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To better understand bioflocculation and the role of extracellular polymeric substances (EPS) on 

sludge properties, a comparative study with respect to the EPS composition, floc size and 

density, and ultra-structure of the floc matrix has been conducted. Four M-scale activated 

sludge systems treating domestic sewage, poultry processing wastes, petroleum refinery wastes 

and potato processing wastes were studied. The systems studied represent a range of 

configurations and effluents treated. The sludge properties during both functional and 

dysfmctional periods in one treatment system were also studied. In addition, the relation 

between sludge senling and EPS composition was investigated. Protein was found to be the 

dominant component in the extracted EPS followed by carbohydrate, DNA and acidic 

polysaccharide regardless of the types of wastewater and operating conditions. These four 

components formed a more or less constant percentage composition in the organic matrix with 

77-8 1 % protein, 1 1-1 5% carbohydrate, 49% DNA and 3 4 %  acidic polysaccharide. DNA and 

acidic polysaccharide were the most labile components in EPS. The level of EPS is inversely 

associated with the MCRT (sludge age) of the systems. Hence, the operating conditions such as 

sludge age may be more important than the microbial community alone as a factor in affecting 

the composition of EPS. The higher levels of DNA and acidic polysaccharide in EPS may be 

associated with better sludge settling as the correlation coefficients between the levels of DNA 

and acidic polysaccharide in EPS with sludge volume index (SVI) were - 0.61 and -0.71, 

respectively. The levels of protein and carbohydrate during the dysfunctional periods of system 

treating potato processing wastewater (system-Po) were 56% and 71% higher than fiinctional 

periods. The higher levels of protein and carbohydrate may be associated with a higher bound 

water content and surface charge of the floc. Low FIM ratio may account for the higher level of 

EPS and abundant growth of the filaments during the dysfunctional penods of system-Po. The 

a-mannopyranosyl, a-glucopyranosyl, N-acetylglucosamine and N-acetylneuraminic acid residues 

were present at the floc matrices fiom al1 systems studied. However, the spatial distribution of 

these residues was different among them. A significantly lower arnount of N-acetyiglucosamine 

and N-acetylneuraminic acid residues was observecl in the matrix of flocs fiom the system treating 

poultry processing wastewater. This indicates a possible role of N-acetylglucosarnine and N- 

acety lneuraminic acid in bio flocculation. 
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CKAPTER 1 INTRODUCTION 

Separation of the suspended solids fiom treated effluent in biologicai wastewater treatment 

systems is a crucial step prior to the discharge of final treated water to the environment. 

However, Pujol and Canler (1992) estimated that at least 70% of operating systems continue to 

expenence difficulties with settling of suspended solids in activated sludge systems which are 

one of the most cornmon biological wastewater treatment processes employed. A brkf n w e y  

of different treatment systems in Canada shows the prevalence of this problem (Table 1.1). 

DBerent settling strategies have been employed by plant operators to achieve a quaiity final 

effluent where the standard is established by law. Regardless of the recognition of this costly 

problem, it continues to be an important issue in the operation of wastewater treatment plants. 

Table 1.1. Survey on settling problern from different activated sludge treatment systems. 

Types of activated Municipal Poultry Petroleum Potato 
sludge systern processing refmery processing 

Prevalence Rarely Once a yr. Rarely Constantly 
(== lm-) (-= l/yr.> 

Seasonal problem Summer Winter No Constantly 

Time required to I month 2-3 weeks No data Not resolved 
resolve the until new 
problem modification 

being 
installed 

Conventional studies on activated sludge floc settling have strictly treated the floc as a spherical 

physical entity. The conditions that affect the floc in wastewater treatment systems are usually 

considered in the context of the bulk mixed liquor or by optical microscopy. Recently, the 

extracellular polymeric substances (EPS) which form the matrk of activated sludge flocs have 

been shown to be important in flocculation and senling (Forster and Dallas-Newton, 1980; 

Urbain et al., 1993). The chernical properties of the surface matrix are thought to be important 



in determinhg the strength of binding between the floc particles. However, the precise role of 

EPS in relation to bioflocculation and its effect on floc settling are sti1l not completely 

understood. In addition, previous studies have described the relationship between floc settiing 

and physical properties of the floc, such as size, shape and density in a gross scale which is 

larger than 1 micron (Magara and Nambu, 1976; Li and Ganczarcyk, 1987). Recentiy, the 

importance of microorganisms and bioorganic material to floc developrnent and properties has 

been well recognized (Unz and Farrah, 1976; Buffle and Leppard 1995a and 1995b). Therefore, 

the study of floc properties at the fine scale (submicron) becomes more important in 

understanding the floccdation process. 

Comprehensive studies of different activated sludge treatment systems are necessary in order to 

develop sound control strategies for sludge settlement. The microbizl community of different 

activated sludge system is considered to be different depending on the wastewater composition 

(Tezuka, 1969). These differences in rnicrobial community affect the sludge properties which 

deterrnine the criteria for efficient and functional operation. However, studies on the properties 

of activated sludge fiom different treatment systems are still lacking. 

1.1 Objectives 

In an effort to better understand bioflocculation and the role of EPS on the properties of 

activated sludge floc, a comparative study of several full-scale activated sludge systems has 

been conducted. The objectives of this study were as follows: 

(1) compare the characteristics of floc with respect to EPS composition, floc size and density, 

and structural properties among difTerent activated sludge treatment systems; 

(2) compare the characteristics of floc during functional and dyshctional settling periods; 

(3) investigate the relation between the EPS composition and sludge settiing. 



CHAPTER 2 LITERATURE RIEVIEW 

The objective of biological wastewater treatment is to remove the organic matter or other 

constituents in the wastewater. This task is accomplished biologicaily using microorganisms, 

principally bacteria These microorganisms cleanse the wastewater by using the organic 

material present as a food source to grow and regenerate. The biomass produced is either 

maintained in suspension in water as suspended-growth or attached in some solid medium as 

fixed-fih. Activated sludge process is one of the most commonly used suspended-growth 

biological wastewater treatment processes. 

2.1 Activated sludge process 

An activated sludge reactor contains an aerated mass of sludge floc, surrounded by the influent 

wastewater, to f o m  rnixed-liquor. Activated sludge floc is made up of aggregates of 

microorganisms, inorganic and organic colloidal material and large particdate material which 

are d l  held together in a compact organic matrix. The termed "activated" cornes from the fact 

that significant quantities of bacteria, f h g i  and protozoa which are recycled to the reactor to 

increase the biornass concentration. Hence, recycle of biomass can be considered as a main 

characteristic feature of the activated sludge process. 

Figure 2.1. Schematic of typical activated sludge reactor (Metcalf & Eddy, 1991). 

Influent r Final 
Chrifie Effluent b 

! 
A 

Returned Activated Sludge Wasted Activated Sludge 

Aeration Tank 



Many variations of the original process are in use today, but hdamentally they are al1 similar. 

A schematic diagram of the typical process is shown in Figure 2.1. The mixed-liquor flows 

through large aeration tanks which allow for a long detention time (hydradic retention tirne - 
HRT) of between 4 to 6 hours. Oxygen is dissolved (DO) into the mked liquor by bubble 

diffusers within the tank or by mechanical surface mixers which mix the liquor with air. 

Following this aeration penod the mixed-liquor is directed to a secondq settling tank 

(clarifier) where the solids flocculate and setde by gravitation to form a sludge. This step is 

termed clarification. A portion of this sludge is sent back to the beginning of the process as 

return activated sludge (RAS). The period in which biomass is retained in the reactor is termed 

mean ceIl residence time (MCRT). The sludge produced in excess of the process requirements, 

termed as waste activated sludge (WAS), is discharged f?om the treatment systern and handled 

as solid waste (Metcaif & Eddy, 1 99 1). 

Effective separation of the biornass in the settling tank is important to the operation for two 

reasons. Firstly, in order to ensure sufficient biomass is recycled to the aeration tank, the 

biomass is required to settie from the treated water uid form a thickening biomass. Secondly, 

the discharging of suspended solids is responsible for the organic content and high turbidity in 

recipient water. It is important to note that unless the biomass produced fiom the organic matter 

is removed fiom the wastewater, complete and efficient treatment of the wastewater has not 

been accomplished. 

2.2 Activated sludge floc and bioflocculation 

Effective settling is dependent on production of individual flocs having specific physical, 

chernical and stmctural characteristics. The overall floc structure is negatively charged. The 

negative charge is the result of interaction between microorganisms (mainly bacteria), inorganic 

particles (silicate, calcium phosphate and iron oxides), multivalent cations and extracellular 

polymenc substances which is either from cellular metabolism and lysis or fiom the wastewater 

itself (Urbain et al., 1992). This agglomeration of the active biomass is called bioflocculation. It 

is affected by the biological, physical and chemical properties of the treatment systern. However, 



the exact mechanisms of this phenornenon and the factors affecthg these mechanisms are not M y  

understood. 

A sludge surface mode1 and filamentous backbone model have been proposed for the 

mechanism of bioflocculation. Tenney and Stumm (1965) proposed that polymers exposed on 

the microbial d a c e  might act to adsorb and bridge between ceil d a c e s  and therefore initiate 

floc formation. The bridging that occurs between bacterial ceils and other particdate materials is 

suggested to form a heterogeneous aggregate. Tenney and Veriioff (1973) suggested M e r  that 

this attachent was reversible with some type of equilibrium relationship. Forster and Dallas- 

Newton (1980) proposed a model on the possible structure of activated sludge floc (Figure 2.2). 

This model suggests that a range of inter-polymer reactions, hydrogen bonding, ionic structures 

and physical enmeshing is involved. The backbone model (Figure 2.3) states that the 

filamentous organisms form a ma& and provide a "backbone" for the build-up of the floc 

which was subsequently formed with the assistance of various polyrner bridges between 

particles and smaller flocs (Sezgin et al., 1978; Horan, 1990). 

Fibr 

Figure 2.2. Sludge surface rnodel for flocculation of activated sludge floc (Forster and Dallas- 
Newton, 1 980). 



..*-- - . - - . - . . 

Entrapped bacteria 

and colloiciai pariicles 

Extracellul d filamentous bacteria 

matrix 

Figure 2.3. A typical activated sludge floc with filamentous bacteria (Horan, 1990). 

Both of the models have much in cornmon and are not mutually exclusive. Generally, the 

concept that bioflocculation is the result of the interaction of naturally produced, high molecula. 

weight, long chah polysaccharide bridges which bring individual cells into an aggregate is widely 

accepted (Tenney and Verhoff, 1973; Horan, 1990). This polysaccharide is found within the 

extracellular matrix of the floc. 

2.3 Settling problems - dysfunctional systems 

Settling problems continue to be an important issue in the operation of wastewater treatment 

systems as mentioned in Chapter 1. Bulking is the main settling problem. A buiking sludge is 

one that has poor settling characteristics and poor compactability. Two principal types of 

sludge-bulking problems have been identified. One is filamentous bulking which is caused by 

the excessive growth of filamentous microorganisms (Pipes and Jones. 1963; Pipes, 1966; Rao 

and Washington, 1968). The other is non-filamentous bullcing or viscous bulking (Jenkins, 

1992). Pipes (1967) suggested that the non-filamentous bulking was caused by the presence of 

excessive amount of bound water in the floc particles. In addition, abundant growth of 

zoogloeal colonies has been observed associated with non-filamentous bulking (Novak et al, 



1994). Ienkins (1992) suggests that viscous bulking is most probably related to the 

morphological characteristics of the flocs and the presence of a large amount of exocellular 

slirne produced by particular bacteria including Zoogloea. 

The precise reason for the variations in the settlement characteristics of the biomass is still 

unclear. Since changes in the nutritionai balance are known to stimulate the production of surface 

biopolymers in pure bacterial cultures, similar processes are expected to occur in activated sludge. 

Surface polymers dso control d a c e  charge which has been shown previously to be related to 

settling (Forster, 1971). Therefore, the change in nature of sludge d a c e  due to the variation in 

nutritionai balance of the bacteria or in microbial populations is expected. Forster (1985) proposed 

a S-mode1 to explain the cause of bulking (Figure 2.4). 

Species 4 rn Surface 

Figure 2.4. A sequence of generalized interaction related to the causes of sludge b d h g  
(Forster, 1 98 5). 

2.4 Extracellular poiymeric substances (EPS) 

Extracellular polymeric substances (EPS) within the floc matrix and on the surface of floc have 

been shown to be important in flocculation and settling (Forster, 1971 ; Forster and Dallas- 

Newton, 1980; Vallom and McLoughlin, 1984; Goodwin and Forster, 1985; Morgan et al., 

1990; Urbain et al., 1993). EPS are produced by bacteria and typically cm be attached to the ce11 



as a capsule, or secreted to the surrounding medium as a slime. Sutherland (1972) and Wrlkinson 

(1958) proposed diat the EPS had an important protective hct ion,  aiding Survival and dispersal 

of bacteria species. EPS represents a smalI fraction of the activated sludge mass. It generally 

accounts for less than 14 % of the sludge dry weight even with a drastic extraction procedure 

such as heat treatment which may cause ce11 lysis and the intracellular material wouid be 

measured as EPS (Beccari et al., 1980; Clarke and Forster, 1982). EPS may have a role in 

bndging the microbes. Buffle and Leppard (1995) showed a mathematical simulation of a 

bridging flocculation process between colloids and macromolecdes in the size range of 1 nm to 

1 Pm. Microbes and EPS could themselves be considered as colloids and macromolecules, 

respectively. Generally, capsular d a c e  polymer is believed to have an effect on flocculation and 

settling. Slime is either loosely bound to the cell, or is totdy fke fiom it (Pelczar et al., 1977; 

Sato and Ose, 1980). Therefore, it would be unlikely to assist the settling process, and in fact may 

hinder it by shielding the colloid peinema and Zevenhuizen, 197 1). The terms d a c e  polymers. 

biopolymers, exopolymers, extracellular polymers, extracellular polysaccharides and extracellular 

polymeric substances have been used to descnbe these substances by different investigators. 

Extracted EPS are the substances which cm be removed f?om the ce11 s d a c e  of microorganisms 

(and in particular, bacteria) without disrupting the cell. 

2.4.1 CharacierIStics of EPS 

EPS play a significant role in flocculation and can be described as high molecdar weight 

compounds (M.W. > 10,000) produced by microorganisms (Morgan et al., 1990). Since the 

flocculation results fiom the attachment of polymeric materials between microbial surfaces, the 

length of the polymer segment must be SUff~cient to bndge the ce11 separation to induce the 

flocculation (Temey and Verhoff, 1973). Moreover, the surface interactions which are involved 

in determining the settlement properties of sludge have an ionogenic (and presumably 

hydrophilic) nature with a part that is strongly hydrophobic (Goodwin and Forster, 1985). 

Hence, EPS with an ionogenic nature is considered to be important for flocculation. Since the 

surface charge is govemed by the exact chernical composition of the sludge surface, it is 

important to study the constituents of the EPS. 



2.4.2 Constitients of EPS 

The chemicai composition of EPS is reported to be very heterogeneous (Fmlund et al., 1996). The 

general categories of organic polymers present in extracted EPS include polysaccharide, protein, 

RNA and DNA, and lipids (Tenney and Verhoff, 1973; Goodwin and Forster, 1985). The 

exiracted EPS observed in different studies, generally accounts for approximately 15 - 33 % of the 

sludge suspended solids (Urbain et al., 1993). The molecdar weights of these organic polymers 

are dl greater than 10' amu and their sizes are larger than 0.001 pm as shown in Figure 2.5. As 

mentioned in the previous section, the high rnolecular weight rnacrornolecules are considered to be 

responsible for the floccdation. Goodwin and Forster (1985) reported that lipid had a significant 

efZect on sludge settlement even though lipids contained Little ionogeriic materiai and would not be 

expected to contribute to d a c e  charge. However, iipids appear as the components of the ce11 

membrane and ce11 wall in the form of lipoproteins and glycolipids. Thus, they are considered to 

be important at the ce11 membrane level rather than the intercellular level for flocculation. 

Moreover, RNA is not likely to be stable in the extracellular matrix (Leppard, 1997). Therefore, 

the effect of the level of protein, polysaccharides and DNA in extracellular ma& on flocculation 

is expected to be more significant. 

Polysaccharides. Polysaccharides are thought to be the most important chernical component for 

flocculation. The EPS extracted fiom the activated sludge hm been mainly of a polysaccharide 

nature (Brown and Lester, 1 979). Hence, the vast majority of research related to EPS in activated 

sludge has been mainiy concemed with the polysaccharide fraction. Horan and Eccles (1986) 

reported that al1 the polysaccharide fractions were of high molecular weight, ranging from 3 x 

10' to 2 x 1 o6 arnu The polysaccharides consist of both n e u d  and acidic sugars. The principal 

ionogenic component of such polysaccharides was reported to be glucuronic acid (Forster, 197 1 ; 

Steiner et al., 1976; Horan and Eccles, 1986). This surface acid contributes to the net negative 

charge commonly found in exopolysaccharides (Sutherland, 1972). At neutral pH values this 

compound will carry a strong negative charge which allows the sludge to behave as a 

polyelectrolyte (Horan, 1990). Hence, ionic bonding is suggested to be involved in the 

mechanism of flocculation (Forster and Dallas-Newton, 1980). When the polysaccharide is 



composed of exclusiveiy neutrai sugars, hydrogen bondiing through regions of electron density 

must be considered as a mechanism by which floc is formed (Friedman et al., 1968). 
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Figure 2.5. Particle sizes and approximate molecular masses of wastewater organics (Levine et 
al., 1985). 

Proteim. In adaddition to polysaccharides in EPS, the significance of protein for flocculation has 

also k e n  shown. Many studies have reported that the exocellular protein concentration in 

activated sludge systems was greater than the exocellular polysaccharide concentration ( T e ~ e y  

and Verhoff, 1973; Brown and Lester, 1980; Urbain et al., 1993). Removal of d a c e  protein 

has been show to cause the deflocculation of bacterial suspensions (Kato et ai., 1971). Temey 

and Verhoff (1973) showed that the extracted biopolymers were capable of causing 

agglutination of inorganic coiioids such as dumina and hypothesized that these biopolymers 

could belong to a class of proteins hown as transport enymes. Kggins and Novak (1997) 



reported that incubation of a laboratory activated sludge with a proteolytic enzyme resulted in 

deflocculation of the suspension. 

DNA. DNA in EPS may have a role in flocculation. Palmgren and Nielsen (1996) have 

demonstrated that DNA c m  be found in 3 fiactions of the ceil culture: as intraceliular DNA, as 

DNA associated with the ce11 surface/in the capçular biopolyrner, and as extracellular dissolved 

DNA in the slime polyrners released by the cells. They found that the extracellular DNA can 

accumulate independently of the cell biomass and can be protected by capsular polymers. 

Therefore, they have suggested that DNA may have an influence on the activated sludge 

composition and stabiiïty. Other studies also indicate that large amounts of DNA c m  accumulate 

in the extracellular polymenc matrix of sludge flocs (Frdund et al., 1996; Urbain et al., 1992). 

Previous studies in wastewater treatment processes and in aquatic and sediment environments 

have used the amount of DNA present as a measure of the number of bacteria present in the 

system (Thomanetz, 1982; Liebeskind and Dohmam, 1994). Paul and David (1989) have 

suggested that the extracellular DNA is independent of the biomass but more dependent on 

physio-chernical factors. Vallom and McLaughlin (1984) have also postulateci a role for DNA 

released during sludge autolysis, suggesting that it acts as a bridge to bind individual cells through 

surface charge. DNA in the sludge matrix is thought to be protected against enzymatic 

degradation by the formation of metai ion complexes. This hypothesis gives a possible indication 

of the role of nucleic acids in floc formation (Forster, 1976). 

2.4.3 Extraction of EPS 

The extraction procedure is important in determinhg the composition of extracted EPS in 

activated sludge. Many attempts have been made to extract and quanti@ sludge EPS because of 

the recognition of involvement of EPS in biofloccuiation. A good extraction procedure is an 

effective extraction with the lowest extent of ce11 lysis and less dimption to the EPS (Gehr and 

Henry, 1983). Several extraction methods have been investigated including mechanical, 

chemicai and thermal techniques in comparative studies (Kiff and Thompson, 1979; Brown and 

Lester, 1980; Gehr and Henry, 1973). The shearing effect of ultra-centrifugation is not an 



effective method for activated sludge (Novak and Haugan, 1981), whereas chernical and heating 

procedures are too harsh on celi structure and c m  lead to ceii lysis (Urbain et al., 1993). Goodwin 

and Forster (1985) reported that temperature had little effect on the polysaccharide fiaction. 

However, a greater sensitivity to the extraction temperature was fouud in the proteinaceous 

bction. The extraction technique using cation exchange resin (CER) as described by Fnalund et 

al. (1996) is considered to be a mild EPS extraction rnethod. This resin removes cations h m  the 

sludge ma& leading to breakup of the flocs and a absequent release of EPS. There is, however, 

still no unified method established for the quantitation of EPS of activated sludge. However, 

comparative studies cm be useful if the extraction technique is standardized initidly (Goodwin, 

1988). 

2.5 Physical properties of floc 

Physicai properties of sludge floc have long been recognized as haWig signifiant influence on the 

effective separation of solids fiorn the treated effluent. Glasgow and Hsu (1984) have studied the 

phy sicai characteristics of floc including six,  strength, density and perrneability . However, floc 

size and density are particuiarly important parameters and are meanired in many s u e s  related to 

activated sludge (Magara and Nambu, 1 976; Klimpei et al. 1986; Andreadakis, 1993). In addition, 

the shape of sludge Bocs is reported to be related to the settling properties (Eriksson and Hardin, 

1 984; Watanabe et al., 1 990). 

2.5.1 Floc size and shape 

Sampling and stabilizution. In order to retain the specific size distribution and the geometric 

properties of floc for observation, physical stabilization of the floc is required. A major 

characteristic of a microbid suspension is its intrinsic instability due to the microbial activity and 

continuing aggregation and disaggregation processes. Therefore, the storage time should be short 

and the sarnple processing should be unobtnisive in order to retain the geometric properties of floc 

for study. Rapid dilution of mked liquor sample baç been used by different investigatoa to retain 

the form of the flocs. However, this prepared sample c m  only be observed immediately and is 



inappropriate for storage and transportation as the water evaporates quickly. Of course, the 

geometric characteristics of floc are diffèrent in dried floc. Moreover, this method allows the 

microbial activities to continue inside the floc. These microbial activities rnight change the 

geometric forms of the flocs as weli. Ganczarczyk et al. (1992) recommended a stabilization 

method by embedding in agar. Due to the rapid solidification and no requirement for intensive 

mixing in using the agar, the original morphological properties of the particle can be preserved 

for a long period of time and thus the opporhinity for change in particle size distribution is 

minimized (Zahid and Ganczarcyk, 1990). Droppo et al. (1 996% b) described a method of 

using low rnelting point agarose to physically stabilize microbial flocs prior to M e r  sample 

handling. The authors found this method not to significantly influence floc size distribution. 

floc size. Floc size has long k e n  recognized as an important parameter affecting the sludge 

settling (Horan, 1990; Jenkins et al., 1993; Gmczarczyk, 1994). Activated sludge flocs are 

dispersed in aeration tanks due to the turbulence generated in the aeration tanks, the duration of the 

aeration time and the concentration and composition of the wastewater and biomass (Ganczarczyk, 

1967). Hence, a dynamic equilibrium of the sizes of the flocs is formed due to continuous 

aggregation and disaggregation (Parker et al., 1971). Flocs are descnbed as highiy irregular in 

shape, porous and three dimensional. Since flocs are non-spherical and are generally observed as 

two dimensionai projections, there is no simple means of speciwg size or shape (Bache et al., 

1991). Most of the methods assume one or two principal axes and with a sphere-like shape. 

Longest dimension, breadth, equivalent sphencal diameter, cross-sectional area and perimeter have 

been used to characterize the floc size by Li and Ganczarczyk (1986). Equivalent spherical 

diameter (ESD) is the terni used by a number of investigaton for floc size measurement due to its 

compatibility with Stokes' law when calculating floc density determination (Andreadakis, 1993; 

Droppo and Ongley, 1992; Magara et al., 1976). Moreover, ESD is also the traditional parameter 

of presenting grain-size distribution Floc sizes can range from a few j.un to mm. The 

mathematical expression of ESD is as follows: 

ESD = (4 A r e a h  ) IR  @q- 2-1) 

where Area is the measured floc area. 



The sizes of floc particles are presented as a s k  distribution curve. Both the sampie mean 

(Forster and Choudhry, 1972) and sample median (Ra0 et al., 1991) derived from these curves 

have been used to represent the typical floc size of a sample. However, sample median is a robust 

statistic which is an accurate meanire of centml tendency regardless of whether or not the 

distribution is symmetricd. In con- sample mean is a good measure of the central tendency 

ody if the dishibution is symmetrical. 

Many methods have been developed to measure the fioc size. These methods include 

photographic techniques (Magara et al., 1976; Tambo and Watanable, 1979), Coulter counter 

technique (Andreadakis, 1 993; Smith and Coackley , 1 9 84), microscopie observation (Sezgùi et 

al., 1978; Pipes, 1979) and automated image analysis technique (Glasgow et al., 1983; Li and 

Ganczarczyk 1986; Droppo and Ongley, 1992). However, the Coulter counter method is 

destructive due to its impact on breakage and compression of larger flocs. Moreover, the shape of 

floc cannot be measured by this technique. On the other hand, the photographic technique does 

not allow the measurement of very mail floc. Since an accurate representation of the size 

distribution depends on the ability to detect small particle sizes, the photographic technique may 

overestirnate the importance of the iarger floc (Le. provides a Iarger floc size distribution) 

(Andreadakis, 1993). An automated image analysis system consists of a microscope and a 

computerized digitizer which allow for an accurate, reproducible and fast measurement of floc size 

and other geometrk parameten (e-g. floc shape). 

Floc shape. The effect of four morphological parameters including form factor, three- 

dimensional aspect ratio, roundness and hc ta i  dimension on sludge settling was studied by 

Gnjspeerdt and Verstraete (1997). Form Factor (FF) and Aspect Ratio (AR) were concluded to 

be the most suited morphological parameten to estimate the settleability of activated sludge. 

The terms shape factor, form factor, and circularity have been used by different investigators to 

describe the deviation of an object fiom a circle; however, they carry the same mathematical 

expression for calculation (Eq. 2.2). Form Factor is used afler Grijspeerdt and Verstraete 

(1997). FF is the ratio of floc area to the area of a circle with the same perimeter as the floc, and 

it is particularly sensitive to the "roughness" of the boundaries. It is equal to 1.0 for a circular 



floc and close to 0.0 for a linear floc. AR is sensitive to the extension of an object. The more 

elongated it is the larger the value for this parameter. A circle has an AR of 1.0. The 

mathematical definitions for FF and AR are as follows: 

FF = 4 x Area / ~erimete? (Eq- 2-2) 

where Area = measured floc area, Perimeter = measured perimeter of fioc particle. 

AR= 1.0 + 4 I n  (Lengthl Width - 1.0) 

where Length = measured longest dimension of floc particle, 

Width = measured shortest dimension of floc particle. 

2.5.2 Floc seîtiing velocity 

Floc settiing velocity is a function of the floc size, wet density and viscosity of the settling 

medium as described by Stokes' equation (Eq. 2.4). 

(Eq. 2.4) 

where v = settling velocity, D = equivalent spherical diameter of particle (ESD), 

pf= wet density, pw = density of the water, 

p = dynamic viscosity (kinematic viscosity x p, ). 

In addition, settling velocity is also afYected by the shape and settling orientation. Leman 

(1979) reported that the effect of fluid drag force on the settling velocity of a non-spherical 

particle was larger than that on a sphencai particle. Therefore, the fastest settling rate is for a 

particle of spherical shape, followed by cylindricai, needle-like, and disc-like. Settling velocity 

of individual floc is important for the determination of wet density as discussed in Section 2.5.3. 



Li and Ganczarczyk (1987) used a power fiinction of the form v = A Ln , and a linear fbnction of 

the form v = A + BL, to correlate the settling velocity of floc to its size as longest dimension 

(L). A, B and n are the equation coefficients determined experimentally. They concluded that 

the power function better described the relationship for very smaii floc than did the linear 

function. The power fiinctioo predicts that the velocity will be zero when the floc size 

approaches zero whereas the linear function does not. Lee et al. (1 996) managed to mesure the 

settling velocity and size for a total of 1385 floc particles and reported the power coefficient of 

between 0.7 - 0.8. A linearized settling velocity equation (Eq. 2.4) in the form of power 

firnction is as follows: 

log v = log A + 2 log D 

where v = settling velocity, D = ESD, A = constant. 

Different imaging techniques have been developed in order to capture the image of settling floc 

for size and settiing velocity measurement. For photographic techniques, only one or a few 

flocs are uitroduced into the column when a picture is to be taken. However, the shallow depth 

of field lirnits the chance to obtain a sharp floc image. Therefore, the adoption of a very thin 

sedimentation colurnn (Magara et al., 1976; Tarnbo and Watanabe, 1979) helps to place the 

settling flocs within the focal plane. However, it complicates sample introduction (Li and 

Ganczarczyk, 1987). Hermanowicz and Ganczarczyk (1983) measured the floc size of the 

particle before it was dropped into the settling column. However, this requires the floc being 

manipulated more and it is not ideal for an easily perturbed structure like floc. A mdti- 

exposure photographic technique using a stroboscope was employed by Li and Ganczarczyk 

(1987). This technique is effective in rneasuring floc size and settling velocity, but it lacks the 

precision in measuring fine floc. Klimpel et al. (1986) used a cinematographic technique to 

measure the larger floc (> 1 O0 p), and the multi-exposure technique to mesure the smaller 

floc (<IO0 pm). With the advance in imaghg technology, video imaging has been used for 

settling velocity determination (Lee, 1994; Droppo et al., 1997). This allows the tape to be 

replayed. Droppo et al. (1997) described a setup which interfaced the video camera with image 



analysis software. The settling velocity was derived by digitally overlaying two video frames of 

a known time intervai apart. In this way the same particle appears on the newly combined 

image twice and the distance of settling and the particle size can be digitized. 

2. 5.3 Floc densi@ 

Floc density is an important physical characteristic for floc sealing. Together with floc size and 

shape, the wet density of a floc particle determines the s e p d o n  efficiency of suspended solids 

&om wastewater in the clarifier. 

Demi& determination. Obtaining the buk density of a floc is difficult due to the hydration water 

associated with its surface. DBerent methods have been used in previous studies. One of the 

methods is an indirect method involving the determination of the bound water content of the 

sludge by the dilatometric technique (Forster and Lewin, 1972; Barber and Veenstra, 1986). 

Another method is the interference microscopy method described by Andreadakis (1993) to 

measure the dry mass of activated sludge. However, density determinations for floc based on the 

observations of terminai settling velocity are u s d l y  used because of its simplicity and the low 

testing COS (Magara et al., 1976; Tambo and Watanabe, 1979; Glasgow and Hsu, 1984; Li and 

Ganczarczyk, 1 987; Droppo et al., 1 997). 

By appiying Stokes' equation (Eq.2.4), the floc wet density can be calculated based on the 

measurement of settling velocity. However, this method is based on the assurnption of a single 

imperneable spherical particle in a lamuiar region (Reynolds Nurnber < 0.5). It is still not ideal 

for the determination of floc density because of the heterogeneous structure and irreguiar shape of 

the floc (Burban et al., 1990). Therefore, this approach is regarded only as an approximation. 

Settling velocity (v) and spherical diameter (D) are denved fiom the image analysis system. 

Water density (p, ) and viscosity (p) are constants for a given water temperature. Wet density 

(pf) c m  be calculated nom Eq. 2.6. 

(Eq. 2.6) 



where v = settling velocity, D = equivalent sphencal diameter of particle (ESD), 

py= wet density of floc, p, = density of the water, 

p = dynamic viscosity (khematic viscosity x p, ). 

The density of a floc is expressed by various narnes as apparent, envelope, effective and piece 

density (Geldart, 1990). The concept of an effective density as defined by Tambo and 

Watanabe (1979) is used. The mathematical expression of effective density (p, ) is shown as 

follows: 

P e = P f - P w  (Eq- 2-7) 

Combining Eq. 2.4 and 2.6, the effective density (p, ) can be expressed as follows: 

A linearized effective density (Eq. 2.8) expressed in power function is as follows: 

log pe = log A - 2 log D 

where A is a constant. 

iModzjied Stokes ' law. Different floc density models related to the settling velocity and particle 

diameter have been proposed by investigators (Magara et al., 1976; Tambo and Watanabe, 

1979; Andreadakis, 1993). However, precaution should be taken to adopt these kinds of 

empirical models for density calculation as assumptions and limitations rnight be included. 

N h e r  and Ganczarcqk (1993) adopted a correction factor which incorporated the settling 

shape factor and the consideration of flow regime for the determination of the hydrodynarnic 

properties of the flocs studied. This study indicated the necessity of taking the shape factor into 

the estimation of settling velocity and effective density. The Reynolds Number (Re) of a 

particle is calculated as Eq. 2.10 to determine the flow regime of floc. 

(Eq. 2.1 O) 



where D = ESD, v = settling velocity, p, = density of the fluid, 

p = dynamic viscosit. of the fluid. 

For non-sphencal floc (afler P e ~ j o h n  and Chridansen, 1 948), if Re is in Stokes' regime (Re < 

0.2), the correction factor k, for Stokes' regime is as follows: 

k, = 0.843 log ( 4 1 0.065) (Eq. 2.1 1) 

where g = acceleration of gravity (9.8 1 ms-'), $ = Fom Factor (FF). 

If Re is in Newton's regime (1000 < Re c 3 x 10')' the correction factor k,, for Newton's regime 

is as follows: 

k,, = 5.3 1 - 4.88 4 (Eq. 2.13) 

pe=3 k,, pw v ' 1 4 ~ ~ '  (Eq. 2.14) 

If Re is in transition range (0.2 < Re < 1000) the correction factor k (after Geldart, 1990) is as 

follows: 

k = k - (0.43 I ) I R  ] (1000 - Re) / (1000 - 0.2) + (0.43 1 k,, ) '" (Eq. 2.15) 

pe = 1 8 y v I ( k  g D L )  (Eq. 2.16) 

2.6 Structural properties of extracellular matrix 

A number of workers have associated the formation of polysaccharide capsular matrices or 

exocellular fibriIs with microbial fioccdation (Forster, 197 1 a; Wallen and Davies, 1 972; 

Friedman et al., 1968). Much of the EPS appear as distinct fibrils in electron rnicrographs 



(Leppard, 1992b). It is readily recognized in TEM images by its distinctive ribbon-like shape. 

Fibrils are colloicial in nature and can leave the surfaces of living cells without any concomitant 

damage to the ceils (Decho, 1990). The fibrils observed by electron microscopy are largely in 

polysaccharides whose monomeric composition tends to be rich in uronic acid. Individual 

fibrils, whether branched or not, have a diameter typically in the range of 0.002 to 0.01 Fm. 

Visuai observations of nahual flocs with hi&-resolution electron-optical microscopy techniques 

have reveaied cross-linkages of floc particles by bridges of fibrils (Leppard, 199213). 

2.6- I Correlative microscopy (C'. 

Leppard (1 992a) described a strategy called correlative microscopy (CM) which used dif5erent 

kinds of microscopes to obtain different information. For exarnining a sample of floc particle in 

micrometer to submicron fibril structure in an extracellular matrix, a series of microscopes is 

used in sequence to bridge the gap between the resolution of an aided eye (near 1 0 0 p )  and that 

of a transmission electron microscope (near 0.001 p). This allows one to detect, assess and 

minimize artifacts that might arise From using one technique only. Often multiple samples are 

required for multiple microscopie studies. However, correlation of the observations fiom 

multiple sarnples may be erroneous. Droppo et al. (1996a, b) descnbed a floc stabilization 

technique using low melting point agarose to allow a single sarnple to be andyzed by different 

microscopes. In addition, Liss et al. (1996) conducted a study of natural uid engheered flocs 

structure using CM including conventionai optical microscopy (COM), scanning confocal laser 

microscopy (SCLM) and transmission electron microscopy (TEM). They described a minunai 

perturbation approach within a four-fold multipreparatory technique to prepare the sample for 

the examination using TEM. Correlating this information including sizing and morphological 

parameters of the floc itself and the fibril in extracellular matrix down to about 1 n m  in the least 

dimension, the structural characteristics of floc can be described directly and more cornpletely. 

nie description and the method of sample preparation for each type of microscopy are included 

in Section 3.5. 



CaAPTER 3 EXPERIMENTAL 

This study has involved a comprehensive examination of sludge nom four different types of 

hill-scale activated sludge systems (Figure 3.1). Three of these treated industrial wastewater 

and include a poultry processing wastewater - Maple Lodge F m ,  Brampton, ON; petroleum 

rehe ry  wastewater - Petto-Caoada, Oakville, ON; and potato processing wastewater - Prince 

Edward Island. A municipal system treating domestic sewage - Main Treatment Plant, Toronto, 

ON, was studied as well. Each wastewater treatment plant was sampled bi-weekly for a six- 

month period. 

1 MLVSS, m microbial community analvsis 1 
1 SVI,MLSS, I 

I 1 sludge carbohydratd 
1 - 
1 F ilamentous analysis, I 

I 1 EPS extraction by 1 
1 cation exchange method 1 

Carbo hydrate P 
Acidic polysaccharide r---l 

image analysis 7 
Size distribution 7 

1 1 Floc stabilization by 

EPS COMPOSITION STRUCTURE 

Figure 3.1. Experirnental approach for correlative study on sludge floc. The dotted line 
represents the operating data provided by the treatment plants. 



3.1 Sludge samphg 

The mixed-liquor samples fkom the system treating domestic sewage (system-Dm) and 

petroleum refinery wastewater (system-Pm) were collected in penon. The samples f?om 

systems treating podtry processing wastewater (system-Py) and potato processing wastewater 

(system-Po) were sent by courier. About two litres of rnixed-liquor sample was collected each 

t h e  and the sampling bottle was filled to about 80 % leaving sorne head space for air. The 

samples nom system-Dm were analyzed on the same day as sampling. The samples fiom 

system-Py and system-Pm were analyzed on the next day after sampling. The samples fiom 

system-Po were anaiyzed at one day after the sampling day. For those samples not analyzed at 

the tune of sampling, they were stored at 4" C for one day. The effect of storage time on the 

chemical properties of sludge was studied by Bura et al. (1997) and is discussed in Section 

4.3.2. 

3.2 Standard wastewater anabsis 

As environmental conditions are known to influence sludge settling, the informstion on 

operating conditions of treatment systems is important to know. Mixed-liquor suspended solids 

(MLSS), rnixed-liquor volatile suspended solids (MLVSS) and sludge volume index (SVI) were 

measured according to standard methods (APHA, 1985). The data for mean ce11 residence time 

(MCRT or sludge age), hydraulic retention t h e  (HRT), pH, biochemical oxygen demand 

(BOD) were obtained directly fiom the plant personnel. Food to rnicroorganism ratio (FM) 

was calculated fiorn the BOD, HRT and MLVSS data provided. 

Suspended soli& concenîration. Mixed-liquor suspended solids (MLSS) are cornposed of 

active and non-active microbial mas, non-biodegradable organif mas ,  and inorganic mass. 

Mixed-liquor volatile suspended solids (MLVSS) represents the organic fraction of the solids 

and are used traditionally as an index of biomass content in the modeling and operation of 

activated sludge systems. An aliquot of well-mixed mixed-liquor (5 mL) was filtered thmugh a 

weighed standard glass-fibre filter (Whatman, 47 mm dia.) and the residue retained on the filter 

was dned to a constant weight at 103 - 105 O C  in about 1 h. The increase in weight of the filter 



represented the MLSS. The residue was then ignited at 550 O C  for about 1 h. The remaining 

solids represented the fmed solids while the lost on ignition was the MLVSS. Al1 these 

determination> were done in triplkate . ad -  the results were expressed in mg/L. MLSS and 

MLVSS are defined as: 

(A- B) mgx 1000 
MLSS mg/L = 

sample vol. (mL) 

(A - C) mg x 1 O00 
MLVSS mg/L = 

sample vol. (mL) 

(Eq. 3.1) 

where A = weight of filter + dried residue after 105 OC, mg 
B = weight of filter, mg 
C = weight of filter + residue after ignition at 550 OC, mg 

Sludge Volume Index (SV.. SV1 is typically used to monitor the senling characteristics of 

activated sludge. It is the volume in rnL per g of a suspension after 30-minute settling. 

'Bulking' has been taken somewhat arbitrarily as occurring when SV1 values exceeded 150 - 
170 mL/g. One litre of mixed liquor sample was put into a 1-L graduated cylinder. The 

cylinder was covered and inverted several times to distribute the solids. The volume occupied 

by the suspension after 30 minutes was recorded. MLSS was determined as described in the 

above section. SVI is defined as: 

settled sludge volume (mWL) x 1 O00 
SV1 mL/g = 

ss (WIL) 
(Eq. 3.3) 

30-min settling test. This test is also used to monitor the settling characteristics of activated 

sludge. It is the percentage of sludge blanket settied in a 1-litre graduated cylinder after 30 

minutes. The 30-min settiing test is defined as: 



height of sludge blanket afler 30 minutes 
settling % = x 100 % (Eq. 3.4) 

height of sludge before settling 

Food and rnicroorganism ratio (F/M. F M  ratio is one of the most commody used parameters 

for the design and control of the activated sludge process. It c m  be considered as a measure of 

amount of substmte (BOD) supplied to a unit mass of microorganism. F/M ratio is defmed as: 

(Eq. 3.5) 

where So = influent BOD or COD concentration, mg/L ( g / d )  
0 = hydraulic retention time, d 
X = concentration of rnicroorganisms (VSS) in aeration tank, mg/L (g/m3) 

3.3 Microbial community analysis 

Phenotypicfingerprinring. The BIOLOG method described by Victorio et al. (1 996) was used as 

a community-level characterization of microbial biomass. It provides a sensitive and ecologically 

meaningful measure of heterotrophic community structure. In addition, it eliminates any bias that 

may be associated with cultural methods as reported by the same authoa. 

An aliquot (1 mL) of activated sludge sample was added into a blender. A portion of water (99 

mL) was added in order to make a LOO times dilution. One drop of TWEEN 80 (0.01% v/v) and 

10 pL of sodium pyrophosphate (0.01% v/v) were added into the blender. The suspension was 

homogenized using a Waring blender for 30 seconds. The recovered microbiai hction was 

washed three times with saline (0.85% NaCI) by centrifugation at 1 5,000 g for 1 5 minutes in order 

to remove contaminating organic material present on the cell surface and in the liquid phase of 

the biomass samples. Aiiquots of 150 pL of prepared microbial suspension were inoculated into 

each well of Biolog GN microplate (BIOLOG Inc.). Al1 plates were incubated for 12-18 h at 



30°C and read spectrophotometncally at 590 am with the Biolog microplate reader in 

conjunction with Biolog's Microlog 3.50 software. The Biolog GN microplate contains 95 

different carbon substrates and a control well without a carbon source (Garland and Mills, 

1991). Substrate, dye and nutnents are supplied in each well in a dried-film fonn which is 

recodtuted upon addition of sample. The metabolic response in each well is based on the 

reduction of tetrazolium dye which acts as an indicator of sole-carbon source utilkation. The 

fmgerprinting patterns of metabolic response were created by subtracting the color intensity of 

each well fiom that of the control well. The data were analyzed as described below. 

Data analysis. The relationships arnong and within samples on the basis of optical densities of 

each well were determined by principal component analysis (PCA), using the STATISTICA 

software package (Statsoft, Tulsa, OK). This technique projects the original data ont0 new axes 

(principal components (PCs)) which reflect intriosic patterns in the multidimensional data. Each 

PC extracts a portion of the variance in the original data, with the greatest amount of variance 

extracted by the fusi axis. Relationships among samples are readily observed by plotting 

samples in two dimensions on the basis of their scores for the first two principal components 

(Garland and Mills, 199 1). 

3.4 EPS composition 

Extraction of EPS fiom sludge matrix is required pnor to M e r  chemical analysis of its 

composition. Pnor to extraction, sludge was washed to remove the effluent polymer. The EPS 

was extracted using the cation exchange resin (CER) with the extraction strategy recornmended by 

Frdund et ni., 1996. The CER used was DOWEX (Supelco 1-3443). The CER was washed for 1 

h in extraction buffer prior to use. 

3.4. I EPS extraction 

M e r  the sludge sarnple was trmsported to the laboratory, an aliquot (200 mL) was settled for 1.5 

h at 4°C. A 100 mL portion of the supernatant was decanted in order to thicken the suspended 

solids concentration. A thickened sludge with a MLSS of about 5 to 8 g/L was obtained. A 50 



mL portion of thickened sludge was cenaifuged at low speed (Mode1 HN-S, Internationai 

Equipment Co.) for 10 min. and the supernatant was decanted in order to remove the bulk 

wastewater. A washing step ushg 0.1 mgR. saline was performed and the sludge was centrifbged 

at low speed for 10 min-. The sludge pellet was resuspended to their original volume using an 

extraction b&er consisting of 2 mM Na,PO,, 4mM NaHLPO,, 9m.M NaCl and ImM KCI at pH 7. 

The washed thickened sludge was mixed with the CER whose amount depended on the MLVSS 

(approximately 70 g CER/g VSS). The CEWsludge suspension was kept at 4°C and stirred at 

about 600 rpm for an hour. The extracted EPS was harvested by centrifugation at 4OC using 

1 2,000g for 1 5 min.. The supernatant was collected and used for chernical analyses. The rest of 

the washed sludge was used for the determination of MLSS, MLVSS, and sludge carbohydrate. 

3.4.2 Chernical analyses of siudge and EPS 

Colorirnetric methods were used for al1 the chernicd analyses of emcted  EPS. A series of 

standard solutions in different concentration was used to calibrate the standard cuve for each 

measurement. Distilled water was used as the blank solution. Absorbance was read against the 

blank at different specified wavelengths. The concentration of each cornponents studied in 

extracted EPS was obtained fiom the cdibrated standard curve. Al1 these deteminations were 

done in triplicate and the results were expressed in mg (equivalent of standard) per g of VSS. 

Spectrometry and fluorometry were carried out by SP6-500 W spectrophotometer (PYE 

üMCAM) and Turner fluororneter respectively. Al1 chernicals used were analytical grade fiom 

Sigma Chemical Co. or Aldrich Chemical, Inc.. 

Carbohydrates measurernent. The anthrone meihod (Gaudy, 1962) was used for the 

determinations of carbohydrate concentration in extracted EPS and sludge. Glucose solutions at 

concentrations of 20, 30 40 and 50 mg/L were used as standards. The anthrone reagent was 

prepared by dissolving 0.2 g of anthrone in 100 mL of 95 per cent sdphuric acid and stored in 

refiigerator until ice cold (about 4°C). An aliquot (5 mL) fÏom each of the standard, blank and 

sample solutions was placed in test tubes. AI1 tubes were placed in an ice water bath to 



equilibrate. Anthrone reagent (5 rnL, ice cold kshiy prepared) was put into each tube. Each tube 

was capped with a glas  marble, mixed thoroughiy and placed in a boiling water bath for exactly 

1 5 minutes. At the end of this period, the tubes were removed and placed in cool water. Mer 

reaching room temperature (about 23"C), the intensity of color developed in solution was 

measured as absorbance at 620 nm and the carbohydrate concentration was determined by 

spectrophotometry. 

Acidic polysaccharides memurement. A m-hy droxydipheny 1 sulphuric acid method 

(Blumenkrantz and Asboe-Hansen, 1 973) as modified by Filiseni-Copi and Carpita ( 1 99 1 ) was 

used for the determination of acidic polysaccharide concentration in extracted EPS. Glucuronic 

acid solutions at concentrations of 20, 30, 40, 50 mg/L were used as standards. An aliquot (0.8 

mL) fiom each of standard7 blank and sample solutions was placed in test tubes. 4M dfamic acid 

(80 PL, pH=1.6 adjusted with KOH) was added to each tube and mixed thoroughiy. Analytical 

grade (96.4 %) sulphuric acid containing 75 rnM sodium tetraborate (4.8 mL) was added to each 

tube and stirred by vortex mixing. Each tube was capped with a glas  marble and heated to 

approximately 100°C in a boiling water bath for 20 minutes. At the end of this period, the tubes 

were chilled in an ice bath to room temperature (about 23°C). Afier cooling, 0.15% (wh) m- 

hydroxydiphenyl in 0.5% (w/v) NaOH (160 PL) was overlaid and then stirred in vigorously by 

vortex mixing. A pink colour was fully developed in solution after 5 to 10 minutes and was stable 

for about one hour. The intensity of color was measured as absorbance at 525 nm and the acidic 

polysaccharide concentration was determined by spectrophotometry. 

Protein memurement. The Lowry method described by Lowry et al. (1951) using the Folin 

reagent was used for the determination of protein concentration in extracted EPS. Bovine serum 

albumin solutions at concentrations of 200, 400, 600 and 800 mgL were used as standards. 

Reagent A was prepared by dissolving 20 g of Na,CO, in 1 litre of 0.1 N NaOH. Reagent B was 

prepared by dissolving 0.5 g of CuSO,.SH,O in 100 mL of a 1% (w/v) aqueous solution of sodium 

tartrate. Reagent C was prepared by mixing reagent A and B at a ratio of 50 to 1 respectively just 

before used. An aliquot (1 rnL) from each of standard, blank and sample solutions was placed in 

test tubes. Reagent C (5 mL) was added to each tube and mixed well. The mixture was allowed to 



stand for 10 minutes at room temperature. Folin reagent (0.5 mL, concentrated Folin and 

Ciocalteau was diluted by deionized distillecl water at a ratio of 18 to 90 respectively) was then 

added to the mixture and mixed immediately. The intensity of color developed in solution was 

measured as absorbance at 750 nm and the protein concentration was detemiined by 

spectrophotometry . 

DNA meusurement. The DAPI (4,6-diaminodino-2-phenylindole) method as described by Brunk 

et ai. (1979) and modifïed by Fralund et al. (1995) was used for the determination of DNA 

concentration in extracted EPS. DNA (fiom Saimon testes) at concentrations of 1, 2.5, 5 and 7.5 

mg/L were used as standards. An aliquot (200 pL) fÏom each of the standard, blank and sample 

solutions was placed in test tubes. DAPI reagent (5 mL. 0.2 mg/L DAPI in lOOmM NaCl, 1Om.M 

EDTA, 1mM T'FUS, p H 4 )  was added to each tube. The fluorescence developed in the solution 

was measured directly (excitation at 360 rn and ernission at 450 nm) by fluorometry and the 

DNA concentration was detennined. 

3.5 Physical propeties of floc 

The size and shape factor of floc particle were determined using an image analysis system 

(Droppo and Ongley, 1992; Droppo et al., 1996a). The image analysis system is a combination 

of microscopy, photography and digitization. The system set up and the procedures for floc 

sampling, stabilization and measurement are described in the following sections. 

3.5.1 Floc size distribution 

Sampling and stabilization. The sample was settled within a plankton charnber as descnbed by 

Droppo and Ongley (1992). The charnber (Hydro-Bios Kiel) contained three removable 

components: 1) a 3 rnL reservoir with removable circular microscope slide upon which the 

specimen cornes to rest after settling; 2) a 50 mL settling colurnn; 3) a top cap to provide a 

hydrostatic seal over the chamber (Figure 3.2). 



Figure 3.2. Plankton chamber components (A= 3-mL reservoir, B= settling col- C= top cap, 
D= square g l a s  plate 4.2 x 4.2 cm). 

In order to m i d z e  the particle-particle interaction and overlapping during settling for high 

biomass concentration samples (Droppo and Ongley, 1992), dilution was done by sub-sarnpling 

using a wide-mouth pipette (4 mm diameter) which was able to minimize the floc breakage 

(Mueller et al., 1967; Li and Ganczarczyk, 1986). The settling column was put on top of the 

reservoir and fully filled with deionized distilled water. Two drops of a sludge sarnple were 

introduced into the chamber by a wide-mouth pipette. The chamber was sealed with the top cap 

for subsequent settling. Afier the particles had settled, excess water was removed by sliding the 

settling column off the reservoir. The remaining water in the reservoir was drained out by 

allowing the water to seep out through the tissue paper placed around its rim. About 0.5 mL 

agarose solution (0.75 w/v, low melting point electrophoresis grade) was immediately added to 

cover the whole reservoir floor starting nom the outer edge. The agarose solidified in 1 to 2 

minutes. The stabilized specimen was contained in a clear. highly porous, resilient medium 

which allowed the rnicroscopic observation directly or further manipulation such as staining. 



For storage, the reservoir was covered by a g la s  plate and wrapped with parafilm. It was kept 

at 4°C to prevent dehydmtion. 

Size meusurement. The agarose embedded sample was analyzed directly for size distribution 

using a Zeiss Axiovert 100 inverted conventional optical microscope interfaced with a Sony 

CCD B&W video canera, and IBM cornputer with Northem ExposureTM (Empix Imaging Inc.) 

image analysis software (Figure 3.3A and 3.3B). A magnification of 2 5 ~  (eyepiece 1 0 ~ )  was 

used to digitize the images and the minimum equivalent spherical diameter (ESD) measured 

was 8 p. The entire slide was viewed and about 1 O00 particles were digitized with their size 

as ESD and other morphological parameters such as form factor, longest dimension, breadth, 

aspect ratio and roundness. Fom factor (FF) and aspect ratio (AR) were used in this study to 

describe the morphological c haracteristics of floc. 

3.5.2 Settling velocity determination 

Setup for settling velocify determination. To determine settling velocity, flocs were allowed to 

settle in a quiescent water column and the settling flocs were monitored by obtalliing images 

using a CCD camera attached to a microscope and an VCR (Droppo et al., 1997). The settling 

test is similar to the photographie techniques used by many researchers (Magara et al., 1976; Li 

and Ganczarczyk, 1987) but offers a better image resolution and control for gravitational 

settling flocs. The videographic technique also allows the replay of the recorded settling floc 

image conveniently. The videographic technique makes use of a CCD video camera (Sony), 

stereoscopic microscope (Olympus) and a SVHS VCR to capture images of settling flocs 

(Figure 3.4A and 3.4B). The settling chamber (2.5 litres capacity) was made of an acrylic sheet 

of 6 mm thickness with a dimension of 10 cm length by 5 cm width by 50 cm height. The 

distance of settling until detection by the microscope was approximately 35 cm which was 

required for the floc particles reaching the terminai velocities. 



Figure 3.3A. The schematic setup of floc size determination (A= inverted microscope, B= 
colour video canera, C= computer with Northern Exposure Image Analysis). 

Figure 3.3B. The experimentai setup for floc size determination. 



Figure 3.4A. The schematic setup of settling velocity detemiination (A= fibre optical light, B= 
insulated settling column, C= stereoscopic microscope, D= BIW video camera, E= SVHS VCR, 
F= cornputer with Northern ExposureTM). 

Figure 3.4B. The experimentd setup for settling velocity determination. 



Settling velocity measwement. A drop (ca 0.2 mL) of a gently-mixed sample was sampled by a 

wide-mouth pipette (4 mm diameter) and introduced into the settiing column filled with tap 

water as the settling medium. The particles were video taped and recorded on a video recorder 

as they passed through the field of view of the microscope. The temperature of the water was 

recorded in order to determine the water density and viscosity. The video tape was then used 

for the image analysis determination of settiing velocity and particle size using Northem 

Exposurem (Empix Irnaging Inc.) image analysis software. Settling velocity was derived by 

digitally overlayuig two video fiames (each representing 1/30 sec.) of a known t h e  interval 

apart (1 5 frames). The data was automatically stored in a spread sheet where density was then 

derived mathernatically according to Eq. 2.8 of Section 2.5.3. Approximately 100 particles 

were measured for each sarnple. 

3.6 Correlative microscopy (CM) 

The information on floc structure was obtained by correlative microscopy including 

conventional optical microscopy (COM), scanning confocal laser microscopy (SCLM) and 

transmission electron microscopy (TEM) as described by Liss et al., 1996. 

3.6.1 Conventiond optical microscopy (CO@ 

Conventional optical microscopy is the most popular tool being w d  in the laboratories of 

wastewater treatment systems or the research institutes to study the gross morphological 

characteristics of the floc particles such as size and shape or identiS the types of 

microorganisms (e.g. protozoa) present in wastewater. 

A Zeiss Axiovert 100 inverted microscope interfaced with a Northem Exposure Image Andysis 

system was used for gross particle size analysis (see Section 3.4.1). The images of floc particles 

were recorded at different magnifications of 25x, SOX, IOOX, 2 0 0 ~  and 4 0 0 ~  (eyepiece 1 0 ~ ) .  In 

addition, a reflected light microscope (Oympus BH2-RFC) with phase contrat was used for 

study ing the gross structure at magnifications of l OOX and 400x (eyepiece 1 0 x). The floc sample 



was stained with 0.1% (wfv) ruthenium red which stained the acidic polysaccharides and DNA in 

the floc matrix and provided better contrast for microscopie observation. 

3.6.2 Scanning con focal imer nricroscopy (SCLM) 

The strength of using SCLM over COM is that it allows an in situ observation of the three- 

dimensional disposition of various particles within the floc (Liss et al., 1996). Light fiom above 

and below the plane of focus is not included when the image is formed, the image can be 

considered as an optically thin section with a thickness approaching the theoretical resolution of 

COM (-0.2 pm). This optically thin section in SCLM greatly reduces the interference fkom out- 

of-focus ce11 material and gives a more accurate image. Since no dehydration and ernbedding is 

required as in TEM, it allows the examination of living matenal over a time course without 

altering the growth and metabolism of living cells. In addition, it can be used with fluorescent 

rnolecular probes (e.g. lectin stains) to study the spatial distribution of ce11 viability, pH 

gradient, polysaccharides, protein, RNA, Iipids, and other components of living cells. This tool 

has been used recently to study the rnicrobial floc (Zartmian et al-, 1994). Therefore. it was 

shown to be a useful tool in bridging the resolution gap between COM and TEM. 

The samples were stained with fluorescent rnolecular probes pnor to using SCLM. The agarose- 

embedded samples were sliced into several pieces for five different fluorescent stains (Table 3.1). 

FITC is a general protein stain which produces an image representing the overall morphoiogical 

structure. ConA and WGA are lectin stains and they indicate the presence of specific 

polysaccharide residues. Gram stain stains the ce11 wall structure to O btain the major difference of 

bacterial groups. LivelDead stain indicates the bacterial viability. Al1 of these fluorescent stains 

were fiom Molecular Probes, Inc., USA. images of stained flocs were obtained by SCLM using a 

Zeiss Micro System LSM (mode1 LSM 10 BioMed). The SCLM is equipped with an argon laser 

with emission lines at 4 1 8 and 5 14 nm. 

Staining for SCLM. L e c h  are proteins or glycoproteins of non-immune origin that agglutinate 

cells and/or precipitate complex carbohydrates. They bind specific configurations of sugar 



molecules (Table 3. l), and thus serve to identify cellular components. The staullng procedure for 

the lectin stains used in this study was similar. The buffered dyes were prepared as follows: FITC 

(0.25 mg/mL of 10 mM Tns, pH+); ConA (0.25 mg/mL of 0.1 M sodium bicarbonate in 1 mM 

fi2+ and 1 rnM ~ a " ,  pH= 8.3) and WGA (0.25 m g M  of 6.1 M sodium bicarbonate, pH= 8.3). 

Agarose-embedded sarnples were put into microfbge tubes with about 1 mL of buffered dyes. The 

sarnples were stained for 15 minutes in the dark at room temperature (about 23°C). The stained 

samples were washed with correspondhg bufEers three times (ailowing for 5 minutes between 

washes). The washed sarnples were put into silicone wells rnounted on the regular g las  slides. 

They were sealed with cover slips and silicone and observed by SCLM immediately or next day. 

Table 3.1. List of fluorescent stains used with SCLM. 

Fluorescent stain Detection specinc Filter 

- - 

LiveDead [ive and dead cells FITCrn 

Gram stain Gram sign living cells - 

Fluorescein protein 
isothiocyanate (FITC) 

FITC 

Wheat germ N-acetylglucosamine and TR 
agglutinin ( WGA)* N-acetylneuraminic acid residues 
TR conjugated 

Concanavalin A (ConA)* a-mannopyranosy 1 and 
TR conjugated a-glucopyranosyl residues 

FITC 

-- -- 

TR= Texas RedTM, Molecular Probes, Inc., USA. 
* = Lectin stains 

For LiveIDead nain and Gram stain, two individual bottles labeled by the manufacturer as 

Component A and B were included in each stain package. The staining procedure for these two 

stains is similar. A portion of reagent (3 pL) fiom Component A and B of each stain were mixed 



in a microfuge tube thoroughly. An amount of 3 pL fkom this mixirire was added to another 

microfuge tube where a piece of floc sample was kept. The tube was mixed gently and incubated 

in the dark at room temperature (about 23°C) for 15 minutes. The stained sample was put into a 

silicone weil mounted on the regular giass slide. It was sealed with a cover slip and silicone and 

observed by SCLM immediately. 

3-63 Transmission Electron microscopy (TEM) 

Transmission electron microscopy hm been used to study the extracellular fibrils of biomass 

(Eighmy et al., 1983; Lepparci, 1986; Strycek et al., 1992). The resolution of SCLM is not a 

significant improvement over the COM while the TEM greatiy improves the resolution 

(Caldwell er ai., 1992). TEM possesses little depth of focus but a much better resolution ( d o m  

to 1 - 2 nm), allowing the observation of the ultmstnchusil details within the floc matrix. A 

TEM image can show the material generally considered to be "coIloidal" compounds (i.e. size < 

0.45 pm). 

Four-fold rnultipreparatory technique. Fibril aggregates can change drastically according to mode 

of preparation for TEM. Matrk shrinkage may occur due to the solvent dehydration. This brings 

the individual fibrils much closer together than they were in their unperturbed state and creates 

misleading 3-D spatial composition andysis. In order to overcome specific artifacts inherent to 

each mode of preparation when used independently, sarnples were stabilized by four different 

treatments correlatively (Figure 3.5) as described previously by Liss et al. (1996). The artifactual 

shrinkage due to the dehydration step in glutaraldehyde fixation is overcome by preparing the 

sample using the Nanoplast procedure. The low c o n M  in matrix structure when using Nanoplast 

is corrected by addition of uranyl acetate as an enbloc stain. A sub-sampling of the agarose- 

embedded floc (see Section 3.5.1 for stabilization method) was cut into four equal sections. A 

different treatrnent was applied to each section. The treatments are described in the following. 

Ghtara idede  and ruthenium red Tube A of 2% glutaraldehyde (Glutaraldehyde EM, 8% stock 

solution, Marivac Ltd.) and tube B of 2% glutaraldehyde with 0.05% ruthenium red (RR) were 



prepared as foliows: 8% glutaraldehyde 

(tube A and B). Na-cacodylate buffer 

(2.5 mL) was put into each of two 15-mL centrifuge tubes 

(1 mL, 1 M, pH=7.1) and distilled water (6.5 mL) were 

added to each tube. The RR powder (0.005 g) was added to tube B and mixed thoroughly. 

A vial (Mai 1) with 1 % osmium tetraoxide (OsO,, 4 % stock solution) and a second viai (Vial2) 

with 1% OsO, plus 0.05% RR were prepared as follows: 4 % OsO, (1 mL) and distilled water (3 

mi,) were put into each vials. The RR powder (0.002 g) was added to Vial 2 and mixed 

thoroughly - 

+ 1 Glutaraldehyde 1 
1 

l~eh~drat ion 1 1 60°C oven 1 
1 1 + i 1 Embed in spurr resin 1 packfill and polymerization 1 

[ Polymerization @ 70°C 

1 section 1 
I 

Figure 3.5. Four-fold multipreparatory technique for ultra-structural andysis of floc (Liss et al., 
1996). UA= uranyl acetate, RR= mthenium red. 

The agarose-embedded sarnples were put into tube A and B which were then hcubated in ice for 

an hour (max. 2 h) and mixed periodically. The samples were then washed with 0.1 M Na- 

cacodylate buffer for three times (allowing for 5 minutes between washes). M e r  washing, the 

contents fiom Vial 1 and 2 were put into tubes A and B respectively. Tubes A and B were 

incubated again in ice for an hour (shakuig for ewxy 15 minutes intend). These samples in tube 

A and B were rinsed twice with a minimum of 5 mL cold distiiled water (the tubes were d l  kept 



in ice and waited for 5 minutes between rime). These samples were then dehydrated by mkhg 

with about 5 mL of 50 % methanol for 10 minutes (mixed 2 - 3 times). This step was repeated by 

using methanol senes at increasing concentrations as follows: 70%, 90% and 100%. The samples 

were then placed in increasing concentrations of S p w  resin (Spurr, 1969) and placed into molds. 

The resin was polymerized at 70°C for 8 h. 

N@m& and wany2 acetate. A third vial (Vial 3)  with Nanoplast (JBS-suppiies) and a fourth 

vial (Via1 4) with Nanoplast and uranyl acetate were prepared as foilows: Nanoplast resin (2 mL, 

medium-hard set: 10 g resin and 0.225 g catalyst) was put into an additional vial. Catalyst powder 

(0.045 g) was put into this vial and mixed thoroughly by a magnetic stu bar. Half of the well- 

mixed solution was put into Vial 3. Uranyl acetate (UA) powder (0.005 g) was put into the 

remaining solution in the vial and mked weil. After UA completely dissolved into the solution, it 

was put into Vial4. Agarose embedded samples were put into Vial 3 and 4. Both vials were kept 

dark and cool and mked on a spinner for ovemight. M e r  ovemight rnixing, the samples were put 

into micromold capsules and kept in a desiccator which was then placed in an oven at 40°C. After 

48 h, the capsules were removed fiom the desiccator and heated for a fùrther 48 h at 60°C. The 

capsules containing the samples were then bacffilled with Spurr resin and polymerized at 70°C for 

8 h. 

After polymerization, al1 samples were sectioned identically using a diarnond knife mounted in an 

ultramicrotome (RMC Ultramicrotome MT-7). Ultrathin sections were mounted on copper gids 

The Spurr sections were counter-stained with UA and lead citrate. The Nanoplast sections were 

counter-stained with 1% aqueous UA. Observations of the prepared samples were made in 

transmission mode (TEM) on ultrathin sections with a E O L  1200 Ex II TEMSCAN scanning 

transmission electron microscope at an accelerated voltage of 80 kV. 

3.7 Statistical analysis 

The physical and chernical properties of sludge from each system were compared with that fiom 

the other three systems studied using 2-tailed t-test (Mendenhall and Sincich, 1992) io test the 



hypothesis that there is no significant difference between systems. I f  the corresponding 

probability for the calculated t-statistic was 2 95%, then the nul1 hypothesis was rejected and 

the characteristics were concluded to be different between systems. 

The physical and chernical properties of sludge fiom functionai and dysfunctional periods 

within a system were cornpared using ANOVA to test the hypothesis that there is no significant 

difference between periods. If the corresponding probability for the caiculated F-statistic was t 

95%, then the nul1 hypothesis was rejected and the characteristics were concluded to be different 

between periods. 

The relation among the solids concentration, sludge settling and EPS composition was studied 

by computing the coefficient of correlation between variables. The nul1 hypothesis that there is 

no correlation between variables was tested using the following test statistic (NorclifTe. 1982): 

t = r ((N-2)/(1 -8))ln (Eq. 3.6) 

where N = no. of samples 

r = correlation coefficient 

If  the corresponding probability for the calculated t-statistic was 2 95%, then the nul1 

hypothesis was rejected and the variables were concluded to be correlated. 



CHAPTER 4 RESULTS AND DISCUSSION 

The primary goal of this work was to compare the activated sludge nom different types of 

treatment systems. The characteristics of sludge fiom fiinctional and dysf'ctional setthg 

perïods within a system were compared as well. In addition, the relation among the solids 

concentration of sludge, sludge settling and the composition of extracellular polymeric 

substances (EPS) was investigated To Mfill these objectives, mixed-liquor samples were 

collected regularly fkom four full-scale treatment systems for a six-month penod. These 

systems treated different types of wastewater including dornestic sewage (Dm), pouitry 

processing wastewater (Py), petroleum refinery wastewater (Pm) and potato processing 

wastewater (Po). The operating conditions of the systems studied were very different as well. 

For instance, the mean ce11 residence time (MCRT) of the systems studied ranged between 4 to 

25 days. 

The characteristics of sludge were studied according to the following four categories: settling 

properties (SVI and 30-min settling test); chernical properties (EPS composition and sludge 

carbohydrate); physical properties (floc size and shape, settling velocity and effective density); 

and structural properties (spatial distribution of EPS and ultrastructure of extracellular matrîx). 

The solids concentration of sludge expressed as mixed-liquor suspended solids (MISS) and 

mixed-liquor volatile suspended solids (MLVSS) were determined as well. The data concerning 

operating conditions including the temperature, pH, hydraulic retention time (HRT), food-to- 

microorganisms ratio (FM ratio) and MCRT were provided by the plant personnel. 

The characteristics of sludge (except the structural properties) fiom each system were compared 

with that fiom the other three systems studied using a 2-tailed t-test to test the hypothesis that 

there is no significant difference between systems. If the corresponding probability for the 

calculated t-statistic was 2 95%, then the nul1 hypothesis was rejected and the charactenstics 

were concluded to be different between systems. The characteristics of sludge €rom functional 

and dysfunctional penods within a system were compared using ANOVA to test the hypothesis 

that there is no significant different between penods. If the corresponding probability for the 



calculated F-statistic was r 95%, then the nul1 hypothesis was rejected and the characteristics 

were concluded to be different between periods. The relation among the solids concentration, 

sludge settling and EPS composition was studied by cornputhg the coefficient of correlation 

between variables. The correlation coefficient (r) was tested using Eq. 3.6 as test statistic: 

(Eq. 3.6) 

where N is the number of samples, to test the nul1 hypothesis that there is no correlation 

between variables. If the corresponding probability for the calculated t-statistic was 2 95%, 

then the nul1 hypothesis was rejected and the variables were concluded to be correlated. 

The results are represented in six sections. Descriptions of the treatment process of each system 

studied is described in Section 4.1. The operating conditions of each system are compared with 

the recomrnended conditions and the other systems studied. The comparison of settling 

properties of sludge among the systems studied is presented in Section 4.2. The comparison of 

chemical composition of sludge among the systems studied is presented in Section 4.3. The 

effect of operating conditions on chemical composition of sludge is discussed followed by the 

effect of chernical composition on settling properties. The relation among the solids 

concentration, EPS composition and settling properties is discussed. The comparison of 

physical properties of floc among the systems studied is presented in Section 4.4. The effect of 

floc size and shape on sludge settling is discussed followed by the effect of chemicai 

composition on settling velocity and effective density. The comparison of sludge properties 

between functional and dysfunctional penods of system-Po is presented in Section 4.5. Finally, 

the qualitative comparison of ultrastructure of extracellular matrix and spatial distribution of 

EPS of floc among the systems studied is presented in Section 4.6. A summary of results and 

discussion is presented at the end of each section. 



4.1 Operating conditions of system and evaluation 

Mixed-liquor samples were collected fiom four full-scale activated sludge wastewater treatment 

systems treating domestic sewage (Dm), poultry processing wastewater (Py), petroleum refinery 

wastewater (Pm) and potato processing wastewater (Po). The configuration of treatment 

system, process design and operating conditions for each of these systems reflected the 

characteristics of the wastewater and the requirements to effectively handle the very different 

wastes (Table 4.1 ). 

Table 4.1. General charactenstics of different types of wastewater. 

Types of General description Major organic Toxic BODi 
wastewater composition compounds mg/i 

Domestic sewage Composition varies with Carbohydrates, No data 198 
(Dm) time fats, oils and 

grease 

Poultry processing Hi& in dissolved and Blood, proteins No data 895 
wastes (Py) suspended matter and fats 

Petroleum refinery High in dissolved salts OiIs and grease Phenol, na' 
wastes (Pm) fiom field, odor, hot sulp hur 

compounds, 
arnmonia 

Potato processing High in suspended solids, Proteins and No data 49263 
wastes (Po) colloidal and dissolved carbo hydrates 

organic matter 

' Average BOD vdues of influent to the activated sludge systerns ovcr the past IO rnonths. ka: Not available as it was not measurcd by the 
matment plant. ' Average COD values of infl uent to the veaunent plant 

The indushial wastewaters had a high nitrogen content. Poultry and potato processing 

wastewater had a high protein nitrogen. The petroleum refinery wastewater had a high 



ammonia-nitrogen. Removai of nitrogen fiom wastewater prior to disposal is required as 

nitrogen is a nutrient to the rnicroorganisms and can have an impact on receiving water quality. 

Therefore, removal of aitrogen in the industrial treatment systems studied was aiso considered 

to be as important as COD removal. 

The system capacity, temperature and pH of the activated sludge systems treating these four 

types of wastewater are described briefly. The capacities of systems studied ranged between 

4400 to 8 1 8,000 m3 of influent per day (Table 4.2). The municipal treatment system treating 

domestic sewage (system-Dm) had the largest capacity. The temperatures of three of the 

treatment systems including the systern treating poultry processing wastewater (system-Py), the 

system treating potato processing wastewater (system-Po) and the system-Dm varied fiom a low 

of 6°C in the winter to a high of 3 1°C in the summer. The temperature of the system treating 

petroleum refmery wastewater (system-Pm) was at a higher constant temperature of 38°C due to 

a higher temperature of wastewater fkom the refinery process. The pH of rnixed-liquor in d l  the 

systems studied were within the neutral range and generally fell between 7 and 8. Process 

modifications, HRT, MCRT and FIM ratio reflect the characteristics of the type of wastewater 

being treated and are described in the following section. 

Step-feed proces  For system-Dm and system-Pm, a step-feed process was employed (Figure 

4.1). Since system-Dm treats both domestic and industrial sewage, the composition of 

wastewater can potentiaily Vary with time (Figure 4.2). System-Pm treats the petroleum 

refinery wastewater containing by-product chernicals which are toxic to the living biomass in an 

activated sludge system (Figure 4.3). Therefore, shock load due to the varying organic strength 

and toxic chemicals in the wastewater may exist. In the step-feed process, the wastewater is fed 

to the aeration tanks at several points to equalize the F M  ratio. This modification has the 

advantages of lowering the peak oxygen demand and reducing the possibility of shock load 

(Meltcalf and Eddy, 199 1 ). The flow diagrams of municipal and petroleum refinery wastewater 

treatment plants are shown in Appendix A (Figure A. 1 and A.3). 
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Of the treatment systems studied, system-Dm had the shortest HRT and MCRT, 4 hours and 4 

days, respectively. System-Pm was operated at a long MCRT of 20 days. A long MCRT 

favours the growth of nitrimg bacteria for the removal of ammonia in the wastewater (Petro- 

Canada, 1997). 

Settied 1 , 

clarifier 

-- 
P .  

<I 

;> 
<' Secondary clarifier 

HRT(6-8 h) b 

Aeration 
Effluent 

1 Return sludge Waste excess sludge 

Figure 4.1. A typical flow diagram for step-feed process (Jones, 1974). 

Figure 4.2. The aeration tanks and clarifier of system-Dm. 



Figure 4.3. The aeration tank of system-Pm (covered completely due to the strong sulphide odor 
in the wastewater). 

Errended aeration System-Py was an extended aeration system which was operated at a long 

HRT (84 hours) and MCRT (25 days) for the removal of the protein nitrogen in the wastewater 

(Figure 4.4). A flow diagram of the treatment plant is shown in Appendix A (Figure A.2). The 

HRT and MCRT of the system were the longest time fiames included in this study. The biomass 

in the extended aeration system is typically in the endogenous respiration phase of the growth 

curve. This condition presumably requires a low organic loading and a long aeration time 

(Metcalf and Eddy, 199 1). The F M  ratio of system-Py ranged between 0.05 to 0.15 kg BOD/kg 

VSS per day which is much lower than system-Dm whose F M  ratio ranged between 0.5 to 0.9 

kg BODkg VSS per day. Under this low organic loading, a small volume of sludge is 

generated, 



Aeration Clarifier 

Raw waste r'~ Effluent - 
Return sludge v v 

1 . Waste excess sludge 
(smdl or none) 

Figure 4.4. A typical flow diagram for an extended aeration process (Jones, 1 974). 

Biologicai Nuirient Removal. System-Po is a biological nutrient removal (BNR) process 

designed for the removal of protein nitrogen (Figure 4.5). A flow diagram of the treatrnent plant 

is shown in Appendix A (Figure A.4). Protein nitrogen is iransfonned into ammonia-nitrogen 

by bacterial decomposition and hydrolysis. The removal of arnmonia-nitrogen fiom wastewater 

is accomplished in two conversion steps. In the first step, nitrification, the oxygen demand of 

ammonia is reduced by converting it to nitrates, which takes place in an aerobic zone. However, 

the nitrogen has merely changed forms and has not been removed. In the second step, 

denitrification, nitrate is converted to a gaseous product in an anoxic (without oxygen) zone 

(Metcdf and Eddy-1991). The BNR process includes an anoxic zone for the removal of 

nitrogen. The HRT and MCRT of system-Po were 28 hours and 8 - 10 days, respectively. 

Mixed liquor retum 

1 Anaerobic 

effluent (BOD zone 

Aerobic 

(combine clarifier 
oxidation & 
nitrification 

Waste shdge 
> 

Return sludge 

Figure 4.5. A typical flow diagram for BNR process (Metcdf and EddyJ991). 



4.1.3 EvaIuution of the operathg conditions 

The MLSS of al1 systerns except system-Pm were kept within the recomrnended range (Table 

4.2). Keeping the MLSS within this range is necessary in order to maintain the optimum 

sludge-blanket level for an efficient operation in the clarifier. The MLSS can be rnonitored by 

regulating other operating parameters such as MCRT, HRT and F/M ratio. The MCRT of 

system-Dm was 4 days which was slightly lower than the recommended range of 5 - 15 days for 

the stepfeed process (Metcalf and EddyJ991). The lower MCRT reduced the biomass 

concentration in the system and increased the F M  ratio. The F M  ratio of system-Dm was 

between 0.5 - 0.9 kg BODkg VSS per day which was higher than the recommended range of 

0.2 - 0.4 kg BODkg VSS per day. The higher F M  ratio increased the biomass production. As 

a resulf the MLSS of system-Dm were kept within the recommended range of 2000-3500 mg/L. 

The F M  ratio of system-Py was kept at a recommended range of 0.05 - 0.15 kg BODkg VSS 

per day by increasing the KRT to 84 hours where the recommended range is 18 - 36 hours for 

the extended aeration process. The KRT is often used to reguiate the F M  ratio of the system. 

The MLSS of system-Py were kept within the recommended range of 3000-6000 rng/L. The 

HRT of system-Po was 28 hours which was higher than the recommended range of 3 - 5 hours. 

The HRT is regulated according to the organic strength of Muent. The organic strength of 

influent to system-Po was not measured; therefore, the F M  ratio of the system codd not be 

determined. Nevertheless, the MLSS of system-Po were kept within the recommended range of 

2500 - 4000 mg/L. 

The MLSS of system-Pm were 4320 mg/L which was about 23% higher than maximum limit of 

recommended range of 2000 - 3500 mg/L. The higher MLSS were due to the higher MCRT and 

HRT. The MCRT and KRT were 20 days and 8 hours, respectively, which were higher than the 

recommended ranges for the stepfeed process. The recommended ranges of MCRT and HRT 

are 5 - 15 days and 3 - 5 hours, respectively. The higher MCRT favours the growth of nitrifying 

bacteria for ammonia removal. However, this higher MCRT also led to the increase of biomass 

concentration in the system and poor sludge settling observed during the course of the study. 

The average height of settled sludge after 30 minutes was 87% I 1 1% which was the highest 

among the systems studied. 



In summary, the systems studied represented a range of configurations and different types of 

wastewater composition. The distinct operathg conditions such as MCRT (sludge age) and 

rnicrobial cornmunity of each system codd possibly affect the sludge properties. The effect of 

sludge age on EPS composition is discussed in Section 4.3. The characterization of microbiai 

cornrnunities is reported in Section 4-42. 

4.2 Settling properties of sludge 

The sludge se t thg  and sludge properties fkom different systerns are compared and discussed in 

the following sections. A surnmary of these properties is shown in Table 4.3. 

SV1 and settling test. The sludge of systern-Dm settled better than the other systems. The 

settling of sludge was measured as SVI and 30-min settling test. The average SVI of system- 

Dm was 87 mL/g which is significantly lower than the other systems (Figure 4.6 and Table 4.4). 

The average SV1 of the other three systems were similar and in the range of 21 5 - 2 19 m g .  

No significant differences were fond. However, the limitations in applying SVI to indicate the 

settieability should be noted. The index value that is characteristic of a good settling sludge 

varies with the characteristics and concentration of the mixed-liquor solids, so observed values 

for a given system are not comparable to other systems. For exarnple, if the solids did not settle 

at al1 but occupied the entire 1000 mL at the end of 30 minutes, the maximum index value 

would be obtained and would Vary fiom 1000 for a MLSS of 1000 mg/L to a 100 for a MLSS of 

10,000 mg/L (Metcalf and Eddy, 199 1). For such conditions, the computation has no meaning 

other than detemllnation of limiting values. Therefore, the 30-min settling test was used to 

indicate the height of settled sludge in a 1-litre graduated cylinder afier 30 minutes. The 30-min 

settling test for systern-Dm was 21% which was significantly lower than that of the other 

systems (Figure 4.7 and Table 4.4). The 30-min settling test of the system-Po was 66% which 

was lower than that for system-Py and system-Pm whose 30-min settling test were 83 and 87%, 

respectively. Although the differences in the settling test between the indusû-ial systems studied 



were not signincant, this test still indicates that the sludge of system-Po settied relatively better 

than system-Py and system-Pm. 

Table 4.3. The settling properties of sludge fiom different treatment systems. 

Treatment No. of SVI 3 O-& 
sy stems samples (nui9 settling 

analyzed test (%) 

Range Mean SD% Range Mean SD% 

System-Pm 7 162-307 216 25 7 1-97 87 1 1  

System-Po 10 125-3 19 215 3 1 29-100 66 44 

PY Pm 

Treatment systems 

Figure 4.6. The mean SV1 of sludge from different treatment systems. 
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Treatment systems 

Figure 4.7. The mean 30-min settling test of sludge fiom different treatment systems. 

Table 4.4. Cornparison of senling properties of sludge fiom different treatment systems. ' 
Treatment Settling pr~pert ies~.~ 

systems SV1 30-min-settling test 

Dm-Py sd sd 

Dm-Pm sd sd 

Dm-Po sd sd 

Py-Pm nsd nsd 

Py-Po nsd nsd 

Pm-Po nsd nsd 
'Rcsults of the statistical cornparison using t-test can bc found in Appcndix 1. No. of sludgc samples analyzcd are as follows: Dm 

( 171, Py (8). Pm (7) Po ( 10). 
' sd: significant diffcrence of the mcans bctwetn two systcrns using 2-tailcd t-tut at a = 0.05. 
' nsd: no significant differenct of the means bctween two systems using traitcd t-test at a = 0.05. 

For the indushial systems, the high SV1 and 30-min settling test indicated poor settiing. 

However, the systems were still regarded as normal by plant personnel. This high level of 

settled sludge was partly due to the high MLSS. However, lowering MLSS may not be 

desirable for many plants as this may cause the loss of nitrification and increase waste sludge 

production (WEAO, 1 997). 



Turbidiry. Turbidity of the supernatant of settled sludge nom system-Dm and system-Pm were 

lower. Turbidity, a measure of the light-transmitting properties of water, is another test used to 

indicate the quality of waste discharges and nanual waters with respect to colloidal and residue 

suspended matter (Metcaif and Eddy, 1991). It is determined quantitatively by measuring the 

intensity of Light scattered by a sample. However, only a qualitative observation of hubidity of 

the supernatant following sludge settling was done in this study. A clear supematant was 

observed usually in settled sludge for system-Dm and system-Pm. Occasionally sludge fiom 

system-Py and system-Po was observed to rise or float to the surface after a relatively short 

settling penod (rising sludge). The likely cause of this phenornenon is denitrification, in which 

nitrites and nitrates in the wastewater are converted to nitrogen gas. As nitmgen gas is formed 

in the sludge layer, much of it is trapped in the sludge mass that becomes buoyant and rises to 

the s d a c e  (Metcalf and Eddy, 199 1). Turbidity of the supematant in system-Py was relatively 

higher than the other systems as pin-point flocs were observed occasionally. 

In summary, the sludge of system-Dm settled better than the industrial systems in t ems  of SVI, 

30-min settling test and turbidity. Although the SVI and 30-min settling test indicate poor 

settling of sludge fiom industrial systems, the systems were still regarded as normal by plant 

personnel. This indicates the concern of fulfilling other operation objectives such as the BOD 

and nutrient removal besides the clarification of treated effluent. 

4.3 EPS composition 

Extraction of EPS fiom sludge matrix is required prior to the chemical analysis of its composition. 

Pnor to extraction, the sludge was washed to remove the effluent polymer so that only the capsular 

polymer was extracted. The extraction strategy recornrnended by Frelund et al. (1995) using the 

cation exchange resin (CER) was employed. This extraction strategy is discussed in Section 4.3.1. 

The EPS composition and the effect of sludge age on it are reported and discussed in Section 4.3.2. 

The characteristics of EPS composition from each system were compared using a 2-tailed t-test 

to test the hypothesis that there is no significant difference between systems. If the 

correspondhg probability for the calculated t-statistic was 2 95%, then the nul1 hypothesis was 

rejected and the characteristics were concluded to be different between systems. The relation 



between the EPS composition and other sludge and settling properties is discussed in Section 

4.3.3. The correlation coefficient (r) was tested using Eq. 3.6 to test the nul1 hypothesis that 

there is no correlation between variables. If the correspondhg probability for the calculated t- 

statistic was 2 95%, then the nul1 hypothesis was rejected and the variables were concluded to 

be correlated. 

4.3.1 Evaiuation of extraction technique 

Cell lysis and EPS degradation through the extraction procedure using cation exchange resin 

(CER) were not significant according to the study of Frelund et al. (1996). The same study used 

the High Performance S ize Exclusion C hromatography @IFS EC) to investigate the extracted EPS 

and revealed that the extraction using CER did not significantly degrade the EPS. They reported 

that some ce11 lysis was identified during extraction for extraction time greater than 1 - 2 h by 

observing a decrease in ce11 number. However, the lysis was not considered a significant problem 

for contaminating the EPS. Moreover, they recommended a mild extraction strategy with 

minimum induced ce11 lysis by using a short extraction tirne (0.5 - I h), 600 rpm stirring intensity 

and approxhately 70 g CERIg VSS . This mild extraction strategy was employed in this study. 

Therefore, the concems about the ce11 lysis and EPS degradation were rninimized. 

This extraction method is suitable to be used for the sludge fiom different treatment systerns 

according to Fralund et al. (1996) and the standard deviations of the test on reproducibility ranged 

between 4 - 17 %. Fralund et al. (1996) reported that the sludge from two difEerent types of 

treatment plants responded very similarly to this CER extraction. Therefore, this extraction 

method is suitable to be used for study of the sludge fiorn different types of treatment plants. The 

reproducibility of this extraction technique was tested by two extractions on sludge taken fi-om 

same sample. The standard deviations (SD %) of protein and DNA were about 5 % while 

carbohydrate and acidic polysaccharide were 13 and 17 % respectively (Table 4.5). This 

indicates that the precision in extraction of protein and DNA is higher than polysaccharides. It 

may be due to the reason that the components in EPS show a different accessibility for 

extraction (Freilund et al., 1996). Their study reported that DNA and uronic acid were rapidly 

extracted while protein was the most difficult compound to extract. Therefore, the level of 



acidic polysaccharide may be more sensitive to any possible random error incurred between two 

extractions. However, ody two extractions were done to test the reproducibility in this study 

and this is not enough to get a good measure of m m .  Moreover, sludge is a very heterogeneous 

biornass and sub-sarnples from the same sample can still be very different. Therefore, the 

reproducibility reported in this study can ody be a very rough approximation. More tests 

should be done to get a better detennination of the reproducibility of this extraction technique in 

M e r  studies. The levels of EPS are compared to the published data of Fralund et al. (1996) 

since the same extraction technique was used in both studies. A lower level of EPS was found 

in this study (Table 4.6). It may be due to a lower mixing intensity of 600 rpm used in this 

study while a mixing intensity of 900 rpm was used in their study. 

Table 4.5. Reproducibility of the CER extraction rnethod'. 

EPS composition mglgVSS 
Protein CHO DNA Acidic Poly. 

1 st Trial 63.89 5.07 2.88 1.74 
2nd Trial 60.00 6.1 3 2.69 2.22 
Mean 61 -95 5.60 2.79 1.98 
SD % 4 13 5 17 

' Extraction condition: 57 g CER& VSS at 600 rpm for 1 h. 

Table 4.6. Cornparison of EPS composition with published data using the CER extraction 
method. 

CHO in 
sludge EPS composition rng/gVSS 

mg/gVSS Protein CHO DNA Acidic Poly. 

This mdy ' 152 - 237 37-79 6 - 1 0  2 - 4  2 - 4  

Frdund et al., 1996' 179 - 181 90-95 15-20 10- 11 3 - 4  
' Extraaion conditions: 70 g CEWg VSS at 600 rpm for 1 hou. Rcsults h m  sludge of four differrnt trcatmcnt systcms. 
a Extraction conditions: 65 - 85 g CER/g VSS at 900 rpm for 1 hour. 



The results of extracted EPS h m  the standardized exiradon technique are more useful for a 

comparative study. Data on composition of extracted EPS h m  different -dies is sometimes 

controversial since there is no unifieci method for extraction as discussed in Section 3.4.1. In 

addition, the extraction method employed in this study is sensitive to the amount of CER added, 

stimng intensity and extraction tirne. Therefore, the level of extracted EPS is susceptible to 

changing in any of these extraction conditions. Hence, standardin'ng the extraction method and 

conditions initially are necessary. 

4.3.2 EPS composifion of sludge from d~xerent systents 

Protein was found to be the dominant component in the extracted EPS followed by 

carbohydrate, DNA and acidic polysaccharide g e n e d y  regardless of the types of wastewater 

and operating conditions (Figure 4.8). This sequence of dominance of cornponents in EPS 

agrees with the result reported by Vallom and McLoughlin ( 1984) but differs fiom Pavoni et al. 

(1 972) who reported that carbohydrate was the major constituent followed by RNA, protein and 

DNA. Vallom and McLaughlin (1984) accounted for the difference in the substrate used in each 

study. Protein was found to be the major constituent in extracted EPS while it was used as a 

substrate to acclimate the sludge. Carbohydrate was reported as the major constituent when it 

was used as the substrate. However, the substrate attached to the sludge might bias the level of 

particular component in extracted EPS since no washing step pnor to extraction was done in 

those studies. Pnor to extraction, sludge washing is important to the removal of the organic 

content of sewage and the slime layer. The same recommendation is given fiom the work of 

Gehr and Henry (1983) and Frillund et al. (1995). This helps to focus on the level of floc-bound 

EPS. Vallom and McLoughlin (1984) reported that the four general constituent polymers DNA, 

RNA, carbohydrate and protein accounted for at least 88 + 4 % of the polymeric groups present 

at the onset of floccdation. 



Table 4.7. The EPS composition of sludge from different treatment systems. 

Systeni-Dm Systcni-Py Syslcm-Pm System-Po 

No. o f  sani~lcs unalvscd 17 8 7 1 O 
- - - -- - - - - 

Kungç Mean SI) % Kmgc Mean SD % Range Mean SD% Rangc M m  SD% 

Sludge MLSS (dl1 1.553 - 4.020 2.304 26 3.310 - 4.1 10 3.616 11 2.660 - 5.813 4,319 23 2.223 - 3.680 2.795 21 
- - 

propcrtics MLVSS (dl) 0.9833 - 2.467 1.489 20 2.137 - 3.090 2.750 11 2.300 - 4.753 3,564 28 1.827 - 3 .00  2.274 18 

VSSISS (%) 61 - 68 65 3 74 - 78 76 I 80 - 87 83 4 78 - 84 82 2 

Cl10 in sludgc 152.2 - 308.2 202.3 25 113.8 - 201.3 152.3 22 102.1 - 255.5 177.2 28 122.7 - 441.2 236.7 49 

(nig/gVSS) 

EPS Protein 56.63- 125.9 79.38 20 24.40- 53.36 37.06 24 28.50 - 77.98 51.19 29 29.19 - 88.19 55.59 32 

composiiion (iiig/gVSS) (80.8)' (6) (75.9) (7) (806) ( 5 )  (76.5) ( 1  1) 

CHO 5.067 - 22.79 10.32 39 4.525 - 7.507 5.874 15 4.980 - 11.66 7.656 26 5.295 - 17.60 10.35 30 

(mg/gVSS) (10.8)' (31) (12.6) (25) (12.5) (28) (14.8) (42) 

DNA 2,005 - 5.668 4.146 24 2.71 0 - 4.958 3,945 20 1.180 - 4.408 2.176 46 0.6955 - 5.480 2,694 74 

(niglgVSS) (4.2)' (26) (8.5) (33) a 7 1  (57) (3,7) (62) 

Acidic Poly. 1.741 - 7.370 4.081 25 0.7655 - 3.476 1.489 60 0.4826 - 4.002 1.967 51 1.931 - 5.656 3.49 29 

(WWJ'ss) (4.2)' (31) (3.0) (50) (3+1) ( 5 5 )  (4*9) (29) 

To id  EPS 70.69 - 152.5 97.69 19 36.58 - 64.49 48.37 19 37.98 - 89.72 62.99 25 50.27 - 112.6 72.13 29 

(mg/gVSS) ( 100) ( 100) (100) (100) 

Extmctablc 1.8 - 12.7 5.3 43 3.0 - 4.9 4,O 18 2.9 - 4,Q 4,3 30 2.3 - 5.8 4.4 23 

ctio (%) 
The perccntage composition of proiein I%] .' Thc pcrccniagc composition o f  carbohydraie I%]. ' The perceniagc composition o f  DNA [%]. 
' Thc pcrcentagc coniposilion of acidic polysacchnridc [%]. 
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Figure 4.8. EPS composition of sludge fiom different treatment systems. 

Table 4.8. Cornparison of EPS composition of sludge fiom different treatment systems.' 
- - 

Treatment EPS comp~sition~*~ 

systems Protein CHO DNA Acidic Poly. Total EPS 

Dm-Py sd sd nsd sd sd 

Dm-Pm sd nsd sd sd sd 

Dm-Po sd nsd sd nsd sd 

Py-Pm 

Py-Po 

Pm-Po 

nsd nsd sd nsd nsd 

sd sd nsd sd sd 

nsd nsd nsd sd nsd 

'Results of the statistical cornparison using t-test cm be found in Appendix 1. No. of sludgc samplcs analyzcd are as foflows: Dm ( 1  7). Py 
(8). Pm (7) and Po (1  O). 
*sd: significant diffcrence of the means bctween two systcms using 2-taiied t-test at a = 0.05. 
'md: no significant differcnce of the means betwcen two systems using 2-tailed t-test at a = 0.05. 



DNA and 

deviations 

acidic polysaccharide were the most labile components in EPS. The standard 

(SD %) of the levels of acidic polysaccharide in system-Py and system-Pm was 60 

and 5 1 % respectively. These deviations were the highest among the other components in EPS 

(Table 4.3). The standard deviation of the level of DNA in systern-Po was 74 % which was the 

highest deviation among the other components in EPS. Therefore, the levels of acidic 

polysaccharide and DNA in EPS w i t b  a system varied quite remarked (SD > 50%). Bura et al. 

(1997) reported more than 30 % loss of uronic acid and a 10 % loss of DNA d e r  the storage of 

sludge at 4 O C  for one day. In fact, it was only possible to malyze samples fiom system-Dm 

immediately after sampling. Samples fiorn other systems were stored for about one day before 

anaiysis due to the remote locations fiorn the plants to the laboratory. This storage t h e  may 

account for the larger deviations in measurement for these two components. Moreover, the 

samples came fiom uncontrolled systems. The sludge could be very different even though they 

came from the same system. 

EPS and sludge age. The highest level of EPS was found with the youngest sludge. The level 

of EPS in sludge fiom system-Dm was the highest followed by the sludge fiom system-Po, 

system-Pm and system-Py (Figure 4.9). The significance of difference in the total EPS among 

the systems is shown in Table 4.8. This is in same order as increasing sludge age as the sludge 

age of system-Dm, system-Po, system-Pm and system-Py were 4, 9, 20 and 25 days 

respectively. However, the ievel of DNA of system-Py was exceptionally high at 3.945 mg/g 

VSS which is significantly higher than the system-Po and system-Pm (Table 4.5). It may be due 

to the long retention of solids in the system-Py whose MCRT was 25 days and hence increased 

the proportion of cells degraded by endogenous respiration and subjected to ce11 lysis. 

However, this ce11 lysis did not cause an increase in the levels of other components in EPS 

except DNA. Paimgren and Nielsen (1996) studied the accumulation of DNA in the 

exopolymenc matrix of activated sludge and suggested that inhibition of DNAses and protection 

of DNA by metal ions are the most probable reasons why the DNA is retained in the matrix but 

the other lytic material might be degraded by the bacteria. 



The level of EPS in sludge is inversely associated with the MCRT of system ranging between 

four to 25 days. The bacterial storage polymers accumulate when the F/M ratio is low under 

endogenous respiration phase, a phase which codd be expected to be dominant in activated 

sludge systems with the longer periods of aeration (Forster, 1976). Pavoni et al. (1972) reported 

that EPS production increased with the sludge age up to 7 days and the optimum was found 

during the endogenous growth stages of bacteria However, this study did not show the sludge 

age in which this optimum production of EPS would persist. Instead, Bank et al. ( 1  976) studied 

viability of sludge in severd plants with resuits indicating that the viability of bacteria decreased 

with the iocreasing MCRT up to 7 days. Gulas et al. (1979) observed a decline in polymeric 

mass with increasing sludge ages. Vallom and McLoughlin (1984) reported that the EPS 

composition decreased with the longer length of the endogenous phase, which possibly reflects 

the slow degradation of the polymers present in the system- Therefore, the viability and level of 

EPS may be associated inversely with sludge age. 
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Figure 4.9. Total EPS of sludge fiom different treatment systems. 

Percentage composition The levels of protein, polysaccharide and DNA formed a more or less 

constant percentage composition in the organic matrix generdly. The percentage composition 

of EPS in the systems varied between 77 - 81% protein, 11 - 15% carbohydrate, 4 - 9% DNA 



and 3 - 5% acidic polysaccharide (Figure 4.10). The percentage composition of EPS in sludge 

fiom system-Dm are not significantiy diEerent fiom sludge of system-Po and system-Pm 

regardless the difference in wastewater composition (Table 4.9). Because of the clifference in 

substrate, it is reasonable to assume that the predominant bacterial species differ in d . e r e n t  

microbial communities. Pavoni et al. (1972) studied bacterial growth on four different 

substrates and suggest that the precise composition of various exocellular polymers differ 

according to microbial dominance but all have constituents in common. The same kind of 

argument is supported by Temey and Verhoff (1973). However, this study reveais that the level 

of EPS does vary with system but the percentage composition does not Vary significantiy 

regardless of the differences in wastewater composition. This agrees with the study by Urbain 

et al. (1993) where they found that the Ievels of protein, polysaccharide and DNA formed a 

more or less constant ratio in the organic matrix. 

Protein CHO DNA Acidic Poly. 

Fimire 4.10. The ~ercentaee corn~osition in EPS of different treatment svstems. 



Table 4.9. Cornparison of percentage composition in EPS of dinerent treatment systems.' 

Treatment Percentage ~ r n ~ o s i t i o n ~ ' ~  

svstems Protein CHO DNA Acidic Polv. 

Dm-Py sd nsd sd nsd 

Dm-Pm nsd nsd nsd nsd 

Dm-Po nsd nsd nsd nsd 

Py-Pm nsd nsd sd nsd 

Py-Po nsd nsd sd sd 

Pm-Po nsd nsd nsd sd 
'Results of Lht statistical cornparison using t-lcst can bc found in Appendix 1. No. of sludge sarnplcs anatyzed are as follows: Dm 
(1 7). Py (8). Pm (7) and Po (10)- 

sd: significant differcnce of the mcans bctwm two systtms using 2-tailed t-test at a = 0.05. 
' nsd: no significant diffaencc of the means bctwtcn wo systcms using 2-tailcd t-test at a = 0.05. 

The operating conditions such as sludge age is much more important than microbial community 

alone as a factor in affecthg the percentage composition of EPS. The percentage composition 

of EPS in sludge from system-Dm are not significantly different from the sludge of system-Po 

and system-Pm regardless the differences in microbial communities as discussed in Section 

4.4.2. On the other hand, the percentage composition of DNA in system-Py was 9% which is 

significantiy higher than system-Dm regardless of the similarity in their microbial communities 

as discussed in Section 4.4.2 (Figure 4.18). This may be due to the long retention of solids and 

ce11 lysis in system-Py as discussed previously. 

4.3.3 Relatiomship of settiing, sludge properties und EPS composition 

The relationships between the settling properties, sludge properties and EPS composition of 

sludge fiom system-Dm were investigated further using linear correlation (Mendenhall and 

Sincich,l992). The SV1 of sludge fiom system-Dm was lower than 100 mWg and the 30- 

minute se t thg  was about 20% as discussed at Section 4.2. Sludge with this settling properties 

is described as good settiing as SM value of 150 mLlg is considered to be a limit before bullcing 

(Forster, 1985). The linear correlation matrix of settling properties, sludge properties and EPS 



composition was set up as shown in Table 4.10 and significant linear relationships between 

variables were tested statistically at a 0.95 probability level (Norcliffe, 1982). 

Table 4.10 Linear coefficients of correlation statistically significant at a 0.95 probability level ( 
a = 0.05, no. of samples = 1 1, no. of variables = IO). 

SV1 MLSS MLVSS VSS/SS% CHO ,, Ext-CHO ProteinEps CHOEps DNAEPs APEPs 
SV1 1.00 - - - 
MLSS 1.00 - - 
MLVSS - 0.99 1-00 - 
VSS/SS% - 1 .O0 - 
CHO - - 0.69 0.68 1 -00 - 
Ext-CHO - 1 .O0 - 
ProteinEps - - 1 .O0 

CHOEPS - 0.73 - - 1 .O0 
DNAEPS -0.61 - - - 1.00 

APEPS -0.71 - 0.65 1 .O0 

nie significant tests on the correlation coefficients arc shown in Appendi. 1. 

EPS and SVI. The higher levels of DNA and acidic polysaccharide in EPS may be associated 

with better sludge settiing. The levels of DNA and acidic polysaccharide were inversely 

correlated to SV1 with the correlation coefficients of - 0.6 1 and - 0.71 respectively (Figure 4.1 1). 

This suggests a positive role of DNA and acidic polysaccharide on settling. However, the data 

originated from full-scale system was not subject to the degree of control which cm be achieved 

in laboratory experiments. Therefore, this is a trend rather than a precise relationship. ïhese 

results are compared with other studies and contradictions are found (Table 4.1 1). The relation 

between DNA and SV1 agrees with the result fiom Vallom and McLoughlin (1986). They 

reported that the floccdation occurred during the same stage that lysis took place. The same study 

suggests that DNA can act as a bridge to bind individual cells. However, this disagrees with 

Urbain et al. (1993) who reported an increase in SV1 with a hi& level of DNA in EPS. The 

strongly flocculated activated sludge had a higher content of DNA in the floc ma& than the more 

loosely flocculated and the not flocculated systerns reported by Polrngren and Nielsen (1996). 

Even thought the mechanism of how DNA acts as a floc agent is still not clear yet, this study 

supports its positive role on floccdation. In addition, acidic polysaccharide plays an important 

role at the surface of non-bulked sludge is suggested by Forster (1 971). Acidic polysaccharides 



such as mn ic  acids are described as giue-like component of the exopolyrner (Fazio et al., 1982; 

Dade et al., 1991). This favours the sludge flocculation and settiing. 

0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00 

Acidic poiysaccharfde or DNA (mglg VSS) 

Figure 4.1 1. Relations between the levels of DNA and acidic polysaccharide in EPS with SVI 
for sludge from system-Dm. 

Table 4.1 1 . Relationship between EPS composition and sludge settling in different studies. 

Study CHO in EPS corn~osition 
sludge 

A - - -  - - -  

Protein ? CHO or DNA ? Acidic 
polysaccharide ? polysaccharide 

This study sw 4 SM 4 

Forster, 197 1 sw ? 
Goodwin & 
Forster, 1985 SVIL 
Vallom & Settling 
McLoughiin, 1986 betier 
Urbain et al., 
1993 SV1 'r SV1 7. sw "r 

The correlation coefficients of the levels of protein and carbohydrate with SV1 are not 

significant in this study. The effect of polysaccharide on SV1 is contradicted in previous studies. 

An increase in SVI with a higher level of protein in EPS was reported by Urbain et al. (1993). 



However, other studies such as Kato et al. (1971) and Higgins and Novak (1997) reported 

deflocculation by removal of surface protein. This study indicates a non-significant correlation 

coefficient between protein and carbohydrate on settiing. 

Carbohydrate in sludge and EPS. The level of carbohydrate in EPS is directly associated with 

the level of sludge carbohydrate. The correlation coefficient between the level of carbohydrate 

in EPS and sludge carbohydrate is 0.73 (Figure 4.12). Since the carbohydrate in sludge includes 

the total amount of intracellular and extracellular carbohydrate, higher extracellular 

carbohydrate content will increase the level of sludge carbohydrate. However, detennining the 

amount of intracellular and extracellular carbohydrate separately is difncult; therefore, this is a 

rough estimation that the sludge carbohydrate is higher when more carbohydrate in EPS is 

extract ed . 

O 1 00 200 300 400 

CHO in sludge (mg/gVSS) 

Figure 4.12. The relation between carbohydrate in sludge and EPS for sludge fiom system-Dm. 

Sludge carbohydrate and MLSS. More carbohydrate might be stored in younger sludge. The 

level of sludge carbohydrate increased when the MLSS (or MLVSS) increased. The correlation 

coefficients between the level of sludge carbohydrate with MLSS and MLVSS are 0.69 and 0.68 



respectively (Figure 4.13) . The levels of sludge carbohydrate nom system-Dm and system-Po 

were higher than that of systernPm and system-Py (Figure 4.14). The sludge ages of system- 

Dm and system-Po were younger than system-Pm and system-Py as just discussed previously 

indicating that more carbohydrate rnight be stored in these sludges. On the other hand, one of 

the general characte~stics of young sludge is the high generation of MLVSS (WEAO, 1997). 

Therefore, a higher MLVSS (MLSS) could be related to a younger sludge which codd store 

more carbohydrate. 

0 MLVSS 

0.00 0.50 1-00 1.50 2.00 2.50 3.00 

MLSS or MLVSS (1111) 

Figure 4.13. The relation between sludge carbohydrate and MLSS or MLVSS for sludge fiom 
system-Dm. 



Treatment systems 

Figure 4.1 4. The mean carbo hydrate composition in sludge fiom different treatment systems. 

Percentage of volatile suspended solids. The percentage of volatile suspended solids 

(VSS/SS%) is quite constant within a system but different among the systems. The percentage 

of volatile suspended solids which represents the fraction of organic content in the sludge is 

calculated fiom the ratio of MLVSS to MLSS. Since the MLSS is so closely correlated to 

MLVSS with a correlation coefficient of 0.99 that the VSS/SS% should be quite constant within 

a system (Figure 4.15). This is supported by a small standard deviation of the VSS/SS% within 

a system (< 5 %) (Figure 4.16). Meanwhile, the VSS/SS% were significantly different among 

the systems studied (Table 4.12). The VSS/SS% of system-Dm was the lowest at 65 %. 

Table 4.12. Cornparison of the percentage of volatile suspended solids of sludge from different 
treatment systems. ' 

Treatment Dm-Py Dm-Pm Dm-Po Py-Pm Py-Po Pm-Po 

svstems 

VSS/SS %2*3 sd sd sd sd sd nsd 

'Results of the statistical cornparison using t-test can bc found in Appendix 1. No. of sludge samptes analyzed are as follo\vs: Dm 
(1 7). PY (8). Pm (TI and Po (1 0). 
'sd: significant differcnce of the means bctween hvo systerns using 2-raitcd t-test at a = 0.05. 
'nsd: no significant differcnce of the means betwcen two systcms using 2-tailed t-test iu a = 0.05. 
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Figure 4.15. The relation between MLVSS and MLSS for sludge nom system-Dm. 

Figure 4.16. The percentage of volatile suspended solid concentration in sludge. 

Polysacchmide in EPS. The relation between the carbohydrate and acidic polysaccharide in 

EPS is unclear. Aithough the correlation coefficient between carbohydrate and acidic 

polysaccharide in EPS was fairly high at 0.65, this correlation was attributable to one 

observation (Figure 4.17). More sarnples are required to detemine this correlation. 
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Figure 4.17. The relation between the level of acidic polysaccharide and carbohydrate in EPS 
for sludge fiom system-Dm. 

4.3.4 Sumnary of the charucferistics of EPS composition in sludge 

Protein was found to be the dominant component in the extracted EPS followed by 

carbohydrate, DNA and acidic polysaccharide regardless of the types of wastewater and 

operating conditions. These four components fonned a more or less constant percentage 

composition in the organic matrix with 77-8 1 % protein, 1 1 - 15% carbohydrate, 4-9% DNA and 

3-5% acidic polysaccharide. DNA and acidic polysaccharide were the most labile components 

in EPS. The level of EPS is inversely associated with the MCRT (sludge age) of system. Hence, 

the operating conditions such as sludge age is much more important than rnicrobial community 

alone as a factor in affecting the composition of EPS. Higher levels of DNA and acidic 

polysaccharide in EPS may be associated with better sludge settling as the correlation 

coefficient between DNA and acidic polysaccharide with SVI was greater than 0.61 at 95% 

probability level. Moreover, the level of carbohydrate in EPS is directly associated with the 

Level of sludge carbohydrate as the correlation coefficient between carbohydrate in sludge and 

EPS was 0.73 at 95% probability level. In addition, the percentage of volatile suspended solids 

(VSS/SS%) is quite constant within a system (SD < 5%) but different arnong the systems. 



4.4 Physical properties of  floc 

The morphology of floc was studied using the conventionai optical microscopy (COM). The 

results are reported in Section 4.4.1. The characterhtion of microbial biomass at a community- 

Level was studied using the BIOLOG method described by Vittorio et al. (1996). The redts are 

reported in Section 4.4.2. The size and shape of floc were deterrnined using the conventional 

optical microscope interfaced with a CCD camera and a cornputer. The sizes and shapes of 

approximately 1000 particles were analysed for each sample. The settiing velocity of floc was 

detemüned using a CCD video camera interfaced with a microscope and an VCR to capture the 

images of settling flocs in a settling column as described by Droppo et al. (1997). 

Approximately 100 settling particles were analysed for each sample. The Northem Exposurern 

image andysis software was used to digitize the images for the measurement of sizes, shapes 

and senling velocities of flocs. The results on physical properties of fiocs are reported and 

discussed in Section 4.4.3 and 4.4.4. These physical properties of flocs fiom each system were 

compared using a 2-tailed t-test to test the hypothesis that there is no significant difference 

between systems. If the correspondhg probability for the cdcuiated t-statistic was 2 95%, then 

the nul1 hypothesis was rejected and the characteristics were concluded to be different between 

systems. 

The flocs fiom system-Dm were fm, round and compact with a few filamentous organisms 

inside the flocs (Figure 4.18A). These filaments formed a network inside the flocs as described 

by the backbone mode1 (Sezgin et al., 1978; Horan, 1990). Good settling is usually associated 

with this type of floc (WEAO, 1997). The flocs fkom system-Py and system-Po were h, 

irregular and d i f i e d  with filaments bridging with the other flocs (Figure 4.1 8B and 4.18D). 

These filaments were commonly observed in flocs from these two systems (Table 4.13). The 

dominant type of filamentous organisms in system-Py was Nostocoida lirnicoln (see Appendix 

H). These bridging filaments may cause the compaction problem in sludge settling. The flocs 

fiom system-Pm were h, irregular and diffused with a few filamentous organisms inside the 

flocs (Figure 4.18C). 



A System-Dm B. System-Py 

Figure 4.18. Appearance of flocs fiom different treatment systems. The scde bars represent 
200 microns. 



Table 4.13. The microscopie analysis of flocs nom different treatment systems. 

Treatrnent systerns Dm Pv Pm Po 

Morphology of floc Fim, round, Fim, irregular, Fim. irregular, Fim, irregular, 

compact diffus4 dfised difbsed 

Filament effect Little or Bridging Little or Bridging 

on floc structure none none 

Filament abundance' Few Comrnon Few Very cornmon 
*Fm: filament prcscnf but onty obstrvcd in an occasional floc. 
Comrnon: f i l k t s  obscrvcd in al1 flocs, but at low dcnsity (cg.. 1-5 filaments pcr floc). 
Vcry common: filmcnts obstrved in al1 flocs at medium density (c.g,. 5-20 pet floc), 

4.4.2 Microbiai community characterLzation 

The microbial communities were different among the systerns studied. An unstable microbiai 

comrnunity was observed during the poor set thg period of system-Pm. The microbial 

communities of system-Dm and system-Py were relatively aiike and stable as the coordinates 

for samples fiom system-Dm and system-Py cclustered together on the plot of principal 

component analysis (Figure 4.19). The microbial community of system-Pm was very different 

from that of other systerns as the coordinates of samples nom this system located far away from 

that of the other systems. Moreover, the microbial cornrnunity of system-Pm was very unstable 

as remarkable change in the coordinates (Pm4 and Pm-2) was observed within one week. The 

sludge settling of this system was poor as the height of settled sludge was more than 90 % 

during this period (Table 4.14). However, the heights of settled sludge fiorn other systems were 

at reasonable good with a range between 16 - 40 % d u h g  the study periods. This îndicates an 

unstable microbial comrnunity during the poor settling period. 
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Figure 4.19. Cornmunity-level characterization of microbial biomass from different treatment 
systems. The distance between two coordinates indicates the sirnilarity of microbial 
communities between two sludge samples. 

Table 4.14. The settiing properties of sludge corresponding to the samples u e d  for microbial 
cornmunity c haracterization. 

Sarnples Duration between ( m u )  3 0-min settling test (%) 
sarnpl h g  s 

Dm- 1 95 16 

Dm-2 1 week 90 19 

Py- 1 130 32 

Py-2 1 week 108 40 

Pm- 1 162 93 

Pm-2 1 week 166 94 

PO- 1 125 29 

Po-2 2 weeks 116 33 



4.4.3 Sue and shape offloc 

The size of floc was measured as equivdent spherical diameter (ESD). The shape of floc was 

measured as f o m  factor (FF) and aspect ratio (AR). The median measurement of these 

properties was used to characteristh the samples. Sample median gives a better central 

tendency estimation of a population than the sample mean when the shape of the population 

distribution is not normal. The media- by number and by volume were calculated. The means 

of sample medians of sludge fkorn different treatment systems are compared statistically ushg a 

2-tailed t-test at a = 0.05. 

Floc sire. Most of the floc particles were very small while a few of them were very large in size. 

The median ESD by number of flocs fkom difTerent treatment systems ranged between 37.4 - 
58.7 pm (Table 4.1 5). This result agrees with most of the other studies (Li and Ganczarczyk, 

1988; Andreadakis, 1993). The median ESD by volume of flocs fiom different systems ranged 

between 212.0 - 471 -2 Fm. This indicates that most of the flocs were very small while a few of 

them were very large in size. This characteristic of floc size is consistent with other studies 

which reported that more than 87 % of floc particles were smail with a size Iess than 75 pm 

(Knocke and Zentkouich, 1 986; Sadaigekar et al., 1 988). 

Table 4.15. Size properties of the flocs fiom dif5erent treatment systems. 

Treatment No. of Median ESD Median ESD 

systems samples @Y no-) Pm (by volume) pm 

Range Mean SD % Range Mean SD% 

System-Dm 8 28 - 85 59 34 320 - 840 470 43 

System-Py 9 21 - 61 45 34 1 O0 - 560 300 51 

System-Pm 7 14 - 61 37 48 220 - 570 350 44 

System-Po 7 41 - 68 56 18 170 - 320 210 23 



A higher level of EPS may be associated with a larger floc size. The median ESD by number of 

floc nom system-Dm and system-Po were 58.7 and 56.1 pm, respectively (Figure 4.20). These 

are significantly larger than the other systems (Table 4.16). Meanwhile, the levels of EPS of 

sludge fiom these two systems were higher as well. Therefore, a higher level of EPS may be 

associated with a Iarger floc size. On the other hanci, the media. ESD by volume of flocs fiom 

system-Po was 212.0 p which is the smdest among the systems studied. The range of 

median ESD by volume for flocs f?om system-Po was 169.8 - 317.7 p (Table 4.15). This 

indicates a more compact distribution (Le. fewer extreme particles). This is different fkom the 

general characteristic of floc size that most of the floc particles are very small with a few very 

large in size. 

Median of ESD 
@Y no-) 

flMedian of ESD 
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Treatment systems 

Figure 4.20. The median ESD of flocs from different treatment systems. 



Table 4.1 6. Cornparison of size and shape properties of flocs from different systems. ' 
Median Median Median Median 

ESD (by no.)*13 ESD (by volume) Fomi Factor Aspect Ratio 

Dm-Py nsd nsd nsd nsd 

Dm-Pm sd nsd nsd nsd 

Dm-Po nsd nsd sd nsd 

Pv-Pm nsd nsd nsd nsd 

Pv-Po sd nsd sd nsd 

Pm-Po sd nsd sd nsd 
'~csults of the statistifal cornparison using t-tcst c;m bc found in Appcndix 1. No. of sludgc sampta analyzcd art as follows: Dm 
W,b (9), Pm (7) and Po (7). 
' sd: significant diEince of the means betwctn two systcms using 2-tailed t-tcst at a = 0.05. 
' nsd: no significant diffcrtna of the means betwccn two systcms using 2-taikd t-test at a = 0.05. 

Floc shape. The shape properties of flocs fiom system-Dm were not significantly different nom 

the industrial systems regardless of the difference in siudge settleability. Moreover, the floc 

shape was quite uniform within a system. The shape properties of flocs were represented by the 

form factor (FF) and aspect ratio (AR). Both FF and AR indicate the flocs were non-spherical 

shape. The median FF of flocs fiom di fferent systems ranged between 0.52 - 0.6 1 ( 1 .O = perfect 

circle) (Table 4.1 7). The median FF of system-Po was 0.6 1 and is significantly higher than that 

in the other systems (Figure 4.2 1 and Table 4.16). The high value in FF of flocs from systern- 

Po is unexpected since an abundance of filaments extending out fiom the flocs was observed 

(Le. visually making the floc more elongated). This misleadhg result may be due to the 

difficulty in measuring the very fine filaments by the image analysis system. It rnay be due to 

the median AR of floc particles fiom different systems ranged between 1.8 - 2.0 (1 .O = perfect 

circle) and were not significantly different among the systems studied. Grijspeerdt and 

Verstraete (1997) reported the FF and AR of sludge floc ranged between 0.5 - 0.8 and 2.5 - 4.5 

respectively. They also concluded that the more the floc shape approached that of a sphere, the 

better it settled. However, the median FF and AR of the flocs from system-Dm were not 

significantly different from industrial systems regardless of the significant difference in sludge 



senleability. This indicates that factors other than FF and AR may have an effect on sludge 

setileabilty. The deviations (SD %) in the measurement of FF and AR within a system ranged 

between 3 - 13 %. This low deviation indicates the FF and AR was quite uniform within a 

system. The effect of level of EPS on floc shape cannot be detennined. 

Table 4.17. Shape properties of the fiocs from different treatment systems. 

Treatment No. of Median Median 

systems samptes Fom Factor Aspect Ratio 

Range Mean SD % Range Mean SD % 

System-Dm 8 0.46 - 0.62 0.52 12 1.4 - 2.0 1.9 11 

Systern-Py 9 0.47 - 0.59 0.53 8 1.9 - 2.0 2.0 3 

System-Pm 7 0.44 - 0.65 0.52 13 1.4 - 2.0 1.8 11 

Svstem-Po 7 0.57 - 0.69 0.61 7 1.8 - 2.0 1.9 5 

Factor 
UAspect 

Ratio 

Treatment systems 

Figure 4.2 1.  Shape properties of flocs fiom different treatment systems. 



4.4.4 Settling velocity and dend'y offloc 

Seitling velocity. A srnailer increase in settling velocity with kcreasing size for floc than that 

for solid sphere reflects the porous nature of floc. According to Stokes' law, settling velocity 

(v) is a hct ion of ESD @). A linearized form of senling velocity equation v = A Dm is 

established (Eq. 4.1): 

log v = log A + m log D (Eq. 4.1) 

Therefore, the slope of a plot of log v versus log D Uidicates the change of log settling velocity 

with log ESD (Figure 4.22). Since the mass of a solid sphere increases with ESD, therefore the 

settling velocity increases with ESD. The slope for a single, impermeable particle in laminar 

region is two. However, a floc has been proposed as  a highiy porous aggregate made of many 

primary particles (Li and Ganczarczyk, 1992). Hence a floc grows as additionai individual 

aggregates attach to the central floc structure. This linkage creates additional pores. ïherefore, 

the change in log senling velocity with log ESD of a floc was less than that for a solid sphere 

due to the porous nature and irreguiar shape of floc. This is consistent with the results obtained 

in this study. The mean slopes of flocs fiom different treatment systems studied ranged between 

0.54 - 0.87 (Table 4.18). Li and Ganczarczyk (1 987) reported a slope of 0.55 in the study of the 

correlation between settling velocity and longest dimension. 

Table 4.18. The means of slopes of linearized settling velocity equation of flocs.' 

Treatment No. of log v = log A + rn log D* 

systems samples Range of dopes Mean of dopes SD % 

Dm 8 0.25 - 1.35 0.87 54 

PY 8 0.31 - 1.29 0.75 51 

Pm 6 0.11 - 1.39 0.72 81 

PO 9 0.13 - 0.97 0.54 63 
L~ppmxirnately LOO floc parcicles h m  each samplc werc andyzcd. The nsults of statistical cornparison arc s h o w  in Appendix 1. 
+.v = senIing vetocity frnrnfs), A = constanf m = dope, D = ESD (microns). 
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Figure 4.22. The Iinearized settling velocity with ESD of flocs fiom different treatment systems. 



Effective floc demity. The flocs from system-Dm rnight be less porous than that of other 

systems studied. The effective density (p, ) of floc particle is a fiuiction of ESD (D) as 

discussed in Section 2.5.2, a Iinearized effective density equation for floc particles is established 

(Eq. 4.2): 

log p, = log A - m log D (Eq. 4.2) 

Therefore, the slope of a plot of log p, versus log D means the change of log effective density 

with log ESD (Figure 4.23). The density of a solid sphere is constant. However, the density of 

a porous and heterogeneous object such as  floc is not constant. A floc grows as additional 

individual aggregates attach to the central floc structure as just described. This increased 

porosity leads to an increase in water content that reduces the effective density. Therefore, the 

effective density decreases with increasing ESD of the floc. The mean dope of flocs from 

system-Dm was - 1.00 which is the smallest arnong the systems studied (Table 4.19). This 

means that the change in log effective density with log ESD of the flocs from system-Dm was 

the smallest. Therefore, the Bocs from system-Dm might be less porous. Both the porosity of 

floc and the density of biomass may affect the density of floc. Since the levels of sludge 

carbohydrate and EPS of sludge fiom system-Dm were the highest as discussed in Section 4.3.2, 

the biomass of system-Dm could be more dense than that of the other systems studied. In 

addition, the SCLM images descnbed in Section 4.6.1 provides a qualitative evidence that the 

intemal floc structure of system-Dm was compact. 

The mean slope of flocs from system-Py was - 1.27 which is the greatest. This means that the 

change in log effective density with log ESD of the flocs fiom system-Py is the greatest among 

the systems studied. The flocs of system-Py might be more porous. This porosity may be 

explained by the commonly present filaments which formed loose aggregate. Both the COM 

images described in Section 4.4.1 and the SCLM images described in Section 4.6.1 provide the 

qualitative evidence to support this. 
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Figure 4.23. The Iinearized effective density with ESD of flocs from different treatment 
systems. 
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Table 4.19. The meam of slopes for linearized effective density equation of flocs.' 

Treabnent No. of log (Eff- den.) = log A + m log (ESD)' 
systems samples Range of dopes (negative) Mean of slopes SD % 

Dm 8 0.49 - 1.69 -1 .O0 47 

bf 8 0.84 - 1.65 -1.27 26 

Pm 6 0.69 - 1.63 -1.24 35 

PO 9 0.70 - 1.61 -1 -24 23 
-- - 

Appmximately 100 Bac particks h m  cadi smplc w m  arwlyvd The raults of statinical cornparison am show in Appcnd~r 1. 
Eff. den. =effective density (g/m3), A = constank m = slopc, ESD = ESD (minons). 

4.4.5 The deviations in memurenient using image ana&sis technique 

Since floc is a highly heterogeneous aggregate, a large number of particles should be anaiysed in 

order to get the representative data for the physicai properties. The physical properties 

including median ESD, FF, AR and the mean slopes of linearized settling velocity and 

linearized effective density plots are compared statistically among the systems using a 2-tailed t- 

test (see Appendix 1). However, the significant difference can only be found in the cornparison 

of median ESD by number and median FF. The differences of the other physical properties 

arnong the systems studied were not statistically significant. These results codd be due to the 

following reasons. Firstly, a high standard deviation (SD %) incurred in the measurement. The 

deviations of median ESD ranged between 18 - 5 1 % (Table 4.15). The deviations of mean 

slope of linearized settling velocity plot were more than 50 % (Table 4.1 8). The deviations of 

mean dope of linearized effective density plot ranged between 20 - 50 % (Table 4.19). These 

large deviations in measurement may be due to the highly heterogeneous nature of flocs. A very 

large nurnber of particles should be analysed in order to evaluate representative data set. 

However, approximately 100 particles per sample were analysed for determination of settling 

velocity in this study. This may not be enough to get a good estimation. However, there is a 

limited time frame for anaiysis of each sample. This means that the sample must be analysed as 

soon as possible afler sampling. Moreover, it is quite time consuming in using this technique. 

Therefore, the nurnber of particles analysed were limited. In addition, the deviations could be 

due to the variation in the characteristics of sarnples which came fkom the uncontrolled systems 



in this study. This means that the samples couid be very difTerent at different sampling days 

even though they came fiom the same systems. 

Secondly, the data may be condensed too much by the method employed for statistical 

comparison. The mean of medians was used for the statistical comparison of size and shape 

properties while the mean of slopes was used for statistical comparison of the change in settling 

velocity and effective density with ESD. These mean values may not reflect the characteristics 

of the entire population. A better method for statistical comparison should be sought in M e r  

studies. Although the differences in the physicai properties were not statistically significant, 

they still can indicate a trend among the systems studied. 

In surnrnary, a large number of particles per sample should be analysed in order to get the 

representative data on the physical properties of small, porous and heterogeneous objects such 

as Roc by applying the image anaiysis technique. Moreover, a statistical method by comparing 

the entire population of particles may provide more information to interpret the results. 

4.4.6 Summary of physical properties offloc 

Most of the floc particles were very smail while a few of them were very large in size. A higher 

level of EPS may be associated with a larger floc size. The floc shape was quite uniform within 

a system. The microbiai communities were different among the systems studied. An unstable 

microbiai community was observed during the poor settling period of system-Pm. 

The flocs from system-Dm were firm, round and compact with a few filamentous organisms 

inside the flocs. The shape properties of flocs from system-Dm was not significantly different 

from the industrial systems regardless of the difference in sludge settleability. The flocs fiom 

system-Dm were more dense due to a higher level of sludge carbohydrate and EPS, and a 

compact floc structure. The flocs nom system-Po and system-Py were less dense due to the 

porous floc structure caused by the presence of abundant filaments which formed a loose 

aggregate. 



4.5 Functional and dysfimctiond periods in system-Po 

Poor sludge settling was a constant problem to the operation of system-Po as mentioned in 

Chapter 1. The system had undergone a modification halfway through this study. The sludge 

settling has improved significantly and the operation has run normally since then. The sludge 

from both periods was analyzed. The characteristics of siudge From fûnctional and 

dysfunctional periods within a system were compared using ANOVA to test the hypothesis that 

there is no significant different between periods. If the corresponding probability for the 

calculated F-statistic was 2 95%, then the nul1 hypothesis was rejected and the characteristics 

were concluded to be different between penods. 

4.5.1 Setiling and EPS composition 

The MLSS during dysfunctional (poor settling) periods was 34% higher than that duing 

fùnctional periods. The MLSS during dysfunctional and normal penod were 3.4 and 2.5 g/L 

respectively (Table 4.20). The 30 min settling test was 99 % and 52 % during the dysfimctional 

and functional periods respectively. 

The levels of protein and carbohydrate in EPS during dysfunctional periods were 56 % and 71 % 

higher than that during functional periods (Figure 4.24). The levels of DNA and acidic 

polysaccharide in EPS were 26 % higher while the level of sludge carbohydrate was 59 % 

higher than the functional periods. However, the percentage composition of EPS between two 

penods was not significantly different (Figure 4.25). 

The significantly higher levels of protein and carbohydrate during dysfunctionai penods may be 

associated with the poor senling through a higher bound water content and surface charge of the 

floc. Kiff (1978) reported that the higher level of extracted carbohydrate with an increased water 

retention capacity was observed in poorly settled sludge. The high bound water content in the 

sludge may be associated with the poor flocculation. In addition, Wu et al. (1984) found that the 

senling properties deteriorated due to the increase in cell protein content and surface charge at both 

nitrogen-nch or nitrogen-restricted sludge. Therefore, the study on the effect of ce11 and 

extracellular protein on surface charge and flocculation is recommended for M e r  studies. 



84 

Table 4.20. Cornparison of senling, sludge properties and EPS composition of sludge fiom 
system-Po during hctional and dysfùnctional penods.' 

Functional Dysfunctional 
No. of sarnples 7 3 

Range Mean SD % Range Mean SD % 

Seffling SM (w3)  125-267 197 30 175319 257 29 

PmPeww 30-min (%) 29-91 52 41 99-1 O0 99 1 

Sludge MLSS (dl) 2.223-3.220 2539 14 2.860-3.680 3.393 14 

pro perties MLVSS (g1L) 1.827-2.590 2088 14 2.230-3.000 2708 15 

VSSSS (%) 80-84 82 1 78-82 80 3 

CHO in sludge 1 22.7- 197.7 54 220.3- 314.6 36 

(W43vss) 409.8 441 -2 

EPS Protein 29.19-57.08 47.59 21 50.78-88.19 74.26 28 

composition CHO 5-30-14.24 8.54 35 10.52-17.7 14.59 25 

(ms/wss) 0.6955-4.808 2502 67 0.7099-5.480 3.143 76 

Aadic Poly. 1.9314.673 3.240 33 3.180-5.656 4.073 34 

Total EPS 50.27-75.09 61.87 16 73.04-1 12.6 96.07 21 

Extractable 2.3 - 5.8 4.30 28 4.0 - 5.5 4.80 17 

CHO (%) 
' me rtsults of statisticaily compatison using ANOVA is shown in Appcndix 1. 
' sd: significant differcnce o f  the means bctween two systems using 2-tailed t-ttst at a = 0.05. 
' nsd: no significant differcnce of the means behvetn two systems using 2-tailtd t-test at a = 0.05. 

120.00 
--- 
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Protein CHO DNA Acidic Total 
Poly. EPS 

nsd 

nsd 

nsd 

nsd 

Figure 4.24. The EPS composition of sludge from system-Po during functional and 
dysfùnctionai penods. 



Protein CHO DNA Aadic Poly. 

Figure 4.25. The percentage composition of EPS of sludge fiom system-Po during 
dysfunctional and normal penods. 

The low F M  ratio may account for the higher level of EPS during dysfunctionai penods. The 

F M  ratio was low during the dysfunctional periods of system-Po. Exopolymers are thought to 

be secreted under nutrient-limiting conditions in the phases of growth, and that they are the 

biopolymers responsible for flocculation (Temy and Stumrn, 1965; Bush and Stumm, 1968; 

Pavoni et al., 1972). Low FIM ratio storage polyrners can be expected to accumulate in the 

endogenous phase (Forster, 1976). This may account for the higher level of EPS during the 

penods of low F M  ratio. Although the results of EPS composition fiom different studies are 

not easily comparable, a positive Iinear relationship between SVI and EPS composition was 

observed in most cases (Magara et al., 1976; Kiff , 1978; Urbain et ul., 1993). Therefore, this 

higher level of EPS may partly account for the poor senling during this periods. 

Besides the possible change on the surface properties, abundant growth of the filamentous 

microorganisms increased the MLSS in the system and decreased the compactibility of sludge. 

This contributes to poor settling as weil. Some of the filaments were identified as related to the 

low F/M filaments by the operators in plant. In a filamentous sludge the individual flocs are 



held apart in a huge three dimensional matrix hindering both the downwards motion of the 

solids and the upward flow of liquid (Figure 4.26). This may c a w  the compaction problem in 

sludge. 

Figure 4.26. Appearance of flocs h m  system-Po during dysfunctional penods (Scale bar = 200 
microns). 

4.5.2 Fioc size and shape 

A number of floc particles were very large in size during the dysfunctional periods while the 

shape properties were not significantly difference between the periods. The median ESD by 

number and by volume during the dysfunctional periods were 19% and 472% larger than that 

during the hnctional periods (Table 4.21). The significantly larger in median ESD by volume 

during the dysfunctional periods indicates that a number of floc particles were huge in size 

during the dysfunctional penods. The differences in the median FF and AR between these two 

periods was not significant. 



Table 4.21. Cornparison of size and shape properties of flocs fiom system-Po during functional 
and dysfimctionai periods.' 

No. of samptes 7 2 

Range Mean SD % Range Mean SD% 

Median ESD 

ANOVA~' 

@Y no-) Pl 41 .O - 68.8 56-1 18 64.4 - 68.9 66.7 5 

Median ESD 

nsd 

(by volume) pm 169.8 - 317.7 2120 23 116ô.9 - 1259.7 1213.3 5 

Median 

Aspect Ratio 1.8 - 2.0 1 -9 5 1.9 -2.1 2.0 100 1 nsd 

' ïhe results of statistically cornparison using ANOVA is shown in Appendt, 1. 
* sd: significant difference o f  the means bctwcen two systcms using 2-tailed t-test at a = 0.05. 
' nsd: no significant diffiercncc of the means bctwm two syncms using 2-raiIed t-us at a = 0.05. 

sd 

F o m  Factor 0.57 - 0.69 0.61 7 0.64 - 0.67 0.66 3 

Median 

In summary, the MLSS, EPS composition and sludge carbohydrate were higher during the 

dysfunctional periods. The levels of protein and carbohydrate durhg dysfunctional periods were 

56% and 71% higher than fùnctiod periods. The higher level of protein and carbohydrate may 

be associated with a higher bound water content and surface charge of the flocs. Abundant 

growth of the filamentous microorganisms increased the MLSS and decreased the compactibility 

of sludge. A nurnber of floc particles were very large in size during the dysfunctional periods as 

the median ESD by volume was six tirnes larger than that during functional periods. The shape 

properties were not significantly difference between the periods. Low F M  ratio may account 

for the higher level of EPS and abundant growth of the filaments during the dysfunctional 

periods. However, the percentage composition of EPS between two periods was not 

significantly different. 

nsd 

4.6 Correlative microscopy 

The floc structure is observed using conventional optical microscopy (COM), scanning confocal 

laser rnicroscopy (SCLM) and transmission electron microscopy (TEM). The floc structure 

observed by COM has been described in Section 4.4.1. The intemal morphology and spatial 

distribution of EPS in extracellular matrix of the floc was observed using SCLM coupled with 



various fluorescent stains. The TEM images reveai the patterns of fibrils in extracellular matrix. 

The observations by SCLM and TEM are described in the following sections. 

4.6.1 Spatial distribution of EPS 

Fluorescein isothiocyanate (FITC)). The internai floc structure was non-homogeneous as 

revealed by SCLM images of flocs stained by FITC. FITC is a generai protein stain which 

produces an image representing the overall morphologicai structure. This amorphous floc 

structure was observed at the images of flocs fiom al1 systems (Figure 4.27). The images of 

flocs fiom system-Dm reveai a round and compact floc structure (Figure 4.27A). Filamentous 

organisms are seen at the core of flocs. The images of flocs from industriai systems reveals an 

irregular and diffbed floc structure (Figure 4.278 - 4.27D). These results agree with the 

observation using COM. The filamentous organisms were commonly seen in the images of 

flocs fkom system-Po oust like the one show at the upper right corner of Figure 4.27D). These 

filaments extended far beyond the flocs. However, another filament-like object is seen at the 

Iower right corner of the same image. It is suspected to be a piece of potato peeling rather than 

a filamentous organism because of its irregular shape. 

Concanavalin A (Cod). The a-mannopyranosyl and a-glucopyranosyl residues were present at 

the floc matrices From al1 systems but the spatiai distribution was different among the systems 

as revealed by images of flocs stained with ConA (Figure 4.28). The difference in the spatial 

distribution may be associated with the sludge age of the flocs. ConA is a lectin stain that 

indicates the presence of specific polysaccharide residues. ConA is specific for a- 

rnannopyranosyl and a-glucopyranosyl residues. The patterns of distribution of these residues 

around the flocs fiom the treatment systems studied and their association with sludge age are 

descnbed in the following. 

(1) Flocs fiom svstem-Dm and svstem-Po 

An even distribution of these residues within the floc matrices is observed in the images 

of flocs fiom system-Dm and system-Po (Figure 4.28A and 4.28D). A floc grows as 



additional individual aggregates attach to the central floc structure (Li and Ganczarczyk? 

1992). Therefore, the bacterial age at the core of floc was older than that at the periphery 

of floc. However, the sludge ages of system-Dm and system-Po were relatively young at 

Cday and 10-day old respectively. Therefore, the difference of bacterial age at the core 

and the periphery of floc was not significant. The bacterial age could affect the 

production of EPS as a higher level of EPS was observed at younger sludge as discussed 

in Section 4.3.2. Hence, the secretion of EPS by the bacteria was quite even withui the 

floc matrices of sarnples from these two systems. 

(2) Ffocs from svstem-Py and svstem-Pm 

The distribution of these residues was less dense at the core but more dense around the 

penphery of the floc matrix of system-Py (Figure 4.28B). This may be due to a 

significantly older bacterial age at the core than at the periphery of flocs since the sludge 

age of system-Py was oId (25-day). Therefore, more EPS was secreted by the bactena at 

the periphery than that at the core of flocs. Some dense spots of residues were found 

within the floc matrix of system-Pm (Figure 4.28C). The particular reason for this 

pattern of distribution is still unknown yet. 

Wheot germ agglutinin (WGA). The N-acetylglucosamine and N-acetylneuraminic acid residues 

were present within the floc matrices fiom ali systems but a significantly less dense distribution 

was present within the matrix of system-Py as revealed by the images of flocs stained with WGA 

(Figure 4.29). WGA is a lectin stain specific for N-acetylglucosamine and N-acetylneuraminic 

acid residues. These polysaccharide residues were detected in the extracellular matrices of flocs 

fiom ail systems. This is consistent with the study by Sutherland (1972) who States that the 

presence of glucose, N-acetylglucosarnine and N-acetylgalactosamuie in bacterial polymers is 

wide-spread. A significantly less dense distribution of N-aceQlglucosamine and N- 

acetylneuraminic acid residues was observed within the matrix of floc fiom system-Py (Figure 

4.29B). This observation is supported by the significantly low level of EPS in system-Py as found 

by chernical analysis. Steiner et al. (1976) reported that there was a decrease in surface charge 

when either muramic acid, N-acetyl hexosamine or a combination of both was removed from 



the sludge surface. Although the types of polysaccharide studied are different in both studies, 

the results in this study indicates a possible role of N-acetylglucosamuie and N-acetylneuraminic 

acid in bioflocculation. Further studies on the role of these two compounds in bioflocculation 

are recommended. 

4.6.2 UIttastructure of flac ma& 

The ultrastructure of floc matrix was found to be different among the systems studied. The 

heterogeneous nature of components inside the flocs and their random dispersion are clearly 

seen in the TEM images. The ultrathin sections of sarnples stained by rutheniun red reveal a 

complex three-dimensional network of extracellular polysaccharide fibrils with different 

diameters and arrangements within the matrices of flocs (Table 4.22). The well-defme, nbbon- 

like fibrils with diameters ranging between 2 - 15 nm were observed in matrices of al1 system 

generally. However, these fibrils cannot be commonly seen at the images of flocs fiom system- 

Pm. The range of diameter of fibrils observed is similar to the range of diarneter of fibrils at 2 - 
10 nm as reported by Leppard (1 992b). The characteristics of this material are consistent with 

the descriptions of Type II polyrners which are thought to link microorganisms within 2.5 to 13 

p particles (Jorand et al., 1995). Similar Type II polymers were observed by Droppo et al. 

(1996b). The ultrastructure of floc matrices of the treatment systems studied is descnbed in the 

following. 

(1) Flocs fiom system-Dm 

The TEM images of flocs fiom system-Dm reveal a more extensive, uniform and dense matrix 

structure than that of the other systems studied (Figure 4.3 0). This agrees with a higher level of 

EPS found by chemical analysis at system-Dm. 

(2) Flocs fiom svstem-Py and s~stern-Po 

Two distinct layen was found in the matrices of system-Py and system-Po: a) the dense inner 

layer and b) the less dense outer layer. The fibril matrix of flocs from system-Py was not 

extensive as that for system-Po (Figure 4.31 and 4.33). This agrees with a lower level of EPS 



found by chernical aualysis at system-Py than that of system-Po. A number of filamentous 

microorganisms were found in images of flocs from system-Po (Figure 4.33B). However. no 

ribbon-like fibrils around these microorganisms were observed- 

(3) Flocs fkom svstem-Pm 

The well-defined fibrils or network was not commonly observed in the images of flocs fiom 

system-Pm. A thin, dense. slime-like material of about 18 - 36 nm in thickness surrounding the 

ce11 was observed (Figure 4.32). Layea of material which seemed to be overlapping one 

another fomiuig an envelope of about 55 nm in thickness enclosing the ce11 was found (Figure 

4.32A). These layers of material were quite uniforrn in thickness and spatial arrangement. This 

material couid be lipid. 

Table 4.22. Summary of the observations of ultrastructure of floc matrices from different 
treatment systems. 

Treatrnent Form of fibrils Diarneter Description of 
systems of fibrils extracellular matrix 

Dm - welldefined 7-15nm - thick and extensive 
- ribbon-like 

- no spatial arrangement 
- uniformly dense 

PY - welldefined 2 - 8 n m  - two distinct layers : 
- ribbon-like a) dense inner layer 

- bundle of fibrils form a b) less dense outer layer 

thicker filaments 

Pm - welldefined, ribbon-like - 
fibrils not commonly seen 

- thin, dense, slime-like 

matenal 
- layers of material overlapping 
one another forrning an envelope 

Po - welldefined fibrils 3 -8nm - two distinct layers : 
- ribbon-like a) dense inner layer 

b) less dense outer layer 



4.63 Summory of the spufiaï drStribution of EPS and the ufîra~tructwe of matrir 

The intemal floc structure was heterogeneous. The a-mannopyranosyl, a-glucopyranosyl, N- 

acetylgiucosamine and N-acetylneuramUuc acid residues were present at the floc matrices fiom 

al1 systems studied. However, the spatial distribution of these residues was different among the 

systems studied. The difference in the spatiai distribution may be associated with the sludge age 

of the flocs. A significantly less dense distribution of N-acetylglucosamine and N- 

acetyineuraminic acid residues was observed at the ma& of system-m. This indicates a possible 

role of N-acetylgIucosamine and N-acetylneuraminic acid in bioflocculation. 

The ultrastructure of floc rnatrix is different among the systems studied. A cornplex three- 

dimensional network of extracellular polysaccharide fibrils with different diameters and 

arrangements within the matrices of flocs was observed. The heterogeneous nature of 

components inside the Rocs and their random dispersion are clearly seen as well. 



A. System-Dm B. System-Py 

C. System-Pm D. System-Po 

Figure 4.27. SCLM images of flocs stained by fluorescein isothiocyanate (FITC). The scale 
bars for A and B = 100 microns. 



A. System-Dm B. System-Py 

C. System-Pm D. System-Po 

Figure 4.28. SCLM images of flocs stained by Concanavalin A (Cod) .  The scale bars for A 
and B = 100 microns, 



A. System-Dm B. System-Py 

C. System-Pm D. System-Po 

Figure 4.29. SCLM images of flocs stained by wheat germ agglutinin (WGA). The scale bars 
for A and B = IO0 microns. 



Figure 4.30. TEM images of flocs fiom system-Dm. Sample was stained by ruthenium red in 
glutaraldehyde. The scale bars represent 200 m. 



Figure 4.31. TEM images of flocs fiom system-Py. Sample was stained by rutheniurn red in 
glutaraldehyde. The scale bars represents 200 m. 



*e 4.32. TEM images of flocs fiom system-Pm. Sample was stained by uranyl acetate in 
plast. The scale bars represent 200 nm. 



Figure 4.33. TEM images of flocs fiom system-Po. Sample was stained by ruthenium red in 
glutaraldehyde. The scale bars represent 200 nm. 



4.7 Significance of Results 

The full-scale systems studied represented a range of configurations and different types of 

wastewater. The distinct operating conditions such as MCRT (sludge age) and the microbial 

commhty  of each system could possibly affect the sludge properties. Because the variations 

in operating conditions affect the physiological state of bacteria and the microbial cornmunities, 

as a resulf the floc developrnent is affected also. Although the explamtion for an observation 

rnay not be concluded easily due to the uncontrolled study conditions, the study on full-scale 

systerns can provide important observations based on actuai operation. These observations may 

provide a guideline for M e r  study using controlled systems. For instance, the relation 

between sludge age and EPS was observed in this study. This may lead to the further snidy to 

investigate the sludge age for an optimum production of EPS to achieve an effective sludge 

settling. 

The results conceming the characteristics of EPS indicate the possibility of designing operating 

conditions for the development of an optimum floc which is not only able to remove the 

substrate in the wastewater but also settle well. This study reveals the quantitative and 

qualitative characteristics of EPS composition fiom sludge in Ml-scale systems. Protein was 

found to be the dominant component in the extracted EPS followed by carbohydrate, DNA and 

acidic polysaccharide generally regardless of the types of wastewater and operating conditions. 

These four components formed a more or less constant percentage composition in the organic 

matrix. The level of EPS is inversely associated with the MCRT (sludge age) of system. Hence, 

an operating condition such as sludge age is much more important than microbial community 

alone as a factor in aEecting the composition of EPS. In addition, DNA and acidic 

polysaccharide were the most labile components in EPS; the higher levels of these components 

may be associated with better sludge settling. Another observation found that the spatial 

distribution of EPS was different among the systems studied. The ciifference in the spatial 

distribution may be associated with the sludge age of the flocs. A possible role of N- 

acetylglucosarnine and N-acetylneumminic acid in the bioflocculation was observed as 



significantly less of these compounds was found in the extracellular ma& of flocs from system 

treating poultry processing wastewater. 

Observation of the sludge properties during functional and dysfunctional periods of the system 

treating potato processing wastewater reveals that there is not only biological change in sludge 

properties such as abundant growth of filaments but dso physical and chemicai changes. The 

MLSS, EPS composition and sludge carbohydrate were higher during the dysfunctional periods. 

The significantly higher levels of protein and carbohydrate may be associated with a higher bound 

water content and surface charge of the fioc. The floc size expressed as median ESD by volume 

was six times larger than the functionai periods. Therefore, al1 these properties should be 

considered in developing appropriate control strategy to improve sludge settlement. 



CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS 

In an effort to better understand biofloccuiation and the role of EPS on the properties of 

activated sludge floc, a comparative study of four full-scale activated sludge systems has been 

conducted. Specific conclusions that can be drawn from this study are as follows: 

1. Protein was found to be the dominant component in the extracted EPS followed by 

carbohydrate, DNA and acidic polysaccharide generally regardless of the types of wastewater 

and operating conditions. 

2. niese four components formed a more or less constant percentage composition in the organic 

matrix with 77-81% protein, 11-15% carbohydrate, 4-9% DNA and 3-5% acidic 

po 1 ysacc haride- 

3. DNA and acidic polysaccharide were the most labile components in EPS. 

4. The higher levels of DNA and acidic polysaccharide in EPS may be associated with better 

sludge settling as the correlation coefficient between DNA and acidic polysaccahride with 

SVI was greater than 0.6 1 (95% probability level). 

5.  The level of EPS is inversely associated with the MCRT (sludge age) of syçtem. Hence, an 

operating condition such as sludge age is much more important than microbial cornrnunity 

done as a factor in afKecting the composition of EPS. 

6. The level of carbohydrate in EPS is directiy associated with the level of sludge carbohydrate 

as the correlation coefficient was 0.71 (95% probability level). 

7. The percentage of volatile suspended solids (VSS/SS%) is quite constant (SD < 5%) within a 

system but different among the systems. 

8. The levels of protein and carbohydrate in EPS during dysfiuictional penods of system-Po were 

56% and 71 % higher than functional penods. These higher levels of protein and carbohydrate 

may be associated with a higher bound water content and surface charge of the floc. 

9. Low FM ratio may account for the higher level of EPS and abundant growth of the filaments 

during the dysfunctional periods of system-Po. 

1 O.The a-mannopyranosyl, a-glucopyranosyl, N-acetylglucosamine and N-acetylneuraminic acid 

residues were present at the floc matrices f?om all systems studied. However, the spatial 

distribution of these residues was different arnong the systems studied. The difference in the 

spatial distribution may be associated with the sludge age of the flocs. 



11. A significantly less amount of N-acetylglucosamine and N-acetylneuraminic acid 

residues was observed at the floc ma& of system-Py. This indicates a possible role of N- 

acety lglucosamine and N-acety lneuraminic acid in the bio flocculation. 

12. The ultrastructure of floc matrix is different arnong the systems studied. A complex three- 

dimensional network of extracellular polysaccharide fibnls with different diameters and 

arrangements within the matrices of flocs was obsewed. 

Recornmendations for fùture study: 

1. The effect of sludge age on EPS composition conducted under controlled conditions should 

be studied. This c m  provide a better understanding of the optimum operating conditions 

which can achieve an efficient substrate removal and solid-liquid separation. The 

range of MCRT studied should extend to 25 days as a longer MCRT has been used by full- 

scale system for nitrogen removal. 

2. The effect of EPS composition on bound water, surface charge and hydrophobicity during 

dysfunctionai penod should be studied as EPS is thought to have an effect on the surface 

properties of floc. 

3. The levels of protein and carbohydrate in sludge and EPS should be detemiined as well. The 

higher levels of protein and carbohydrate in EPS were found to be associated with poor 

settling duhg the dysfunctional periods. 

4. The role of particular types of polysaccharides such as N- acetylglucosamine and 

N-acetylneurarninic acid on the bioflocculation should be investigated. 

5 .  A statistical method based on the cornparison of the entire population should be sought for the 

cornparison of physical properties of flocs. 
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APPENDlX A 

FLOW DIAGRAMS OF WASTEWATER TREATMENT PLANTS 
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Figure A.2. Schematic flow diagram of poultry processing wastewater treatment plant 
(courtesy of Maple Lodge Famis Ltd.). 
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APPENDIX B 

DATA OF CHEMlCAL ANALYSE OF SLUDGE 



Table B. 1 .  Chernical properties of activated sludp samples from municipal wastewater treatment plant. 

CHO Extractable EPS composition 

Sampling SV1 30-min MLSS MLVSS VSS in sludge CHO mglgVSS 

date ml1 settlin % IL 1 % CHO Acidic Pol , Protein DNA Total EPS 

Nov. 6.96 83 26 2.938 1.820 61 250.2 6.6 16.58 5 .O62 125.9 4,969 152.5 

Nov. 20,96 94 36 4.020 2.467 61 179.6 12.7 22.79 7.370 80.06 4.382 114.6 

Feb. 12.97 77 13 1.553 0.983 63 152.2 6.9 10.46 3.051 72.88 3.221 89.61 

Feb. 19,97 93 23 2.310 1.500 65 159.1 3.2 5.067 1.741 63.89 2.884 73.58 

Mar. 24,97 91 19 2.093 1.310 63 206.7 4.9 10.05 2.635 85.24 3.866 101.8 

- -- - - -- - - - - - 

Apr. 14,97 79 17 2.217 1,450 65 191.9 4.7 9.1 03 5.1 31 80.08 5,668 99.98 

Apt, 16,97 81 16 1.910 1.260 66 174.1 6.5 11.32 4.850 79.37 4.873 100.4 

Apr. 23,97 98 22 2.163 1.433 66 21 3.2 4.4 9.360 3,208 86.07 3,924 102.6 

Apr, 28,97 96 24 2,400 1.610 67 308,2 1.8 5,458 Nil 91.61 5.436 102.5 

Mav7.97 95 16 1,770 1.187 67 155.1 5.2 8.1 05 3.949 56.63 2.005 70.69 
- - - - - - - - - -- - - 

Mayl2,97 88 21 2.360 1.500 64 179.8 4.3 7.802 3.778 86.11 2,881 100,6 

May 14,97 90 19 1.960 1.330 68 165.4 3.9 6.405 3.208 81.45 3,222 94.29 

May16,97 80 21 2,363 1.560 66 186.9 4.0 7.410 4.234 86.54 4.761 102,9 

Mav21.97 83 18 2,150 1.383 64 277.7 3.8 10.68 3.443 65.88 3.007 83.01 

May23,97 79 23 2,793 1.803 65 300.4 5.3 15.88 6.735 74.88 5.547 1 03,O 
Shaded area indicates the samples collected from Aeration Tank #6. 



Table B.2. Chernical properties of activated sludge samples from poultry processing wastewater treatment plant 
CHO Extractable EPS composition 

Sampling SV1 30-min MLSS MLVSS VSS in sludge CHO mglgVSS 
date mllg settling % glL g L  S O  % rn l VSS Acidlc Poly. Protein DNA Total EPS 

Dec, 9,06 230 96 3,873 3.003 78 1 54.7 4.9 7.507 1.123 39.41 3.831 51.87 

Jan. 13,97 235 96 3.673 2.830 77 1 17.9 4.7 5.49 1 1,291 53.36 4.348 64.40 

Jan. 28,97 143 57 3.520 2.690 76 11 3.8 4.0 4.525 1,569 41,10 2,710 49.90 

Feb. II, 97 237 87 3.690 2.820 76 129.4 4.6 5.935 1.093 32.11 4.958 44.10 

Feb. 25,97 215 72 3,310 2.523 76 136.3 3.9 5,311 O. 874 27.30 3.789 37.27 

Apr. 1,97 225 88 3.927 2.903 74 188.3 3.5 6.525 O, 766 24.40 4.887 36.58 

Apr, 1 5,97 2 1 1 90 4.110 3,090 75 176.6 3.2 5.645 3.476 40.18 3,067 52.37 

Apr. 22,97 254 74 2.823 2.137 76 201.3 3 .O 6.054 1.721 38.61 3.966 50,35 
Shaded area indicates the samples collected during poor settling period. 



Table B.3. Chemical properties of activated sludge samples from petroleum refinery wastewater treatrnent plant. 
---- - 

CHO Extractable EPS composition 

Sampling SV1 30-min MLSS MLVSS VSS in sludge CHO mg/gVSS 

date ml1 settlin % IL IL , ps CHO Acidic Poly. Protein DNA Total EPS 

Oct. 15,96 230 76 3.087 2.693 87 102.1 6,3 6.482 4.002 77.98 1.260 89.72 
- -- - -- - 

Oct. 29, 96 259 71 2.660 2.300 87 255.5 4.6 11.66 1.152 50.73 1.180 64.72 

Nov. 26,96 307 86 2.800 2.337 83 172.1 4.9 8.443 2.445 59.48 1.61 1 71.98 

Apr, 3,97 215 97 4.520 3.677 81 Nil Nil 9.176 1.299 47.37 4.408 62.25 

Apr. 24, 97 176 85 5,813 4.653 80 182.5 4.1 7,403 2,199 51.22 2.277 63.10 

May 1,97 162 93 5.627 4.533 81 161.8 3.1 4.980 0.483 43.02 2.663 51.15 

May 8,97 166 94 5.727 4.753 83 189.4 2.9 5.451 2.192 28.50 1.836 37.98 
Shaded area indicates the samples collected during poor settling period. 



Table B.4. Chernical properties of activated sludge samples from potato processing wastewater treatment plant. 

CHO Extractable EPS composition 

Sampling SV1 30-min MLSS MLVSS VSS in sludge CHO mg/gVSS 

Oct. 7. 96 267 66 2.853 2.393 84 139.4 3.8 5.295 2.832 50.84 0.736 59.70 

Oct. 22. 96 264 90 3.220 2.590 80 409.8 2.3 9.336 1.931 39.58 0.696 51.54 

Nov,4,96 175 99 2,860 2.230 78 220.3 4.8 10.52 3.1 80 88.19 0,710 102.6 

Nov. 18,96 278 100 3.640 2.893 80 441.2 4.0 17.60 5,656 83.82 5,480 112.6 

Feb. 17,97 201 47 2.370 1.950 82 122.7 4.7 5.81 2 1,937 51 .71 1.006 60.47 

Mar. 31,Q7 125 29 2.223 1.827 82 Nil NI1 14.23 3,722 29.19 3.131 50.27 

Apr. 14,97 220 56 2,357 1,937 82 171,7 4.3 7,364 4,111 47.75 3.549 62.77 

Apr. 21,97 178 47 2.410 2.000 83 166.3 5.8 9.722 3.477 57.08 4.808 75.09 

Apr. 28,97 125 29 2.337 1.917 82 176.3 4.6 8,022 4,673 56.95 3.589 73.23 
Shaded area indicates the sarnples collected during poor settling period. 



DATA OF FLOC SlZE DISTRIBUTION 

Table C. 1.1 - C. 1.9 Samples Eom municipal wastewater treatment plant 
(sy stem-Dm) 

Table C.2.1 - C.2.10 Samples fiom poultry processing wastewater treatment plant 
(system-P y) 

Table C.3.1 - C.3.8 Samples nom petroleum refinery wastewater treatment plant 
(system-Pm) 

Table C.4.1 - C.4.10 Sarnples fiom potato processing wastewater treatment plant 
(sy stem-Po) 



Table C. 1.1. Summary of the medians ESD of shdge from system-Dm. 

Sampling No. of ESD (by no.) ESD (by volume) 

date particles Range Median Median 

6-Nov 1 006 3.6 - 507.5 28 326.7 



Table C. 1.2. Size distribution of sample h m  system-Dm on Nov. 6, 1996. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
< 8.3 21 9 21 -77 21.77 2281 3.431 5 0.00 0.00 

Total 1006 100.00 721 139350 100.00 
Median (pm) ICe m 



Table C. 1.3. Size distribution of sarnple from system-Dm on Nov. 20, 1996. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
< 8.3 O 0.00 l 0.00 

O 0.00 . .  . -  . - -  

Total 583 100.00 469558092 100.00 
Median (pm) - m 



Table C. 1.4. S k  distribution of sample nom system-Dm on Dm. 4, 1996. 
Site classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
< 8.3 0.00 0.00 O 0.00 0.00 

1303.8 - 1515.7 0.00 . . . - . . 

Total 577 100.00 25081 98888 100.00 
Median (pm) 



Table C. 1 S. Size distribution of sampie h m  system-Dm on Dec. 10, 1996. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

rim % frequency % volume % volume % 

- - -  - - - 

Total 558 100.00 2156246273 100.00 
Median (pm) 8&8 



Table C. 1.6. Size distribution of sample nom system-Dm on Jan. 22, 1 997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
c 8.3 O 0.00 0.00 O 0.00 0.00 

Total 601 100.00 420661 5808 100.00 
Median (pm) .n  



Table C. 1.7. Size distribution of sample fiom system-Dm on Jan. 29, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
c 8.3 O 0.00 O 0.00 0.00 

- - 100.00 
Total 662 100.00 240001 8363 100.00 

Median (pm) - m 



Table C.1.8. Size distribution of sample fiom system-h on Feb. 4, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency% volume % volume % 
0.00 0-00 

- 0.00 
Total 726 100.00 2399993250 100.00 

Median (pm) 0 



C-IO 

Table C. 1.9. Size distribution of sample h m  system-Dm on Feb. 12, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

~m % frequency % volume % volume % 

- - - -  - -  - -  

Total 737 100.00 2001459358 100.00 
Median (pm) - -ilas 



Table C.2.1. Summary of the medians ESD of sludge from sy stem-Py . 
Sampling No. of ESD (by no.) ESD (by volume) 

date particles Range Median Median 

9-Dec 461 8.4 - 760.2 37.7 560.3 

1 Apr  1022 4.3 - 263.1 22.4 102.3 

' 8Apr  1 040 4.3 - 248.1 21.3 124.9 

1 5-Apr 1095 8.4 - 359.7 52.7 188.7 

22-Apr 1287 9.3 - 511.1 45.6 254.1 



Table C.2.2. Size distribution of sample h m  system-Py on Dec. 9, 1996. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

cim % frequency % volume % volume % 

Total 461 100 9861 35969.4 100.00 
Median (pm) E i 



Table C.2.3. Size distribution of sample h m  system-Py on Jan. 1 3, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency 96 volume % volume % 

Total 544 
Median (pm) 



Table C.2.4. Size distribution of sample h m  system-Py on Jan. 28, 1997. 
Sue dasses Frequency Frequency Cumulative Spherical Voiume Cumulative 

Cun % frequenc~ % volume % volume % 
< 8.3 O 0.00 O O 0.00 0.00 

- 

Total 538 100 1580887603 1 O0 - - 



Table C2.5. Size distribution of sample from system-Py on Feb. 1 1, 1997. 
Size classes Frequency Frequency Cumulative Sphetkl Volume Cumulative 

% fteauencv % volume % volume % 

Total 598 
Median (m) 



Table C.2.6. Sire distribution of sample fiom system-Py on W b .  25, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

~m % Frequency Oh volume % volume % 

Total 720 1 O0 80161 1624 100.00 
Median (pm) i m 



Table C.2.7. Size distribution of sample h m  system-Py on Apr. 1, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 
V % ftequency % volume % volume % 

< 8.3 94 9.20 9.20 15849.1 897 0.02 0.02 

Total 1022 
Median (pm) 



Table C.2.8. Size distribution of sample fiom system-Py on Apr. 8, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Cl'-" % frequency % volume % volume % 
< 8.3 1 22 1 1.73 1 1 -73 21 025.8773 0.02 0.02 

- 

Total 1040 
Median (pm) 



Table C.2.9. Size distribution of sample fiom system-Py on Apr. 15, 1997. 
Sue dasses Frequency Frequency Cumulative Spherical Volume Cumulative 

% frequency % volume % volume % 

Tota I 1095 1 O0 574961 070 100.00 
Median (prn) 



Table C.2.10. Size distribution of sample h m  system-Py on Apr. 22, 1997. 
Sue classes Frequency Frequency Cumulative Sphen'caf Volume Cumulative 

Pm % frequency % volume % volume % 
0.00 0.00 

- - -  - -  - -  

Total 1287 1 O0 880398980 100.00 
Median (pm) i188 



Table C.3.1. Summary of the medians ESD of sludge fiom ssytem-Pm. 

Sampling No. of ESD (by no.) ES0 (by volume) 

date particles Range Median Median 

15-Oct 1 008 1.9 -417.8 14.3 263.7 



Table C.3.2. S k e  distribution of sample nom systern-Pm on Oct 15, 1996. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 

Total 1 008 100 2241281 82 100.00 
Median (pm) - 

* 



Table C.3.3. Size distribution of sample h m  system-Pm on Oct. 29, 1996. 
Sire classes Frequency Frequency Cumulative SphericaI Volume Cumulative 

Pm % frequency % volume % volume % 
< 8.3 63 6.31 6.31 7893.49277 3.00 0.00 

Total 998 100 31 0536749 100.00 
Median (pm) - 



Table C.3.4. Size distribution of sample h m  system-Pm on Nov. 26, 1996. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
c 8.3 33 7.35 7.55 6361 .12891 0.00 

- - 

Total 449 1 O 0  192872721 100.00 
Median (pm) - 



Table C.3.5. Size distribution of sample fiom system-Pm on Apr. 3, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
O 0.00 0 .O0 

829.8 - 964.7 O 0.00 100 - 0.00 100.00 
Total 1424 100 1 O20873550 100.00 

Median (pn) 



Table C.3.6. Size distribution of sample h m  system-Pm on Apr. 24, 1997. 
Size classes Frequency Frequency Cumulative Sphencal Volume Cumulative 

~m % frequency % volume % volume % 

Total 1121 1 O0 953508846 100.00 
Median (pm) 



Table C.3.7. Size distribution of sample h m  system-Pm on May 1,1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
O 0.00 0.00 

- 100.00 
Total 977 100.00 3593285816 100.00 

Median (pm) 6 mm!a 



Table C.3.8. Sue distribution of sample h m  system-Rn on May 8, 1997. 
Ske classes Frequency Frequency Cumulative Spherical Volume Cumulative 

~m % frequency% volume Y6 volume % 

964.7 - 1 121.5 O 0.00 100.00 O 0.00 100.00 
Total 1128 100.00 2484522732 100.00 

Median (pm) - mam 



Table C.4.1. Summry of the medians ESD of sludge from system-Po. 

Sampling No. of ESD (by no.) ESD (by volume) 

date particles Range Median Median 

1 8-Nov 

2-Dec 

20-Jan 

1 7-Feb 

31-Mar 

7-Apr 

' 14Apr 

21 Apr  

28- AD^ 
Shadcd m a  rcprrscnts the wmples h m  dysfiuictional pcriod, 



Table C.4.2. Size distribution of sample fiom system-Po on Nov. 1 8, L 996. 
Sueclasses Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm O h  frequency % volume % volume % 
< 8.3 O 0.00 0.00 0.00 

1303.8 - 15 15-7 1 O. 19 100.00 1390254212 31.34 100.00 
Total 539 1 00.00 4436397045 100.00 

Median (pm) - 



Table C.4.3. Size dissibution of sample h m  system-Po on Dec. 2, 1 996. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
< 8.3 O 0.00 

1303.8 - 1515.7 2 0.46 100.00 2774633377 40.59 - -  - 

Total 434 100.00 6836074769 100.00 
Median (pm) PII m3!wm 



Table C.4.4. Size distribution of sample fiom system-Po on Jan. 20, 1997. 
Sue classes F requency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
< 8.3 O 0.00 0.00 

Total 560 100.00 230651657 100.00 
Median (pm) - m 



Table C.4.5. Size distribution of sample fkom system-Po on Feb. 17, 1 997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
< 8.3 O 0.00 0.00 O 3.00 0.00 

1303.8 - 151 5.7 O 0.00 100.00 
Total 910 100.00 575322574 100.00 

Mediân (pm) - mmm 



Table C.4.6. Size distribution of sample from system-Po on Mar. 3 1, 1997. 
Ske classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume 96 volume % 

Total 769 100.00 826348938 100.00 
Median (pm) - m 



Table C.4.7. Size distribution of sample fkom system-Po on Apr. 7,1997. 
Sue classes Frequency Frequency Cumulatnre Spherical Volume Cumulative 

Pm % fiequency % volume Or6 volume % 
< 8.3 O 0.00 0.00 

- -  - -  100.00 
Total 1195 100.00 663369855 100.00 

Median (pm) 



Table C.4.8. Size distribution of sample fiom system-Po on Apr. 14, 1997. 
Size classes Frequency Frequency Cumulative Spheriwl Volume Cumulative 

Pm % frequency % volume % volume % 

- - - - - - - - . - - - -  

Total 1135 100.00 1083071 827 100.00 



Table C.4.9. Size distribution of sample fiom systern-Po on Apr. 2 1, 1997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

Pm % frequency % volume % volume % 
O 0.00 0.00 O 0.00 0.00 

Total 1175 100.00 1025055085 100.00 
Median (pm) - m 



Table C.4.10. Size distribution of sample fiom system-Po on Apr. 28, 1 997. 
Size classes Frequency Frequency Cumulative Spherical Volume Cumulative 

um % freauencv % volume % volume % 

Total 1253 100.00 1 1 1741 6529 100.00 
Median (pm) ïaIA 6!aIm 



Table D.l . l  - D.1.8 

Table D.2.1 - D.2.9 

Table D.3.1 - D.3.7 

Table D.4.1 - D.4.9 

APPENDIX D 

DATA OF FLOC SHAPE 

Samples fiom municipal wastewater treatrnent plant 
(sy stem-Dm) 

Samples fiom poultry processing wastewater treatment plant 
(system-Py) 

Samples nom petroleum refinery wastewater treatment plant 
(sy stem-Pm) 

Samples fkom potato processing wastewater treatment plant 
(system-Po) 



Table D. 1.1. Distribution of floc shape of sample fkom system-Dm on Nov. 16,1996. 
Fom Factor hrequency Frequency Aspect Ratro Frequency k-requency 

range % range % 

::; 3 2 806 
20 E 3 1 36 Eg 

0.3 31 3.08 4 21 2-17 
0.4 48 4.77 5 3 0.31 
0.5 1 03 10.24 6 O 0.00 
0.6 276 27.44 7 O 0.00 
0.7 225 22.37 8 O 0.00 
0.8 1 85 18.39 9 O 0.00 
0.9 111 11 .O3 1 O O 0.00 
1 4 0.40 11 O 0.00 

I ota~ 1006 12 O 0-00 - . - .  

I otal 966 100.00 
Median 

Table D. 1.2. Distribution of floc shape of sample fiom system-Dm on Nov. 20, 1996. 
k o m  Factor krequency krequency Aspect Ratro Frequency trequency 

range % range % 
O. 1 11 1.89 2 304 52.14 
0.2 41 7.03 
0.3 49 8.40 
0.4 64 10.98 
0.5 71 12.18 
0.6 79 13.55 
0.7 79 13.55 
0.8 71 12.78 
0.9 63 10.81 
1 55 9.43 

I otar 3u3 1 uu 
Median m 

Table D. 1.3. Distribution of floc shape of sample from system-Dm on Dec. 4, 1996. 
kom kactor Frequency Frequency Aspect Katio krequency t-requency 

range % range % 
0.1 6 1.04 2 31 1 53-90 
0.2 40 6.93 
0.3 53 9.19 
0.4 69 11.96 
0.5 74 12.82 
0.6 55 9.53 
0.7 83 14.38 
0.8 69 1 1.96 
0.9 65 1 1 .27 
1 63 10.92 

I otai a / /  lm 



Table D. 1.4. Distribution of floc shape of sample £iom system-Dm on Dec. 1 O, 1996. 
Ponn tactor Frequency Frequency Aspect Ratio krequency Frequency 

range % range % 
O. 1 23 4.12 303 
0.2 75 13.44 
0.3 82 14.70 
0.4 58 10.39 
0.5 67 12.01 
0-6 48 8.60 
0.7 47 8.42 
0.8 46 8.24 
0.9 50 8.96 

62 11.11 
i otai 556 1uu 

otal 558 . 

Median "" 
Table D. 1 S. Distribution of floc shape of sample from system-Dm on Jan. 22, 1997. 

korm Factor krequency trequency Aspect Katio Frequency Frequency 
range % range % 

2 33 / 
0.2 68 11 -31 3 202 2;; 
0.3 63 10.48 4 39 6.50 
0.4 80 13.31 5 15 2.50 
0.5 57 9.48 6 2 0.33 
0.6 59 9.82 7 3 0.50 
0-7 74 12.31 8 2 0.33 
0.8 64 10.65 9 O 0.00 
0.9 65 10.82 10 O 0.00 
1 62 10.32 11 O 0.00 

i otai 2 12 O 0.00 

Table D. 1.6. Distribution of floc shape of sample fkom system-Dm on Jan. 29, 1997. 
~ o r m  kactor Frequency krequency Aspect Ratio Frequency Frequency 

range % range % 
O. 1 12 1.81 2 39 / 59.9 / 

m I otal 662 
Median O 



Table D. 1.7. Distribution of fioc shape of sample fiom system-Dm on Feb. 4,1997. 
kom Factor krequency krequency Aspect Katio krequency krequency 

range % range % 
O. 1 7 0.96 2 422 
0.2 78 10.74 
0.3 1 07 14.74 
0.4 102 14.05 
O S  98 13.50 
0.6 80 1 1-02 
0.7 85 1 1.71 
0.8 72 9.92 
0.9 56 7.71 
1 41 5.65 

l otal 126 i OU 
Median 

l otal 126 100.00 
Median 

Table D. 1 .S. Distribution of floc shape of sample fiom system-Dm on Feb. 12, 1997. 
Fom Factor Frequency Frequency Aspect Ratio krequency krequency 

range % range % 

::; 21 2 60.65 
1 O0 :3?7 3 229 31 .O7 

0.3 98 13.30 4 45 6.1 1 
O -4 98 13.30 5 8 1 .O9 
0.5 82 11.13 6 2 0.27 
0.6 81 10.99 7 5 0.68 
0.7 58 7.87 8 1 0.14 
0.8 79 10.72 9 O 0.00 
0.9 51 6.92 10 O 0.00 
1 69 9.36 11 O 0.00 

3 otal fa( 1 O0 12 O 0.00 

i otal 13f 
Median 



Table D.2.1. Distribution of floc shape of sample fiom system-Py on Dec. 9, 1996. 
Fomi Factor Frequency Frequency Aspect KatIo Frequency k requency 

range % range % 

0:: 11 2 220 
36 ::: 3 152 ;;:O 

0.3 30 6.5 4 48 10.4 
0.4 66 14.3 5 19 4.1 
0.5 49 10.6 6 3 0.7 
0.6 46 10.0 7 7 1.5 
0.7 51 11 -1 8 4 0.9 
0.8 54 11.7 9 5 1.1 
0.9 56 12-1 10 1 0.2 
1 62 13.4 11 O 0.0 

l otal 461 1 CIO 12 2 0.4 
Median i otal 461 100 

Median m 

Table D.2.2. Distribution of floc shape of sample fiom system-Py on Jan. 13, 1997. 
k o m  Factor î-requency krequency Aspect Ham Frequency Frequency 

range O!% range % 
0.1 Iti 

Table D.2.3. Distribution of floc shape of sample fiom system-Py on Jan. 28, 1997. 
i-om Factor Frequency i-requency Aspect Katio i-requency krequency 

range % range % 

1 om1 336 1 ou 
Median 0 

2 292 53.68 
3 191 35.1 1 
4 31 5.70 
5 .  11 2.02 
6 2 0.37 
7 3 0.55 
8 4 0.74 
9 3 0.55 
10 1 0.18 
11 O 0.00 
12 O 0.00 

I otal 538 
Median 8" 



Table D.2.4. Distribution of floc shape of sarnple from system-Py on Feb. 1 1, 1997. 
korm kactor FreWencY Fr 'q  UencY Aspect Katio hequency 

range O h  range % 
FrequencY 

::; 20 2 336 56.19 
65 ?O27 3 208 34.78 

0.3 81 13.55 4 31 5.18 
0.4 84 14.05 5 13 2.17 
0.5 71 11.87 6 3 0.50 
0.6 58 9.70 7 3 0.50 
O. 7 53 8.86 8 3 0.50 
0.8 39 6.52 9 1 0.17 
0.9 61 10.20 10 O O. 00 
1 66 11.04 11 O 0.00 

1 Otal 596 1 ou 12 O 0.00 
0 Total 598 

Median 

Table D.2.5. Distribution of floc sha~e  of sam~le fiom system-Py on Feb. 25, 1997. 
s a 

k o m  Factor t- requency 
range 

-quencl' 
% 

O. 1 26 2.34 
0.2 100 9.78 
0.3 125 12.23 
0.4 124 12.13 
0.5 133 13.01 
0-6 129 12.62 
0.7 115 1 1 .25 
O. 8 97 9.49 
0.9 1 03 t 0.08 
1 70 6.85 

i Oral -1 U L L  1 UU 
Median - 

Table D.2.6. Distribution of floc shape of samplc 
korm kactor t-requency FrWuenc~ 

range % 

Aspect Katio krequency Frequency 
range % 

2 533 
3 330 zg 
4 89 8.71 
5 29 2.84 
6 7 0.68 
7 15 1.47 
8 12 1.17 
9 4 o. 39 
10 1 O. 1 O 
11 O 0.00 
12 2 0.20 
Total 1022 100.00 

Median 

fÎom systern-E'y on Apr. 1, 1997. 
Aspect Rat10 krequency Frequency 

range % 
2 393 
3 248 g:; 
4 50 6.94 
5 14 1.94 
6 4 0.56 
7 7 o. 97 
8 2 0.28 
9 2 0.28 
10 O 0.00 
11 O 0.00 
12 O 0.00 



Table D.2.7. Distribution of floc shape of sample fiom system-Py on Apr. 8,1997. 
i-om Factor FreWencY Frequency Aspect Ratio Frequency Frequency 

range % range % 
O. 1 23 2.21 2 510 49.04 
0.2 85 8.17 
0.3 121 1 1.63 
0.4 112 10.77 
0.5 133 12.79 
0.6 114 10.96 
0.7 129 12.40 
0.8 111 10.67 
0.9 101 9.71 
1 111 1 0.67 

Total 1040 1 O 0  
Median - 

Total 1040 100.00 
Median 

Table D.2.8. Distribution of floc shape of  sample fiom system-Py on Apr. 15, 1997. 
k o m  Factor krequency trequency Aspect Katio krequency krequency 

range % range % 
O- 1 15 t .3/ 2 615 36-16 
0.2 69 6.30 
0.3 1 44 13.15 
0.4 131 1 1.96 
0.5 132 12-05 
0.6 130 1 1.87 
0.7 125 1 1 -42 
0.8 1 08 9.86 
0.9 122 11 -14 
1 119 10.87 

i o t a l  
m 1 otal 1095 

Median "i- 
Table D.2.9. Distribution of floc shape of sample fiom system-Py on Apr. 22, 1997. 

t o m  Factor t-requency Frequency Aspect Katio t requency krequency 
range % range ?40 

O. 1 13 1 .O1 2 /18 55.83 
0.2 72 5.60 3 426 33.1 3 
0.3 125 9.72 4 96 7.47 
0.4 142 11.04 5 25 1.94 
0.5 147 1 1.43 6 2 0.16 
0.6 155 12.05 7 14 1 .O9 
0.7 198 15.40 8 5 0.39 
0.8 160 12-44 9 O 0.00 
0.9 138 10.73 10 O 0.00 
1 136 1 0.58 11 O 0.00 

I otai 'IZ& 1 uu 12 O 0.00 
Median rotal 1286 

Median "" 



Table D.3.1. Distribution of floc shape of sample fiom system-Pm on Oct. 15, 1996. 
Form Factor krequency Frequency Aspect Rabo krequency Frequency 

range % range % 

::; 40 L 800 
24 ;:!; 3 116 E! 

0.3 34 3.38 4 27 2.82 
0.4 42 4.17 5 6 0.63 
0.5 70 6.95 6 2 0.21 
0.6 216 21.45 7 3 0.31 
0.7 192 19.07 8 O 0.00 
0.8 237 23.54 9 O 0.00 
0.9 147 14.60 10 1 0.1 0 
1 5 0.50 11 1 0.1 O 

i otal IUU/ 1 uo 72 O 0.00 
-ipBe i otal 956 

Median "" 
Table D.3.2. Distribution of floc shape of sample nom system-Pm on Oct. 29, 1996. 

horm Factor krequency Hequency Aspect Katio krequency Frequency 
range % range % 

O":: 60 6.01 
63 6.31 3 1 52 15.82 

0.3 77 7.72 4 19 1.98 
0.4 114 1 1-42 5 5 0.52 
0.5 123 12.32 6 2 0.21 
0.6 131 13.13 7 O 0.00 
0.7 131 13.13 8 1 0.1 0 
0.8 1 70 17.03 9 O 0.00 
0.9 128 12.83 10 O 0.00 
1 1 0.1 0 11 O 0.00 

i otal 12 O 0.00 
i otal 961 TOO.00 

Meciian 

Table D.3.3. Distribution of floc shape of sample fiom system-Pm on Nov. 26, 1996. 
Form Factor krequency krequency Aspect Katio krequency Frequency 

range % range % 
0.1 23 5.5 / 2 252 56.1 2 



Table D.3.4. Distribution of floc shape of sample fiom system-Pm on Apr. 3, 1997. 
î-orrn tactor krequency Frequency Aspect Katio krequency Frequency 

range % range % 

::; 46 2 685 
1 28 2:; 3 525 !E 

0.3 1 84 12.92 4 149 1 0.46 
0.4 60 1 1 .24 5 38 2.67 
0.5 161 1 1.31 6 3 0.21 
0.6 181 12.71 7 18 1.26 
0.7 145 10.18 8 4 0-28 
0-8 1 34 9.41 9 2 O. 14 
0.9 1 35 9.48 10 O 0.00 
1 1 50 10.53 11 O 0.00 

i ota~ 1424 1 uu 12 O 0.00 - Total 1424 
Median 

Table D.3 S. Distribution of floc shape of sample fiom system-Pm on Apr. 24, 1997. 
Fomi Factor Frequency krequency Aspect Katio krequency t requency 

range % range % 
O. 1 31 2- / l 2 591 52. ( 2  
0.2 1 54 
0.3 162 
0.4 3 58 
0.5 144 
0.6 115 
0.7 114 
0.8 77 
0.9 89 
1 n 

i otaf 1121 
Median 

3 369 32.92 
4 96 8.56 
5 25 2.23 
6 2 0.18 
7 20 1 -78 
8 6 0.54 
9 6 0.54 
10 4 0.36 
11 O 0.00 
12 1 0.09 
13 1 0.09 

1 otal 1121 1OO.UO 
Median 

Table D.3.6. Distribution of floc shape of sample fkom system-Pm on May 1, 1997. 
korm Factor Frequency Frequency Aspect Katio Frequency Frequency 

range % range % 
0.1 22 2.25 2 56 l 
0.2 1 O0 10.24 3 300 %K 
0.3 1 36 13.92 4 69 7.06 
0.4 150 15.35 5 21 2.15 
0.5 111 11.36 6 4 0.41 
0.6 114 11 -67 7 11 A.13 
0.7 96 9.83 8 3 0.31 
0.8 69 7.06 9 2 0.20 
0.9 89 9.1 1 10 O 0.00 
1 90 9.21 11 O 0.00 

i otal Y[/ 1 OU 12 O 0.00 



D-IO 

Table D.3.7. Distribution of floc shape of sample fkom system-Pm on May 8, 1997. 
kom Factor krequency trequency Aspect Katio krequency krequency 

range % range % 
0.1 5 0.44 2 5 l.34 
0.2 69 6.12 
0.3 128 1 1-35 
0.4 163 14.45 
0.5 160 14.18 
0.6 142 12-59 
0.7 1 22 10.82 
0.8 123 10.90 
0.9 1 05 9.31 
1 111 9.84 

I otal 1 lztl 1 uu 12 O 0.00 
1 otal 1128 100.00 



Table D.4.1. Distribution of floc shape of sample h m  system-Po on Nov. 18,1996. 
k o m  Factor Hequency krequency AspectKatio Frequency krequency 

range % range % 

::; 8 2 309 
19 E 3 168 %i: 

0.3 27 5.01 4 44 8.16 
0.4 46 8.53 5 8 1 -48 
0.5 52 9.65 6 O 0.00 
0.6 60 11.13 7 3 0.56 
0.7 78 14.47 8 1 0.19 
0.8 80 14.84 9 4 0.74 
0.9 86 15.96 10 1 0.1 9 
1 83 15.40 11 O 0.00 

I otal 339 7 ou 12 1 0.19 
Median m rotal 539 

Median a 
Table D.4.2. Distribution of floc shape of sample fiom system-Po on Dec. 2, 1996. 

tom Factor krequency krequency Aspect Katio krequency t requency 
range % range % 

2 189 43.55 
3 167 38.48 
4 45 10.37 
5 12 2.76 
6 3 0.69 
7 8 1 -84 
8 4 0.92 
9 4 0.92 
10 1 0.23 
11 O 0.00 
12 1 0.23 

Total 434 1 U0.00 
Median 

Table D.4.3. Distribution of floc shape of sample fiom system-Po on Jan. 20, 1997. 
orrn a or Aspect Katro Hequency krequency 

range % range % 
O. 1 2 0.36 2 289 51 -61 
0.2 22 3.93 
0.3 29 5.18 
0.4 62 11 .O7 
0.5 55 9.82 
0.6 56 10.00 
0.7 66 1 1.79 
0.8 85 15.18 
0.9 86 15.36 
1 97 17.32 

I otal stio I ou 
1 otal 560 

Median '"" 



Table D.4.4. Distribution of floc shape of sarnple nom system-Po on Feb. 17,1997. 
Form Factor Frequency Frequency Aspect Ratio Frequency Frequency 

range % range % 

2 L 2 51 9 
32 3::: 3 280 %:: 

0.3 74 8.13 4 65 7.14 
0.4 104 1 1 -43 5 20 2.20 
0.5 141 1 5.49 6 5 0.55 
0.6 1 24 13.63 7 8 0.88 
0.7 131 14.40 8 4 0-44 
0.8 113 12.42 9 8 0.88 
0.9 1 08 1 1.87 10 1 0.1 1 
1 81 8.90 11 O 0.00 

I otal YIU 1 uu 12 O 0.00 - J otal 910 100.00 
Median 

Table D.4.5. Distribution of floc shape of sample fiom system-Po on Mar. 3 1, 1997. 
k o m  Factor krequency krequency Aspect Ratio Frequency Frequency 

range % range % 
O. 1 2 0.26 2 420 
0.2 47 
0.3 67 
0.4 93 
0.5 115 
0.6 86 
0.7 83 
0.8 94 
0.9 1 03 
1 79 

I otai 169 
Median 

15 O 0.00 
16 O 0.00 
17 O 0.00 
18 1 0.13 
19 O 0.00 
20 O 0.00 
21 O 0.00 
22 O 0.00 
23 O 0.00 
24 1 0.13 

Total ml  100.26 



Table D.4.6. Distribution of floc shape of sample nom system-Po on Apr. 7, 1997. 
Fonn Factor krequency Ffequency Aspect KatÏo krequency Frequency 

range % range % 

::; f 2 666 
25 Ei 3 386 7 

0.3 83 6-95 4 99 8.29 
0.4 119 9.96 5 25 2.09 
0.5 1 50 12.55 6 3 0.25 
0-6 1 74 14.56 7 8 0.67 
0.7 152 12.72 8 4 0.34 
0.8 175 14.64 9 O 0.00 
0.9 152 12.72 10 O 0.00 
1 158 13.22 11 O 0.00 

Total 1195 1 O 0  12 1 0.08 
Median - 13 O 0.00 

14 O 0.00 
15 O 0-00 
16 O 0.00 
17 1 0.08 
18 O 0.00 
19 O 0.00 
20 O 0.00 
21 O 0.00 
22 O 0.00 
23 1 0.08 

1 otai 1194 
Median 

Table D.4.7. Distribution of floc shape of sample from system-Po on Apr. 14, 1997. 
k o m  Factor krequency krequency Aspect Katio I-requency Frequency 

range % range % 
0.1 5 0.44 2 61 2 53.92 
0.2 47 4.14 
0.3 85 7.49 
0.4 1 34 1 1.81 
0.5 133 1 1.72 
0.6 148 13.04 
0.7 1 64 14.45 
0.8 1 64 14.45 
0.9 123 10.84 
1 1 32 1 1 -63 

I otal 1133 1 uu 
m I otal 1135 

Median "" 



Table D.4.8. Distribution of floc shape of sample h m  system-Po on Apr. 2 1, 1997. 
Form tactor Prequenq Frequency pectKatro Prequency Frequency 

range % range % 
0.1 4 0.34 2 O 59.5 / 

1 otal l1fS 
Median 100.00 

Table D.4.9. Distribution of floc shape of sample f?om system-Po on Apr. 28, 1997. 
Form Factor t requency hequency Aspect Katio t requency Frequency 

range % range % 
O. 1 5 0.40 2 826 
0.2 37 2-95 3 321 ES2 
0.3 80 6.38 4 68 5.43 
0.4 123 9.82 5 16 1.28 
0.5 1 78 14.21 6 4 0.32 
0.6 157 12.53 7 12 0.96 
0.7 195 1 5.56 8 2 0.16 
0.8 185 14.76 9 O 0.00 
0.9 1 77 14.13 1 O O 0.00 
1 116 9.26 11 O 0.00 

1 otal 1253 100 12 1 0.08 
Median m 13 1 0.08 

14 1 0.08 
15 O 0.00 
16 O 0.00 
17 1 0-08 

1 otal 1253 
Median 



DATA OF SElTLlNG VELOCITY MEASUREMENT 
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Figure E.1. The settling velocity as a fimction of ESD of sludge flocs fiom municipal 
wastewater treatment plant (system-Dm). 
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Figure E.1 (continued). The senling velocity as a function of ESD of sludge flocs fiom 
municipal wastewater treatrnent plant (system-Dm). 
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Figure E.2. The settling velocity as a function of ESD of sludge flocs fiom poultry processing 
wastewater treatment plant (system-Py). 
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Figure E.2 (continued). The settling velocity as a fûnction of ESD of sludge flocs fkom pouitry 
processing wastewater treatment plant (systern-b). 
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Figure E.3. The settiing velocity as a function of ESD of sludge flocs fiom petroleum refinery 
wastewater treatment plant (system-Pm). 
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Figure E.3 (continued). The settling velocity as a function of ESD of sludge flocs fiom 
petroleum refinery wastewater treatment plant (system-Pm). 
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Figure E.4. The settiing velocity as a hc t ion  of ESD of sludge flocs from potato processing 
wastewater treatment plant (system-Po). 
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Figure E.4 (continued). The settiing velocity as a function of ESD of sludge flocs nom potato 
processing wastewater treatment plant (system-Po). 
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Figure E.4 (continued). The senling velocity as a function of ESD of sludge flocs fiom potato 
processing wastewater treatment plant (system-Po). 
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DATA OF EFFECTIVE DENSITY MEASUREMENT 
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Figure F.1. The effective density as a hct ion of ESD of sludge flocs nom municipal 
wastewater treatment plant (system-Dm). 
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Figure F. l(continued). The effective density as a function of ESD of sludge flocs fiom 
municipal wastewater treatment plant (system-Dm). 
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Figure F.2. The effective density as a fiinction of ESD of sludge flocs fiorn poultry processing 
wastewater treaûnent plant (systern-v). 
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Figure F.2 (continued). The effective density as a function of ESD of sludge flocs nom poultry 
processing wastewater treament plant (sy stem-Py). 
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Figure F.3. The effective density as a hct ion of ESD of sludge flocs fkom petroleum refinery 
wastewater treatment plant (system-Pm). 
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Figure F.3 (continued). The effective density as a fiuiction of ESD of sludge flocs fiom 
petroleum refinery wastewater treatment plant (system-Pm). 
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Figure F.4. The effective density as a function of ESD of sludge flocs nom potato processing 
wastewater treatment plant (system-Po). 
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Figure F.4 (continued). The effective density as a fûnction of ESD of sludge flocs fiom potato 
processing wastewater treatment plant (system-Po). 
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Figure F.4 (continued). The effective density as a fûnction of ESD of sludge flocs from potato 
processing wastewater treatment plant (system-Po). 



APPENDIX G 

OPERATING DATA OF TREATMENT PLANTS 

Table 6.1. Operating data from municipal wastewater treatment plant. 

Sampling lnfi uent Ave. influent HRT' F/M 

date BOD mg4 flow x10  m 1d h dml 3 3 

Nov/06/96 322 646 5.9 0.72 

May11 2/97 na 

May11 4/97 261 

May11 6/97 na 

May123197 na 660 5.7 na 
na : not available 
1 HRT = total volume of aeration tanks / influent flow per h = 17,522 x 9 / (Ave. influent flow x 1000 / 24) 



Table (3.2. Operaüng data from poultry proœssing wastewater treatment plant. 

Sampling Influent HRT MCRT DO uptake FIM 

date BOD mg11 d d mglWh d-l 

D ed0 9/96 508 3.5 28 7 0.05 

Table (3.3. Operating data from potato processing wastewater treatment plant 

Sampling ' Influent Hydraulic retention Mean cell residence 

date 2~~~ mgA time (HRT) days time (MCRT) days 

Oct107196 4728 1.2 10 



FILAMENTS IDENTIFICATION 

Table H. 1 .  Filament identification of sludge sample nom poultry processing wastewater 
treatment plant. 
Type of sample: Mixed liquor - Pouttry processing wastewater treatrnent plant 
Sampling date: FebiO3197 

Filament No. A B C D E 
Location E E E E E 
Filament shape lnegular SC SC SC SC 
Length, pm 40 80- IOG 40 40 20 
Diameter, pm 1.6 1.6 0.8 0.8 0.8 

CeII shape 
CeII size 

Septa 

undear rectangle unclear rod-chain rectangle 
- 1.6 x 2 - 0.8 x 1.2 0.8 x 1.3 

Yes Yes Yes Yes 
Indentations Yes No No Yes No 

Branching No No No No 
Sheath 

Epiphytic growth No No No No No 
Sulphur Granules Not in situ Not in situ Not in situ 
Other G mules No No No No No 
Gram stain 
Neisser Trichorne + 
Neiseer Granules 
Ref. Abundance 80% 
Rank 1 

Identification N. Iimicola Thiothrix 1 
t liament location: t - extending from Roç k - tree in bulk solution. I - inside floc. 
Filament sltape: SC - smoothaiwed. ST - straight I - irregubr. C - coiled 



Table H.2. Filament identification of sludge sample fiom petroleum refmery wastewater 
treatment plant. 
Type of sample: M W  Iiquor - Petroleum refinery wastewater treatment plant 
Sampling date: Mar107i97 

Filament No. A B C D E 
Location 

Filament s hape 
Length, pm 
Diameter, pm 

Cell shape 
Cell size 
Septa 
Indentations 

Branching 

Sheath 
Epiphytic growth 
Sulphur Granules 

Other Granules 
Gram stain 

Neisser Trichome 

Neiseer Granules 

Rel. Abundance 
Rank 

E 
SC, ST 
50 - 100 

1.8 - 2.0 
rectangle 
2 x 2.5 

Yes 

No 

No 

Yes 
No 

No 
No 
- 

Yes 

5% 

E 
ST 

100 - 200 

1.5 - 1.8 

rounded rod 

1.5 x 3.5 

Yes 

Yes 

Yes 
- 

No 
No 
No 
- 
- 

5% 

E 

SC 
30 

c l  .O 

ovaVrod 
1 x 1.5 

Yeskhain 

Yes 
No 

No 

No 
- 

1 

E 
SC 

50 - 100 
1 - 1.5 

rod 

1 x 3  
Yes 
Yes 
No 

No 

No 
- 

I 

SC 
300 

>1 .O 

unclear 
- 

No 

No 
No 

Identification Thiothrix 1 S. natans 
hiament location: t - extending from fioc, F - tree in bulk solution. I - inside floc. 
Filament shape: SC - smoothwnred. ST - straight. I - irregular, C - coiled 



STATISTICAL ANALYSE 

Table 1.1. The statistical cornparison of settling properties, sludge characteristics and EPS composition of sludge from different 
treatrnent sy stems.' 
Treatment Settling properties Sludge properties 
svstems SV1 30-min settlinci MLSS MLVSS VSS/SS % CHO-sludae 

t-test213 t-test 1-test t-test t-test t-test 
Dm-Py 8.44E-06 sd 1.77E-06 sd 2.51E-06 sd 1.2E-07 sd 3.9E-14 sd 0.008118 sd 
Dm-Pm 0.000689 sd 5.02E-07 sd 0.009566 sd 0.00235 sd 1.7E-07 sd 0.316082 nsd 
Dm-Po 0.0001 7 sd 0.000701 sd 0.038192 sd 0.00015 sd 1.7E-16 sd 0,421505 nsd 
Py-Pm 0.923321 nsd 0.439721 nsd 0.254142 nsd 0.10385 nsd 0.00029 sd 0.315493 nsd 
Py-Po 0.884543 nsd 0.133693 nsd 0.002242 sd 0.01419 sd 6.2E-07 sd 0.066703 nsd 
Pm-Po 0.966947 nsd 0.051438 nsd 0.03165 sd 0.02138 sd 0.20658 nsd 0.201678 nsd 

Treatment EPS composition 
systems Protein-EPS CHO-EPS DNA-EPS Acidic Po1y.-EPS Total EPS Extractable CHO 

. - - - - - - -- 

t-test t-test t-test t-test t-test t-test 
Dm-Py 2.42E-08 sd 0.0009 sd 0.610292 nsd 2.4E-05 sd 6,4 E-09 sd 0.046132 sd 
Dm-Pm 0.001592 sd 0.070011 nsd 0.002276 sd 0.00209 sd 0,00053 sd 0.23081 nsd 
Dm-Po 0.002985 sd 0.984875 nsd 0.037417 sd 0.26815 nsd 0.00493 sd 0,21765 nsd 
Py-Pm 0.058551 nsd 0,094829 nsd 0.005315 sd 0.3843 nsd 0.06243 nsd 0.563358 nsd 
P y-Po 0.01 3622 sd 0.008088 sd 0.069593 nsd 0.00067 sd 0.00626 sd 0.291266 nsd 
Pm-Po 0.59496 nsd 0.110799 nsd 0.474926 nsd 0.01 8 sd 0.32345 nsd 0.855661 nsd 
'NO. of sludgc samplcs analyzcd are as follows: Dm (17), Py (8), Pm (7) and Po (10). 

sd: significant diîThcncc of  thc mcans beiwccn Iwo systcms using 2-iailed i-icst ai a = 0.05. 
nsd: no significant difirencc of  ihe incuns beiwcen Iwo sysicms using 2-lailcd I-test at a = 0.05, 



Table 1.2. The statistical comparison of percentage composition of EPS of sludge from different treatment systems.' 

Treat men t Percentage composition of EPS 

svstems Protein-EPS CHO-EPS DNA-EPS Acidic Polv.-EPS 

Dm-Py 

t-test2t3 t-test t-test t-test 

0,0439 sd 0.2226 nsd 0,003 sd 0,0929 nsd 

Dm-Pm 0.9304 nsd 0,3031 nsd 0,5924 nsd 0.1688 nsd 

Dm-Po 0.1679 nsd 0.0861 nsd 0.5541 nsd 0.205 nsd 

Py-Pm 0.0785 nsd 0.9792 nsd 0.0024 sd 0.9094 nsd 

Py-Po 0.8495 nsd 0.3384 nsd 0.0017 sd 0.0174 sd 

Pm-Po 0.21 25 nsd 0.354 nsd 0.9997 nsd 0.0387 sd 
No. of sludge samplcs analyzcd arc as follows: Dm ( 1  7), Py (a), Pm (7) and Po (10). ' sd: significant ditïcrcncc of ihc mcans bctwcen two systems using 2-tailcd i-tesi ai a = 0.05. 
' nsd: no significant dtffcrcncc of îhc mcans bclwccn iwo systems ushg 2-tailcd t-tcst at a = 0,OS. 



Table 1.3 The statistical cornparison of settling properties, sludge characteristics and EPS composition of sludge from potato 
processing wastewater treatment system during functional and dysfunctional period. 

1 Anova: Single Fador 
SUMMARY 

Groups Count Sum Average Variance 
SV1 (Fundional) 7 1380 197.143 3443.81 
SV1 (Dysfundional) 3 772 257.333 5504.333 

4 Anova: Single Fador 
SUMMARY 

Groups Couni Sum Average Variance 
MLVSS (Fundional) 7 14.614 2.08771 0.082 
MLVSS (Dysfundional) 3 8,123 2.70767 0.17399 

NOVA ANOVA 
Source of Varialion SS df MS F P-value F cril Source of Variation SS df MS F P-value Fcdt 

Beîween Groups 7608.1 1 7608.08 1.921746 0,2031 - 5.3176 Between Groups 0.8071 1 0.80712 7.68726- 5.3176 
Uthin Groupa 31672 8 3958.94 Within Groups 0.84 8 0.10499 
Total 39280 9 Total 1.6471 9 

2 Anova: Single Fador 
SUMMARY 

Gmups Count Sum Average Variance 
30-MIN (Fundional) 7 364 52 460.6667 
30-MIN (hrsfundional) 3 297 99 1 

5 Anova: Single Fador 
SUMMARY 

Groups Count Sum Average Variance 
VSS % (Funclional) 7 575 82.1429 1.47619 
VSS % (Dvsfunctlonal~ 3 240 80 4 

ANOVA ANOVA 
Source of Variation SS df MS F P-value F crit Source of Variation SS df MS F P-value F cdt 

Between Groups 4638.9 1 4638.9 13.41692 \= 5.31 76 Between Groups 9.6429 1 9.64286 4.57627 0.0649 5.3176 
Within Groups 2766 8 345.75 Wilhln Groups 16.857 8 2.10714 
Total 7404.9 9 Total 26.5 9 

3 Anova: Single Fador 
SUMMARY 

Gtwups Count Sum Average Variance 
MLSS (Fundional) 7 17.77 2.53857 0.130224 
MLSS (ûvsfunctionall 3 10.18 3.39333 0.213733 

8 Anova: Single Fador 
SUMMARY 

Groups Count Sum Avemge Varience 
CHO in sludge (Funclional) 6 1186.2 197-7 11226 
CHO In sludge (~~sfunclichal) 3 943.8 314.6 12981.7 

N O V A  ANOVA 
Source of Varietion SS dl  MS F P-value F c d  Source of Variation SS df MS F P-value F cnt 

Between Groups 1.5343 1 1.5343 10.15412 : -O,gj@, 5.3176 Between Groups 27331 1 27331.2 2.33049 0,1707 5.5915 
Wilhin Groups 1.2088 8 0.1511 Wilhin Groups 82094 7 11727.7 
Total 2.7431 9 Total 109425 8 



Table 1.3 (continued). 

7 Anova: Single Fador 
SUMMARY 

10 Anova: Single Factor 
SUMMARY 

Gmups Count Surn Avemge Variance 
CHO in EPS (Fundional) 7 59.781 8.54014 0.005025 
CHO in EPS (Dysfunctional) 3 43.76 14.5867 13.36373 

Groups Count Sum Average Variance 
DNA In EPS (Fundional) 7 17.514 2.50206 2.7686 
DNA In EPS (~ysfunclional) 3 9.4289 3,14297 5.69538 

ANOVA ANOVA 
Source of Vadalion SS dl MS F P-value F cd Source 71 Variation SS df MS F P-value F cri1 

Between Groups 76.777 1 76.7769 7.605667 pJ@llJ 5.31 76 Between Groups 0.8626 1 0.86261 0.24644 0.6329 5.3176 
Wilhln Groupa 80.758 8 10.0947 Wlhin Groups 28.002 8 3.5003 
Total 157.53 9 Total 28.885 9 

8 Anova: Single Factor 11 Anova: Single Fador 
SUMMARY SUMMARY 
Groups Count Sum Average Variance Groups Count Sum Average Varianœ 
Addic P. in EPS (Fundional) 7 22.683 3.24043 1.1 13063 folal EPS (Functional) 7 433.08 61.8683 92.0775 
Addic P. in EPS (Dyafuncîional) 3 12.218 4.07267 1.090409 Tolal EPS (Dysfundional) 3 288.2 96.0656 422.381 

ANOVA ANOVA 
Swrce of Variation SS df MS F P-value F cd Source of Variation SS df MS F P-value F uiî 
B e b e n  Groups 1.4545 1 1.4545 1.112516 0.3223 5.3176 BetweenGroups 2455.9 1 2455.85 14.0613 0.0056 5.3176 
Within Groups 10.459 8 1.3074 Withln Groups 1397.2 8 174,653 
Total 11.914 9 Total 3853.1 9 

9 Anova: Single Fador 
SUMMARY 
Groups Count Sum Average Variance 
Protein In EPS (Fundional) 7 333.1 47.5857 101.3254 
Proteln in EPS (Dvsfundlonall 3 222.79 74.2633 418.3744 

12 Anova: Single F ador 
SUMMARY 

Gmups Count Sum Average Variance 
Extractable CHO (Funclional) 6 25.498 4.24975 1.39359 
Extraclable CHO Khsfunctional) 3 14.305 4.76821 0.6015 

ANOVA ANOVA 
Source of Variation SS df MS F P-value F ait Source of Variation SS df MS F P-velue F cn't 
Between Groups 1494.6 1 1494.56 8.276094 0.0206 5.3176 BelweenGroups 0.5376 1 0.5376 0.46056 0,6192: 5.5915 - .  
Within Groups 1444.7 8 180.508 Wlhin ~roups.  8.17 1 7 1.16728 
Total 2939.3 9 Total 8.7086 8 



Table 1.4. The statistical cornparison of percentage composition of EPS of sludge from potato processing wastewater treatment system 
during functional and dysfunctional period. 

1 Anova: Single Factor 
SUMMARY 

Groups Counî Sum Average Variance 
Carbohydrate % (Dysfunctlo 7 100.53 14.36176 46.96065 

3 Anova: Single Factor 
SUMMARY 

Gmups Count Surn Average Variance 
Protein% (Functional) 7 535.38 76.4827 83.05069 
Protein% (Dvsfunctional~ 3 229.95 76.6491 71.07085 

ANOVA ANOVA 
Soum of Varfation SS df MS F P-velue F Source of Variation SS di  MS F P-value F ctit 

Between Groups 4.1503 1 4.1 50261 0.096503, 0,76401 5.31 76 Between Groups 0.0582 1 0.05818 0.000727 0.9702 5.3176 . . . .  . .  
Wthin Groups 344.05 8 43.0067 Wilhin Groups 640.45 8 80.0557 
Total 348.2 9 Total 640.5 9 

2 Anova: Slngle Factor 4 Anova: Single Factor 
SUMMARY SUMMARY 

Groups Count Surn Average varfance 
AcMic Poly.% (Functknal) 7 36.657 5.236775 2.448635 

Gmups Counf Sum Average Varlsnce 
DNA% (Functional) 7 27.431 3.91876 5,730225 

AcMic Poly.% (Dysfundional) 3 12.755 4.251583 1.034575 

ANOVA ANOVA . . . . - . . . - . . - - - . - 
Soum of Varietion SS df MS F P-value F cri! Source of Varialion SS di MS F P-value F cdt 

Beîween Groups 2.0383 1 2.038269 0.972865 0.35285 5.31 76 Between Groups 0.7237 1 0.72375 0.128872 0.7280 5.3176 
Within Groups 16.761 8 2.09512 Withln Groups 44.928 8 5.61604 
Total 18.799 9 Total 45.652 9 



APPENDIX J 

INDEX PRlNTS OF SCLM IMAGES 



No. Sain Oil immersion Zoom Filter Magnification Remark 
lens 

3a 

4a 

6a 

7a 

10a 
Ila 
13b 
50 
51 
52 

LiveJDead 
Live/Dead 

FITC 
FITC 
ConA 
ConA 
WGA 
FITC 
WGA 
ConA 

FITC 3780x 
TR 3780x 

l6OOx 
2520x 

FITC 1600x 
FlTC 1600x 
TR 1600x 

l6OOx 
TR 1600x 

FITC 1600x 

* live cells 
*dead cells 

washed again 
washed again 
washed aaain 

Figure J. 1. Index pnnt of SCLM images of flocs fiom municipal wastewater treatment system. 



- -  - 

NO. Stain Oil immersion Zoom  ilte ter Magnification Remark 
lens 

l a  LiveIDead 
2a LivefDead 
Sa FlTC 
9a ConA 
12a WGA 
39 FlTC 

40 WGA 
41 ConA 

20x FlTC 
20x TR 
20x 
20x FlTC 
20x TR 
20x 

20x TR 
20x FITC 

2520x ' live cells 
2520x *dead cells 
1600x 
l6OOx 
l6OOx 
l6OOx *z-series - overlapping 38 images, 

2pm distance per image 
1600x washed again 
1600x washed aaain 

Figure 5.2. Index pnnt of SCLM images of flocs from poultry processing wastewater treattnent 
system. 



No. Stain Filter 

1 Live/Dead FlTC 
2 Gram stain 

3 FlTC 
9 ConA FlTC 
10 ConA FlTC 
11 ConA FlTC 
12 WGA TR 

Figure J.3. Index print of SCLM images of flocs from petroleum refmery wastewater treatment 
system. 



-- - - -  

No. Stain Filter 

4 FlTC 

5 FlTC 
6 ConA FITC 
7 ConA FlTC 
8 WGA TR 

Figure J.4. Index print of SCLM images of flocs fiom potato processing wastewater treatr 
system. 



CHARACTERlZATlON OF MICROBIAL COMMUNIN (USING BIOLOG 
PLATES) 



Table K.1. The microbial activities data of sIudge fiom municipal wastewater treatment plant 
(system-Dm) and poultry processing wastewater treatment plant (qstem-Py). 
Carbon sources in Bioloci GN date Dm1 105 14125 ~m-2/0507~5 ~ l - 1  m506/50 PY-~0429150 

Water 
a - C y c l o d ~  
Dextn'n 
Glycagen 
fween 40 
Tween 80 
N-Acetyl-Bgaladosamine 
N-AçetyMlglucosarnine 
Adonitol 
L-Ara binose 
D-Arabital 
CeIlobiose 
i-Erythrîtol 
D-Fructose 
L-Fucose 
D-Galactose 
Gentiobiose 
a-Mlucose 
m-lnositol 
a-Blactose 

Maltose 
Minnitol 

Turanose 0.851 0.673 0.630 0.562 

Methylpyrwate 1.245 1 .O97 1.21 3 1 .O56 

Mono-methy lsuccinate 0.635 0.41 4 0.645 0.688 
Acetic aad 0.410 0.563 0.869 0.625 
cis-Aconitic acid 
Citric acid 
Fomic acid 0.349 0.361 0.327 0.391 
Malactonic acid ladone 1.526 0.988 0.679 1 .O14 
D-Galacturonic aud 1.773 1.294 1 .523 1 -495 
D-Gluamic acid 2.045 2.332 2247 3.002 
ffilucosaminic acid 0.520 0.362 0.587 0.890 



Table K. 1 (continued). The microbial activities data of sludge fiom system-Dm and system-Py. 
Carbon sources in Biolas GN plate Dm110514t25 DmZAI507R5 Rr-110506/50 Pv-210429150 

a-Hydroxybuîyric aad 
&Hydroxybuty?ic aad 
ptiydroxybutyric a d  
pHydroxyphenylaceüc aud 

a-Ketobutyric acid 
a-Ketoglutaric aad 
a-Ketovaleric a& 
D,L-Ladic acid 
Malonic acid 0.20 1 0.3 15 0.634 0.400 
Pmpionic acid 
Quinic aad 
D-Saccharic aad 
Sebacic acid 
Succinic acid 1.106 0.944 0.932 1.056 

8mmosuccinic aad 
Sua5namic aad 
Gluwmnarnide 
Aianinamide 

L-Glutarnic acid 0.903 1 .O52 0.91 5 1.200 
GîycyCL-aspartic aad 0.787 0.801 1 .O87 0.900 
Glycyi-Lqlutamic aad 0.580 0.583 0.622 0.733 
L-Histidine 0.710 0.681 0.917 0.826 
Hydm~y-L~ l~ l i ne  0.916 0.537 0.233 0.479 

L-qrtoglutamic aad 0.291 0.490 0.472 0.21 3 

y-aminobutyric acid 0.849 0.924 0.699 0.651 
Urocanic acid 0.567 0.537 0.577 0.624 
lnosine 1.579 1.685 1.625 1.310 

Uridine 0.91 1 1 .O35 0.969 1.312 
Thymidine 0 .6n  0.716 0.662 0.900 
Phenylethyiamine 0.084 0.075 0.137 0.095 

2-Aminoethanol 
2,3-Butanediol 
Glycerol 
D,Lalpha-Glycerol phosphate 
Glucose-1 -phosphate 
G l u c a ~ o s o h a t e  



Table K.2. The microbial activities data of sludge fkom petroleum refinery wastewater treatmnet 
plant (system-Pm) and potato processing wastewater treatement plant (system-Po). 
Carbon saurces in Biolag GN plate Pm-1/0508/100 Pm-2/0501 Pb1 /0428/50 Po-2/05 12/50 

- 

Water 0.132 0.165 0.133 0.41 9 
a-CycIodexein 0.762 0.252 0.294 0.633 
Dextrin 4.651 3.196 1.632 1.239 
Glycogen 5.051 2.073 1.964 0.825 
Tween 40 1 -052 1.315 0.885 0.632 
Tween 80 1.217 2.1 55 1.326 0.614 
N-Acetyî-waladasamine 0.630 1.31 1 0.744 0.713 
N-Acetyl-Dglucosarnine 3.880 3.245 1.644 2.159 
Adonitol 0.206 0.240 0.547 1 .O91 
L&binose 0.631 1.043 1.481 1.885 
û-Arabitof O. 193 0.249 0.737 1.560 
Cellobiose O. 163 0.294 1.270 2.163 
i-Erythritol 0.220 O. 290 0.251 0.529 
D-Fructose 2.111 1.240 1.727 2.1 56 
L-Fucose 0.663 1.214 1.219 0.787 

Gentiobiose 0.319 0.716 O. 828 1 -845 

Maltose 3.387 2.660 1.671 1.950 

L-R hamnose O. 152 0.207 0.903 1.264 
DSorbitol 0.264 0.343 1.321 2.124 
Sucrose 1.527 1.651 2.094 2.320 

Turanose 0.282 0.707 0.494 0.61 5 
Xylitol O. 181 0.290 0.241 0.554 
Methylpyruvate 1.312 1.472 1.1 17 1.230 
Mono-methylsuccinate 0.633 0.565 0.633 0.597 
Acetic aad 0.727 1.628 0.880 0.438 
CiS-Aconitic acid 0.540 1.910 1 -658 0.939 
Citric acid 1 A63 0.865 1.252 1 .O81 
Formic aad 0.369 0.491 0.314 0.429 
D-Galadonic acid lactone O. 122 0.232 1.313 1.616 

0-Gluconic acid 2587 1.457 2.602 1 -837 
0-Glucasaminic acid 0.146 0.178 0.464 0.612 
û-Glucuronic aad 0.581 0.150 1.136 1 -703 



Table K.2 (continued). The microbiai activities data of sludge fiom system-Pm and system-Po. - 
Carbon sources in Biolog GN plate Pm-110508/100 Pm-2105011100 P*lfû428/50 Po-U15 12/50 

a-Hydmxybutync a& 0.088 0.101 0.183 0.170 

rHydroxyiautyric acid 0.881 1.346 1.111 0 2 M  
p-Hydmxyphenylacatic acid 041 5 0.389 0.658 0.597 
ltaconk add 0.291 0.269 0.31 2 0.314 
a-Ketobutytic aad 0.052 0.1a 0.082 0.143 
a-Ketoglutaric aad 1.304 1.133 1.206 0.625 
a-Ketovaleric acid 
D.L-Ladic aad 
Malonic a& 0.314 0.673 0.577 0.514 

Propionic acid 0.513 1 .O07 0.761 0.497 
Quinic a d  
DSaccharic aad 

Succinie acid 1.100 1 . m  1.304 0.843 
Brurnosuccinic acid 1.170 2.268 1.145 0.866 
SucQnamic acid 0.703 1.321 0.807 0.247 
Gluaironamide 0.41 8 0.450 0.882 0.592 

Alaninamide 0.538 0.687 0.603 0.350 
0-Alanine 0.968 1.736 0.951 0.757 
L-Alanine 0.735 1 -394 0.743 0.687 
L-Alany i-g lycine 
L-Aspargine 
L-Asparüc aud 
L-Glutamic aad 1 -665 1.649 1.214 0.807 

GlycyCL-aspartic acid 0.148 0.521 0.314 0.439 

GlycyCLglutamic aad 0.524 0.695 0.537 0.395 

L-Hisüdine 1 .O34 2.327 1.439 0.742 

L-Praline 
L-Pyroglutamic aad 

r-aminobutync aciâ 0.780 2,187 1.133 0.743 

Umcanic aad 0.091 1.193 1.447 0.541 
Inosine 2.685 3.999 0.927 0.923 
Uridine 

Thymidine 
Phenykthylamine 

D.L-alpha-Glyceml phosphate 2.221 0.255 1.406 1.008 

Gluaxe-l phosphate 1 -682 0.964 2.1 04 1.741 
Gkicose4-phosphate 0.095 0.1 15 2.241 1.042 



Table K.3. The statisticd factor analysis for the principal components. 

i 

STAT . f a c t o r  Scores  (da ta .  s t a )  
FACTOR Rota t ion:  Varimax raw 
ANALYSIS Ext rac t ion :  P r i n c i p a l  components 

Factor  Factor  Factor 
Case I 2 3 

- -- -- 



Table K.3 (continued). 

1 

i STAT. Factor Scores (data.sta) i 

FACTOR Rotation: Varimax r à w  
1 ANALYSIS Extraction: Principai components 

i 
I 
l I 

I l 

Factor Factor Factor  l 

2 3 
I / Case 1 I 

1.67348 -70953 1.52043 , 
44 :: -. 17502 -. 66424 -1.09355 i 

1.09382 -1.20987 -05584 
4 6 -.72551 -. 53123 -1.42399 

1 
1 47 -.79544 .30555 -16120 i 

4 8 -1 -22142 .62556 .72405 

1 4 9 -. 69824 -. 55581 -.15345 1 
50 -. 86293 -. 51575 -. 90098 

1 
I 5 1 -. 93058 -. 55635 -1.38683 

52 -. 85342 -11793 1-14462 
I 53 -. 94820 -,58923 -. 62723 

54 -24984 .37001 -59961 ' 
1 5 5 -. 83629 - .22474 -. 34527 
! 5 6 -.a7388 -05642 . 04072 
, 57 -. 41010 .58324 2.47894 

58 -.41568 -. 19425 2.00533 
59 -1 -20767 -. 32760 -.14812 

1 60 -. 52448 .52717 1.13519 
I 
I 61 -. 91784 -98513 1.09936 
1 62 -1.07809 .51092 -03167 

63 -. 28206 -.41801 -.19722 
I 

I 64 -.a6635 -.O8188 -,42415 
1 65 -. 99660 .62020 ,62760 
l 
I 

66 -. 91850 -31399 -16721 1 
1 67 - .77136 . 02650 -. 20942 , 

68 .O9077 .39321 .45iOO 
1 69 -.23122 -40525 -. 53205 
i 70 -. 43884 -79710 -47866 ! 

71 . 03588 -. 22281 -1.64530 
72 -. 50839 -. 08254 -.79665 ' 

1 

l 7 3 -1.24532 -91767 1.99504 i 

I 7 4 -. 44068 -,35394 -. 47316 
I 75 -. 83643 -. 42754 -1.17381 
I 7 6 -. 48220 -.40693 -. 92476 
I 77 -. 64994 -. 54475 -.70467 1 

78 -. 87556 .55045 .15908 1 
I 7 9 -1.23228 -24607 .13807 1 
! 80 -54706 -.20744 1 -14283 i 

8 1 -. 11960 ,958 72 -1.62670 1 
1 



Table K3 (continued). 

STAT . 'Factor Scores (data-sta) 
FACTOR Rotation: Varimax raw 
ANALYSIS /Extraction: Principal components 

Factor Factor Factor 
Case 1 2 3 

82 -. 51532 -. 66416 -1.21677 
83 -1.15727 -.O5848 . 09159 
34 -1.05074 -65809 1.46551 
85 -1.09127 -.24631 2.01651 
86 -. 65790 2.87559 -24210 
87 -69662 -. 81394 -. 16691 
88 - - 15253 -. 23080 -. 51599 
8 9 -1.09267 - -4 9275 -1.03243 
90 -. 76124 -. 17018 -49644 
91 -. 86273 -. 40814 -1.11151 1 
92 -.84853 -16442 -.38765 1 

i 93 ,59845 . 04319 -.go042 1 
94 .86991 -24872 -. 90004 
95 1.15905 -. 18498 1.56704 j 
96 2.21029 -1.29405 1.18540 1 

1 

STAT . 'Eigenvalues  (data.sta) 1 FACTOR Extraction : Principal sornpanents 
ANALYSI S 

% total , Cumul. Cumul. 
Value ' Eigenval Variance ! Eigenval % 

1 ' 5.926241 ! 74.07802 1 5.926241 ; 74.07802 
2 : 1.111390 / 13.89238 7.037632 87.97040 
3 . -368792 i 4.60990 j 7.406424 ! 92.58030 

I 

STAT . Factor Loadings (Varimax raw) (data-sta) 
FACTOR Extraction: Principal components 
ANALYSIS (Marked loadings are > .700000) 1 

Fac to r  Factor Factor 
Variable 1 2 3 

MN I .a94985 * .261811 .259054 
CF1 -905074 *. -.O01734 .299813 
ML 1 .734180 *. .613587 .Il1571 
MN2 .a69239 * .400600 -206131 
P C I  .415499 .862977 * -010536 1 
C F2 .Sa0817 ,340426 -695500 1 
ML2 .830726 * .454032 .O80195 
PC2 -076324 .899030 * .320967 1 
Expl-Var 4.120670 2.480537 -805217 
Prp.Tot1 .515084 .310067 .IO0652 
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