1/2 1/2 1/2

No. of sample 12 6 6 6

Arithmetic mean count/plate 70 35 33 15

Standard deviation count/plate 5 3 6 4

Calculated concentration PFU mL-1 1.4× 102 7.0× 101 6.6× 101 3.0× 101

Relative efficiency of plating b % 100 50 47 21

Table 16   P-values for the one-sided t-test on the relative efficiency of plating

E. coli strain (NCIMB No.) P-value

12416 versus 9481 1.10× 10-11

12416 versus 11288 2.21× 10-7

12416 versus 12414 1.32× 10-11

t
x1 x2–

s1
2

n1
-------

s2
2

n2
-------+

--------------------------= ････････････（2）

df

S1
2

n2
--------

S2
2

n2
--------+

 
 
 

2

S1
2 n1⁄( )

2

n1 1–
-------------------------

S2
2 n2⁄( )

2

n2 1–
-------------------------+

---------------------------------------------------------= ････････（3）
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Fig. 16  Isolation and cultivation of indigenous coliphage

① Coliphage contained in the settled sewage was assayed on agar plates as described in Section II-2-b (see Fig. 17).

② Concurrently an E. coli culture was inoculated in a flask containing 100-mL of nutrient broth No.2.  The flask was

then kept shaken in a flask shaker at 37ºC for about 4 h, until the broth was slightly turbid.

③ One of the small plaques (diameter <1 mm) on the agar plate (① ) was selected and stabbed with a sterile needle.

The needle was immersed in a universal bottle containing 10-mL of nutrient broth No.2.  The broth was briefly

mixed with a vortex mixer to break up the agar.

④ The above suspension (③ ) was transferred to the flask (② ).  The flask was kept shaken at 37ºC for another few

hours.  After this, the broth had turned quite clear as a result of cell lysis.  The resultant liquid is called phage

lysate.  The phage lysate thus obtained was assayed as described in Section II-2-b.

⑤ Similarly one of the large plaques (diameter >3 mm) was selected and processed as above.

In order to increase the purity of the phage cultures, small and large plaques on the plates were once again selected,

picked off, cultivated, and assayed as described above.

As a result, two kinds of phage lysate, i.e. that capable of producing small plaques and that capable of producing

large plaques, were obtained separately (Fig. 18).  These two lysates were named as lysate (S) and lysate (L), respectively,

for later discussions.  At this stage, phage concentrations of the lysate were around 109 to 1010 PFU mL-1.  The lysate was

subsequently treated as follows for microscopic observation (see Section II-6-b) and for storage in a refrigerator for up to 2

weeks.  Lysate was left in a refrigerator overnight to settle most of the cell debris, and then the supernatant was centrifuged

at 1000×g for 15 min to remove the remaining cell debris.

Fig. 17  Phage isolated on agar plates (settled sewage) 

Mixtures of small and large plaques are observed.

Fig. 18  Phage isolated on agar plates (phage lysate). Left: lysate producing small plaques; 

right: lysate producing large plaques
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In order to enrich settled sewage with indigenous phage, an aliquot of the phage lysate was inoculated into several

flasks containing E. coli broth culture (up to 200 mL) that had been incubated at 37ºC for 4 h.  These flasks were then incu-

bated simultaneously for another few hours.  In this way up to 2 L of phage lysate was obtainable at a time, as necessary for

enrichment.

b  TEM observation of isolated phage

In order to clarify sizes of the phage isolated in Section II-6-a, their images were taken using transmission electron

microscopy (TEM) (Figs. 19 and 20).  The samples were pre-treated for TEM observation according to Robinson et al.

(1987) 143): the sample was mounted on a support of either a collodion film or a carbon film, and negatively stained with ura-

nyl acetate.  It was then observed with TEM, JEOL 1200ex.

Fig. 19  TEM images of phage that derived from small plaques. The white bars at the bottom indicate 50 nm

Fig. 20  TEM image of phage that derived from large plaques. The white bar at the bottom indicates 50 nm

Lysate that derived from small plaques contained a lot of phage having a head and a tail, with a mean size of around

200 nm (Fig. 19, left).  In addition, it also contained some phage having a head only (without a tail), with a mean size of

around 100 nm (Fig. 19, right).  Consequently the lysate was considered to include some strains of T-phage, a kind of dou-

ble-stranded DNA phage.
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On the other hand, lysate that derived from large plaques contained phage having a head only, with a mean size of 50

nm (Fig. 20), although not many phage were observed due to staining problems.  Consequently the lysate was considered to

include some strains of Microviridae, a kind of single-stranded DNA phage.

These results agreed with the study by Funderburg and Sorber (1985)54), which observed that small plaques derived

from larger phage, while large plaques from smaller phage.  Thus both kinds of the isolated phage were used in the following

experiments in order to investigate the relationship between phage sizes and their removal with an MBR.

III  Fate of microorganisms at a conventional STW

1  Introduction
One of the major reasons for using indigenous coliphage is to compare the virus removal efficiency of an MBR with

that achieved in a conventional sewage treatment works.  Therefore this chapter investigates the fate of indigenous phage

and bacteria in a full-scale, conventional sewage treatment works, for later comparison with an MBR.

2  Description of the Owlwood STW
The Owlwood STW (Table 17) is located in the suburban area of Leeds, England.  The STW treats wastewater that

consisted largely of domestic sewage.  It has a flow train comprising: screening, primary sedimentation, activated sludge,

secondary sedimentation, tertiary trickling filters and humus tanks.

Data excluding MLSS were obtained from the Owlwood STW.
MLSS was the average of 6 samples measured during the experiment.

3  Experimental procedures
a  Analytical methods

Coliphage was assayed as outlined in Section II-2-b.  In addition diameters of the resultant plaques were measured

and classified into three size categories, i.e. less than 1 mm, 1 to 3 mm, and more than 3 mm.  Faecal coliforms and faecal

streptococci were assayed as described in Section II-3.

Chemical oxygen demand (COD) and suspended solids (SS) were measured in accordance with the Standard Meth-

ods for the Examination of Water and Wastewater, 5220 C and 2540 D, respectively (American Public Health Association et

al., 19953)).  Mixed liquor suspended solids (MLSS) were measured using the same method as for the SS measurement.

b  Sampling regimes

In order to investigate the treatment capability of each unit process, five samples were taken at a time from the outlet

launders across the flow train, i.e. screening, primary sedimentation, secondary sedimentation, tertiary trickling filters and

humus tanks.  The samples were taken 6 times from 16th November to 10th December 1998.

Table 17   Outline of the Owlwood STW

Units

Flowrates   Population equivalent
  Dry weather flow (DWF)
  Average daily flow (ADF)

m3 d-1

m3 d-1

30713
5896
7393

Raw sewage   SS
  BOD

mg L-1

mg L-1

373
376

Final effluent   SS
  BOD

mg L-1

mg L-1

19
16

HRT at DWF (ADF)   Primary sedimentation
  Activated sludge
  Humus tank

h
h
h

10.4 (8.3)
12.1 (9.7)
12.3 (9.8)

Surface loading at DWF (ADF)   Trickling filter m3 m-2 d-1 2.67 (3.34)

Activated sludge   MLSS
  BOD loading

mg L-1

kg m-3 d-1

1423
0.8
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In addition, in order to examine the correlation between measured parameters, effluent samples from primary and

secondary sedimentation tanks (which were named primary and secondary effluents, respectively) were sampled 37 times.

The samples were taken from 20th March to 10th December 1998.

4  Results
a  Treatment capability of unit processes

Among the unit processes, the largest phage removal of 0.91 log was observed during activated sludge treatment

(Table 18).  This was followed by trickling filters and then primary sedimentation.  Virtually no phage removal was observed

in the humus tanks.  These observations followed the general trends in human virus removal in wastewater treatment, which

have been discussed in Section I-3-b.  Regarding plaque sizes, smaller plaques with diameter of less than 3 mm dominated

all the samples examined (Table 18).  This suggested that the larger phage (T-phage, see Section II-6-b) was the major spe-

cies present in raw sewage, and that different species of phage were removed equally by the treatment processes without

preference.  Similarly Funderburg and Sorber (1985)54) observed that the dominant plaque size in primary and secondary

effluents in an activated sludge plant was less than 1 mm.

As was observed with phage, the greatest removal of faecal coliforms and faecal streptococci was observed in acti-

vated sludge treatment (Table 19).  Bacterial removal in other unit processes also showed a similar trend to phage removal.

No. of sample: 6 (16th Nov.-10th Dec., 1998).
The table shows average figures.

No. of sample: 6 (16th Nov.-10th Dec., 1998).
The table shows average figures.

In order to detect any significant difference between phage and bacterial removal rates, a t-test was carried out

against a null hypothesis H0; that is, there was no difference between the phage and bacterial removal rates.  To test the null

hypothesis, the t-value was calculated using equation (2).  Then the P-values for the two-sided t-test, i.e. 2×P(T>t), were cal-

culated (Table 20).

Table 18   Phage removal at the Owlwood STW

Unit process Effluent conc. Removal Plaque size range (%)

PFU mL-1 log10 <1 mm 1-3 mm >3 mm

1. Screening 6.7× 103 - 48 49 3

2. Primary sedimentation 2.2× 103 0.29 48 47 6

3. Activated sludge 2.7× 102 0.91 55 42 4

4. Trickling filter 1.4× 102 0.32 49 41 10

5. Humus tank 1.2× 102 0.08 54 38 8

2+3+4+5 - 1.59 - - -

3+4+5 - 1.31 - - -

Table 19   Bacterial removal at the Owlwood STW

Unit process

Faecal coliforms Faecal streptococci

Effluent conc.
CFU (100 mL)-1

Removal
log10

Effluent conc.
CFU (100 mL)-1

Removal
log10

1. Screening 1.3× 107 - 3.1× 106 -

2. Primary sedimentation 4.1× 106 0.49 7.4× 105 0.81

3. Activated sludge 8.0× 104 1.76 3.2× 104 1.22

4. Trickling filter 2.2× 104 0.64 9.3× 103 0.56

5. Humus tank 2.5× 104 -0.06 9.3× 103 0.04

2+3+4+5 - 2.83 - 2.63

3+4+5 - 2.34 - 1.82
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FC: faecal coliforms; FS: faecal streptococci.
* indicates that the difference is significant at a 95% confidence level.

The P-values showed that the difference in removal rates across the treatment train was significant at a 95% confi-

dence level between phage and faecal coliforms, and between phage and faecal streptococci (Table 20).  In comparison the

difference between phage and faecal coliforms was shown to be more significant than that between phage and faecal strepto-

cocci. By contrast no significant difference in removal rates was observed between faecal coliforms and faecal streptococci

(Table 20).

This suggested that the coliphage might suffer a different fate from the bacterial indicators in wastewaters.  In addi-

tion the smaller overall removal rate of phage (1.59 log) (Table 18) than those of faecal coliforms (2.83 log) and faecal strep-

tococci (2.63 log) (Table 19), indicated that coliphage persisted longer within the treatment processes than faecal coliforms

and faecal streptococci.

The above suggestion is not necessarily consistent with all other previous studies.  For instance, whereas Turner and

Lewis (1995)167) observed almost similar trends in removal rates for F-phage, faecal coliforms and enterococci in oxidation

ponds, Omura et al. (1989)131) observed that coliphages were removed more efficiently by activated sludge than coliform

bacteria and enterococci.  Such inconsistency suggests that the removals of phage and bacteria depend on a range of factors

such as treatment conditions and the host bacteria for phage assays.

As for chemical removal (Table 21), primary sedimentation and activated sludge removed most of COD and SS.  On

the other hand, trickling filters showed no contribution to the removal of COD and SS.  The SS contained in the trickling-fil-

ter effluent might be attributed to the detachment of biofilm from the filter media.  Humus tanks removed the majority of SS

from the trickling filters.

No. of sample: 6 (16th Nov.-10th Dec., 1998).
The table shows average figures.

Table 20   P-values for the two-sided t-test on the mean removal rates

Unit process Phage vs. FC Phage vs. FS FC vs. FS

1. Screening - - -

2. Primary sedimentation 0.171 0.183 0.370

3. Activated sludge 0.000492* 0.227 0.0662

4. Trickling filter 0.00784* 0.0252* 0.497

5. Humus tank 0.0850 0.622 0.190

2+3+4+5 0.000857* 0.00294* 0.399

3+4+5 0.000958* 0.0955 0.117

Table 21   Chemical removal at the Owlwood STW

Unit process

COD SS

Effluent conc.
mg L-1

Removal
%

Effluent conc.
mg L-1

Removal
%

1. Screening 612 - 373 -

2. Primary sedimentation 253 59 84 77

3. Activated sludge 43 82 5 94

4. Trickling filter 45 -6 33 -598

5. Humus tank 38 16 7 22

2+3+4+5 - 94 - 98

3+4+5 - 84 - 91
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b  Correlation between the measured parameters

In order to examine the relationships between the measured parameters, scatter plots were made (Figs. 21 to 23), and

correlation coefficients calculated using equation (4) (Table 22).

where: r is a sample correlation coefficient; xi and yi are the measured parameters; and x and y are sample means of

the above parameters.

Fig. 21  Correlation between microbial parameters

r
yi y–( ) xi x–( )∑

yi y–( )2∑ xi x–( )2∑
---------------------------------------------------------------= ････････････（4）



36 Bull. Natl. Res. Inst. Agric. Eng. Japan. No. 40（2001）

Fig. 22  Correlation between COD and microbial parameters
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Fig. 23  Correlation between SS and microbial parameters
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No. of samples: 37, consisting of primary and secondary effluents collected at the Owlwood STW.

Comparison of the correlation coefficients (Table 22) and examination of the scattered plots (Figs. 21 to 23) sug-

gested that:

① The correlation between faecal coliforms and faecal streptococci was higher than that between phage and faecal

coliforms, and phage and faecal streptococci (Table 22; Fig. 21).

② As for the relationship between microbial and chemical parameters, correlation between SS and the microbial

parameters was generally better than that between COD and the microbial parameters (Table 22; Figs. 22 and 23).

In order to challenge the above suggestions, confidence intervals for correlation coefficients were calculated using

equations (5), (6) and (7) (Fig. 24) (Rowntree, 1981148)).

where: Cx% is a confidence interval of correlation coefficient at x% level; and εr is standard error of correlation coef-

ficient.

Both 90% and 95% confidence intervals of the correlation coefficients mostly stayed above 0.7, indicating that corre-

lation between the measured parameters was significantly high (Fig. 24).  However, as these confidence intervals overlap to

each other, it is concluded that the data did not give sufficient evidence to support the previous suggestions based on the

comparison of sample correlation coefficients.

Fig. 24  Confidence intervals for correlation coefficients

Table 22   Correlation coefficients between the measured parameters

Items Phage FC FS COD SS

Coliphage - 0.858 0.838 0.843 0.876

Faecal coliforms 0.858 - 0.931 0.894 0.929

Faecal streptococci 0.838 0.931 - 0.782 0.864

COD 0.843 0.894 0.782 - 0.875

SS 0.876 0.929 0.864 0.875 -

C95 r 1.96 εr×±=

C90 r 1.645 εr×±=

εr
1 r

2
–

n
-------------=

%

%

････････････（5）
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IV  Dead-end filtration experiments with a bench-scale MBR

1  Introduction
This chapter aims to delineate the mechanisms that affect the filtration of activated sludge with a MF membrane.  Fil-

tration mechanisms with MF membranes have been described by "the theory of filtration blocking at a constant pressure"

(Nakao, 1993126); Madaeni, 1997107)).  According to this theory, dead-end filtration (i.e. filtration without stirring) of a cer-

tain solution at a constant pressure can be described using a general equation (8):

where: t is time (min); V is a cumulative volume of filtrate (mL); and n and b are constants.

Using equation (8) with an appropriate constant n, the filtration mechanisms can usually be expressed as either "cake

filtration" or "standard blocking of inner pores" (Fig. 25).  The "cake filtration" indicates that the particles are trapped on the

surface of membrane, and start to accumulate on it to form a cake layer (Fig. 25(a)).  On the other hand, the "standard block-

ing" indicates that the particles are adhered to the inner walls of membrane pores, and block the pores partially (Fig. 25(b)).

Fig. 25  Mechanisms of dead-end filtration with MF membrane

When the constant n is 0, equation (8) expresses cake filtration.  Equation (8) can be integrated as:

where: Kc is a cake filtration constant; and Q0 is an initial flowrate of filtrate (mL min-1).

Thus, if a plot of t/V versus V is linear, the filtration mechanism is considered to follow the principle of cake filtra-

tion.

When the constant n is 1.5, equation (8) expresses standard blocking.  Equation (8) can be integrated as:

where: Ks is a standard blocking constant.

Thus, if a plot of t/V versus t is linear, the filtration mechanism is considered to follow the principle of standard

blocking.

2  Materials and methods
a  Apparatus

(1)  Membrane module

A flat microfiltration (MF) membrane (Kubota Co., Tokyo, Japan) was made from polyethylene with a mean pore size

of 0.4 µm.  It was mounted on a sheet of plastic in order to give the membrane a rigid support (Fig. 26).  This combination of

membrane and plastic sheet was called a "membrane module".  Each membrane module had a filtration area of 0.111 m2.

d
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Fig. 26  Flat MF membrane module

Filtrate (filtered water) permeated from the outside of the module.  Therefore the membrane was termed an "outer

skin" membrane, as the active layer of membrane faced outside the module (Manem and Sanderson, 1996113)).  The filtrate

then flowed through the inner pockets of the module to the outlet provided on top of the module.  It could be collected suc-

cessively via vinyl tubes.

(2)  Membrane bioreactor

A bench-scale MBR was constructed at the School of Civil Engineering, University of Leeds (Figs. 27 and 28) (Ueda

and Horan, 2000a174)).  The MBR consisted of a reactor of 0.027-m3 volume incorporating three flat membrane modules.

The MBR was basically separated into two main parts, namely a riser and a downcomer (Fig. 27).  The riser provided a pas-

sage for the uplifting air/liquid flow, while the downcomer carried the returning liquid flow, which ran downwards through

the reactor (Kishino et al., 199694)).  The filtration was performed continuously without any periodical cessation or back

washing.
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Fig. 27  Schematic diagram of the bench-scale MBR

Fig. 28  Bench-scale MBR operated with tap water
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Membrane modules were fixed in a casing provided in the middle of the riser (Fig. 28).  An air diffuser was placed

under the modules (Fig. 27).  This configuration was designed to allow the uplifting air/liquid flow to remove fouling sub-

stances that accumulated on the membrane.  The air diffuser consisted of 2 orifices each having a diameter of 6 mm, and

accordingly generated rather coarse bubbles.  Such coarse bubbles were necessary to produce a more rapid uplift flow, which

would enhance biofilm removal on membrane.

Trans-membrane pressure (Δp) was applied from the bulk-solution side by the pressure-head of the bulk solution

over the membrane modules.  Accordingly the water level of the MBR rose as the Δp increased and the maximum water

level of the MBR limited the available Δp.  Thus in the apparatus, the maximum water level (0.15 m above the outlet) lim-

ited the Δp to less than 1.5 kPa.

The membranes had been used for several months prior to this experiment, and were thoroughly washed with dilute

sodium hypochlorite (a 1/10 dilution of commercial solution) before each run commenced (Fig. 29).  Thus each run had

almost the same initial filtration resistance.  The same procedure was also applied to every run carried out in Chapters V and

VI.

Fig. 29  Membrane washing with chemicals

b  Data collection

(1)  Membrane flux

Membrane flux (or flux for short) is the effluent flow rate divided by the membrane filtration area.  It therefore repre-

sents how fast the liquid is filtered through the membrane.  It is affected by the viscosity of liquid, which varies according to

a liquid temperature.  Therefore the observed flux at TºC was adjusted to the flux at a constant T of 25ºC using equations

(11) and (12):

where: Qobs is an observed effluent flow rate (m3 d-1) at T (ºC); A is a membrane filtration area (m2); JvT is flux (m3

m-2 d-1) at T (ºC); and ηwT is viscosity of pure water (mPa s) at T (ºC).

(2)  Trans-membrane pressure

Trans-membrane (filtration) pressure (or Δp for short) is the pressure drop across both sides of membrane.  In the

gravitational-filtration MBR employed in these experiments, the Δp is observed as the pressure-head that builds up over the

membrane modules.  Thus the Δp was calculated from equation (13) as an approximation to a pressure-head of the liquid

over the membrane modules:

where: Δp is trans-membrane pressure (kPa); H is the surface level of the liquid contained in the MBR (m); H0 is the

level of an outlet for the effluent (m); and 9.80665 is a conversion factor (1 m of pressure-head of water = 0.1 kgf cm-2 =

9.80665 kPa).

JvT

Qobs

A
-----------=

Jv25 JvT

ηwT

ηw25
-----------×=

････････････（11）

････････････（12）

∆p H H0–( ) 9.80665×= ･････････（13）
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The difference in densities between the liquid in the MBR (which may be mixed liquor or other liquids) and pure

water is neglected in this calculation.

(3)  Filtration resistance

The filtration resistance of the membrane is widely used to describe the extent of membrane fouling.  It is defined

using the equation (14) of Wiesner and Aptel (1996)181):

where: R is the filtration resistance (m-1); and T is the temperature (ºC) at which the flux is observed.

(4)  Analytical methods

Analytical methods for microorganisms have been described in Sections II-2-b and II-3.

 

c  Experimental procedures

Four successive runs were conducted with two bulk solutions, i.e. phosphate buffer and activated sludge (Table 23).

Phosphate buffer was prepared at a concentration of 1 mM, with pure water produced with a water purifier incorporating RO

membranes.  It comprised (L-1): dipotassium hydrogen phosphate (K2HPO4), 0.5 mmol and potassium dihydrogen phosphate

(KH2PO4), 0.5 mmol.  The activated sludge was obtained from the return-sludge line of the Owlwood STW and had a MLSS

concentration of 3340 mg L-1.

a Lysate (S): phage lysate producing small plaques.
b Lysate (L): phage lysate producing large plaques.

One of three microbial suspensions, i.e. lysate (S), lysate (L) (see Section II-6-a), or E. coli broth culture (NCIMB

12416), was added to the bulk solutions to give approximately 1 in 1000 dilutions (Table 23).  Because the broth or lysate

contained a high concentration of organic matter, it was suspected that such organic matter might affect filtration perfor-

mance.  However the COD of a 1/1000 dilution of the broth (diluted in phosphate buffer) was measured as 16 mg L-1.  Thus

the dissolved organic matter contained in the lysate or broth was not considered to have a significant effect on filtration

under the experimental conditions.

The MBR was filled with the bulk solution so that the water level was 10.2 cm above the outlet, and filtration was

started without aeration or stirring.  The filtrate was collected in a measuring cylinder and the volume of the filtrate recorded

every 30 s.  Thereafter the filtrate was returned gently to the MBR, so that the water level was maintained nearly constant.

In this way filtration was continued for 15 to 30 min at a constant Δp of 1.0 kPa.

3  Results
During filtration with phosphate buffer (Runs 1 to 3), the decline of filtrate flowrate was negligible (Fig. 30).  Thus,

at a 1/1000 dilution in phosphate buffer, the effect of suspended microorganisms on filtration was not observed, and the fil-

tration mechanisms discussed in Section IV-1 could not be delineated.  It is apparent that a new membrane should have been

used in order to observe such an effect.

Table 23   Experimental conditions

Parameters Run 1 Run 2 Run 3 Run 4

Bulk solution Phosphate buffer Phosphate buffer Phosphate buffer Activated sludge

Microbes added Lysate (S)a Lysate (L)b E. coli broth Lysate (S)a

Temperature (oC) 15.6 16.5 16.6 14.0

pH 7.1 7.0 6.8 7.1

Δp (kPa) 1.0 1.0 1.0 1.0

R
∆p

ηwTJvT
------------------ 8.64 10

10××= ･･･････････（14）
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Fig. 30  Filtrate flowrate during dead-end filtration

By contrast, during the filtration with activated sludge (Run 4), the filtrate flowrate declined gradually (Fig. 30).

Therefore both the plots of t/V versus V and t/V versus t were made (Figs. 31 and 32).

Fig. 31  Plot of t/V versus V in Run 4

Fig. 32  Plot of t/V versus t in Run 4
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Using the least-squares method, linear regression lines were fitted to the plots (Figs. 31 and 32).  Equations (15) and

(16) describe the linear regression lines in Figs. 31 and 32, respectively:

If the above explanatory and response variables actually had linear relations, the slope of these equations should be

proven not zero.  In order to prove this, the following null hypotheses were tested:

H0(1): the slope Kc/2 = 0;  Ha(1): the slope Kc/2 =/ 0

H0(2): the slope Ks /2 = 0;  Ha(2): the slope Ks/2 =/ 0

To test the null hypothesis, the following test statistic (t-value) was calculated (Moore and McCabe, 1998121)) using

Excel 97 (Table 24):

where: t is the test statistic (t-value); b1 is the slope of the regression lines; and SEb1 is the standard error of b1.

a Provability: P(T>t).
b P-value of H0: the slope b1=0, against Ha: the slope b1≠ 0.

Thus the low P-values of the null hypothesis H0 against Ha for both slopes (Kc/2 and Ks/2) (Table 24), would give sig-

nificant evidence to conclude that both the plots (t/V versus V and t/V versus t) have linear relationships.  This in turn sug-

gests that both "cake filtration" and "standard blocking of inner pores" would be occurring simultaneously during the dead-

end filtration of activated sludge.

Madaeni (1997)107) investigated filtration of poliovirus suspension (28 nm in diameter) using both a MF membrane

(pore size 220 nm) and an UF membrane (MWCO 30,000 Da).  He demonstrated that virus filtration with the MF membrane

could be explained by "standard blocking of inner pores", while filtration with the UF membrane by "cake filtration".  He

suggested that the poliovirus deposited in the inner pores of the MF membrane, which had larger pores than poliovirus, but

was trapped on the surface of the UF membrane, which had smaller pores than poliovirus.  In addition he showed that filtra-

tion of a mixed suspension of poliovirus and E. coli with the MF membrane, could be explained by both standard blocking of

inner pores and cake filtration.

By contrast the present study has investigated filtration of phage suspension in activated sludge with a MF mem-

brane.  As activated sludge contains a wide range of particles of different sizes, it might be plausible to explain the filtration

mechanism by both standard blocking of inner pores and cake filtration.  In other words, smaller particles in activated sludge

would deposit in inner pores of the membrane, while larger particles onto the surface of the membrane.

4  Summary
This chapter has attempted to delineate the mechanisms affecting the filtration of activated sludge.  The experiments

were carried out on the basis of the theory of filtration blocking at a constant pressure.  The result suggested that both cake

filtration and standard blocking of inner pores would be occurring during the filtration of activated sludge.  In other words,

the activated sludge would be trapped both on the surface and in the inner pores of the membrane.

Table 24   Analysis for the slope of the linear regression lines

b1 (slope) SEb1 t-value P-value a 2× (P-value) b

Kc/2 1.11× 10-6 2.07× 10-8 53.8 3.54× 10-51 7.09× 10-51

Ks/2 1.12× 10-4 3.09× 10-6 36.3 1.51× 10-41 3.03× 10-41

t
V
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2
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V  Crossflow filtration experiments with a bench-scale MBR

1  Introduction
Crossflow filtration (i.e. filtration with aeration) experiments with the MBR were carried out using both phosphate

buffer and activated sludge as bulk solutions.  First, phage lysate or E. coli broth was suspended in phosphate buffer and fil-

tration conducted.  This operation was aimed at investigating the microbial removal efficiency attributed solely to the mem-

brane, without the interference of suspended solids.  Secondly, the phosphate buffer was replaced by activated sludge and

filtration conducted again.  Thus a comparison of performances between the two operations might clarify the role of sus-

pended solids in microbial removal within the MBR.  The experiments were conducted under various bulk concentrations of

microorganisms and filtration pressure.

2  Materials and methods
a  Apparatus and data collection

Details of the MBR used in this chapter were described in Section IV-2-a.  Analytical methods for microorganisms

were described in Sections II-2-b and II-3.  Methods for the collection of filtration parameters were described in Section IV-

2-b.

b  Experimental procedures

As with Chapter 4, four successive runs were conducted with two bulk solutions, i.e. phosphate buffer and activated

sludge (Table 25).  In this chapter, however, filtration was conducted with aeration, in order to achieve a crossflow across the

membrane surface.  The airflow rate was set at 25 L min-1, and the same airflow rate was also applied to the subsequent

experiments in Chapter 6.

a Lysate (S): lysate producing small plaques.
bLysate (L): lysate producing large plaques.
cDuring the steady state.

Phosphate buffer was used at a concentration of 1 mM and activated sludge was obtained from the return-sludge line

at the Owlwood STW.  The MLSS concentration was 3026 mg L-1.  Either lysate (S), lysate (L) (see Section II-6-a), or E.

coli broth culture was added to the bulk solutions (Table 25).

(1)  Operation with phosphate buffer

The operations with phosphate buffer (Runs 1 to 3) were conducted as follows.

① The MBR was filled with phosphate buffer so that the water level was 15.3 cm above the outlet.  Then either

phage lysate (in Runs 1 and 2) or E. coli broth culture (in Run 3) was added to the phosphate buffer at approxi-

mate concentrations of 103 PFU mL-1 or 104 CFU (100 mL) -1, respectively.

② Filtration was started with aeration and the filtrate was collected into a measuring cylinder and recycled to the

MBR every 30 s, so that the water level was maintained nearly constant.  In this way filtration was conducted for

30 min at a constant Δp of 1.5 kPa.

③ Samples were collected from the MBR (bulk solution) and the outlet (filtrate) after 30 min.

④ More lysate or E. coli broth was added in order to increase microbial concentrations by approximately 10-fold.

After a 5-min interval, samples of both bulk solution and filtrate were collected.  This procedure was repeated

until a phage concentration of 107 PFU mL-1 or an E. coli concentration of 108 CFU (100 mL)-1 was achieved.

Table 25   Experimental conditions

Parameters Run 1 Run 2 Run 3 Run 4

Bulk solution Phosphate buffer Phosphate buffer Phosphate buffer Activated sludge

Microbes added Lysate (S)a Lysate (L)b E. coli broth Lysate (S)a

Temperature (oC) 18.2 18.6 18.8 12.0c

pH 6.6 6.6 6.6 7.1c

Δp (kPa) 1.5, 1.0, 0.5 1.5, 1.0, 0.5 1.5, 1.0, 0.5 0.64c
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⑤ After the phage or E. coli reached the final concentration, Δp was reduced to 1.0 and 0.5 kPa by dropping the

water level.  Again samples of both bulk solution and filtrate were collected at each Δp.

⑥ Log microbial removal by the membrane was calculated using equation (18):

where: rm was removal by the membrane; and Cb and Cf were the concentrations of bulk solution and filtrate, respec-
tively.

(2)  Operation with activated sludge

The operation with activated sludge (Run 4) was conducted as follows.

① Settled sewage was collected from the outlet launder of the primary sedimentation tank at the Owlwood STW.

② The MBR was filled with activated sludge, and the initial Δp was set at 1.5 kPa.  Filtration was then started while

the settled sewage fed the MBR continuously at a constant flow rate.

③ Filtration was continued for 16 h, and at this stage Δp reached a steady state and a HRT of the reactor was around

12 h.

④ Samples were collected from the MBR (mixed liquor) and the outlet (filtrate).  The sample of mixed liquor was

centrifuged at 1000×g (2300 rpm) for 5 min in order to remove suspended solids.  The resultant supernatant was

referred to as the bulk solution.

⑤ Phage lysate (S) was then added to the activated sludge in order to achieve a phage concentration of 104 PFU mL-1

in the bulk solution.  After a 10-min interval, samples of both bulk solution and filtrate were collected.

⑥ The above procedure (⑤ ) was repeated until a phage concentration of 107 PFU mL-1 was achieved.

⑦ Log phage removal by the membrane was calculated using equation (18).

3  Results
a  Effect of bulk concentration on phage removal

When the MBR was operated with a phage suspension in phosphate buffer (Runs 1 and 2), the phage concentration in

the filtrate (Cf) showed an increase that was almost proportional to the increase of phage in the bulk solution (Cb) (Fig. 33).

Both solutions containing lysate (S) and lysate (L) followed this trend and no significant difference was observed between

them (Fig. 33).  By contrast, when the MBR was operated with activated sludge (Run 4), Cf initially showed no increase as

Cb increased, and then increased slowly at phage concentrations above 104 PFU mL-1 (Fig. 33).

The results were also expressed in terms of phage removal (Fig. 34).  When the MBR was operated with phosphate

buffer alone, virtually no phage removal was observed.  By contrast, when the MBR was operated with activated sludge,

phage removal efficiency increased as Cb increased.

Fig. 33  Phage concentrations in bulk solution and filtrate

rm

Cb

Cf
------10log= ････････････（18）
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Fig. 34  Phage concentration in bulk solution and phage removal

Urase et al. (1993)177) and Kawamura et al. (1996)90) conducted the filtration of phage suspension, using both water

and activated sludge as a bulk solution.  Urase et al. (1993)177) filtered coliphage Qβ of a diameter of 0.03 µm, through a MF

membrane with a diameter of 0.1 µm.  They observed a 90% rejection of phage in the filtration with water, while a 99.9%

rejection with activated sludge.  Meanwhile Kawamura et al. (1996)90) filtered coliphage Qβ with UF membranes with a

MWCO of 2570000 and 2740000.  When they filtered phage with water, they observed around a 99.993% rejection of

phage, whereas with activated sludge, more than a 99.998% rejection.

Comparing the above two studies, Urase et al. (1993)177) observed a more substantial increase of phage rejection

when the bulk solution was changed from water to activated sludge.  This would be partly because Urase et al. (1993)177)

used a membrane that had larger pores than the size of phage.  Likewise the present study used a membrane with larger pores

(0.4 µm) than a mean size of filtered phage (0.2 µm).  This might explain the substantial increase of phage removal observed

in the present study, which was the increase from almost no removal with water, to around 3-log removal with activated

sludge (Fig. 34).

As for the relationship between bulk phage concentration and phage removal, previous studies have not demon-

strated such a relationship.  Further studies would be necessary to clarify the reason for the relationship between the two

parameters, which was observed in the present study (Fig. 34).

b  Effect of bulk concentration on E. coli removal

When the MBR was operated with an E. coli suspension in phosphate buffer (Run 3), some leakage in the filtrate was

observed (Fig. 35).  The amount of leakage increased almost proportionally to the increase of E. coli in the bulk solution (Cb)

(Fig. 35).  When expressed in terms of removal rate, the MBR showed around a 3-log removal of E. coli within the examined

range of Cb (Fig. 36).

Fig. 35  E. coli concentrations in bulk solution and filtrate
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Fig. 36  E. coli concentration in bulk solution and E. coli removal

Ghayeni et al. (1999)63) filtered seeded marine bacteria SW8, suspended in saline water and secondary effluent,

through MF membranes with pore sizes ranging from 0.05 to 0.22 µm.  They prepared bulk solution at a concentration of 106

to 107 cells mL-1, and observed 103 to 106 cells mL-1 in the filtrate.  They consequently achieved around 3 to 4-log reduction

of the bacteria.  This would support the observations in the present study, which demonstrated that bacterial cells could leak

through a MF membrane in a substantial number.  Chapter Ⅸ discusses further the cause of such observations.

c  Effect of filtration pressure on microbial removal

When the MBR was operated at different Δp, the microbial removal remained almost constant (Fig. 37).  Thus no

significant effect of filtration pressure on microbial removal was observed.  Similarly previous studies have not observed the

effect of filtration pressure on phage removal (Jacangelo et al., 199581)) and on bacterial removal (Ghayeni et al., 199963))

within their experimental conditions.

Fig. 37  Filtration pressure and microbial removal

4  Summary
This chapter has compared microbial removal between the operations with phosphate buffer and activated sludge.

Significant differences in phage removal were observed between these two operations.  In addition some leakage of E. coli

through the membrane was observed when the MBR was operated with phosphate buffer.

VI  Treatment capability experiments with a bench-scale MBR

1  Introduction
This chapter aims to clarify the capability of a bench-scale MBR to remove microorganisms.  To meet this aim, con-

tinuous operations have been carried out for up to 2 weeks with settled sewage as substrate.  The settled sewage was

enriched with phage lysate as necessary.  The correlation between filtration parameters and microbial removal was also

examined.
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2  Materials and methods
a  Apparatus and data collection

Details of the MBR used in this chapter were described in Section IV-2-a.  Analytical methods for microorganisms

were described in Sections II-2-b and II-3.  Analytical methods for COD and SS were described in Section III-3-a.  Methods

for the collection of filtration parameters were described in Section IV-2-b.

b  Experimental procedures

(1)  General procedures

Six runs were conducted with activated sludge (Table 26).  These runs were carried out under various conditions of

HRT, substrate (with or without enrichment of phage lysate), and duration of operation.  The filtration was conducted with

aeration, and the airflow rate was set at 25 L min-1.

The table shows figures during the steady-state periods (in Part A, as to Runs 1 to 4).
a Lysate (S): lysate producing small plaques.
b Lysate (L): lysate producing large plaques.
c Data not available.

Settled sewage and activated sludge were obtained from the Owlwood STW and transported to the University of

Leeds.  Because of the large volume of settled sewage required during continuous operations, the settled sewage was stored

in a refrigerator until use.  On a daily basis, 25 L of the stored settled sewage was enriched with 250 mL of phage lysate as

necessary, and transferred to a raw water tank to feed the MBR.  The Δp in the MBR was initially set at 1.5 kPa, and filtra-

tion started while the settled sewage fed the MBR continuously at a constant flow rate.

Three samples were collected at each sampling period, namely: influent, bulk solution and filtrate.  The bulk solution

was obtained by centrifuging a sample of mixed liquor from the MBR at 1000×g(2300 rpm) for 5 min in order to remove sus-

pended solids.  The role of the sample of bulk solution was to distinguish between removal that occurred within the activated

sludge itself, and removal that was attributable solely to the membrane (which included the cake layer accumulating on the

membrane).  Thus the difference in concentration between the influent and the bulk solution represents removal by activated

sludge, while the difference between the bulk solution and the filtrate represents removal by the membrane.  Therefore the

following terms are defined in this chapter:

For microorganisms:

Table 26   Experimental conditions

Parameters Units Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Microbes added None Lysate 
(S)a

Lysate 
(L)b

Lysate 
(S)a

Lysate 
(S)a

None

Duration of 
operation

d 3 3 3 3 0.5 14

HRT h 11.5 11.3 11.4 22.9 8.7 22

Temperature oC 19 16 18 14 18 13

pH 6.7 5.8 5.9 7.1 7.0 7.3

DO mg L-1 4.7 5.8 5.7 7.2 n.a.c n.a.c

MLSS mg L-1 3618 4255 4331 2977 2980 3278

COD load kg m-3 d-1 0.716 0.936 1.159 0.511 2.117 n.a.c

F/M ratio (COD/SS) kg kg-1 d-1 0.198 0.220 0.268 0.172 0.710 n.a.c

Flux (at 25 Co) m3 m-2 d-1 0.17 0.18 0.17 0.09 0.27 0.10

Δp kPa 0.61 0.53 0.56 0.38 1.50 0.33

Filtration resistance m-1 3.5×1011 2.8×1011 3.2×1011 4.0×1011 5.4×1011 3.3×1011

rt

Ci

Cf
-----10log=

rs

Ci

Cb
------10log=

rm

Cb

Cf
------10log=

････････････（19）

････････････（20）

････････････（18）
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For COD and SS removals:

where: rt is overall removal by the MBR; rs is removal by activated sludge; rm is removal by the membrane; and Ci, Cb and Cf

are the concentrations of influent, bulk solution and filtrate, respectively.

It should be noted that some removal of bacteria would occur during the centrifugation stage.  However it was con-

sidered that the majority of free phage particles would remain in the supernatant.

(2)  Three-day operations

Runs 1 to 4 were conducted for 3 days (Table 26) and divided into three parts.  These three parts were aimed at com-

paring treatment capability of the MBR in the presence or absence of activated sludge.  The first part (Part A) was carried out

in accordance with Section VI-2-b-(1).  Runs 1 to 3 set a HRT at 12 h while Run 4 at 24 h.  Run 1 used settled sewage as sub-

strate, whereas Runs 2 to 4 used settled sewage enriched with lysate (S) or lysate (L) (Table 26).  The samples were taken

daily during a steady-state period (after 24-h operation).

After 3 days of operation, the second part (Part B) was conducted as follows.  The MBR was emptied and filled

instead with settled sewage (enriched as necessary).  The Δp was set around 1.5 kPa and filtration started with aeration.

After approximately 1 L was filtered, samples were collected from the reactor (bulk solution) and the outlet (filtrate).

Subsequently the third part (Part C) was conducted as follows.  The membranes were washed with 750 mL of dilute

sodium hypochlorite (NaClO) solution (a 1/10 dilution of commercial solution) (see Fig. 29) and left for 2 hours.  Next, in

order to destroy the remaining sodium hypochlorite, 1 L of sodium sulphite (Na2SO3) solution (10 g L-1) was injected into

the membrane modules.  After 5 min the MBR was again emptied and filled with fresh settled sewage.  Then filtration was

conducted as described in Part B.

(3)  A twelve-hour operation

A 12-hour operation (Run 5) was conducted in order to investigate the time variation of microbial removal during the

initial stage of filtration.  Therefore samples were collected intensively during the operation.  The operation used settled

sewage enriched with lysate (S) as substrate.

(4)  A two-week operation

This operation (Run 6) was intended to investigate a long-term effect of biofilm development on membrane on phage

removal.  It was suspended however, in 2 weeks time due to the Δp increase as described in Section VI-3-a.  The operation

was carried out with non-enriched settled sewage, with a HRT of around 22 h.

3  Results
a  Filtration performances

During the first few hours of operation, both the flux and the Δp fluctuated (Figs. 38 to 43 (a)), reflecting the bal-

ance between the inflow rate and the outflow rate (Figs. 38 to 42 (b)).  Concurrently the filtration resistance increased rap-

idly (Figs. 38 to 42 (c)).

After the first few hours, however, the inflow rate eventually balanced the outflow rate, and the filtration perfor-

mances reached stable conditions (Figs. 38 to 41 and 43), when the MBR was operated at a HRT of 11 h or more (Runs 1 to

4 and 6).  On the other hand, in Run 5, the initial inflow rate was so large (Fig. 42 (b)) that the Δp reached the maximum

(1.5 kPa) (Fig. 42 (a)).  Consequently the inflow rate had to be reduced gradually (Fig. 42 (b)).  Thus it is suggested that, if

the MBR were to be operated at HRTs shorter than 11 h, the MBR should be built taller in order to accommodate the increase

of water head.

During the 2-week operation of the MBR (Run 6), an accidental power failure happened overnight on the 10th day

(Fig. 43).  Both the influent pump and air supply then stopped for several hours.  A considerable amount of fouling sub-

rt

Ci Cf–

Ci
----------------- 100( )×=

rs

Ci Cb–

Ci
------------------ 100( )×=

rm

Cb Cf–

Ci
------------------ 100× rt rs( )–= =

%

%

%

････････････（21）

･･･････････（22）

･･･････（23）
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stances should have accumulated on the membrane during this period, as there had been no cleansing effect due to air scour.

After power was restored, aeration was continued for several hours without filtration, as this method was considered to

achieve a partial removal of cake layers from the membrane (Ueda et al., 1997a171)).  Thereafter normal operation was

resumed.  However the Δp and the filtration resistance increased rapidly after the resumption (Figs. 43(a) and (b)).  The

operation had to be suspended on the 14th day, as the water level continued to rise and an overflow of activated sludge would

have occurred.

Fig. 38  Filtration performances in Run 1
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Fig. 39  Filtration performances in Run 2

Fig. 40  Filtration performances in Run 3
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Fig. 41  Filtration performances in Run 4

Fig. 42  Filtration performances and microbial removal in Run 5
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Fig. 43  Filtration performances and phage removal in Run 6

b  Phage removal in three-day operations

The results of phage removal in Runs 1 to 4 (Table 27) demonstrated that:

① When settled sewage was enriched with phage lysate (Runs 2 to 4), overall phage removal by the MBR (rt)

increased considerably when compared to non-enrichment operation (Run 1).  P-values for 1-sided t-test showed

that the difference in rt between Run 1 and Runs 2, 3 and 4, was significant at a 95% confidence level (Table 28).

(Description for the t-test has been given in Section II-5-b.)

② The difference of added lysate between Runs 2 and 3 (Table 26) resulted in very little change in phage removal.

P-value for 2-sided t-test showed that the difference in rt between Runs 2 and 3 was not significant (Table 28).

This indicated that the phage removal was not substantially affected by the difference of phage sizes added to the

settled sewage, as both kinds of phage contained in lysates (S) and (L) appeared to have smaller sizes than the

membrane pores.  (For the estimated sizes of phage contained in lysates (S) and (L), see Section II-6-b.)

③ The increase of HRT from 11.3 h (Run 2) to 22.9 h (Run 4) (Table 26) also resulted in very little change in phage

removal.  P-value for 2-sided t-test again showed that the difference in rt between Runs 2 and 4 was not signifi-

cant (Table 28).  Thus it is suggested that extended aeration had little effect on phage removal.

④ In every run, the absence of activated sludge (Part B) substantially reduced phage removal, when compared to

normal operations (Part A) (Table 27).  This implied that both activated sludge and the membrane played indis-

pensable roles in phage removal with the MBR.  This could also mean that phage removal was affected by the

properties of bulk solution (primary effluent or activated sludge).  Similarly Urase et al. (1993)177) filtered phage

suspension in different bulk solutions (poly-methyl-methacrylate solution, pond water and mixed liquor) and

observed different phage removal rates among these bulk solutions.

⑤ In every run, washing of the membrane (Part C) further reduced phage removal (Table 27).  This indicated that

fouling substances that were removable with sodium hypochlorite might contribute to phage removal.
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Average figures are shown in Part A.
a Part A: operation with activated sludge; Part B: operation without activated sludge; Part C: operation without activated

sludge (after membrane washing) (see text).
b rt: overall removal by the MBR; (Influent)-(effluent) (see text).
c rs: removal by activated sludge; (Influent)-(bulk solution) (see text).
d rm: removal by membrane; (bulk solution)-(effluent) (see text).

Figures not in parentheses are P-values for the one-sided t-test.
Figures in parentheses are P-values for the two-sided t-test.
* indicates that the difference is significant at a 95% confidence level.

c  Bacterial removal in three-day operations

Normal operations with activated sludge (Part A) demonstrated an excellent ability to remove excreted bacteria, with

almost complete removal of faecal coliforms and faecal streptococci (Tables 29 and 30).  Because removal efficiencies

within the activated sludge alone (rs) were around 2 log, then this demonstrated that the membrane could achieve at least a 4-

log bacterial removal efficiency (rm) (Tables 29 and 30).

On the other hand, when the MBR was operated in the absence of activated sludge (Parts B and C), only a small

number of both faecal coliforms and faecal streptococci was detected in the effluent (Tables 29 and 30).  Similarly Till et al.

(1998)163) investigated removal of faecal coliforms from primary effluent in a STW, using MF membranes of pore sizes of

0.45 and 1.2 µm.  They observed that faecal coliforms could leak through both MF membranes, with effluent faecal-coliform

concentrations of 9.1 × 102 (0.45-µm membrane) and 1.1 × 104 CFU (100mL)-1 (1.2-µm membrane).  Their results were

comparable to the figures shown in Table 29.  Meanwhile Ogoshi and Suzuki (1999)129) observed up to 103 CFU (100mL)-1

of total coliforms in an MBR effluent incorporating 0.2-0.4-µm membrane, and attributed this to damages to the membrane.

Table 27   Phage removal in Runs 1 to 4

Influent
PFU mL-1

Bulk solution
PFU mL-1

Effluent
PFU mL-1

rt
b

log10

rs
c

log10

rm
d

log10

Run 1 Part A a

Part B a

Part C a

1.7× 103

-
-

5.2× 101

1.5× 103

1.5× 103

8.8× 100

3.6× 102

8.3× 102

2.28
-
-

1.51
-
-

0.77
0.62
0.26

Run 2 Part A a

Part B a

Part C a

1.1× 108

-
-

6.7× 105

1.6× 108

1.6× 108

1.4× 102

1.2× 107

8.7× 107

5.88
-
-

2.20
-
-

3.68
1.12
0.26

Run 3 Part A a

Part B a

Part C a

2.9× 107

-
-

7.5× 104

5.5× 106

5.5× 106

6.7× 101

2.8× 105

3.7× 105

5.52
-
-

2.50
-
-

3.02
1.29
1.17

Run 4 Part A a

Part B a

Part C a

2.3× 107

-
-

1.9× 105

4.4× 106

4.8× 106

8.5× 101

6.8× 105

1.4× 106

5.38
-
-

2.07
-
-

3.31
0.81
0.54

Table 28   P-values for the t-test on rt in each run

Run 1 Run 2 Run 3 Run 4

Run 1 - 0.0482*
(0.0965)

0.00495*
(0.00990*)

0.000121*
(0.000242*)

Run 2 0.0482*
(0.0965)

- 0.449
(0.899)

0.465
(0.930)

Run 3 0.00495*
(0.00990*)

0.449
(0.899)

- 0.359
(0.717)

Run 4 0.000121*
(0.000242*)

0.465
(0.930)

0.359
(0.717)

-
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Average figures are shown in Part A.

Average figures are shown in Part A.

d  COD and SS removal in three-day operations

The MBR showed good COD removal in every run, as the overall removal efficiencies in Part A were 88 to 89 %

(Table 31).  This was comparable to COD removal with MBRs reported in previous studies (Tables 9 and 10).  The COD

removal was largely attributable to the behaviours of the activated sludge rather than to the membrane, as rs was much larger

than rm (Table 31).  Accordingly, when the MBR was operated in the absence of activated sludge (Part B), COD removal was

less than 60 % (Table 31).  This is not unexpected, as the membrane itself cannot remove much dissolved organic matter.

Meanwhile the MBR showed almost complete removal of SS (Table 32).  This must be attributed to the small pore size of

the MF membrane.  Similarly previous experiments with Kubota MBRs achieved nearly complete removal of SS (Ueda and

Hata, 1999173); Churchouse and Wildgoose, 1999 33)).

e  Microbial removal in 12-hour and 2-week operations

In a 12-h operation (Run 5), a rapid increase in phage removal was observed during the initial stage of filtration (Fig.

42(d)), in accordance with the increased filtration resistance (Fig. 42(c)).  Likewise Urase et al. (1993)177) observed a rapid

increase of phage removal within the first 0.2 to 0.5 h of filtration, which was parallel to the increase of filtration resistance

(Fig. 8).

Table 29   Removal of faecal coliforms in Runs 1 and 4

Influent
CFU (100mL)-1

Bulk solution
CFU (100mL)-1

Effluent
CFU (100mL)-1

rt

log10

rs

log10

rm

log10

Run 1 Part A
Part B
Part C

1.1× 107

-
-

3.3× 104

1.3× 107

1.3× 107

1.0× 100

7.9× 101

5.3× 102

6.86
-
-

2.70
-
-

4.16
5.22
4.39

Run 4 Part A
Part B
Part C

5.6× 106

-
-

1.1× 105

3.1× 106

3.8× 106

<1.0× 100

3.1× 101

2.3× 101

6.74
-
-

1.72
-
-

5.02
5.00
5.22

Table 30   Removal of faecal streptococci in Runs 1 and 4

Influent
CFU (100mL)-1

Bulk solution
CFU (100mL)-1

Effluent
CFU (100mL)-1

rt

log10

rs

log10

rm

log10

Run 1
Part A
Part B
Part C

6.8× 105

-
-

2.9× 103

9.4× 105

9.4× 105

0
3.0× 100

7.9× 101

5.83
-
-

2.45
-
-

3.38
5.50
4.08

Run 4 Part A 6.9× 105 2.6× 104 0 5.84 1.43 4.41

Table 31   COD removal in Runs 1 to 4

Influent
mg L-1

Bulk solution
mg L-1

Effluent
mg L-1

rt

%
rs

%
rm

%

Run 1 Part A
Part B

343
-

91
417

38
192

89
-

73
-

16
54

Run 2 Part A
Part B

444
-

122
434

51
193

88
-

75
-

13
56

Run 3 Part A
Part B

550
-

121
588

57
313

89
-

77
-

12
47

Run 4 Part A
Part B

505
-

147
349

60
141

88
-

71
-

17
60

Table 32   SS removal in Runs 1 to 4

Influent
mg L-1

Effluent
mg L-1

rt

%

Run 1 Part A 64 0.2 100

Run 2 Part A 65 0.6 99

Run 3 Part A 69 0.2 100

Run 4 Part A 109 1.0 99
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Meanwhile some leaks of faecal coliforms were observed during the initial stage of filtration (Fig. 42(e)), but this

diminished 180-min after the start of operation.  Similarly Till et al. (1998)163) observed that rejection of faecal coliforms

rose rapidly during the first 3 min of the operation before reaching equilibrium.

In a 2-week operation (Run 6), phage removal after the resumption of filtration (13th day) appeared to improve when

compared to the previous removal on the 5th day (Fig. 43(c)).  This might be related to the increase of filtration resistance

after the 11th day (Fig. 43(b)).

f  Effect of flux and filtration resistance on microbial removal

The results in Section VI-3-e suggest a relationship between filtration resistance, flux and microbial removals.

Therefore regression curves between the filtration resistance, flux and the rm were prepared (Figs. 44 to 47) using data drawn

from experiments that were carried out with settled sewage enriched with phage lysate (S) as substrate (i.e. Runs 2, 4 and 5).

Fig. 44  Filtration resistance and phage removal

Fig. 45  Flux and phage removal
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Fig. 46  Filtration resistance and faecal-coliform removal

Fig. 47  Flux and faecal-coliform removal

The regression curves were prepared using software, Excel 97, which offered the following functions for regression

curves: linear, logarithm, polynomial, and exponential.  These functions were tried in an attempt to fit the data, and the func-

tion that gave the maximum R2-value (equation (24)) was chosen for the regression curve (Figs. 44 to 47) (Moore and

McCabe, 1998121)).  (R2-value expresses the proportion of the variability in the response variable y that is explained by the

explanatory variable x in the regression equation.)

where: SSM is the sum of squares of model errors; SST is the sum of squares of total errors; i is a predicted response

by the regression curve; yi is observed data for the response variable; and  y is a sample mean of the response variable.

The relationship between the filtration resistance and the phage removal (Fig. 44) indicated that the greater the filtra-

tion resistance, the higher the phage removal (rm).  There was also a high correlation between the flux through the membrane

and the phage removal (rm), which declined exponentially as the flux increased (Fig. 45).

Kawamura et al. (1996)90) also observed a similar relationship between filtration resistance and phage removal (Fig.

9).  They however undertook filtration with UF membranes at high pressure ranging from 150 to 290 kPa.  Therefore their

results were obtained at higher filtration resistance compared to the present study (Figs. 9 and 44).  Thus the present study

demonstrated that the relationship between the two parameters could also be observed under low-pressure filtration of

phage.

The removal of faecal coliforms (rm) also showed moderate correlation with the flux and the filtration resistance

(Figs. 46 and 47).  Moreover the MBR appeared to have threshold filtration resistance (around 4×1011 m-1), above which fae-

cal coliforms would not leak through the membrane (Fig. 48).

R
2 SSM

SST
-----------

ŷi y–( )2∑
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---------------------------= = ････････････（24）
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Fig. 48  Filtration resistance and faecal-coliform concentration in filtrate

4  Summary
The three-day operations demonstrated that the MBR required the presence of activated sludge in order to achieve

good removal of phage, bacteria and COD.  The intensive sampling during the 12-h operation revealed a concurrent increase

of the filtration resistance and the phage removal.  Accordingly the filtration resistance and the phage removal showed a high

correlation.

VII  Long-term operation with a pilot-scale MBR

1  Introduction
The previous chapters have shown that enriching raw sewage with indigenous phage was useful in investigating the

full potential of a bench-scale MBR in phage removal.  Such an enrichment technique however, may not be practical for a

long-term operation with a pilot-scale MBR that has a larger flowrate, because it is costly and time consuming to cultivate

continually large amounts of phage lysate in a laboratory.  Nonetheless such a long-term experiment is essential for investi-

gating the phage removal efficiency of an MBR at a steady-state condition.

This chapter therefore conducted a 91-day experiment with a pilot-scale MBR, and investigated variations of phage

removal over the operation period.  Although the enrichment of raw sewage was not performed in this experiment due to the

above reason, a more sensitive method for phage assays was employed instead for the MBR effluent.

2  Materials and methods
a  Apparatus and experimental conditions

A pilot-scale MBR was used which comprised a reactor with a working volume of 0.06 m3 and five flat membrane

modules with a total filtration area of 0.555 m2 (Figs. 49 and 50) (Ueda and Horan, 2000b175)).  The apparatus employed the

same membrane modules as described in Section IV-2-a-(1), and followed the basic design of the bench-scale MBR as

described in Section IV-2-a-(2).  An air diffuser was placed under the membrane modules (Fig. 49).  For similar reasons to

Chapter IV, the height of the MBR confined the maximumΔp to less than 5 kPa.
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Fig. 49  Schematic diagram of the pilot-scale MBR

Fig. 50  Pilot-scale MBR

The experiment was conducted at the Funako STW, Miho, Japan; this STW treated only domestic sewage.  The MBR

was placed adjacent to the raw sewage tank, and fed with raw (screened) sewage with a constant flow pump.  Flux was set at

around 0.4 m3 m-2 d-1 at first, and then increased to 0.6 m3 m-2 d-1 on the 8th day.  The operation was carried out at ambient

temperature and pH.  Excess sludge was wasted manually once a week, so that the SRT might be approximately 100 d.

However, as the MLSS concentration rose above an expected value (around 20,000 mg L-1), the SRT was reduced gradually

by increasing the sludge-wasting rate (Table 33).
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a Average from day 8 to 91.

b  Data collection

(1)  Filtration parameters

Data of filtration parameters, namely flux, filtration pressure and filtration resistance, were collected as described in

Section IV-2-b.

(2)  Chemical analyses

Chemical water quality was analysed using the following equipment: BOD5 with BODTrakTM (Hack Co., USA);

total nitrogen with the automatic T-N analyser TN-301P (Yanako Co., Japan); and NH4-N, NOx-N (a sum of NO2-N and

NO3-N) and phosphorus with TRAACSTM 800 (Bran+Luebbe).  Analytical methods for SS and MLSS complied with the

Standard Methods for the Examination of Water and Wastewater, 2540 D (American Public Health Association et al.,

19953)).

(3)  Microbiological analyses

Coliphage in raw sewage was assayed using a double-layer-agar method described by Adams (1959) 1) (see Section

II-2-b).  Coliphage in MBR effluents was assayed using a modified single-layer-agar method based on Grabow and Cou-

brough (1986)67) (see Section II-2-c).  Faecal coliforms and faecal streptococci were both assayed using the membrane filtra-

tion method described by Ayres and Mara (1996)12) (see Section II-3).

c  Membrane washing

Membrane washing was conducted twice during the operation, first on the 35th day, and second at the end of the

operation.  The first washing on the 35th day was conducted in situ as follows.  First the filtration was suspended and a level

of mixed liquor in the MBR was dropped near the top of membrane modules.  Second dilute sodium hypochlorite solution (1

in 10 dilution of a commercial solution) was injected into the membrane modules gravitationally from the permeate side,

using an inlet for chemicals (Fig. 49).   The MBR was left for 2 h thereafter to allow the chemical to react with fouling sub-

stances.

The second washing at the end of operation was conducted taking the membrane modules out of the MBR.  The

membrane was washed consecutively with sponge, dilute sodium hypochlorite solution, and sodium oxalate solution (1.0

%).  The sponge washing was conducted by hand after taking membrane modules out of the MBR.  The chemical washings

were conducted by injecting chemicals into membrane modules (from the permeate side).  Filtration resistance, defined with

equation (14), was measured with tap water in the course of the membrane washing.

It is said that sodium hypochlorite is effective for removing organic fouling, whereas oxalic acid is used for removing

inorganic scale such as iron and calcium (Yamamoto, K., 1994187)).  Therefore, in accordance with the washing operations,

partial filtration resistance was defined using equations (25) to (29):

Rc = R1 - R2 ････････････（25）
Rfo = R2 - R3 ････････････（26）

Table 33   Average experimental conditions of the pilot-scale MBR

Parameters Units

Effluent flow rate

HRT

Flux

Air flow rate
Temperature
BOD load a

F/M ratio a

T-N load a

MLSS
SRT

pH
DO
ORP

m3 d-1

h

m3 m-2 d-1

L min-1

oC
kg BOD m-3 d-1

kg BOD kg SS-1 d-1

kg T-N m-3 d-1

mg L-1

d

mg L-1

mV

0.223 (day 1-8)
0.336 (day 8-91)

5.6 (day 1-8)
4.0 (day 8-91)
0.37 (day 1-8)

0.61 (day 8-91)
64
25

0.914
0.035
0.184
24000

100 (day 1-22)
50 (day 23-35)
25 (day 36-91)

6.6
2.3

280
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Rfi = R3 - R4･････････････（27）
Rp = R4 - R5･････････････（28）
Rm = R5          ･････････････（29）

where: Rc is resistance by a cake layer; Rfo is resistance by organic fouling of membrane; Rfi is resistance by inorganic

fouling of membrane; Rp is resistance by irreversible clogging of inner pores; Rm is resistance by membrane; R1 is resistance

measured before washing; R2 is resistance measured after washing with sponge; R3 is resistance measured after washing with

sodium hypochlorite; R4 is resistance measured after washing with oxalic acid; and R5 is resistance measured with new mem-

brane.

d  SEM observation on membrane

The surface of membrane was observed using a scanning electron microscope (SEM).  The observation was made on

both new and used membranes.  The used membrane was sampled on the 91st day of operation, kept wet by packing with

wet paper, and sent to a microscopic laboratory at Leeds University for SEM observation.  Samples of membranes were pre-

coated with gold and dried for a few days before the observation.

3  Results
a  Filtration performances

The flux increase on the 8th day accelerated the increase in Δp and filtration resistance (Fig. 51).  The increase of

these two parameters could also be attributed to the increase in MLSS (Fig. 52), as Rosenburger et al. (1999a)144) observed a

critical increase of sludge viscosity at MLSS concentrations greater than 25,000 mg L-1.

Fig. 51  Filtration performances of the pilot-scale MBR
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Fig. 52  Conditions of mixed liquor in the pilot-scale MBR

The membrane washing on the 35th day restored Δp and filtration resistance substantially (Fig. 51).  Similarly Chur-

chouse (1997)32) achieved successful recovery of flux by washing membranes in an MBR with a similar in-situ method to the

present experiment.

After the membrane washing, Δp and filtration resistance increased more slowly when compared to the previous

period (Fig. 51).  This might again be related to a variation in the MLSS (Fig. 52).  Longer SRTs before the membrane wash-

ing (Table 33) led to relatively high MLSS as mentioned above, but, after halving the SRT after the membrane washing

(Table 33), the MLSS gradually decreased and reached equilibrium of around 20,000 mg L-1 (Fig. 52).  Thus the lower

MLSS might stabilise Δp and filtration resistance in the latter period of operation (Fig. 51).

The second membrane washing at the end of operation indicated that Rfo constituted the largest portion of filtration

resistance (Fig. 53).  This suggested that organic substance was the major cause of membrane fouling.

Membrane washing with sodium hypochlorite alone restored filtration resistance by 60 %, whereas washing with

sodium hypochlorite combined with sodium oxalate by 85 %, according to the definition of the restoration ratio from equa-

tion (30).

where: Rr is a restoration ratio of filtration resistance (%); Rx is filtration resistance after membrane washing (i.e. R3

or R4); and R1 and R5 were defined in equations (25) and (29).

Fig. 53  Filtration resistance at the end of operation. Rc was not detectable and excluded from this figure

Rr

R1 Rx–

R1 R5–
------------------ 100×= ･･･････････（30）
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b  SEM observation on membrane

SEM images of the membranes (Figs. 54 and 55) clearly indicated that the biomass covered parts of the membrane

surface and effectively reduced its pore size.  However it was suspected that parts of the biomass had been detached and lost

during transportation of the membrane from Japan to Leeds.  It was thought that when the membrane was sampled the biom-

ass would cover larger parts of the membrane surface than appeared in Fig. 55.

Fig. 54  SEM images of new membrane. Bar at the bottom indicates 5 µm
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Fig. 55  SEM images of used membrane after a 91-day operation period. Bar at the bottom indicates 5 µm

Ghayeni et al. (1999)63) filtered a suspension of pure bacterial culture with MF membrane, and observed the mem-

brane surface with SEM.  They were able to observe individual cells on membrane, surrounded by extra-cellular polymeric

substances (EPS).  By contrast in the present study, the biomass on membrane (Fig. 55) was completely aggregated and indi-

vidual cells could not be observed.  This indicated that activated-sludge flocs bound individual cells together, and formed

aggregated biomass on membrane.

c  Removal of coliphage

The modified single-layer-agar method for phage assays revealed that the MBR was capable of removing around 4

log of indigenous coliphage on average (Table 34).  In addition the assay method successfully detected the gradual decline in

effluent phage concentration during the initial period of operation (Fig. 56).  Accordingly the removal rate of phage gradu-

ally increased by around 3 log until membrane washing was undertaken (Fig. 57).  This might be partly explained by gradual

accumulation of biomass on membrane, as the filtration resistance also increased steadily during this period (Fig. 51).
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Fig. 56  Variation in phage concentration. The detection limit of phage assays for the effluent was 1× 10-2 PFU mL-1

Fig. 57  Variation in log phage removal rate

Following membrane washing, some increase in effluent phage was observed 1 h after the restart of operation (Fig.

56).  This suggested that the membrane washing caused detachment of biomass from membrane, and this might temporarily

reduce a phage-removal efficiency of the MBR.  This suggestion would be supported by the previous results in Chapter VI,

which observed that membrane washing could reduce phage removal under the same filtration condition (see Section VI-3-

b; Table 27).

Despite the increase in effluent phage concentration right after the membrane washing, the effluent phage concentra-

tion decreased rapidly within the subsequent two days (Fig. 56).  Comparing decreasing rates of effluent phage before and

after membrane washing, the decreasing rate after washing was much faster than that before washing (Fig. 56).  Such a vari-

ation in phage removal was not always parallel with that in filtration resistance (Figs. 51 and 56).  Accordingly a scattered

plot for phage removal and filtration resistance (Fig. 58) showed a lower correlation between the two parameters than the

previous results (Fig. 44).  In addition the plots for the post-membrane-washing period fell mostly above the corresponding

plots for the pre-washing period at the same filtration resistance (Fig. 58).

Table 34   Average performances of the pilot-scale MBR

Parameters Units Influent Effluent Removal rates

BOD mg L-1 148 1 99%

SS mg L-1 155 0 100%

T-N mg L-1 30 16 45%

NH4-N mg L-1 21 <0.1 >99 %

NOx-N mg L-1 <0.1 15.6 -

T-P mg L-1 5.2 1.4 69%

PO4-P mg L-1 2.1 1.3 -

Coliphage PFU mL-1 5.2× 102 6.4× 10-1 3.95 log

Faecal coliforms CFU (100mL)-1 1.6× 107 2.0× 100 6.87 log

Faecal streptococci CFU (100mL)-1 5.4× 106 <1.0× 100 6.72 log
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Fig. 58  Filtration resistance and phage removal

Ghayeni et al. (1998a)61) reported that the surface chemistry of a conditioned membrane would be different from that

of the clean polymer membrane, and suggested therefore, that bacteria might adhere to a conditioned membrane by other

mechanisms than those used for attachment to clean membranes.  Likewise in the present experiment, surface conditions of

the new (virgin) membrane at the start of operation would be different from those of the membrane right after the washing.

This might in turn result in different interactions between the membrane surface and phage.  Thus the above results indicated

that filtration resistance was not the sole parameter that determined the phage-removal efficiency of an MBR.

d  Removal of bacteria

Two bacterial indicators, namely faecal coliforms and faecal streptococci, were removed by the MBR almost com-

pletely (Table 34; Fig. 59), although some leak of faecal coliforms through the membrane was observed during the initial

stage and right after membrane washing.  Similarly Jefferson et al. (1999)84) observed some leaks of total coliforms during

the initial period of a long-term operation.

As with Chapter VI, bacterial concentrations in bulk solution, which was the supernatant of centrifuged mixed liquor

taken from the MBR (see Section VI-2-b-(1)), were enumerated (Fig. 59), and rs and rm calculated using equations (18) and

(20).  Average figures of rs and rm indicated that around 5-log reduction of bacterial indicators could be attributable to the

removal by membrane, while 1.7-log reduction to the removal by activated sludge.  This confirmed the results in Chapter VI,

which demonstrated that a membrane played a major role in bacterial removal with an MBR (see Section VI-3-c).

Fig. 59  Variation in bacterial concentrations. The detection limit was 1× 100 CFU(100mL)-1
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e  Removal of chemical substances

The MBR achieved almost complete removal of BOD and SS, and oxidation of NH4-N (Table 34; Fig. 60).  Phospho-

rus removal was also quite successful, with an average removal rate of 69% (Table 34; Fig. 60), considering the short HRT in

this experiment (Table 33).  On the other hand, nitrogen removal remained 45% on average (Table 34), as the MBR did not

provide an anoxic condition for denitrification.  However nitrogen removal temporarily improved on the 22nd day, when DO

dropped to near zero (Figs. 52 and 60).  This might be explained by the occurrence of simultaneous nitrification and denitri-

fication in the reactor, as suggested by Suwa et al. (1989)158).

Fig. 60  Variation in chemical water quality

4  Summary
During a 91-day operation with domestic sewage, the MBR was able to remove 4 log of indigenous coliphage, and 7

log of faecal coliforms and faecal streptococci, on average.  Until membrane washing was conducted, a gradual improve-

ment in phage removal was observed during the first 20 days of operation.  This would be explained by the gradual accumu-

lation of biomass on the membrane.  Immediately after membrane washing on the 35th day, a temporal increase in effluent

phage was observed for a few days.  This would be attributed to the detachment of biomass caused by the membrane wash-

ing.  SEM observations made at the end of operation indicated that aggregated biomass covered parts of the membrane sur-

face.

VIII  Long-term operation with a full-scale MBR

1  Introduction
This chapter aims to demonstrate the treatment capability of a full-scale MBR during a long-term operation over 491

days.  Particular attention was paid to the development of membrane fouling in the course of operation, as previous chapters

indicated that membrane fouling would affect microbial removal.  In order to investigate the molecular cut-off properties of

membrane-fouling substances, molecular weight distribution analyses were carried out using a high performance liquid

chromatograph (HPLC).
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2  Materials and methods
a  Apparatus

A full-scale MBR was built at the Miho experimental station in Ibaraki, Japan.  It adopted a combined aerobic/anaer-

obic (single-sludge) system with two activated-sludge tanks, i.e. an aerobic tank and an anaerobic tank (Fig. 61).  Each tank

had the same volume (1.56 m3) and the total volume of the system was 3.12 m3.  Such a system consisting of two activated-

sludge tanks has been described by Kishino et al. (1996)94), and incorporated into recent Kubota MBRs (e.g. Churchouse and

Wildgoose, 199933)).  Activated sludge was circulated between the two tanks by a circulation pump at a rate four times the

inflow rate.

Fig. 61  Schematic diagram of the full-scale MBR

The MBR was fed with raw domestic sewage from the Funako STW (where the experiment in Chapter VII was con-

ducted).  The raw sewage was screened with a 1-mm bar screen and fed to the anaerobic tank.  The composition of the raw

(screened) sewage is shown in Table 35.  A raw water pump maintained a constant inflow rate so that the MBR could be

operated at constant flux.  Aeration was employed in the aerobic tank while mixing only was continued in the anaerobic

tank.

Flat MF membrane modules were made of the same material as described in Section IV-2-a-(1) but had a filtration

area of 0.8 m2 per a module.  25 membrane modules were incorporated into the aerobic tank.  The MBR therefore had a total

filtration area of 20 m2.  The principle of filtration was the same as described in Section IV-2-a-(2).  The height of the aero-

bic tank limited the available Δp to less than 17 kPa.

b  Data collection

Methods for the collection of filtration parameters were described in Section IV-2-b.  Methods for chemical analyses

of water samples complied with the Japanese Industrial Standards K-0102 (Japanese Standards Association, 199583)).  MLSS

and MLVSS were measured in accordance with Experimental Methods for Sewage (Japanese Sewage Works Association,

198482)).  Total coliforms were enumerated in accordance with the most-probable-number (MPN) method by the Environ-

mental Agency of Japan, which employed the following media (L-1): peptone, 10 g; lactose, 10 g; beef extract, 20 g; and bril-

liant-green solution (0.1 w/v%), 13.3 mL.

Table 35   Process performances of the full-scale MBR

Parameters Units Raw Sewage Final effluent Removal 
%Average Standard deviation Average Standard deviation

BOD5 mg L-1 135 33 1.3 0.8 99

TOC mg L-1 59 20 3.7 1.0 93

SS mg L-1 163 37 0.03 0.07 100

T-N mg L-1 34 8 7.1 3.2 79

NH4-N mg L-1 20 7 0.3 1.0 -

NOx-N mg L-1 0.08 0.2 4.6 2.3 -

T-P mg L-1 4 0.9 1.0 0.6 74

Total coliforms MPN (100mL)-1 4.6×107 6.2× 107 6 3.4 99.9999
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Molecular weight distributions of dissolved matters were measured on bulk solution and final effluent, using a high

performance liquid chromatograph (HPLC), LCSS-905 (Nihon Bunko, Japan) (Ueda et al., 1997b172)).  The bulk solution

was prepared by centrifuging mixed liquor at 3000 rpm for 5 min, then filtering the supernatant with a membrane filter with

a pore size of 0.45 µm.  The HPLC analyses were conducted according to the conditions in Table 36.  The analyses

employed a GFC (gel-filtration chromatograph) column, which was capable of distinguishing substances with a molecular

weight of up to 104 to 105 Dalton.  According to the calibration of the column using Pullulan standard solutions (Figs. 62 and

63), the higher the molecular weight of substance, the faster the substance passed through the column.

Fig. 62  Chromatogram of pullulan standard solution

Fig. 63  Calibration curve with pullulan standard solution

c  Experimental procedures

Operation of the MBR was continued for 491 days, and during the course of the operation, seasonal inflow fluctua-

tions were simulated by augmenting an inflow rate by 1.5 to 3-fold for 58 days (Fig. 64(a)).  Accordingly the whole opera-

tion was divided into three periods (Fig. 64(a); Table 37).  During normal operation (Period A), membrane filtration was

Table 36   Conditions for HPLC analysis

Column Shodex SB-803HQ

Injection volume 100µL

Eluent Phosphate buffer  0.02 M

Flow rate 0.7 mL min-1

Temperature 40 oC

Detector (standard solution) RI detector

Detector (sample) UV detector, wavelength: 260 nm
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conducted 16 h a day by repeating the following cycle twice a day: 8-h filtration followed by 4-h rest.  Flux was basically

maintained around 0.4 m d-1.  From 267th to 324th days of operation (Periods B and C), filtration times were increased from

16 to 24 hours a day thereby augmenting a daily flow rate by 1.5 times (Fig. 64(a)).  In addition to this, from 288th to 309th

days of operation (Period C), the flux was increased from 0.4 to 0.8 m d-1 thereby doubling the daily flow rate (Fig. 64(a)).

Fig. 64  Simulation of seasonal inflow fluctuation
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a Period A: days excluding Periods B and C.
b Period B: 267th to 287th days and 309th to 324th days. 
c Period C: 288th to 309th days.
d Total of aerobic and anaerobic tanks.
e n.a.: data not available.

Throughout the operation, excess sludge was wasted once a week so that a MLSS concentration of around 12,000 mg

L-1 might be maintained in the aerobic tank (Fig. 65).  Membrane washing was conducted on the 371st day of operation.

Details of the washing were described in Section VII-2-c.  Filtration resistance was measured and calculated using equations

(25) to (29).

Fig. 65  MLSS and temperature in the aerobic tank

3  Results
a  Filtration performances

Filtration pressure (Δp), flux and filtration resistance were recorded over the operating period (Fig. 66).  On the 37th

day of operation, aeration failed accidentally for a few hours while filtration continued.  As a result, a cake layer accumu-

lated more rapidly on the membrane, and Δp and filtration resistance increased.  After resolving the failure, Δp and filtra-

tion resistance restored the previous conditions.  From the 51st to 267th day, Δp and filtration resistance showed only a

moderate increase.

Table 37   Average experimental conditions of the full-scale MBR

Parameters Units Period Aa Period Bb Period Cc Whole period

Effluent flow rate m3 d-1 5.3 7.9 16.0 6.0

HRT d h 14.2 9.5 4.7 13.4

Flux m3 m-2 d-1 0.46 0.38 0.76 0.46

Filtration hours h d-1 16 24 24 n.a.e

Temperature oC 18 27 27 19

BOD load kg BOD m-3 d-1 0.215 0.364 0.574 0.245

F/M ratio kg BOD kg SS-1 d-1 0.018 0.029 0.050 0.021

T-N load kg T-N m-3 d-1 0.054 0.079 0.133 0.061

MLSS (aerobic tank) mg L-1 12870 13680 12830 12910

MLVSS (aerobic tank) mg L-1 10170 10570 10170 10180

SRT d 75 n.a.e n.a.e 72

pH (aerobic tank) 6.9 6.8 6.8 6.9

pH (anaerobic tank) 6.8 6.8 6.7 6.8

DO (aerobic tank) mg L-1 4.7 2.7 0.4 4.3

DO (anaerobic tank) mg L-1 0 0 0 0

ORP (aerobic tank) mV 191 198 212 193

ORP (anaerobic tank) mV 70 77 86 71



74 Bull. Natl. Res. Inst. Agric. Eng. Japan. No. 40（2001）

Fig. 66  Filtration performances of the full-scale MBR

After increasing filtration times from 16 to 24 h on the 267th day, slight increases in Δp and filtration resistance

were observed (Fig. 66).  During the 2-fold increase of flux from the 288th to 309th day, Δp increased 3-fold to 15 kPa.

After restoring the normal flux on the 309th day, Δp and filtration resistance decreased partially.  Nevertheless filtration

resistance did not reach its previous condition after the flux was reduced on the 309th day.  This indicated that the flux

increase accelerated the membrane fouling to some extent.

Despite this slight increase in membrane fouling during the flux increase, the system was considered to be capable of

coping with a short-term fluctuation of inflow (up to 3-fold) without filtration performances deteriorating significantly.  In

addition, it should be noted that the MBR could cope with the augmented inflow rate by increasing its water level and

thereby adjusting its Δp "automatically".

Membrane washing was carried out on the 371st day and filtration resistance calculated (Fig. 67).  The result showed

that the cake resistance (Rc) was negligible (Fig. 67).  This indicated that the scouring effects of air successfully removed the

cake layers on the membrane over 371 days.  On the other hand, the resistance by organic fouling of membrane (Rfo) was a

large contribution to the filtration resistance (Fig. 67).  In addition a portion of the resistance could be attributable to inor-

ganic scale (Rfi) (Fig. 67).

Fig. 67  Filtration resistance on the 371st day
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The restoration ratio of filtration resistance by membrane washing was calculated using equation (30).  Membrane

washing with sodium hypochlorite alone restored filtration resistance by 56%, whereas washing with sodium hypochlorite

combined with sodium oxalate by 83%.  These results were quite comparable to those obtained in the previous experiment

(see Section VII-3-a).

The membrane washing restored Δp and filtration resistance substantially and their increases were moderate there-

after (Fig. 66).  The results show that the membrane can be used continuously for more than a year without replacement, pro-

vided that membrane washing is carried out at least once a year.  Such potential for continuous membrane use should permit

a significant cost reduction in view of the reduced membrane requirements.  Similarly Churchouse and Wildgoose (1999)33)

reported that, after 4 years of operation with a full-scale MBR, only 3 membrane modules out of 297 had to be replaced as a

result of wear.  They argued that such a prolonged membrane life has significantly reduced the cost for membrane replace-

ment since 1992.

b  Molecular distribution analyses

During the initial stage of operation (until 30th day), the final effluent contained substances with a molecular weight

of more than 100,000 Da (Fig. 68), which were detectable at a retention time of around 7 to 8 min.  The molecular weight of

100,000 Da roughly corresponds to a molecular size of 0.1 µm (see Fig. 3) (Anselme and Jacobs, 19964)).  Therefore leakage

of such high-molecular-weight substances was not unexpected, as they would have smaller sizes than the membrane pores.

However, the peak around 7 to 8 min disappeared as the operation was continued (114th and 274th day) (Fig. 68).  This

implied that fouling substances that accumulated on the membrane helped to reject the high-molecular-weight substances.

Fig. 68  Chromatograms of final effluent
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Fig. 69  Chromatograms of bulk solution

In the meantime, the bulk solution showed development of a peak around 8 min during the initial stage of operation

(Fig. 69).  This was further evidence that the high-molecular-weight substances having this peak would be partially rejected

by membrane, and subsequently accumulate within the MBR.  However the height of this peak remained largely unchanged

after the 16th day (Fig. 69).  This indicated that this high-molecular-weight compound was slowly biodegradable and would

be decomposed eventually by microbial activities within the MBR.

Hardt et al. (1970)70) conducted experiments with an MBR incorporating an UF membrane, and carried out molecu-

lar distribution analyses with a GFC.  They observed a peak indicating higher-molecular-weight substances with a mixed-

liquor sample, but no corresponding peak with a filtrate sample.  They also argued that such high-molecular-weight sub-

stances contained in the mixed-liquor sample would be the products of cell lysis.  Meanwhile some other studies have also

made similar observations (e.g. Fuchigami et al., 198751)).

c  SEM observation on membrane

The surface of the membranes was observed with a scanning electron microscope (SEM) (courtesy of the Japanese

Association of Rural Sewerage) (Figs. 70 and 71).  The images were taken on both a new membrane and an old membrane

that had been in operation for 12 months.

The old membrane showed the attachment of fouling substances over the membrane surface (Fig. 71).  The compari-

son of new and old membranes indicated that the fouling substances effectively reduced the pore sizes of membrane (Figs.

70 and 71).  Similarly Baker and Dudley (1998)15) observed bio-fouled membranes at a full-scale water treatment plant with

SEM, and found a large amount of extra-cellular polymeric substances (EPS) which covered a membrane surface.
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Fig. 70  SEM image of new membrane

(Courtesy of the Japanese Association of Rural Sewerage)

Fig. 71  SEM image of used membrane after a 1-year operation period

(Courtesy of the Japanese Association of Rural Sewerage)

d  Water quality

(1)  Organic matter and bacteria

Removal of organic matter was successful as the organic removal rates generally exceeded 93 % (Table 35).  More-

over this was stable throughout the operation (Figs. 72 and 73).  Removal of suspended solids was practically complete

(Table 35; Figs. 72 and 73) and only small amounts of total coliforms were detected in the final effluent (Table 35).  Thus a

6-log removal of total coliforms was achieved (Table 35).  This agreed with previous results on bacterial removal with

MBRs (Table 11).
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Fig. 72  Water quality of raw sewage

Fig. 73  Water quality of final effluent
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(2)  Nitrogen and phosphorus

The removal rate of nitrogen was on average 79% (Table 35) and the nitrogen content of the final effluent was mostly

NOx-N (Fig. 73).  The nitrogen removal rate was superior to the previous experiment in Chapter VII (see Section VII-3-e).

This indicated that the combined aerobic/anaerobic system enhanced both nitrification and denitrification.  However, during

the high-inflow operation around the 300th day, NH4-N remained in the effluent (Fig. 73).  This could be attributed to the

increase of BOD and T-N loads during the high-inflow operation (Fig. 64(c)), and the resultant insufficient oxygen supply

(Fig. 74).  Phosphorus removal was moderate with a removal rate of 74% on average (Figs. 72 and 73; Table 35).  Most of

the phosphorus was probably removed together with the excess sludge.

Fig. 74  Dissolved oxygen in the full-scale MBR

4  Summary
Membrane washing with different chemicals followed by a subsequent calculation of filtration resistance indicated

that the fouling substances largely comprised organic matters but inorganic scale also contributed to the membrane fouling.

The HPLC analyses indicated that the fouling substances on the membrane could reject high-molecular-weight substances

and retain them within the MBR.  The SEM observation of membrane surfaces revealed that the fouling substances effec-

tively reduced the pore sizes of membrane.

IX  Discussion

1  Characteristics of membrane biofilm
As discussed in Section I-4-c-(6), membranes incorporated in an MBR can be fouled by various substances contained

in wastewaters and activated sludge.  In the present study, no attempt was made to analyse the fouling substances on the

membrane, but nevertheless membrane washing with different chemicals (see Sections VII-3-a and VIII-3-a) suggested that

organic matter might constitute a large portion of the fouling substances (Figs. 53 and 67).  Baker and Dudley (1998)15) sum-

marised a number of biofouling observations within potable water treatment plants, and indicated that a typical fouling sub-

stances on membrane showed the following characteristics: (1) >90 % moisture content; (2) of dried deposit, >50 % total

organic matter; (3) up to 40 % humic substances as % of total organic matter; (4) low inorganic content; and (5) high micro-

biological counts (>106 CFU cm-2) including bacteria, fungi and sometimes yeasts.

The above observations imply that fouling substances on the membrane by and large derived from microbiological

activities of activated sludge within the MBR.  Therefore it might be appropriate to term the fouling substances (or a cake/

gel layer) on membrane as "membrane biofilm", and this term is used hereafter (for a detailed note on the use of this term,

see Section I-1).

Membranes in an MBR have large areas of exposed membrane surface and thus apparently provide suitable habitats

for adherent bacteria (Ridgway and Flemming, 1996141)).  When viewed as microbial habitats, membranes would have the

following characteristics:

① A rapid cross-flow applied to the membrane gives greater shear stress to the membrane biofilm.  Tardieu et al.

(1998)161) investigated the effect of shear stress on bioparticle deposition in an MBR.  They reported that at low
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turbulence of a crossflow (Re~1200), sludge floc particles were deposited on membrane surface, but little deposi-

tion occurred at higher turbulence (Re~9000).  Such an observation implies that greater shear stress posed on

membrane biofilm would rather discourage the growth of membrane biofilms.  This is in contrast to biofilms on

trickling filters, where water flows are comparatively slow and shear stress on the biofilms is moderate, for

enhancing microbial growth on filter media.

② Membrane biofilms are exposed to a greater nutrient flux across the membrane than other types of biofilms (Ridg-

way and Flemming, 1996141)).  This might accelerate the growth kinetics of a membrane biofilm.  In addition

crossflow or backwash would wash out any growth inhibitors (Ghayeni et al., 1998b62)).  However little observa-

tion has been made on these effects.

③ Membrane biofilm is subject to greater hydraulic compaction than other biofilms as a result of the applied trans-

membrane pressure (Ridgway and Flemming, 1996141)).  Thus a "compacted" membrane biofilm might form a

rigid bottom layer, which in turn attracts further attachment of biofilms (Li et al., 1998100)), as discussed in Sec-

tion IX-4.

2  Role of membrane biofilm in phage removal
Several observations during the present study indicate the role of the membrane biofilm in phage removal.  In Chap-

ter 5, phage removal was examined in the absence and presence of a membrane biofilm.  In the absence of biofilm, virtually

no phage removal was observed over the range of phage concentration in the bulk solution (Fig. 34).  By contrast, in the

presence of biofilm, better phage removal was observed at higher phage concentration (Fig. 34).

Chapter 6 further confirmed these results.  Phage removal was substantially reduced when activated sludge was

removed from the MBR and settled sewage was filtered directly (Part B) (Table 27).  This suggested that the membrane bio-

film was forming dynamically in the equilibrium between attachment and detachment of biomass, and that this equilibrium

was disturbed when the activated sludge was replaced by the settled sewage.  Similarly Li et al. (1998)100) observed such

dynamic attachment and detachment of particles using a "direct observation through membrane" (DOTM) technique (see

Section IX-4).

Moreover further reduction in phage removal after the membrane washing (Part C) (Table 27) suggested that a part

of the phage removal was attributable to a bottom layer of membrane biofilm that was not detachable by the scouring effect

of aeration, but was removable only by chemical oxidation.  This was confirmed by the results in Chapter 7, which observed

a temporal decline in phage removal right after the membrane washing (Figs. 56 and 57).  Ghayeni et al. (1998b)62) showed

microscopic evidence that bacteria attached firmly to a membrane surface with the help of extra-cellular polymeric sub-

stances (EPS).  Such a cell-EPS complex might constitute a bottom layer of membrane biofilm that was difficult to remove

solely by the scouring effect of aeration.

Thus the MBR showed a contrasting performance in the absence and presence of membrane biofilm.  Poor phage

removals in the absence of membrane biofilm would imply that the filtration mechanism of phage was solely governed by a

sieve effect of membrane pores, as the sizes of the phage (50-200 nm) was less than half the mean size of membrane pores

(400 nm).

By contrast, the presence of membrane biofilm enhanced phage removal substantially.  There are a number of expla-

nations for the role of membrane biofilms in phage removal, i.e. physical, chemical and biological effects.  Firstly, the phys-

ical effect of the biofilm will be to reduce the effective pore size of the membrane.  The dead-end filtration experiments in

Chapter 4 indicated that the "cake filtration" could partly explain the mechanism in the filtration of activated sludge.  By def-

inition, the "cake filtration" eventually results in biofilm deposition onto a membrane surface (Fig. 25), which in turn makes

a filter that becomes progressively finer as operating time continues (Dickenson, 199245)).  The SEM images of used mem-

branes (Figs. 55 and 71) showed that the pore sizes were actually reduced by the overlying layer of membrane biofilm.

Moreover the HPLC analyses (Figs. 68 and 69) indicated that the high-molecular-weight substances were trapped by the

membrane biofilm in the latter stage of operation.  This also implied the reduction of effective pore sizes by membrane bio-

film.

Secondly, the chemical effects of the membrane biofilm will be phage removal by adsorption to bacterial cells and

EPS on membrane.  Because viral particles have a negative charge (see Section I-2-a), they could be adsorbed by a positive
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chemical group contained in membrane biofilm (i.e. bacterial cells or EPS).  However little is known about the interaction

between viral particles and membrane biofilm, owing to the complex nature of membrane biofilm.  It would also be difficult

to demonstrate such chemical interactions from the results of the present study.

Finally the biological effect of the membrane biofilm will be the predation of phage by other microorganisms on the

biofilm.  Again the present results did not prove this effect.  However, it is conceivable that bacteria would play a major role

in this regard rather than protozoa.  This is because a membrane surface would not be a suitable habitat for protozoa due to

the large scouring effect of aeration which is applied continuously to the membrane surface.  In fact bacteria and fungi are

the dominant microorganisms that have been isolated from membrane biofilms so far (Ridgeway and Flemming, 1996141);

Baker and Dudley, 199815)).

3  Role of membrane biofilm in bacteria removal
The MF membrane used in the present study had a mean pore size of 0.4 µm, which was smaller than faecal

coliforms and faecal streptococci.  Therefore complete removal of these bacteria was expected regardless of the presence or

absence of membrane biofilm.  However, the experiments conducted in the absence of biofilm showed some leaks of E. coli,

faecal coliforms and faecal streptococci through the membrane (Tables 29 and 30; Fig. 35).  There could be a number of

explanations for this:

① The membrane was damaged physically by excessive pressure or during handling.  Jacangelo et al. (1991)80) dem-

onstrated that bacteria could leak through UF membranes when membrane integrity was damaged during opera-

tion with excessive pressure.  Although the present study did not employ such excessive pressure, it was possible

that the membranes might receive some damage during handling.

② Microorganisms comprising membrane biofilms, especially filamentous fungi, could colonise the glue lines that

seal membrane and plastic support, and eventually destroy them (Ridgeway and Flemming, 1996141)).

③ The membrane pores themselves could have a size distribution.  In fact the SEM images of the new membrane

(Figs. 54 and 70) indicated that the membrane contained a range of pore sizes.  Urase et al. (1996)178) showed that

viruses could leak through UF or NF membranes that had smaller mean pore sizes than viruses, and attributed this

to some abnormally large pores contained on the membrane.  Meanwhile Fane et al. (1991)47) conducted MF fil-

tration of E. coli, and microscopically observed bacterial aggregation around larger pores on membrane.  This

would suggest that the larger pores might cause high local flux through them, and hence offer passages for bacte-

ria.

④ Under applied pressure on membrane, cell structure of bacteria could be deformed and cell volume reduced,

thereby facilitating leakage through a membrane (Ghayeni et al., 199963)).  Ghayeni et al. (1999)63) also argued

that bacteria might undergo size reduction during times of nutrient deprivation, and consequently sewage might

contain a significant population of "ultramicrobacteria".  They actually observed entrapment of bacteria on MF

membranes using SEM, and revealed that some deformed cells and ultramicrobacteria were trapped inside the

membranes.

It is not possible to delineate the predominant mechanism of bacterial leaks from the results of the present study.

Nonetheless the reduction of bacterial leaks in the presence of membrane biofilm (Fig. 48) demonstrated that the membrane

biofilm played an important role even in bacterial removal, as well as in phage removal.  Similarly previous SEM observa-

tions (Ghayeni et al., 199963)) revealed that polymeric materials entrapped on a membrane could enhance a rejection of bac-

teria by a membrane.

4  Development of membrane biofilm and microbial removal
Following the characteristics discussed in Section IX-1, the membrane biofilm could show a unique course of devel-

opment.  There are a number of methods to observe the development of membrane biofilms.  Direct methods involve the

chemical analyses of membrane biofilm (e.g. infrared spectrophotometry and gas chromatography), or the microscopic

observation (e.g. SEM and TEM).  More recently Li et al. (1998)100) introduced a noble microscopic technique called in situ,

continuous direct observation through the membrane (DOTM).  This method employed a transparent membrane (pore size

0.02 µm), a microscope set above a membrane module and a VCR, and observed particle deposition on the membrane con-
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tinuously whilst crossflow microfiltration was conducted.  Observations during the filtration of latex beads (3 to 12 µm)

using this technique revealed that (Li et al., 1998100)):

① The movement of the particles near the membrane surface depended on crossflow velocity, flux, and particle size

distribution.

② At a lower crossflow velocity, the following observations were made: the initial deposition was at random; the

deposited particles were mostly stagnant; and a second layer of particles subsequently built up over the initial

layer.

③ By contrast, at a higher crossflow velocity, particles initially showed some rolling motions; simultaneous occur-

rence of particle deposition and removal was more dramatic; and the new depositing particles were more likely to

accumulate around the existing deposited spots.  In some cases, a cluster of deposited particles or a second layer

of particles was moved away from membrane altogether.

In contrast to such direct observations, indirect methods deduce the development of membrane biofilm from the vari-

ation of filtration parameters.  The present study mainly used the latter approach, using filtration resistance as an indicator of

the development of a membrane biofilm, and obtained several results which might support the above direct microscopic

observations:

Time variation on microbial removal and filtration resistance during the 12-hour and 2-week operations (see Section

VI-3-e) suggests a relationship between microbial removal and the development stages of a membrane biofilm.  In the initial

stages of filtration (over seconds, minutes or hours), bacterial cells attach to the membrane surface rapidly, forming a pri-

mary biofilm (Fig. 75) (Ridgway and Flemming, 1996141)).  The rapid increase of filtration resistance that was observed dur-

ing the first few hours of operation (Fig. 42(c)) indicates such a rapid attachment of bacterial cells to the membrane.  The

corresponding rapid increase of phage removal (Fig. 42(d)) indicates that the primary biofilm enhances phage removal con-

siderably.  In addition the leak of faecal coliforms in the filtrate diminished in the course of the development of primary bio-

film (Fig. 42(e)).

Fig. 75  Development of membrane biofilm

(Adopted from Ridgway and Flemming, 1996141))

As filtration is continued over a prolonged period (for days, weeks or months), the primary biofilm attaches more

firmly, such that moderate shear stress applied on the biofilm cannot remove it (Ridgway and Flemming, 1996141)).  Such a

rigid biofilm may cause further attachment of bacterial cells, which in turn form a secondary biofilm (Fig. 75).  The rapid

increase of filtration resistance observed during the last stage of the 2-week operation (Fig. 43(b)) implies that such a rigid

biofilm had developed during the air-supply breakdown, and that this attracted further attachment of cells rapidly after the

resumption of filtration.  The corresponding increase of phage removal (Fig. 43(c)) indicates that the secondary biofilm

could provide additional enhancement of phage removal to some extent.

The results in Chapter 7 further confirmed the above suggestions.  A gradual decline in effluent phage and the corre-

sponding increase in filtration resistance (Figs. 51 and 56) implied that a secondary biofilm might gradually accumulate on

membrane and thus improve the phage-removal efficiency over several days of operation.  Comparing the above results (Fig.

56) with Churchouse and Wildgoose (1999)33) (Fig. 11), the present study might better indicate the enhancement of phage

removal in accordance with the accumulation of a secondary biofilm.  Likewise Chiemcheisri et al. (1992)28) demonstrated
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the improvement of phage removal over a 140-d operation of an MBR (Fig. 10), but their observation was limited to some

segmented periods of operation.  Thus the results of the present study have offered better information which suggested that,

if an MBR was operated long enough to allow the development of secondary biofilm, phage-removal efficiency would

accordingly increase.

Although the above discussion has demonstrated that filtration resistance could serve as a useful indicator for biofilm

development on membrane, the present study also indicated the limitation of filtration resistance as an indicator for biofilm

development.  In Chapter 6, a high correlation was observed between filtration resistance and phage removal (Fig. 44),

although the data were drawn from several different runs.  This would be because all those runs were started with "regener-

ated" (washed), but not virgin, membrane, and therefore surface conditions of the membranes would mostly be the same

among those runs.  By contrast in Chapter 7, only a low correlation was observed between the two parameters (Fig. 58),

since the phage removal showed quite different behaviour before and after the membrane washing (Figs. 56 and 57).  As dis-

cussed in Section VII-3-c, this might be attributed to the different surface conditions of the virgin membrane at the start of

operation and the regenerated membrane right after the washing.  Thus it is suggested that a relationship between filtration

resistance and phage removal that was observed in a particular experiment, should be applied with caution to another exper-

iment under different conditions.

In addition to the indirect approach to deducing biofilm development on membrane, the present study has also

observed used membranes after a long-term operation (Figs. 55 and 71) with SEM.  The SEM observations indicated that the

membrane biofilm consisted of aggregated biomass, in which individual cells were bound together by sludge flocs or EPS.

This in turn suggested that a rigid secondary biofilm as described above had been developed before the SEM observations

were made.

5  Comparison of treatment capability with conventional STW
In Chapter 6, phage removal was investigated with a bench-scale MBR using both enriched and non-enriched sew-

age.  However, when comparing the phage removal achieved in the MBR with that of full-scale STW, it would be more

appropriate to refer to data from experiments with non-enriched sewage.  Thus, comparison has been made between the total

phage and bacterial removal (rt) by the MBR in a non-enrichment experiment (Run 1 in Tables 27, 29 and 30), with that of

the Owlwood STW (Tables 18 and 19) (see also Table 38).  In addition the t-test was carried out against a null hypothesis H0:

that is, there was no difference between log removal rates with the above two processes (see Section II-5-b for details of the

t-test).  The results of the t-test were also summarised in Table38.

Comparing the phage removal with the two processes, the MBR had a better performance by about 1 log (Table 38).

As for bacterial removal, the MBR was considerably superior, achieving up to a 6.9-log removal of faecal coliform and 5.8-

log removal of faecal streptococci (Table 38).  This is greater than the combined conventional secondary and tertiary treat-

ment facilities at Owlwood, together with their associated sedimentation facilities (Table 38).  The t-test confirmed that all

these differences in removal rates were significant (Table 38).

a Average figures of rt during non-enrichment experiment (Run 1) (see Tables 27, 29 and 30).
bAverage figures of the sum of log removal rates with activated sludge, secondary sedimentation, tertiary trickling filters
and humus tanks (see Tables 18 and 19).

6  Microbiological water criteria and the MBR effluent
The above discussions show that the MBR has a high capability of microbial removals.  Accordingly the treated

effluent from the MBR might have a potential to be reused for various purposes.  Thus this section discusses the microbial

safety of treated effluents from the MBR.

Table 38   Average log removal rates of the MBR and the Owlwood STW and P-values for the t-test

Phage Faecal coliform Faecal streptococci

Log removal in the MBRa 2.28 6.86 5.83

Log removal in the Owlwood STWb 1.31 2.34 1.82

P-value for the 1-sided t-test 4.39× 10-5 6.35× 10-6 8.84× 10-6

P-value for the 2-sided t-test 8.78× 10-5 1.27× 10-5 1.77× 10-5
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As for bacterial indicators, namely total coliforms, faecal coliforms and faecal streptococci, the MBR effluent

(Tables 29, 30, 34 and 35) suffices all criteria listed in Chapter I (Tables 2 to 5), except for the criteria of the State of Califor-

nia for spray and surface irrigation (Table 3).  Thus, in terms of excreted bacteria, the MBR effluent is considered to be safe

to use directly for most situations in wastewater reuse.

As for excreted viruses, an argument is more difficult as few standards have been established for viruses.  The Euro-

pean Union has enacted the bathing water directive with a standard of less than 0 PFU (10 L)-1 of enteroviruses (Table 4).

Meanwhile within the United States, the State of Hawaii has a standard of less than 1 PFU (40 L)-1 of enteric animal virus for

reclaimed and reused wastewaters (United States Environmental Protection Agency, 1992176)).  Comparison between these

standards and typical number of enteric virus contained in raw sewage, i.e. 101 to 102 mL-1 (Table 1) shows that roughly a 5-

log reduction of virus should be achieved before raw sewage reaches reused water bodies.

By comparison the present study has demonstrated that the bench-scale MBR was capable of removing coliphage by

2.3 log (Run 1 in Table 27), whereas the pilot-scale MBR by around 4 log (Table 34).  The result during the pilot-scale

experiment is quite plausible, as both Côté et al. (1997)39) and Churchouse and Wildgoose (1999)33) have also achieved

around a 4-log removal of phage using pilot-scale MBRs.  Therefore, if the MBR is assumed to be capable of removing virus

by 4 log, then the MBR effluent should undergo further reduction of virus by just 1 log, through treatment or dilution by

receiving waters, before it satisfies the EU bathing directive or the State of Hawaii standard.  Thus it is suggested that the

MBR effluent would have the potential to be reused for bathing and other purposes without additional treatment, where 10-

fold dilution waters are available.

X  Conclusions

1  Summary of the present study
The major achievements of the present study are summarised in the following points:

① Indigenous coliphage was isolated from settled domestic sewage, and cultivated for enriching the same sewage.

This enabled investigations on the capability of an MBR to remove naturally occurring viruses in sewage.  In

addition the use of indigenous coliphage also enabled a comparison of phage removal between the MBR and the

full-scale STW.

② The bench-scale study showed that the MBR achieved an overall removal rate of phage of 2.3 log (when treating

settled sewage) to 5.9 log (when treating settled sewage enriched with phage lysate) across the treatment process.

Meanwhile the pilot-scale study demonstrated that the MBR was capable of removing phage by 4 log whilst treat-

ing non-enriched sewage.

③ In addition both the bench-scale and pilot-scale MBRs demonstrated an almost complete removal of faecal

coliforms and faecal streptococci (up to 7 log).

④ By comparison a full-scale STW, which treated the same settled sewage as the bench-scale MBR and incorpo-

rated tertiary treatment, achieved only up to a 2-log removal of the same excreted phage and bacteria.

⑤ Dead-end filtration experiments with the bench-scale MBR indicated that the filtration mechanism was governed

by both the standard blocking of inner pores and the cake filtration.

⑥ Comparison between the operations with phosphate buffer and activated sludge demonstrated that the membrane

biofilm made a major contribution to phage removal.

⑦ Both short and long-term experiments showed that microbial removal could improve over time in accordance

with the development of membrane biofilm.

⑧ SEM observations and HPLC analyses indicated that the reduction of effective membrane pore sizes by the mem-

brane biofilm might be one of the possible effects that enhanced microbial removal.

2  Suggestions for further studies
On the basis of the present study, the following suggestions were made for further studies:

① Although a sensitive method for phage assays was employed in the pilot-scale experiment, the MBR effluent still

reached the detection limit of the assay method (1 PFU (100mL)-1) during the steady-state period.  Therefore fur-
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ther studies would need a more sensitive method for phage assays or pre-concentration techniques of sample

waters.

② The present study failed to enumerate F-specific RNA phage (e.g. MS2 and Qβ coliphage) due to the lack of

expertise.  However some previous studies suggested that RNA phage was a better indicator for human viruses

than somatic phage employed in the present study (e.g. IAWPRC Study Group on Health Related Water Microbi-

ology, 199174)).  Therefore F-specific RNA phage should be tried as an indicator of virus removal with an MBR.

Furthermore a comparative removal of phage and human viruses with an MBR should be investigated.

③ In order to examine the chemical and biological effects of membrane biofilm on microbial removals, more knowl-

edge should be accumulated regarding the interaction between microbes and membrane biofilm.
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膜分離活性汚泥法による排水からの微生物の除去

上田　達己＊

要　約

Ⅰ　緒　言

農村地域の混住化の進行により，生活排水を高度処理し，

地域の水質を保全するとともに，処理水の有効再利用を図

ることが求められている。この観点から，生活排水から病

原微生物を充分に除去し，衛生学的な安全性を確保するこ

とが肝要である。本論文は，膜分離活性汚泥法による生活

排水からの微生物除去性能・機構を明らかにすることを目

的とする。

本論文では，微生物の中で特にウイルスの除去に重点を

おいた。そこで第Ⅰ章は，まずウイルスの性質および各種

排水処理プロセスによるウイルスの除去について概説し

た。次に本論文で用いた膜分離活性汚泥法に関する既往の

研究成果について概説した。

Ⅱ　微生物学的研究手法の開発

本論文では，ウイルスの指標微生物として，生活排水か

ら単離した野生株の大腸菌ファージを用いた。第Ⅱ章では，

まず大腸菌ファージおよび指標細菌の分析手法を述べ，ま

た分析結果の信頼性について統計学的分析をおこなった。

次に生活排水から大腸菌ファージを単離し，これを透過型

電子顕微鏡で観察して大きさを同定した。さらに単離した

野生株を培養して実験原水に添加する手法を述べた。

Ⅲ　指標微生物の一般的排水処理プロセスにおける
挙動

膜分離活性汚泥法との比較のため，英国リーズ市内の下

水処理場において，大腸菌ファージおよび指標細菌の除去

性能を調査した。結果として同下水処理場は，大腸菌ファー

ジ1.6log，糞便性大腸菌群2.8log，糞便性連鎖球菌群2.6log

の除去性能をもつことが明らかとなった。

Ⅳ　ベンチスケールの実験装置による全ろ過実験

ベンチスケールの実験装置を用いて，全ろ過（不撹拌ろ

過）実験を行い，定圧清澄ろ過理論に基づいて活性汚泥の

精密ろ過のメカニズムを検討した。分離膜は，全実験を通

じてポリエチレン製・平均孔径 0.4μｍ の精密ろ過膜（平

膜）を用いた。結果として，活性汚泥の精密ろ過において

は，ケークろ過（粒子が膜表面に捕捉される）と標準閉塞

ろ過（粒子が毛細管の中に入ってその内壁に付着捕捉され

る）が同時におこっていることが示唆された。

Ⅴ　ベンチスケールの実験装置によるクロスフロー
ろ過実験

ベンチスケールの実験装置を用いて，クロスフローろ過

実験を行った。単離培養した大腸菌ファージをリン酸緩衝

液と活性汚泥混合液にそれぞれ添加し，これら 2 種類の混

合液をクロスフローろ過して，ファージの除去性能を比較

した。結果として，リン酸緩衝液をろ過原水とした場合

ファージはほとんど除去されなかったのに対し，活性汚泥

混合液を用いた場合おおむね 3log 程度のファージ除去が得

られた。これにより，活性汚泥混合液をろ過する過程で膜

面に堆積するケーク層がファージ除去におおきく寄与して

いることが示唆された。

Ⅵ　ベンチスケールの実験装置による生活排水処理
実験

ベンチスケールの実験装置を用いて短期間の生活排水処

理実験を行った。結果として，①実験開始後数時間以内に

ファージ除去率が急激に上昇した。②ファージ除去率と膜

ろ過抵抗・フラックスの間に高い相関が見られた。③活性

汚泥混合液を介さずに生活排水を直接膜ろ過したところ

ファージ除去率が大幅に低下した。これらの実験結果はい

ずれも，第Ⅴ章と同様に，膜面のケーク層がファージ除去

率を高めていることを示唆した。

Ⅶ　パイロットスケールの実験装置による長期生活
排水処理実験

パイロットスケールの実験装置を用いて 91日間にわたる

生活排水処理実験を行い，ファージ除去率の推移を調査し

た。ファージ除去性能をより詳しく調べるため，処理水の

ファージ濃度分析に通常法より 2log 感度の良い改良法を採

用した。結果として，①実験開始後約 20 日間に処理水中の

ファージ濃度が徐々に減少し，②実験途中に行った膜洗浄
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の直後に処理水中のファージ濃度が一時的に上昇した。こ

れら結果により，①膜面のケーク層は長期間にわたって

徐々に堆積し，それがゆるやかにファージ除去率を高めて

いくこと，②膜洗浄はケーク層の一部を剥離させるため，そ

の直後にファージ除去が一時的に悪化する可能性があるこ

とが示唆された。また実験全期間を平均すると，ファージ

は約 4log，糞便性大腸菌群および糞便性連鎖球菌群は約

7log の除去が達成された。

Ⅷ　実施設規模の実験装置による長期生活排水処理
実験

実施設規模の実験装置を用いて 491 日間にわたる生活排

水処理実験を行い，主に膜面へのケーク層の堆積過程を検

討した。走査型電子顕微鏡を用いて，未使用および使用済

み膜を観察した結果，堆積したケーク層によって膜の有効

孔径が縮小していることが認められた。また，高速液体ク

ロマトグラフを用いて処理槽上澄水および処理水の分子量

分布を測定した結果，膜の公称孔径より小さい高分子溶解

物質が，膜面のケーク層によって膜透過を阻止されている

と考えられた。

Ⅸ　考察および結言

前章までの実験結果に基づき，膜分離活性汚泥法による

微生物の除去性能・機構について考察し，以下のとおり総

括した。

①膜面に堆積するケーク層が微生物の除去に果たす役割に

関して，ケーク層はファージの除去率を高めるほか，細

菌の処理水へのリークを防止する効果もあり，その除去

機構のひとつとしてケーク層による膜の有効孔径の縮小

が示唆された。

②ケーク層の膜面への堆積過程に関して，ろ過開始後数時

間で形成される一次層がファージ除去率を大幅に向上さ

せること，またろ過開始後数週間以上にわたって形成さ

れる二次層もファージ除去率の向上に寄与していること

が示唆された。

③膜分離活性汚泥法と一般の生物処理法による微生物の除

去性能を比較したところ，膜分離活性汚泥法は大腸菌

ファージ，指標細菌のいずれの除去に関しても，一般の

生物処理法より優れていることが明らかになった。

④既存の国際法令に照らしてみると，膜分離活性汚泥法の

処理水は，細菌の観点からは直接再利用（灌漑，水浴，修

景用水等）が可能であり，またウイルスの観点からはお

おむね 1log 程度の希釈または 3次処理による除去によっ

て再利用が可能であると考えられた。
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