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CHAPTER I 

INTRODUCTION 

The efficacy of the contact stabilization process has been a 

focal point of controversy for many years. Since its origin in the 

1950 1 s, the process has been used to treat both domestic and 

industrial wastewaters successfully and, many times, unsuccessfully. 

This unreliability in the performance of a contact stabilization 

system has constituted one of the major criticisms of the process. 

The contact stabilization modification has been historically . 
used for treatment of wastewaters high in colloidal organics. From 

observation it can be seen that the process accomplishes rapid removal 

of the colloids from the influent wastewater by mixing the wastewater 

with activated sludge for a relatively short period of time (contact 

phase). It has been postulated that the colloids are adsorbed and/or 

enmeshed to the activated sludge floes. Then, the colloid-sludge 

mixture is settled and pumped to another tank and aerated to accomplish 

complete utilization of the organic colloids (stabilization phase). 

The validity of the above scenario has been questioned by several 

investigators. One of the best documented arguments has been that 

the adsorption or enmeshment phase does not occur for all types of 

colloids. Inspection of the process clearly reveals that if no 

physical removal of the organic colloids occurs, a contact stabili-

zation system would surely fail. Therefore, a principal thrust of 

this investigation was to study the relationship between the nature 
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of the colloidal substrate and its amenability to treatment by contact 

stabilization, i.e., sorption. 

Further attention has been focused upon the manner of colloidal 

substrate utilization by activated sludge. The original supposition 

was that a rapid physical removal of the organic colloids occurred 

followed by an increase of measurable soluble substrate as utili-

zation began. This increase has been attributed to enzyme hydrolysis 

of the colloidal organics. The original design of the contact stabi-

lization system was based on this substrate 11 uptake and release 11 

phenomenon; however its existence has also been disputed. Additional 

information concerning this dispute was also obtained in this study. 

Finally, contact stabilization has boasted the advantage of a 

better settling activated sludge and superior effluent quality. This 

has been widely reported throughout the literature and in the field. 

The most common explanation for this phenomenon has been that the 

activated sludge 11 conditions 11 itself in the stabilization basin by 

producing exocellular polymers. These biopolymer help agglomerate 

the dispersed bacteria in the activated sludge into larger settling 

masses thereby bettering its settling properties. Another possible 

explanation was investigated in this study dealing with the 11 con-

ditioning11 of the sludge by the organic colloids. 

With this introduction in mind, the direction this research 

took was to investigate the fundamental reactions taking place for 

a variety of substrates when mixed with activated sludge. The 
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reactions monitored were both of a physical and metabolic nature. 

Specific intentions of this investigation were: 

1) To evaluate the metabolic responses of activated sludge cultures 

when fed chemically and physically different colloidal organics. 

2) To determine if the addition of small amounts of soluble sub-

strate would affect the metabolic utilization of the organic 

colloids. 

3) To qualify, as well as, quantify the adsorption or enmeshment 

of colloidal substrates occurring in activated sludge. 

4) To evaluate conditions that may affect the physical removal of 

the organic colloids. 

5) To suggest possible guidelines for the use of the contact stabi-

lization design in practice, i.e. what substrate characteristics 

warrant the use of this activated sludge modification. 



CHAPTER II 

CONTACT-STABILIZATION PROCESS 

Description and Origin of Contact-Stabilization Process 

The contact-stabilization process is one of the many variations 

of the activated sludge process. Commonly, a typical activated sludge 

system will involve a single aeration step whereas the contact-

stabilization process uses a two-step approach. Figure II-1 illus-

trates this sequential arrangement. 

The contact tank contains mixed liquor concentrations of 1,000 to 

3,000 mg/l, but, more importantly, has a detention time of 30 to 90 

minutes. The stabilization tank receives the settled activated sludge 

from the secondary clarifier in concentrations of 6,000 to 10,000 mg/l 

and aerates it for approximately 3 to 6 hours. At the end of this 

period, the sludge is recycled back to the head of the contact basin 

to mix with incoming substrate. 

This sludge reaeration scheme finds its origin in the work of 

Ullrich and Smith [l] and Eckenfelder [2]. Ullrich and Smith [l] 

took advantage of the highly sorptive nature of activated sludge to 

increase the load treated by the Austin Sewage Treatment Plant in 

Texas. This 16 MGD contact stabilization plant was modified from 

6 MGD conventional activated sludge mode without any reduction in 

BOD or suspended solids removals. 

Eckenfelder [2], working independently of Ullrich and Smith, 

developed his version of the contact stabilization process in studies 

on cannery wastes {tomato and apple processing wastes). The tomato 

4 
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waste required detention times of 25 and 110 minutes in the contact 

and stabilization tanks, respectively, the apple waste needed longer 

contact times to maintain high process efficiencies. 

Proposed Mechanism 

Again, the basis for use of the contact-stabilization modifi-

cation is the high sorptive nature of the activated sludge bacteria. 

However, there is great controversy on exactly what is happening in 

the two respective basins. The most common explanation found in the 

literature states there is a rapid removal of the soluble organics 

present {biosorption) and an adsorption or enmeshment of the colloidal 

organic fraction on the activated sludge floes in the contact basin. 

The sludge - colloid mixture is then settled in the clarifier and 

pumped to the stabilization basin where the colloids are utilized by 

the bacteria. There are other theories proposed for substrate utili-

zation in the contact-stabilization process that will be presented 

1 ater. 

The limiting factor in the contact-stabilization process appears 

to be the amount of soluble substrate the bacteria are able to utilize 

in the short contact tank detention period. Therefore, the process is 

thought to work best for wastes low in soluble organics. Most waste-

waters contain significant amounts of insoluble material ranging in 

sizes from 10-6 mm to 1 mm. Solids found in ~typical domestic waste-

~1ater are uroken down in Table II-1 [3] into dissolved, colloidal, 

supracolloidal, and settleable forms. Clearly the insoluble forms 
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Table 11-1 

Fractionation of Solids in 

Domestic Wastewater [3] 

Raw Wastewater Secondar~ Effluent 
Size Total Volatile Total Volatile 

Range Solids Matter Solids Matter 
Fraction (Microns) (mg/l) (mg/l) (mg/l) (mg/1) 

Soluble <0.001 351 116 312 62 

Colloidal 0.001-1 31 23 8 6 

Supra-
Colloidal 0-100 57 43 28 24 

Settleable >100 74 59 0 0 
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contribute approximately 50% of the organics (volatile) fraction. 

Higher fractions have been reported not only for domestic wastewater 

but also pulp and paper, dairy, and textile industrial wastewaters. 

Advantages of Contact-Stabilization 

The most obvious advantage in using contact stabilization is high 

volumetric loading capacities that are allowed without decreasing BOD 

removal efficiencies. This results in a significant capital cost 

savings when compared to a complete mix activated sludge system. 

Jones [4] determined that capital cost savings could be as much as 

60% or more. 

The contact stabilization process appears to be quite resistant 

to shock loadings (organic, hydraulic, and toxic). This is attributed 

to the fact that only the sludge in the contact basin (10-25% of 

total sludge) is exposed to the transients, whereas in the conven-

tional systems all the sludge is affected [5]. 

Finally, the sludge exiting the contact basin in a contact 

stabilization process possesses superior settling properties than 

that in a conventional process. Figure II-2 from the work of Jenkins 

and Orhon [6] clearly describes this phenomena. Both SVI and effluent 

suspended solids of the contact stabilization process are lower than 

those values for its conventional counterpart. It is postulated 

that the stabilization basin acts as a conditioner for the sludge. 

This conditioning phenomena finds its basis in the work of Pavoni, 
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et. al. and others [7,8,9]. The activated sludge bacteria produce 

exocellular polymers in the declining or endogenous growth phase 

which promote bioflocculation of the sludge. 

Organic Substrate Uptake 

The majority of, if not all, types of wastewaters, both domestic 

and industrial, contain a significant colloidal fraction of organic 

material. In the past [4,8], high ratios of colloidal to soluble 

organic content in a waste have been used as justification for use 

of the contact-stabilization process. However, this approach has not 

always been successful. Therefore this section will briefly present 

the mechanisms expounded for both soluble and colloidal uptake by 

activated sludge cultures. 

Soluble Substrate Utilization 

From the standpoint of wastewater treatment, the disappearance 

rate of substrate from the bulk liquid is the primary key to sizing 

the biological unit processes. Therefore, the transport of the sub-

strate across bacterial cell membranes establishes the kinetics of 

the system. This transfer of molecules may be classified into non-

mediated and mediated (facilitated) processes. 

Nonmediated transport is due only to physical diffusion across 

the membrane. Therefore, movement is dependent only on the concen-

tration of solute, i.e. the solute travels down a concentration 

gradient. In nonmediated flux the solute molecule is neither 

chemically modified nor associated with another molecular species 
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in its passage through the membrane. Also, no energy is expended by 

the bacteria for this transfer. Except for water and some lipid 

·soluble molecules, though, few compounds can enter the cell by this 

mode [9,10]. 

Mediated, or facilitated, diffusion is classified as either 

passive or active. It contrasts nonmediated diffusion by exhibiting: 

a) the possibility of saturation of the transport system, 

b) the specificity for the substance being transported, and 

c) the susceptibility to inhibition. 

Passive transport, like nonmediated diffusion, follows the concen-

tration gradient. The exception lies in the fact that the solute 

combines reversibly with a specific carrier molecule in the membrane 

called a permease or porter. The permease-solute complex rotates or 

oscillates from the outer to the inner membrane (or vice versa) and 

releases (or binds) the solute on either side. Again, no metabolic 

energy is expended here since transport is in the direction of low 

concentration of solute [9,10]. 

Active transport of solutes involves movement of molecules from 

a zone of low concentration to a zone of high concentration. This re-

quires expenditures of metabolic energy by the bacteria. This uni-

directional movement has two mechanisms known as group translocation 

and active transport. In group translocation, the transported mole-

cule undergoes a covalent change such that the reaction, itself, 

transports the molecule across the membrane. The active transport 
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mechanism pushes the solute molecule through the membrane without 

any type of alteration. Energy, though, is expended for this transfer 

[9,10]. 

In the activated sludge process, rapid, almost instantaneous, 

uptake of soluble substrate has been associated with activated sludge 

cultures. Two primary mechanisms are suggested for this phenomena: 

enzymatic complexing and surface phenomena. 

Siddiqi, Engelbrecht, and Speece [11] investigated the role of 

eniymes in the rapid uptake simple soluble substrates. Figure II-3 

represents a schematic model of the fate of a substrate molecule. 

Permease enzymes transport the simple solute molecules through the 

cell membrane to a free substrate pool. The rate of transfer is 

proportional to the external substrate concentration until satu-

ration of the transport enzymes. Subsequent utilization of sub-

strate from the pool by hydrolysis and/or synthetic and respiratory 

enzymes occurs thereby allowing continued substrate permeation 

(favorable concentration gradient). 

Ford and Eckenfelder [12] supported the enzymatic hypothesis 

by presenting corroborative data from a brewery waste. Figure II-4 

shows comparative data from both studies. The COD removal per unit 

of MLVSS after 15 minutes of contact reaches a saturation value for 

a simple (glucose) and complex (brewery} substrate alike as the sub-

strate loading is increased. 

Stumm and Stumm-Zollinger [13] challenged those results of 

Siddiqi et. al. They presented kinetic data for simple substrates 
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(glucose and phenylalanine) that showed no initial rapid uptake 

prior to the established utilization rate. They further stated rapid 

sorption for simple substrates does not occur, although this phenomena 

is quite commonly observed with complex wastes. Three explanations 

were presented to interpret this feature: 

1. "In a multi-substrate medium, the overall carbon 

removal, as a first approximation, can be interpreted 

to occur as a superimposition of individual substrate 

elimination rates, each one being catalyzed by a 

different enzyme. The initial reaction rate, if 

measured COD or BOD, is governed partially by the 

most readily assimilable substrate. 

2. 1$urface active substrates, certain macromolecules, 

and hydrophilic colloids are sorbed at the bacteria-

solution interface. Sorption of simple substrates 

of low molecular weight or low surface activity ... 

is not relevant. 

3. 11n activated sludge, microorganisms excrete anionic 

polyelectrolytes that act as effective flocculants. 

These materials ... cause almost instantaneous floccu-

lation of colloidal and macromolecular substances." 

In hypothesis 2 and 3 above lies the basis for the adsorption theory 

to rapid sorption of soluble organics. However, this also provides 

a basis for colloidal or suspended substrate removal in activated 

sludge. 
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Colloidal and Suspended Substrate Utilization 

Two primary theories exist as to the utilization of large macro-

molecular colloidal molecules by,microorganisms. One is phagocytosis 

(or pinocytosis) which refers to the engulfment or direct passage of 

the large molecules into the cell. This is the mechanism by which 

leucocytes (white blood cells) protect the body from foreign matter. 

The second hypothesis states the microorganism secretes extracellular 

enzymes which break down the large molecules to sufficiently small 

sizes that can be easily transported into the cell. This latter 

mechanism predominates in activated sludge bacteria due to the rigid 

cell walls of the bacteria involved. Therefore, since the breakdown 

of colloidal and suspended matter is mediated by the action of 

exocellular enzymes, questions arise as to the rate controlling 

step in the assimilation of the large molecules. Maier [14] presents 

a sequence of steps for the complete assimilation pointing out that 

any one could be rate controlling. Morris and Sturrm [15] reiterated 

these concepts and provided a diagram shown in Figure II-5. The four 

steps are: 

1) Mass transfer of substrate from the bulk medium to the cell 

surface or active enzyme site 

2) Degradation or hydrolysis of the large molecules 

into smaller fragments that can be transported into 

the cell 

3) Transfer of diffusion of substrate into the cell 
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Figure II-5: Schematic Diagram of Substrate Transfer and 
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4) Metabolism of the substrate with the cells for 

energy and growth. 

With regard to mass transfer limitation, Maier [14] utilized 

starch as a colloidal substrate to determine rate of mass transfer 

in a laminar-film flow reactor (simulating trickling filter conditions) 

and in a well mixed reaction vessel (simulating activated sludge con-

ditions). Mass transfer of substrate was found to be limiting in 

the laminar flow reactor while high rates of transfer were obtained 

in the other due to eddy current transport. 

Once the colloid has been transported to the cell surface, it 

is unclear as to whether it is held there by adsorptive forces (Van 

der Waals forces and alike), chemical bonding, physical entrapment, 

or is the colloid released back into solution after partial hydrolysis 

by enzymes on the cell surface (cell bound enzymes). Another expla-

nation follows that the hydrolytic enzymes are free in solution, 

rather than cell bound. Therefore, only simple hydrolyzed molecules 

are transported to cell surface and within, while the large macro-

molecules remain suspended in solution due to electrostatic repulsion 

between the bacteria and each other. This is plausible due to the 

negatively charged nature of both bacteria and colloids commonly 

found in activated sludge processes. 

The bacteria in activated sludge possess a highly complex cell 

surface. Innate and necessary to the activated sludge process is 

the ability of the bacteria to separate themselves from solution in 

quiescent conditions. This efficiency determining step is induced by 
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presence of exocellular polymers extending from the cell surface which 

aids formation of the readily settleable biological floes. 

Many investigators [7,16,17] have studied these polymers com-

posed primarily of polysaccharide and polyamino acids. Bacteria also 

appear to produce these polymers in the declining and endogenous growth 

phases. Novak and Haugan [18,19] in a series of excellent studies 

proposed a model for the activated sludge floe seen in Figure 11-6, 

and related it to sludge dewatering properties. They, also, presented 

a proposed mechanism for bioflocculation shown in Figure 11-7. Here 

organic colloids, bacterial or otherwise, are enmeshed in a biopolymer 

matrix in which cations (such as Mg+2 and Ca+2) play an important role. 

Eckenfelder [20] stated that suspended and colloidal BOD removal 

from a waste occurs by enmeshment into the biological floe and by 

physiochemical adsorption onto the floe, respectively. Smallwood 

[21] used a Chorella algal culture grown of radioactive carbon dioxide, 

c14o2, as a model colloid to determine a mechanism of removal. He con-

cluded that the balance of the radioactivity had been adsorbed onto the 

biological floe. 

Banerji, et. al. [22] commenting on Samllwood's studies suggested 

that the colloidal waste chosen was not representative, and there was 

a good possibility that the radioactivity assumed to be adsorbed could 

have been incorporated into the cell protoplasm. Using potato starch 

as a colloidal substrate, they conducted batch studies on starch 

removal in activated sludge at various loadings. They observed in 

all runs that a portion of starch was immediately adsorbed onto or 
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enmeshed in the biological floe. A Freundlich isotherm plot was 

unsuccessfully attempted to describe the data. Nonetheless, Benedek 

and Farkas [23],while investigating temperature dependence of sub-

strate removal, stated that the removal of starch from solution was 

purely an adsorptive process. 

Contrary to the adsorptive or enmeshment theory, Khararjian 

and Sherrard [24] presented data on yogurt (casein) fed activated 

sludge batch systems. The percent colloidal matter was varied from 

zero to 54% over a wide range of F/M ratios. No apparent substrate 

adsorption appeared to occur. 

Most authors, therefore, seem to agree that adsorption or 

enmeshment is the primary mechanism for colloid or suspended sub-

strate removal. In lieu of Khararjian and Sherrard 1 s results though 

this should not be taken as a blanket statement. 

Whether transfer or diffusion of substrate into the cell is 

rate limiting is another much disputed point in the literature, 

especially with regard to colloidal substrates. Two mechanisms with 

regard to transfer rate versus hydrolysis of colloidal substrate 

appear to exist. One is that the rate of transport of the hydro-

lyzed substrate into the cell is faster than the rate of hydrolysis 

itself. The second is the reverse, that is, the rate of hydrolysis 

is greater than the rate of transport. If the latter is true, there 

would be a net increase in the soluble organic fraction of substrate 

in the bulk medium metabolism. Herein lies another controversy 

associated with the contact stabilization process. 
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McKinney [25] stated that early researchers, notably Eckenfelder 

[2] and Smith [l], observed an uptake and release phenomena upon 

mixing raw sewage and activated sludge together in an aeration vessel. 

This is demonstrated in Figure II-8. The suggestion here is that 

soluble organics are rapidly sorbed, preferentially or otherwise, 

while colloidal and suspended substrate matter remains adsorbed or 

enmeshed in the sludge floes. Hydrolysis of these large particles 

causes a 11 release 11 of soluble substrate back into the bulk medium. 

Eventually, all the colloidal and suspended substrate is hydrolyzed 

and then utilized as described by the second and final decrease. This 

supernatant BOD response, therefore, initiated the contact stabili-

zation modification. The short hydraulic detention time in the contact 

tank was designed to take advantage of rapid sorption of both soluble 

and particulate organics; whereas the stabilization tank was to act to 

provide aeration for particulate substrate hydrolysis and subsequent 

utilization. 

Many investigators, though, seriously challenge this "uptake and 

release" pehnomenon. They suggest the hydrolysis of the colloidal or 

suspended matter proceeds at a slower rate than transport across the 

cell membrane. Takahashi, et. al. [26] investigated the metabolism 

of suspended matter using 14c labelled substrates. Rates of sub-

strate removal were found to decrease as particle size increased. 

More importantly, though, no soluble radioactivity was detected in 

the mixed liquor leading to the conclusion that no soluble substrate 

was released to the bulk solution from particulate hydrolysis. 
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Figure II-8: Variation in Five Day BOD of a Raw Sewage-
Activated Sludge Mixture with Aeration Period [25] 
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McKinney [27] commented that no soluble release was due to the responsible 

hydrolytic enzymes being cell bound rather than free in solution. He 

suggests that this prevents any loss of hydrolyzed products. Khararjian 

and Sherrard [24], also, concluded no 11 uptake and release" phenomenon 

occurred in studies with colloidal casein. Armentrout [28] and Hearne 

[29] each performed batch studies on various types of colloidal waste-

waters-synthetic, domestic and industrial in nature. For the most part, 

no adsorption and solubilization of the substrate was found. 

With regard to the final rate limiting mechanism, metabolism of 

the intracellular substrate, only a few subjects of importance to the 

contact stabilization process will be addressed and will apply to both 

particulate and soluble substrates alike. 

During sludge reaeration, the substrate removal capacity of acti-

vated sludges has been found to increase. However, this activity was 

also shown to decrease with prolonged aeration or stabilization. 

Several ideas have been presented to explain these effects. Ford 

and Eckenfelder [12] maintain the increase in activity during stabili-

zation is attributed to solubilization of entrapped colloidal or sus-

pended matter and/or assimilation of intracellular stored substrate 

which makes the sludge again capable of removing additional organic 

matter. Takahashi, et. al. [26] showed adsorption activity of the 

sludge increased as metabolism of sorbed colloids proceeded. Walters, 

et. al. [30] presented Figure II-9 and concluded that the levels of 

stored metabolites, polyhydroxybutyric acid (PHB) and glycogen, have 

a major effect on substrate removal rate. Siddiqi, et. al. [11], 
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however, single out the production of intracellular synthesis and 

respiration enzymes as the key to the rapid substrate removal 

theory. The activity of these enzymes produces a more favorable 

concentration gradient for the metabolic processes described in 

Figure II-3. 

With regard to the reduction in activity after prolonged aeration 

times, all sides seem to agree. Inducible enzymes are those enzymes 

which require a substrate (inducer) to be present before they are 

formed. Once the inducer is removed or metabolized, the inducible 

enzyme will become 11 inactivated 11 • This is believed to occur during 

extended stabilization periods causing the reduction in activity. 

Contact Stabilization Process in Theory and Practice 

Models 

Earlier, a proposed and widely accepted mechanism on the sub-

strate utilization in contact stabilization was presented. The sub-

strate, primarily colloidal in nature, enters the contact tank where 

the soluble organic fraction is metabolized and the colloidal organic 

fraction is physically adsorbed or enmeshed. The sludge-colloid 

mixture is then settled in a secondary clarifier and pumped to the 

stabilization basin. Here, the colloids are broken down by extra-

cellular enzymes and utilized by the bacteria. Once this is accom-

plished the sludge is recycled back to the contact basin. Some 

kinetic models that have been developed based on this scenario and 

others will be presented here. 
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Bhatla et. al. (31] in an attempt to provide a method for 

evaluating substate removal kinetics on a batch system developed a 

justification for use of the contact stabjlization modification for 

treatment of wastewaters. For easily metabolized wastes, organic 

substrate removal rate is corrmonly paralleled by the rate of oxygen 

uptake. Therefore, when removal of the organics is complete, the 

oxygen demand is close to or at the original level prior to substrate 

introduction. However, if the substrate removal is essentially com-

plete considerably prior to the return of the oxygen demand to base 

levels, contact stabilization may be a justifiable alternative for 

treatment. Figure II-10 describes these two cases. Obviously, oxygen 

uptake is the key parameter here. Even though substrate removal is 

perceived complete, the biomass is still actively metabolizing either 

stored metabolites or enmeshed/adsorbed particulates as shown by the 

oxygen demand. Therefore, the authors suggest the contact basin be 

designed of the removal of substrate and the stabilization tank on 

the satisfaction of the oxygen demand. 

This compartmentalization concept of soluble and colloidal 

metabolism is used in the model developed by Benefield and Randall 

(32]. They provided design equations based on Lawrence and McCarty 

(33] kinetics. First order removal kinetics were assumed for soluble 

and nonsettleable particulate substrate alike, however, soluble 

removal is assumed to occur only in the contact tank. Material 

balances were performed for both solids and substrate in the system 

{assumed to be at steady-state) yielding design formulations. 
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McKinney [34] proposed in 1965 that the contact stabilization 

process did not operate as previously theorized. Instead of 

colloidal matter being sorbed in the contact tank and metabolized 

in the stabilization tank, he suggested that all substrate is utilized 

in the contact tank. The stabilization basin simply provides con-

ditions for endogenous respiration. Jenkins and Orhon [35] 

furthered this theory by introducing a growth and death model 

for the contact stabilization process. They proposed that during 

contact a rapid growth of microorganisms leads to an increase in the 

activated sludge viable fraction, followed by a death phase in the 

stabilization basin which decreases the viable fraction. Obser-

vations in the study included: 

a) Stabilization decay rates increased with increases 

in contact tank substrate removal rates. 

b) Sludge growth rates were reduced and nitrification 

occurred at higher loadings rates due to the 

phenomenon in a). 

c) The fractional distribution of sludge in the contact 

and stabilization basins appeared to be of great 

operational importance. 

Gujer and Jenkins [35,36] described contact stabilization using 

four independent parameters: process loading, temperature, recycle 

ratio, and sludge distribution between reactors. Process loading and 

temperature had marked effects upon sludge production, oxygen con-

sumption, COD removal efficiency, effluent solids, and nitrification. 
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Recycle ratio, though, was found to be the most important parameter 

since it directly affects the residence time distribution. For high 

rates of recycle, the system approached a complete mix system whereas 

at low rates, most of the waste flows only.through the contact 

reactor. Recycle ratio was found to have little effect on particulate 

substrates that are removed quickly by physical sorption. Finally, the 

sludge distribution between reactors only affected nitrification in 

this study and did not significantly influence sludge production as 

suggested by Jenkins and Orhon [6]. 

Jones and Brown [8] introduced the concept of solubility index 

for treatment of wastewaters. The index is defined as the ratio of 

soluble organic carbon to the total organic carbon (the organic carbon 

can be expressed as TOC, BOD, COD, etc.). They found as this index 

increases (waste becomes more soluble), the organic removal efficiency 

decreases in a contact stabilization process. Later, Jones [4] 

attempted to model the contact stabilization process based on a batch 

system (plug flow) response. He proposed the absorption of soluble 

organics and the adsorption and/or physical entrapment of particulate 

matter as the primary mechanisms of removal. The model developed 

simply curve fits a number of organic substrate concentration responses 

as partially described in Figure 11-11. 

Performance of the Contact Stabilization Process 

Many advantages are cited for the use of contact stabilization. 

Table 11-2 lists these advantages and the literature references in 



\ 
\ 
\ 
\ 
\ 

\ 

\~ 

32 

Soluble substrate (Solubility index = 1.0) 

Colloidal substrate 
(Solubility index =O) 

Time, hours 

figure II-11: BOD Removal in Batch Tests with Wastewater 
Containing Primarily Soluble and Particulate 
Substrates Iafter Jones, 4] 
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Table II-2 

Advantages of Contact Stabilization Process 

Advantages 

Capital Cost Savings 

Improved Settling Characteristics 

Resistance to Shock Loadings 

High Organic Removal Efficiencies 

Reduction in Frothing 

Literature Reference 

[l], [5], [37], [39] 

[6]' [38]' [39] 

[5], [39] 

[2], [6], [40], [42] 

[37] 
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which they are cited. Most of these positive attributes have been 

discussed earlier; therefore, this section will present concepts 

from studies that downplay the contact stabilization modification. 

Dague et. al. [41] studied two contact stabilization package 

plants. High F/M ratios in the contact basin resulted in poor solids 

separation in the clarifiers thereby decreasing the sludge concen-

tration in the return. Overall, the authors felt the process was 

unstable for small systems and suggested employment of step-aeration 

or complete mix flow patterns. 

Khararjian and Sherrard [42] compared the contact stabilization 

and complete mix modification of activated sludge. Laboratory 

prototypes were utilized and fed a casein-beef extract substrate 

(45 + 3% colloidal COD). Based on data obtained for both systems 

at various mean cell residence times, it was concluded that both 

processes are similar in nature on the basis of the equivalent COD 

removal efficiencies and yield and maintenance coefficients obtained. 

No differences in process performances were found other than the 

obvious hydraulic configuration. 

Thirumurthi [43] also performed laboratory studies comparing 

contact stabilization to the conventional and high-rate activated 

sludge processes. Both synthetic (milk powder and dog chow) and 

settled domestic wastes were used as substrates in a series of five 

simulation studies. Loadings remained constant on four tests while 

the fifth involved imposing a hydrograph flow variation. The final 



35 

conclusion given was that contact stabilization does not always 

enhance BOD or COD removal. This stemmed from the fact that in all 

tests COD and BOD removal efficiencies for contact stabilization were 

equivalent or lower to those of the conventional and high rate systems. 

Thirumurthi's contact stabilization prototype, though, represents a 

serious flaw in the study. The contact and stabilization detention 

times were approximately two hours and one-half to one hour, res-

pectively. This distribution is likened more to simple sludge 

reaeration rather than contact stabilization. 



CHAPTER II I 

PHYSICAL CHARACTERISTICS OF ACTIVATED SLUDGE 

Introduction 

The ability of activated sludge to physically adsorb or enmesh 

colloidal and particulate organics is very important in the contact 

stabilization process. All too often, the activated sludge process 

is viewed as strictly a biological and biochemical phenomenon. In 

fact, the physical-chemical functions taking place are an integral 

part of the waste treatment and cannot realistically be ignored. 

This chapter will draw light on some of the physical-chemical attri-

butes of activated sludge and the important roles played by these 

forces. 

Prior to discussion of specific physical characteristics of 

activated sludge, a more general discussion of colloids and their 

chemistry is in order since the bacteria, as well as the waste 

organics, can be classified as colloidal in nature. 

Colloids 

The word "colloid" is a Greek derivative meaning "glue-like" 

originating from work done on gelatin and gum arabic. Colloids~ 

today, refer to any particle in solution within a size range of 10-3 

-100 µ. Two general classes of colloids exist whose general behavior 

is quite different: lyophobic and lyophilic. 

Lyophobic colloids exhibit little affinity for the medium in 

which they are suspended (solvent hating}. Conunonly, they are 

36 
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regarded as suspensions and are susceptible to flocculation and 

coagulation by addition of electrolytes. Cla~ and metal oxide 

particles in water are examples of lyophobic colloidal suspensions. 

Lyophilic colloids on the other hand, are distinguished by the 

inherent attraction to the bulk medium, i.e. they are solvent loving. 

High molecular weight polymers or aggregates of smaller molecules, 

e.g. micelles, are classified as lyophilic colloids. Unlike its 

lyophobic counterpart, this colloid is quite stable and, therefore, 

relatively unaffected by salt addition. Of great interest is the 

stability of both colloidal types, which in most cases is a function 

of the charge sphere around the colloid. The physical and electro-

static nature of both a lyophobic and lyophilic colloid in solution 

is conceptualized in Figure III-1. 

The lyophobic colloid is composed of a layer of fixed counter 

or gegen-ions (Stern layer) and a diffuse secondary layer of simil-ions 

and gegen-ions. Moving away from the surface, the simil-ions in the 

diffuse layer increase whereas the gegen-ion concentration decreases 

to levels consistent with the bulk solution. This distribution of ions 

on and around the colloid is referred to as the electrical double layer 

and is due to Coloumbic interaction. This is the inherent source or 

stability (or instability) of these colloidal systems. 

Methods for destabilizing systems of lyophobic colloids have 

been discussed time and again [44,45]. These modes of destabilization 

and their characteristics are described in Table III-1 [45]. Funda-

mental to the double layer compression and the adsorption-charge 
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Figure 111-1: Physical and Electrostatic Nature of a Lyophilic 
and a Lyophobic Colloid in Solution 
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neutralization methods is the presence of counter ions. Both the 

type and concentration of these ions are important. Shultz-Hardy 

rule states that the critical coagulation concentration of a cation 

is inversely related to charge of the counter-ion raised to the sixth 

power, e.g. it would require 1/1 6 and 1/36 units of sodium and 

aluminum ions respectively to effect the same degree of coagulation. 

This is only true if the double layer compression mechanism is 

dominant. In adsorption and charge neutralization, not only do cations 

destabilize the charge by adsorbing onto the colloid and neutralizing, 

but they may also create a reversal in the charge by excessive adsorp-

tion. This can be measured in the laboratory by the electrophoretic 

mobility and/or zeta potential of the colloids. These parameter~ 

theoretically determine the potential difference between the Stern 

layer and the diffuse layer and are obtained by monitoring the movement 

of the charged colloids in an applied potential gradient, through a 

stationary soltuion. Cations may also play a large role in acting 

as a 11 bri dge 11 between polymers and colloids of 1 i ke negative charge. 

However, this bridging mechanism more often involves oppositely charged 

polymer and colloidal systems. Finally, the enmeshment mechanism 

is strictly a physical phenomena and may be the primary mechanism 

involved in removing most colloidal organics in the activated sludge 

system. 

Lyophilic colloids found in wastewater include compounds such 

as gelatin, starch, proteins, and germs. Commonly a charge is 
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associated with colloid and often originates from charged functional 

groups in the colloid structure. These groups could be carboxyl, 

amino, and sulfhydryl, or others. The stability of lyophilic 

colloids is influenced by salt addition similar to hydrophobic systems. 

That is, the presence of excessive ionic species help to lessen the 

mutual electrostatic attraction of the charged groups. Free ions in 

solution may also interact with the charged groups to neutralize or 

reverse the charge on the colloid. However, lyophilic systems are 

greatly affected by the pH of solution. Figure III-2 provides an 

example of how the addition or removal of H+ ions affects the overall 

charge of functional groups. In the past, this principal has been 

utilized for separation of proteins in solution [9]. This procedure 

involves the adjustment of pH to the zero point of charge (the pH at 

which there is a zero overall charge on the molecule), at which time 

the protein will precipitate out of solution due to its more lyophobic 

nature. 

Physical Characteristics of Activated Sludge 

Surface characteristics of cells have been studied quite 

intensively - both of the eucaryotic and procaryotic forms. These 

characteristics can vary greatly from one cell type to another; yet 

in this section, those extracellular features of the procaryotic cell 

so important to the activated sludge performance will be discussed. 

More specifically, this section will provide information on the 

exocellular polymers found in activated sludge cultures which play 
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Charge of Lyophilic Molecules 
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the major role in the agglomeration or 11 bioflocculation 11 of the 

bacteria. 

Bi ofl occul ati on 

The activated sludge process may be separated into two distinct 

steps or phases. First, organic matter is utilized by the 

heterogenous activated sludge culture for synthesis (protoplasm 

production and binary fission) and for maintenance energy. The second 

step involves the coalescing of the bacteria into readily settleable 

masses enabling their separation from the solution supernate under 

quiescent conditions. This phenomena is known as bioflocculation and 

is the efficiency determining step in the process scheme. 

Many theories have been proposed for the flocculation mechanism 

in bacteria. Suggestions of flagella entanglement [46], protozoal 

presence [47], and simple physical attraction [48] have been suggested 

as the predominant mechanisms; but the most plausible theory has to 

do with the existence of exocellular polymeric molecules. The 

bacteria in the activated sludge process are believed to excrete high-

molecular-weight, long-chain polyelectrolytes that serve to aggregate 

the individual cells. 

In a literature review of bacterial exocellular polymer roles 

in metal removal', Brown and Lester [49] compiled data from fifteen 

references on the composition of these polymers. In all cases, 

carbohydrate units, such as glucose, galactose, fucose, etc., were 

detected. Some studies also measured significant concentration of 
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proteins and nucleic acids, the latter suggesting that autolysis of 

the bacterial cell is a contributor to polymer presence rather than 

just pure synthetic reactions. Also, the overall negative charge 

activated sludge bacteria possess {Isoelectric pH=2-3) is due in 

part to the anionic nature of these polymers. 

The production of these polymers has been related to the 

physiological state of the bacteria [7,16], the presence of excess 

carbohydrate, and the carbon: nutrient ratio. Most work [7,16] 

points to the primary production of the polymer in the declining or 

endogenous phase of growth. Other investigators [50,51] have demon-

strated that certain strains of bacteria in the presence of excess 

carbohydrate substances tend to accumulate polysaccharides. Varying 

nitrogen, phosphorus, and sulphur concentrations in the presence of 

excess carbon tended to increase or decrease polymer production of 

various species while the presence of magnesium, potassium, and calcium 

ions tended to stimulate production [52,53]. 

A mechanism or model for bioflocculation has been presented by 

Novak and Haugan [18]. In some well devised studies, they demon-

strated that enmes.hment of colloids in floes comprised of the bio-

polymers and cations is the major mechanism of bioflocculation with 

particle bridging playing a secondary role. The cations appear to 

act simply as binding agents between polymers. The adsorption model 

shown in Figure III-3 describes the salt effects on the amount of 

polymer adsorbed. This lower binding capacity, exhibited by the 
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lower cation concentration, results in greater floe breakup and, 

therefore higher supernatant particle concentration. 

Conditions Affecting Bioflocculation 

The surface charge of bacteria is commonly negative and this 

is true for activated sludge cultures. The negative charge exhibited 

by the bacteria is thought to originate from ionized functional groups, 

primarily carboxyl groups, in the exocellular polymers extending from 

the surface. Certain physical conditions have also been found to vary 

the magnitude of this charge and therefore the disposition of the 

bacterial floe. Logically, then, this alteration of surface charge 

may have implications on colloidal substrate-bacterial floe inter-

actions so important in the contact stabilization process. 

By use of electrophoretic mobility measurements, Forster [54,55,56] 

has placed the isoelectric point for activated sludge between the pH 

values of 1 and 3. He further measured the electrophoretic mobilities 

of various cultures in pH ranges of l to 12. The mobilities appeared 

to change quite rapidly below a pH of five. For values of pH greater 

than five, the electrophoretic mobility increased slowly or tended 

to level off. The surface charge was also found to vary inversely 

with the ionic strength of the solution at constant pH. 

The ionic character of the supporting medium as well as the 

ionic strength affects the physical condition of the sludge • . 
Presence of cations has been shown by Novak and Haugen [18] to 

improve dewatering of activated sludge. Divalent cations 
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(Ca+2 and Mg+2) appeared to have a greater impact on the filtration 

rate than did the monovalent ions (Na+ and K+), yet the differences 
' 

were not l~rge. Endo, et. al. (57] found that pure cultures of 

Flavobact~rium isolated from activated sludge did not flocculate 

well when grown in mediums containing less than 0.1 mM calcium. 

Good flocculation was achieved in cultures grown at concentrations 

of 0.3 mM talcium or greater. 



Introduction 

CHAPTER IV 

EXPERIMENTAL APPROACH 

The investigations performed in this study were divided into 

two major sections. The first dealt with the biochemical and kinetic 

response of batch activated sludge cultures to different types of 

colloidal substrates. The second portion of the study attempted to 

evaluate the physical response of activated sludge to colloidal sub-

strate addition. 

Metabolic Studies 

Substrates 

Potato Starch 

Starch is a naturally occurring ubiquitous compound found in all 

domestic wastewaters. The starch molecule, itself, consists of a 

series of glucose molecules linked together in one of two ways. 

Depending upon this type of linkage, starch is separated into two 

fractions: amylase and amylopectin. Amylase. is a flexible linear 

chain molecule of 500 or more glucose units joined together by 

a-1, 4-glucosidic linkages. Figure IV-1 describes this repeating 

molecule whose molecular weight commonly ranges between 69,000 to 

82,600. It prefers a coiled cylindrical geometric structure in 

solution. Also described in Figure IV-2, amylopectin is a glucose 

polymer with a configuration consisting of linear chains of 20-30 

glucose units connected at branch points. The binding at these 

48 
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branch points is characterized by formation of a.-1,6-glucosidic 

linkages. The exact structure of this molecule is not known partly 

due to its high molecular weight polymeric structure (molecular 

weights exceeding one million have been measured). 

The specific starch used in this study was potato starch. 

Lyophilic and highly adsorptive nature of this colloidal substrate 

were of great interest in this study. Also, the ease of bacterial 

acclimation and the availability of published metabolic data with 

activated sludge were two other reasons for its choice. 

Egg Albumin (Ovalbumin) 

Egg albumin or ovalbumin is a major protein constituent of egg 

white. A molecular weight of approximately 45,000 has been assigned 

to this polymer which contains almost all of the naturally occurring 

amino acids and a small carbohydrate fraction (approximately 2-4% by 

weight) [58,59]. An isoelectric point of 4.58 has been determined 

for this protein molecule. Ovalbumin is also quite surface active due 

to its relatively hydrophobic nature. Therefore, the molecule tends 

to concentrate at interfaces such as an air-water or a lipid-water 

interface. The latter example suggests a possible interaction 

between this substrate and a bacterial cell surface. This char-

acteristic and the predominant protein nature were two facts leading 

to the choice of this colloidal compound as a substrate. Oval-

bumin used in this study was purchased from Sigma Chemical Company. 
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Jack Bean Meal 

The jack bean (Canavalia ensiformis) is indigenous to the West 

Indies, Mexico, Peru, and Brazil [61]. The jack bean meal was chosen 

due to its chemical make-up, i.e., it is composed of both protein and 

carbohydrate material. The exact composition of the jack meal is 

described in Table IV-1 [62]. The substrate was also purchased from 

Sigma Chemical Company. 

Batch Kinetic Studies 

Acclimation 

Activated sludge was obtained from a motor vehicle rest stop 

on Interstate 81 near Radford, Virginia. Acclimation of the sludge 

took place in three liter cylindrical batch reactors under controlled 

temperature conditions (20 + 1°C) as did all the studies perfonned 

in this work. Three aerated reactors containing activated sludge were 

each fed a combination of settled domestic sewage and one of the 

aforementioned substrates. The acclimation period consisted of feeding 

an influent with increasing ratios of synthetic substrate to domestic 

sewage over a three week period. A wasting rate equal to one tenth of 

the reactor volume was maintained during acclimation and after. 

Daily Protocol 

Each day, as mentioned, one tenth of each batch reactor was 

initially wasted while the sludge was still mixing. Aeration 

stones were then removed and the sludge allowed to settle for 

approximately fifteen to thirty minutes at which time the supernatant 
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Table IV-l 

Composition of Jack Bean (Canavalia ensiformis) 

Constituent 

Moisture 

Protein 

Fat 

Carbohydrate 

Ash 

Quality (grams)* 

88.6 

2.7 

0.2 

7.9 

0.6 

*The above analysis is of 100 grams of raw, immature pods. 



54 

J 

was siphoned off. Tap water was used to restore the cultures to the 

original three liter volume. Substrate (-soo mg/l COD) and essential 

nutrients were then added and aeration begun .. 

Substrate. were prepared daily. The preparatinn of albumin 

simply involved adding the albumin to tap water and mixing vigorously 

using a magnetic stirrer. The starch and jack bean meal, though, 

required mixing in tap water and heating to a boil. One other pre-

liminary step for the jack bean meal involved the sieving of the 

powdered substrate to remove large insoluble and easily settleable 

particles. The particles passing a No. 100 sieve (.149 mm diameter) 

were used for the substrate. 

Nitrogen, phosphorus, and other essential nutrients were added 

to supplement the substrates. Table IV-2 lists the nutrient com~ 

ponents and the relative amounts added per unit of substrate COD. 

Note the phosphorous not only functions as a nutrient but also as 

a pH buffer. The pH of the buffer solution was approximately seven. 

Batch Studies 

Batch kinetic investigations were performed on each of the 

albumin, starch, and jack bean meal acclimated sludges. In these 

barch studies, the biomass concentration, measured by mixed liquor 

suspended solids (MLSS), was adjusted to approximately 1500 mg/l. 

The appropriate substrate and nutrients were then added to the culture 

and timing begun. The run was ended when the culture was believed to 

be close to its original state prior to substrate addition. 
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Table IV-2 

SUBSTRATE COMPONENT RATIOS 

Substrate 
Component 

Nitrogen (NH4Cl) 

Manganese (MnS04·H20) 

Magnesium (MgS04 ·7H20) 

Iron (FeC1 3·6H20) 

Calcium (CaC1 2) 

Phosphorus* · 

Ratio 

10/1 as COD/N 

250/1 as COD/Mn 

250/l as COD/Mg 

250/1 as COD/ Fe 

250/1 as COD/Ca 

*A phosphate buffer was utilized for both nutrient requirements and 
pH control by adding 10 mls of the stock buffer solution (80 grams 
KH2P04 + 160 grams K,HP04 in 1 liter of distilled water) in every 
liter of feed solution. 
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More specifically, nine separate runs were performed on each 

activated sludge culture. Pure substrate was added at loadings of 
' 0.25, 0.50, and 0.75 pounds of substrate COD per pound of MLSS. 

These loadings were then repeated with 20% and 40% of the substrate 

COD supplemented with glucose. The glucose addition was utilized 

in order to provide an easily metabolized soluble substrate to the 

bacteria. Glucose is also a known catabolic repressor [10], i.e. 

it represses the synthesis of inducible and constitutive enzymes. 

This enzyme repressing ability was thought, ~priori, to have an 

effect in the ''uptake and release" phenomenon of colloidal substrates 

by possibly retarding the synthesis of extracellular hydrolytic 

enzymes. 

During the tube run, samples of mixed liquor were withdrawn 

at 5, 10, 20, 30, 45, 60, 90, 120, 180, and 240 minutes and every 

two to four hours thereafter until completion. Parameters monitored 

were filterable and settleable COD, oxygen uptake, and MLSS concen-

trations. The filterable COD was measured from a sample of mixed 

liquor passed through a No. l Whatman filter; settleable COD 

values were obtained by allowing an aliquot of mixed liquor to settle 

for 30 minutes and measuring the COD of the supernatant. The COD 

procedure followed is found in Standard Methods Section 508 [63]. 

MLSS measurements were made in accordance with Standard Methods 

Section 208D using Reeve Angel glass fiber filters (pore size= 0.45µ). 

The oxygen uptake procedure was followed from Standard Methods Section 
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2138. When both the COD values and oxygen uptake rates approximately 

equaled their values prior to substrate addition, the batch study 

was terminated. 

Physical Studies 

The physical interaction studies between the colloidal substrates 

and the biomass were separated into two sections. Initially, electro-

phoretic mobility measurements were made to determine stability of 

both the colloids and biomass under various conditions. Secondly, 

adsorption studies were performed under conditions similar to those 

imposed in the electrophoretic mobility studies. Detailed information 

on these two interrelated investigations will follow. 

Electrophoretic Mobility 

Environmental Conditions 

Discussed in the literature review were the factors affecting 

both lyophobic and lyophilic colloidal systems. Three of these 

factors - pH, ionic strength, and ionic mecium - were varied in 

these studies. Both the substrates and acclimated cultures were 

subjected to the electrophoretic mobility measurements at pH and 

ionic strengths comparable to those found in wastewater treatment 

systems. Listed below are the conditions imposed during the study: 

a) Five pH values (5,6,7,8,9) 

b) Two ionic strengths (I= .001 and .01) 

c) Two ionic mediums (NaCl and CaCl 2) 
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The pH adjustments were made using buffer solutions and O.lN NaOH 

and O.lN H2so4• The type and preparation of buffer solutions can 

be found in Appendix A. 

Substrate and Sludge Preparation 

The substrates were mixed in concentrations of one gram per 

liter for measurement of the electrophoretic mobility. Prepar-

ation methods for these colloidal solutions were identical to 

those in the daily protocol except that known ionic strength 

solutions of NaCl or CaC1 2 were used instead of tap water. 

Measurements on two of the three substrates were made with 

little difficulty; no values could be obtained for starch. 

Activated sludge mobility measurements were made by first 

withdrawing an aliquot (250 mls) of mixed liquor from the reactors. 

These measurements were made to determine if a link existed between 

adsorption of colloidal substrates to activated sludge and the sur-

face charge on the bacterial floes. The cultures were allowed to 

, aerate at least 24 to 36 hours after feeding to ensure no colloidal 

substrate remained which might affect the results. The portion of 

mixed liquor was then centrifuged at 1500 rpm, the supernatant was 

decanted, and the remaining sludge was brought back to its original 

volume with distilled water. This procedure was repeated three 

more times. After the final elution, a portion of this sludge was 

suspended in a prespecified ionic solution for measurements. 
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Concentrations of activated sludge used for electrophoretic mobility 

measurements ranged from 40 to 70 mg/l. 

Electrophoretic Mobility Measurements 

The instrumentation used to measure the electrokinetic potentials 

of the substrates and sludges was the Zeta Meter. Basically, the 

procedure involved pumping a sample into a calibrated viewing cell. 

A known voltage was then applied across this cell and the rate of 

migration of the colloids was measured. The colloids were viewed 

through a microscope with calibrated tracking line etched in the 

eyepiece; and by using the supplied timer, the velocity of the 

colloids could be determined. 

More specifically, thirty colloids were tracked for each sample 

and an average time taken. This value along with the applied voltage 

and distance traveled by the colloid was entered into the equation 

below for calculation of the electrophoretic mobility: 

where 

D EM= -tV 

EM= electrophoretic mobility, µm/sec/volt/cm 

D = distance traveled by colloid, µm 

t = time to travel distance, D, sec 

V = voltage strength, volts/cm 

Also, the temperature of the sample was taken before and after the 

tracking since the viscosity of water changes with temperature which, 
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in turn, adversely affects the colloid mobility. The average temper-

ature was then used to determine viscosity. 

Adsorption and Interaction Studies 

The purpose of these studies was to obtain information on the 

physical interaction between the colloidal substrates and the 

activated sludge cultures and the factors that may affect this 

interaction. Yet, for a purely physical interaction to occur, the 

metabolic uptake of substrates by the bacteria had to be prevented. 

Therefore, a short study on the use of mercury to metabolically 

inactivate activated sludge was conducted. 

Mercury Poisoning in Activated Sludge 

The mercuric ion is a known bacteriacide [10] which has the 

ability to inactivate certain bacterial enzymes. Therefore, 

mercuric chloride was chosen to prevent or retard metabolic uptake 

of the colloidal substrates by the bacteria. A series of studies 

were undertaken to evaluate the effect of the mercuric ion on the 

sludge both metabolically and physically. 

Optimum dosages of mercuric chloride were obtained by adding 

varying amounts of the inhibitor to a sample of sludge. The mixture 

was agitated for approximately fifteen minutes, after which, oxygen 

uptake measurements were performed. From these data, an optimum 

mercury to MLSS ratio was chosen for use in the adsorption studies. 

Figures IV-3, IV-4, and IV-5 show the effect of the mercuric ion on 

the specific oxygen uptake rate of the activated sludge. A common 
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+2 dosage of 20 mg Hg per g of MLSS was chosen for all three sludges. 

Since no data were obtained for low mercury concentrations as denoted 

by the dotted lines, this dosage was thought to represent a very 

conservative choice. 

Another series of investigations was performed based on the 

mercury:sludge ratio chosen. After each sludge culture was poisoned 

with the 11 optimum11 dosage of mercury, it was washed with a CaC1 2 
solution (I= .01). This procedure involved centrifuging the sludge 

for 10 minutes at 1500 RPM, decanting the supernatant, and restoring 

the sample to the original volume with the CaC1 2 solution. This was. 

repeated three times. Oxygen uptake rates were then measured on the 

washed sludge. Approximately 11.5 minutes after monitoring the oxygen 

drop, substrate was introduced into the bottle in which the respir-

ation measurements were being made. Substrate COD concentrations 

between 225 and 280 mg/l were established. As seen in Figure IV-6, 

no deviation resulted in the oxygen utilization of the starch and jack 

bean meal culture. This provides strong evidence that metabolism of 

the substrate was effectively blocked. However, the addition of 

albumin caused an inunediate drop in the oxygen concentration which 

subsequently leveled off. This was probably due to the surface 

activity of the albumin, which would produce a change in the diffu-

sion patterns of gases into and out of the liquid, and was probably 

not due to bacterial metabolism. 

Finally, the physical effects of the mercuric ion addition 

were checked. Settling tests and electrophoretic mobility tests 
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Figure IV-6; Oxygen Utilization of Three Mercury Poisoned and 
Washed Activated Sludge Cultures 
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were used to evaluate the physical stability of the sludge. From 

Figures IV-7, IV-8, and IV-9, there appeared to be no significant 

differences in the settling rates of all three sludges due to the 

presence of mercury. The results of the studies described in 

Table IV-3 showed no appreciable effects on the surface charge of 

the bacteria. The three sludges in the electrophoretic mobility study 

were exposed to the optimum dosage, washed, and then suspended in NaCl 

and CaC1 2 ionic mediums at pH 7. 

Adsorption Studies 

This portion of the investigation involved mixing varying amounts 

of the metabolically inactive sludge and substrate under controlled 

conditions. Various parameters were then measured to determine the 

extent of the interaction. 

Initially, a quantity of sludge was removed from a batch reactor 

vessel and the required dosage of mercuric chloride applied. 

Poisoned mixture was agitated for 15 minutes and then centrifuged 

at 1500 RPM for 10 minutes using 250 ml centrifuge tubes. Super-

nate was then decanted and replaced with distilled water and remixed. 

This procedure was repeated three more times. The concentration of 

the sludge was further diluted to a concentration between 1000 and 

3000 mg/l. Meanwhile, concentrations of substrate ranging from 

100 to 4000 mg/l were prepared for mixing with the sludge. 

The pH and ionic strength of the sludge and substrate mixtures 

were then adjusted in a manner identical to that described in the 
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Figure IV-7: Settling Curves for an Albumin Acclimated Activated 
Sludge Culture when Metabolically Active, Mercury 
Poisoned, and Mercury Poisoned and Washed 
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Table IV-3 

Electrophoretic Mobility 
cm/sec/volt/cm 

Ionic No Mercury Mercury 
Type of Activated Sludge Medium/Strength Addition Addition 

Albumin Acclimated NaCl/. 001 5. 15 4.90 
CaC1 2/.0l l. 50 l.60 

Starch Acclimated NaCl/. 001 2.90 3.30 
CaCl / .01 0.90 1.00 

Jack Bean Meal Acclimated NaCl/. 001 3.90 3.90 
CaC1 2/.0l 1.10 1.00 
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electrophoretic mobility study. The matrix of conditions, though, 

was reduced by eliminating the pH values of 5 and 9 limiting the 

number pH values tested to three. The conditions are summarized below: 

a) Three pH values (~6,7,8) 

b) Two ionic strengths (I= .001 and .01) 

c) Two ionic mediums (NaCl, CaC1 2) 

One other variable tested in this study was the effect of different 

concentrations of MLSS. By using two MLSS values between 1000 and 

3000 mg/l, it was believed some insight into the mechanism of inter-

action, i.e. adsorption or enmeshment, could be obtained. If adsorp-

tion played the predominant role, isotherm plots for the two MLSS 

values would overlay one another. In contrast, enmeshment of sub-

strate would probably result in two different isotherms. However, 

these.! priori assumptions were not validated as will be shown in 

the discussion of results. 

The protocol of the adsorption study follows below. For a 

given set of conditions, i.e. one pH, one ionic strength, one ionic 

medium and MLSS concentration, six 300 ml erlenmeyer flasks were 

used. Into five of these flasks, varying concentrations of sub-

strate were added in 100 ml aliquots. The sixth flask was a blank 

to which 100 mls of 11 conditioned 11 water was placed. Then, 100 mls 

of sludge was poured into each flask. Once mixed, the final concen-

trations of substrate and sludge were, again, between 100 to 4000 mg/l 

and 1000 to 3000 mg/l, respectively. These mixtures were subsequently 

placed on a rotary shaker and agitated for five.minutes. The flasks 
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were then removed and allowed to settle for 30 minutes at which time 

approximately 40 mls of supernate was removed. 

The schematic in Figure IV-10 describes the measurements per-

formed on the supernatant and sludge sludge fractions. COD concen-

tration on the supernate were monitored and used primarily for 

construction of isotherm plots. Turbidity measurements were also 

marked on the supernatant to obtain a gross measure of the particles 

remaining in solution. A Hach 2100A Turbidimeter was used for this 

purpose. 

Particle counts and size distributions were determined on both 

the supernatant and sludge-supernatant fractions. Particle counts 

were obtained using a HIAC Particle Size Analyzer Model PC-320 

counter; a description of this counter and how it operates can 

be found in Appendix B. This particular counter was equipped with 

two counting sensors--one measuring particles between l and 60 microns 

and the other sensing particles from 5 to 300 microns. Supernatant 

samples were carefully diluted (1/250 to 1/50) then particle counts 

were measured using the l to 60 micron sensor. Particle size distri-

butions as well as particle count values were acquired from this data. 

For the sludge-supernatant samples, only shifts in particle size distri-

bution were monitored therefore no measured dilutions were made. 

Also, the 5 to 300 micron sensor was used due to the relatively 

large floe particles. 

All three organic substrates were tested in the same manner 

described above yet without any sludge addition. The only change 
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Figure IV-10: Schematic Representation of the Analysis Performed 
on the Substrate-Activated Sludge Mixtures 
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made in the protocol was that the substrate mixture was not allowed 

to settle the allotted thirty minutes. Immediately after the five 

minute mixing period, the samples were removed and tested. The thirty 

minute settling was tried for one series of studies, but the results 

were quite unreasonable for the supernatant fraction. Since the 

aliquots were extracted by use of a pipette, the problem was in all 

probability caused by the nonuniform depth at which the sample removals 

were taken. 



Introduction 

CHAPTER V 

RESULTS 

Metabolic Studies 

These investigations were performed in an attempt to describe and 

explain metabolic responses of activated sludge to various types of 

colloidal-soluble substrate mixtures. A protein (albumin), a carbo-

hydrate(potato starch), and a protein-carbohydrate (jack bean meal) 

substrate were separately studied to determine if substrate com- · 

position is important for the substrate removal mechanisms that 

favor contact stabilization over other activated sludge process 

variations. From the standpoint of previously reported studies, it 

was important to monitor and establish the existence of an "uptake 

and release 11 phenomenon,and the variation of oxygen uptake in re-

lation to substrate uptake was closely scrutinized. Both of th.ese 

responses would indicate the manner of colloidal substrate usage. 

Finally, the activated sludge yield, the specific oxygen utilization 

and substrate adsorption characteristics were measured to help 

.evaluate the effects of glucose supplementation on storage and 

adsorption capacity. 

Albumin-fed Culture 

Metabolic Response 

The albumin-fed culture gave some very interesting insights 

into colloidal substrate utilization. Figures V-1 to V-8 describe 

75 



A
lb

um
in

 
F

/M
 =

 f'
J.

2S
f'l

 
0 

S
ol

ub
le

 C
OD

 
22

1)
0 

• 
S

et
tl

ea
b

le
 C

OD
 

• 
M

l.S
S 

.....
 

20
00

1-
-.. 

40
 

0 
O

xy
ge

n 
U

p
ta

ke
 

at
 s . 

tf
l 

U
l ~
 

18
00

 I 
'"' .r: ......

 
16

00
1-

.:::
: 3

0 

00
 
I ~ 

s 
......

 
. 

~
 

,; 
e: 

14
00

t-
~
 

u p
, 

::::>
 

i::
 2

0 
(l

) 00
 

;>
, :< 0 

10
 I 0 

I 
-
~
(
)
 
----

----
.. 

-
0 

0 
11

)0
 

20
1)

 
30

1)
 

T
iP

1e
, 

M
in

ut
es

 

0 

CO
D 

A
pp

lie
d=

 3
75

 m
g/

l 
In

it
ia

l 
ML

SS
= 

l5
0v

 m
q/

l 

l,f
)'"

) 
SI

J'J
 

fi
gu

re
 V

-1
: 

R
es

ul
ts

 o
f 

a 
Ba

tc
h 

St
ud

y 
on

 a
n 

Al
bu

m
in

 A
cc

lim
at

ed
 

A
ct

iv
at

ed
 S

lu
dg

e 
C

ul
tu

re
 F

ed
 O

nl
y 

Al
bu

m
in

 

.....
... 

O
"I 



24
00

' 
~
n
l
 

c:
n

rt
n

 
• 

22
00

 I 
I 

H
l 
~
 

~
 

A
lb

um
in

 

! 200 l ·
r '"l 
~ 

F/
M

 =
 0

.4
87

 
o So

lu
bl

e 
CO

D 
• 

S
et

tl
ea

bl
e 

CO
D 

:'.l 
18

00
 

• 
M

LS
S 

::IE
 

....
 

o 
O

xy
qe

n 
U

pt
ak

e 
.r:

: ......
 

16
00
~~
l 

...., 

\o
 '

\ 
. ...... 

r • 
~
 C

OD
 A

pp
lie

d=
 7

50
 m

g/
l 

Cll
 

CT
> 

14
QQ

L 
~
 

E 
In

it
ia

l 
M

LS
S=

 
15

20
 m

g/
1 

...., 
. 

Q
. 

0 
::

:i 
0 u 

5j 
20

 
20

0 
CT

> 
>

, 
)(

 
0 

10
1 

10
0 I 

~
 

-
---

---
-. 0 

0 
0 

10
0 

20
0 

30
0 

40
0 

50
0 

60
0 

Ti
m

e,
 m

in
ut

es
 

Fi
gu

re
 V

-2
: 

R
es

ul
ts

 o
f 

a 
Ba

tch
 S

tu
dy

 o
n 

an
 A

cc
lim

at
ed

 A
ct

iv
at

ed
 

Sl
ud

ge
 C

ul
tu

re
 F

ed
 O

nl
y 

Al
bu

m
in

 

.....
... 

'-
! 



22
00

 
-

I 

50
 r 100

0~ 
~
 

A
lb

um
in

 
20

00
 t-

F/
rl 

= 
0.

75
 

o 
So

lu
bl

e 
CO

D 
• 

Se
tt

le
ab

le
 C

OD
 

~1
80
0 I 

I 
~ 

/ 
• 

ML
SS

 
o 

Ox
yq

en
 U

pt
ak

e 
40

 
V

1 '.'.j
l 6

00
 

"'
-

14
00

l 
l: 

.J
./

 ~
 

CO
D 

A
pp

lie
d=

 1
21

5 
m

q/
l 

...._
 

In
it

ia
l 

ML
SS

= 
16

20
 m

q/
l 

::::
:_3

0 
er

· 
12

00
1-

e;. 11 
l"' 

It
\ 
~
 

""' 
~
 

E 
.µ

 
~
 

c.
 

0 
:::::

> 
0 

:52
0 

u4
00

 
c >

, x 0 

,J 10
0 

0 
o ..

......
 ~
~
~
-
'
-
~
~
~
~
"
'
-
~
~
~
-
'
"
~
~
~
~
_
.
_
~
~
~
-
-
'
'
-
-
~
~
~
-
L
.
~
~
~
~
.
L
-
~
~
-

o 
20

0 
40

0 
60

0 
80

0 
10

00
 

12
00

 
14

00
 

Ti
rie

, 
m

in
ut

es
 

Fi
gu

re
 V

-3
: 

R
es

ul
ts

 o
f 

a 
Ba

tc
h 

St
ud

y 
on

 a
n 

A
lb

um
in

 A
cc

lim
at

ed
 A

ct
iv

at
ed

 S
lu

dg
e 

C
ul

tu
re

 F
ed

 O
nl

y 
A

lb
um

in
 

-
i co
 



20
00

 

::::.
 1

80
0 

C
' 

E
 ~
 

~
 1

60
0 

~
 

40
01

-.
 

14
00

.. 
60

 
~
 ..... r:r
: 

50
 '-

E
 

s... ..r::
: ..... ::::.
 4

0 
C

' 
E

 .2i 
30

 
"' ..... c.

 
::

:i c:: 
20

 
Q

j 
C

'>
 

>
, x ::>
 1

0 0 
0 

0 

fi
gu

re
 V

-4
; 

10
0 

20
0 

30
0 

Ti
JT

Je,
 J

TJ
inu

tes
 

A
lb

um
in

/G
lu

co
se

 (
80

/2
0)

 
F/M

 =
 0

.2
56

 
o 

So
lu

bl
e 

CU
D 

• 
Se

tt
le

ab
le

 C
OD

 
• 

ML
SS

 
o 

Ox
yg

en
 U

pt
ak

e 

CO
D 

A
pp

lie
d=

 3
75

 m
g/

l 
In

it
ia

l 
ML

SS
= 

14
70

 m
g/

l 

40
0 

50
0 

R
es

ul
ts

 o
f 

a 
Ba

tc
h 

St
ud

y 
on

 a
n 

Al
bu

m
in

 A
cc

lim
at

ed
 

A
ct

iv
at

ed
 S

lu
dg

e 
C

ul
tu

re
 F

ed
 E

ig
ht

y 
Pe

rc
en

t 
Al

bu
m

in
 a

nd
 

Tw
en

ty
 P

er
ce

nt
 G

lu
co

se
 

-..
.J 

\0
 



......
.. 

0 

26
00

 

24
00

 

22
00

 

~2
00
0 

V
'l 

I/
)
 

-
' ::.::
 -i8

00
 

16
00

 

14
00

 

70
 l'" ..c

:50
 

......
.. - ......
.. o:
 

E4
0 . Q

J 
.>

< ~3
0 

0
. 

::::
> r::
 

Q
J ~
o
 

x 0 

lQ
 0 

- • 
80

0'
 

lin
o 

~
 

.....
... 

-0
' 
~
 

c 
I 
0
'
»
-
~
'
-

0 u 
40

0 

20
0 

• 

A
lb

um
in

/G
lu

co
se

 (
80

/2
0)

 
F/M

 =
 0

.4
81

 
o 

So
lu

bl
e 

CO
D 

• 
Se

tt
le

ab
le

 C
OD

 
• 

ML
SS

 
o 

Ox
yq

en
 U

pt
ak

e 

CO
O 

A
pp

lie
d=

 7
50

 m
g/

l 
In

it
ia

l 
ML

SS
= 

15
60

 m
g/

l 

o
.
_
_
~
~
~
-
'
-
~
~
~
~
.
.
-
.
~
~
~
-
'
-
~
~
~
~
.
.
&
-
~
~
~
-
'
-
~
~
~
~
.
.
_
~
~
~
 ....

....
. ~
~
 

0 
10

0 
20

0 
30

0 
40

0 
50

0 
60

0 
70

0 
Ti

m
e, 

m
in

ut
es

 

fi
gu

re
 V

-5
; 

R
es

ul
ts

 o
f 

a 
Ba

tc
h 

St
ud

y 
on

 a
n 

Al
bu

m
in

 A
cc

lim
at

ed
 A

ct
iv

at
ed

 
Sl

ud
ge

 C
ul

tu
re

 F
ed

 E
ig

ht
y 

Pe
rc

en
t 

Al
bu

m
in

 a
nd

 T
we

nt
y 

Pe
rc

en
t 

G
lu

co
se

 

co
 

0 



30
00

 ~
 1

10
 [

 2
20

0 

28
00

 I-
l 0

0 
20

00
 l 

• 
• 

26
00

 I-
9o

 t
-lB

oo
t 

___
___

___
_. 

A
lb

um
in

/G
lu

co
se

 (
80

/2
0}

 

~24
00 

~ 
"T 60

0 
~ 

/ 
F/

P1
 =

 0.
 7

06
 

o 
So

l u
b 1

 e 
CO

D 

• 
• 

S
et

tl
ea

b
le

 C
OD

 
• 

M
LS

S 
~
 2

20
0 

~ 
70

 
14

00
 

o 
O

xy
qe

n 
U

pt
ak

e 
-

.c
 

.....
. .... ......
 

20
00

 ..
. ~
6
0
 

18
00

 l-~
50 L

ooo
 ~
 

CO
D 

A
pp

li
ed

= 
11

23
 m

g/
1 

co
 

__
, 

In
it

ia
l 

M
LS

S=
 

15
90

 m
g/

l 
a.

 
=>

 
s::

 
16

00
 L

 
~-
.4
0 

>
, x 0 

30
 ~ 

:::
:.6

0 
1:7

' 
E

 

20
 I-

g4
0 

u 

10
 I-

20
 

0 
I 

0 
0 

20
0 

40
0 

60
0 

80
0 

10
00

 
12

00
 

14
01

) 

T
im

e,
 m

in
ut

es
 

Fi
gu

re
 V

-6
: 

R
es

ul
ts

 o
f 

a 
Ba

tc
h 

St
ud

y 
on

 a
n 

Al
bu

m
in

 A
cc

lim
at

ed
 A

ct
iv

at
ed

 S
lu

dg
e 

C
ul

tu
re

 
Fe

d 
Ei

gh
ty

 P
er

ce
nt

 A
lbu

m
in 

an
d 

Tw
en

ty
 P

er
ce

nt
 G

lu
co

se
 



~
 

'- CT
'. 

E 

22
00

 

20
00

 

• 1
80

0 
V

)
 

V
) 2 

16
00

 

50
 

40
 

I-

• 
-

. 
. 

-
A

lb
um

in
/G

lu
co

se
 (

60
/4

0)
 

F/M
 =

 0
.2

45
 

o 
So

lu
bl

e 
CIJ

O 
• 

S
et

tl
ea

bl
e 

CU
D 

• 
ML

SS
 

o 
OX

.YC
]en

 U
pt

ak
e 

14
00

 I-
:e. ~ '- °' E .3

0 
~v

vl
 \"

 
~
 

CO
D 

A
pp

lie
d=

 3
75

 m
q/1

 
Q

) 
-"

' 
In

it
ia

l 
ML

SS
= 

15
30

 m
q/1

 
"' ..... c.

 
C

l 
::>

 
0 w

 
c: Q

) c-,
 

~
2
0
 

20
0 

0 

10
 
,J 

• 

0 
0 

0 
10

0 
20

0 
30

0 
40

0 
50

0 
60

0 
70

0 
Ti

m
e,

 m
in

ut
es

 

Fi
gu

re
 V

-7
: 

R
es

ul
ts

 o
f 

a 
Ba

tc
h 

St
ud

y 
on

 a
n 

Al
bu

m
in

 A
cc

lim
at

ed
 A

ct
iv

at
ed

 C
ul

tu
re

 
Fe

d 
Si

xt
y 

Pe
rc

en
t 

A
lb

um
in

 a
nd

 F
or

ty
 P

er
ce

nt
 G

lu
co

se
 

co
 

I"
.)

 



24
00

 

22
00

 
50

 

~,
:w
oo
 

E
 . 

V
I ~
 1

80
0 

40
 t

-
80

0 

16
00

 k 
l 700 

14
00

 
~ 

30
 

60
0 

.....
.. 

CJ
> E
 

~' c:r
. 

rV 
E5

00
 

-"
I 

• 
<a

 
C

l 
...

. 
0 

c.
 

C
J 

=>
 2

0 
40

0 
c: Q

) CJ
> 

>
, 

I 
30

0 
>< 0 

10
 I

-
20

0 

10
0 

o 
I 0

 0 
20

0 
40

0 
60

0 
Ti

m
e, 

m
in

ut
es

 

A
lb

um
in

/G
lu

co
se

 (
6U

/4
U

) 
F/

tt 
= 

0.
49

6 
o 

So
lu

bl
e 

CO
O 

• 
Se

tt
le

ab
le

 C
OO

 
• 

Ml
.SS

 
o 

Ox
yq

en
 U

pt
ak

e 

CO
D 

A
pp

lie
d=

 7
50

 m
q/1

 
In

it
ia

l 
M

l.S
S=

 1
51

0 
m

q/
l 

0 

80
0 

10
00

 

Fi
gu

re
 V

-8
: 

R
es

ul
ts

 o
f 

a 
Ba

tc
h 

St
ud

y 
on

 a
n 

Al
bu

m
in 

A
cc

lim
at

ed
 A

ct
iv

at
ed

 
Sl

ud
ge

 C
ul

tu
re

 F
ed

 S
ix

ty
 P

er
ce

nt
 A

lb
um

in
 a

nd
 F

or
ty

 P
er

ce
nt

 G
lu

co
se

 

co
 

w
 



84 

the series of batch experiments performed. Figures V-1 to V-3 show 

the response of albumin activated sludge culture to varying concen-

trations of albumin with no supplemental glucose. There was no uptake 

and release phenomenon apparent but the oxygen uptake curve responded 

in a very curious manner. In each of these three studies, the oxygen 

uptake, as expected, increased to a high rate upon the introduction 

of the substrate then began to decrease. Unexpectedly, though, the 

respiration rate then noticeably increased for a period of time before 

making a second and final descent. This phenomenon can be explained 

with the premise that the utilization of the albumin substrate is a 

two step process. Energy is required to produce enzymes capable of 

hydrolyzing the protein molecule such that it can be passed through 

the cell membrane into the cell. Then, additional energy is required 

to metabolize the hydrolyzed molecules. Therefore, the two peaks on 

the oxygen uptake curve probably correspond to hydrolysis and inter-

cel lular utilization of the substrate, respectively. 

In the studies shown in Figure V-4 through V-6, glucose was 

supplemented for twenty percent of the total COD. Again, substrate 

release was not noticed and even the oxygen uptake response was 

dampened. A slight increase in the respiration rate· could be seen 

in the two higher loadings (Figure V-5 and V-6). The rapid decrease 

of the oxygen uptake rate denoted the albumin-glucose substrate 

mixture was utilized sequentially. The glucose was metabolized 

first followed by the albumin. This is clearly confirmed by the 
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final two studies wherein glucose was added as forty percent of 

the total COD supplied to the culture. The rate of respiration 

shifts significantly describing this sequential nature. Here, 

though, the oxygen uptake proceeded to decrease significantly 

following glucose utilization, whereas it varied slightly in the 

series of studies where twenty percent glucose was supplemented. 

Kinetics 

Due to the sequential nature of the utilization of the albumin-

glucose substrate mixtures, rates of soluble COD removal were assumed 

to be zero order. For a predictive model, this assumption would be 

ludicrous; however, since only comparative rates of removal are of 

interest here, the zero order assumption will suffice. Simply, a 

line was drawn for the initial COD value to a point judged to be the 

end of detectable metabolic functions upon the albumin. An example 

is shown in Figure V-9. 

The rates of removal are listed in Table V-1 for all the sub-

strate combinations tested. The introduction of glucose appeared 

to slightly reduce or retard the consumption of albumin. As larger 

amounts of glucose were supplemented though, the rate was augmented 

due to the easily assimilated glucose substrate. 

Yield and Oxygen Utilization Coefficients 

Yield for the albumin acclimated culture were obtained for each 

substrate combination. Values for the amount of biomass generated 
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Table V-1 

Albumin Removal Rates 

F/M Removal Rate 
Substrate (mg/mg-day) (mg COD/min) 

Albumin 0.250 0.812 
0.487 1.150 
0.750 1. 150 

Albumin/Glucose 0.256 0.688 
80/20 0.481 0.806 

0.706 0.979 

Albumin/Glucose 0.245 0.990 
60/40 0.496 1.020 
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and the amount of substrate utilized were obtained by measuring the 

differences in biomass and substrate levels at the beginning and 

end of a batch run. These data were plotted resulting in the three 

lines shown in Figure V-10. The slope of each line represents the 

yield coefficient. The three values obtained ranged from 0.765 to 

0.989 gram of biomass generated per gram of substrate utilized. 

The question whether these yield coefficients were different 

should have been answered through a statistical approach; however, 

this avenue was not chosen since the statistical results would be 

based on a weak foundation due to the small number of points plotted 

per line. Therefore, complimentary data \'Jere evaluated to detect if 

differences in yield coefficients were real. The oxygen utilization 

of the activated sludge was the major variable used for this purpose. 

Since substrate is required for both synthesis of essential macromolecules 

and respiration for energy, the yield and oxygen utilization co-

efficients should be inversely proportional to one another. 

The oxygen utilization coefficients for the albumin studies 

suggest that the yield coefficients are equal. Shown in Figure V-11 

is a plot of the amount of oxygen used versus the corresponding amount 

of substrate used during the batch study. The total oxygen utilized 

was determined by measuring the area under the oxygen uptake curve 

in Figures V-1 through V-8. Clearly, the amount of oxygen consumed 

per unit of substrate utilized (slope of the line) did not vary 

significantly for any substrate combination. 
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Adsorpti•n Capacity 

The adsorption ability and capacity was of great interest in 

this study because of its importance in the contact stabilization 

pro~ess. Figure V-12 describes adsorption isotherms obtained in the 
. ··I 

batch stL\lies. The difference between the amount of substrate added 

and the iettleable amount remaining in solution after five 

minutes of contact with the sludge was used for the amount of sub-

strate adsorbed. This value was then divided by the initial MLSS 

measured, The equilibrium concentration was the total amount of 

settleab1e substrate remaining after the contact period. It is 

extremely interesting to note the reduction in adsorption capacity 

when glucose was added to the substrate. Also, the adsorption 

isotherm for pure albumin increased markedly as the concentration 

increased. Discussions of these two phenomena will be taken up in 

the next chapter. 

Starch-fed Culture 

Metaboltc Response 

The ttarch substrate provided the "adsorption-release" phenomena 

cited in the literature. Figures V-13 to V-21 describe the series 

of metabolic studies for starch. Potato starch required extensive 

hydrolyzation prior to utilization by the bacteria. Large increases 

in soluble COD resulted from the hydrolysis. Only for the three studies 

on pure starch did "adsorption and release" for settleable COD occur 

and only in the highest loading was this greatly apparent. 
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Oxygen uptake curve in most cases decreased steadily for a period 

of time and then increased near the end of the run before finishing 

with a rather abrupt drop. As in the albumin studies, this was 

because of the subsequent hydrolyzation and utilization of the sub-

strate. Finally, there appears to have been no sequential uptake 

in the glucose supplemented studies with the exception of the 80-20 

percent starch-glucose study seen in Figure V-17. Here, the oxygen 

uptake rate is the highest recorded for any of the starch studies 

and appears to decrease in a two step fashion. 

Kinetics 

The soluble COD removal rate coefficients are listed in Table 

V-2. They were obtained in the same manner as the albumin removal 

rates. Glucose addition appeared to augment the rates of removal. 

Yield and Oxygen Utilization Coefficients 

Shown in Figure V-22 is the plot for determination of the yield 

coeffictents for the starch substrate mixtures. The yield coefficients 

significantly decreased as the glucose ratio increased. However, the 

oxygen utilization coefficients shown in Figure V-23 for these three 

starch mixtures varied little, if any. This tends to support the 

conclusion that: 

1. the data plotted for yield determination were quite variable 

and of no statistical significance, or 

2. there was significant storage occurring, either intra-

cellular or extracellular. 
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Table V-2 

Starch Removal Rates 

F/M Removal Rate 
Substrate (mg/mg-day) (mg COD/min) 

Starch · 0.248 1.417 
0.583 1. 400 
0.824 1.259 

Starch/Glucose 0.273 l. 126 
(80/20) 0.503 1. 425 

0.727 1. 479 

Starch/Glucose 0.245 1.497 
(60/40) 0.477 1. 532 

o. 711 1. 597 
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This wi 11 .be addressed 1 ater in more detai 1. 

Adsorption Capacity 

The adsorption capacity of the starch sludge followed the same 

pattern as that found in the albumin studies, i.e. with the supple-

mentation of glucose the adsorption capacity decreased. Figure V-24 

illustrates the evidence for this statement. 

However, attention should now be directed toward the isotherm 

for pure starch. There is one outlying point which corresponds 

to the batch study performed at the 0.824 F/M ratio. In fact, this 

particular study provided several peculiarities. The rate substrate 

removal was low in comparison to the other removal rates for starch, 

and also it was the only study that exhibited a marked 11 uptake and 

release 11 phenomena for the settleable COD. In reviewing procedural 

experimental notes, one anomaly was found which may provide an 

explanation. In the previous chapter, mention was made of main-

taining a stock accl·imated culture of activated sludge for each 

substrate. Quantities of sludge requi.red for the batch studies were 

obtained from these stock cultures. Prior to performing the first 

. batch study for starch, the stock was only receiving starch as a 

carbon source. The first study made was at the F/M ratio of 0.824. 

After this study but prior to the next one, a small amount of glucose 

(10% of total COD) was supplemented with starch for the stock culture 

substrate. It was believed that this would have no effect on the 

batch studies since the starch is a glucose polymer. However, if 
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a cause-effect relationship did exist, the glucose apparently 

altered the adsorption characteristics of the stock sludge directly 

or indirectly. 

Jack Bean Meal-fed Culture 

Metabolic Response 

Unlike the starch and albumin substrates, the jack bean meal 

consisted of a large insoluble fraction of organic material. As 

described in the previous chapter, efforts were made to remove the 

larger material by sieves; however, there remained a portion of the 

substrate that would settle out within thirty minutes. This had a 

significant effect on some of the results obtained. 

Figures V-25 to V-33 present the graphical data for the jack bean 

meal tube runs. In regard to the "adsorption and release" phenomenon, 

there appears to be a slight 11 hump 11 registered in the settleable COD 

data. However, the soluble COD shows no concurrent response. This 

could mean that either the 11 released 11 substrate particles were too 

large to pass the filter or there was an increase in the number of 

dispersed bacteria in the solution. In any case, .the increase in 

the settleable COD, however small, was consistent. Even with glucose 

supplementation, the hump was still present. As in the case of 

albumin, the utilization of jack bean meal and glucose mixtures 

occurred in a sequential manner, with glucose again leading the way. 

However, it is interesting t.o find that the 11 adsorption-release 11 
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phenomena occurs at the termination of the glucose uptak~ implying 

that hydrolysis of the colloids begins after glucose utilization. 

Kinetics 

A procedure exactly similar to that used in the albumin and 

starch was employed for determining rates of jack bean meal-glucose 

substrate utilization. Table V-3 lists the removal rates for the 

various substrate combinations and loadings. There was an overall 

increase in the rate of substrate disappearance as the glucose 

fraction was increased, implying that glucose addition did not 

inhibit the COD removal rate. 

Yield and Oxygen Utilization Coefficients 

Figure V-34 plots the amount of MLSS generated versus the amount 

of substrate utilized for the jack bean meal and glucose studies. 

The yield coefficients (the slope of each line) are not significantly 

different; but, the oxygen utilization plots in Figure V-35 suggest 

the yields are different. The oxygen utilization coefficients 

decreased with increasing glucose content indicating that more sub-

strate was available for synthesis or storage. One explanation for 

this contradictory data originates from the statement made earlier 

about the insoluble character of the jack bean meal. Apparently, 

a portion of the jack bean meal remained unmetabolized at the 

end of the tube run and was measured as biomass solids, thereby 

masking any variations in the yield. 
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Table V-3 

Jack Bean Meal Removal Rates 

F/M Removal Rate 
Substrate (mg/mg-day) (mg COD/min) 

Jack Bean Meal 0.250 0.883 
0.511 l .061 
0.777 0.867 

Jack Bean Meal/Glucose 0.264 l. 475 
80/20 0.484 1.290 

0.738 1~426 

Jack Bean Meal/Glucose 0.241 1.635 
60/40 0.489 1.733 

0.757 2.063 
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Finally, the yield coefficients determined for the jack bean 

meal acclimated sludge as well as for the starch and albumin sludges 

were unusually large. Common numbers reported in the literature 

are between 0.4 to 0.6. This inconsistency may be due to the 

possible presence of non-biodegradable organic material in the sub-

strate being measured as biomass or to an increase in the production 

of metabolic storage products by the bacteria. In any case, there 

does exist some consistency in the yield values obtained throughout 

the investigation. 

Adsorption Capacity 

The jack bean meal sludge possessed the highest removal capacity 

via adsorption or enmeshment for all three sludges. This was in 

large part due to the settleability of the colloids themselves. Even 

so, as Figure V-36 shows, once again, glucose inhibited the initial 

removal of the substrate. 

In all isotherms plotted, the total amount of COD sub-

strate remaining after 5 minutes was used for the abscissa 

values. A question of why the total COD was used rather than the 

COD contributed by only jack bean meal should be answered. This is 

a valid question since the added glucose may contribute significantly 

to the total substrate COD remaining thereby falsely indicating a 

reduction in the absorption capacity for the colloidal substrate by · 

the sludge. Therefore, the isotherms values for the colloidal sub-

strate-glucose studies were recalculated to account for presence of 
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jack bean meal only. It was assumed no glucose had been removed 

in the initial five minutes of the study (a very liberal assumption), 

and the COD contributed by the glucose was simply subtracted from 

the total substrate COD remaining after five minutes. This pro-

cedure was done for all the colloidal substrate-glucose combinations. 

For albumin and starch, the general results were not affected, i.e. 

the presence of glucose reduced the adsorption capacity of the sludge. 

However, the jackbean meal glucose combination reacted differently. 

The solid black points in Figure V-36 represent the adjusted values. 

For the twenty percent glucose supplementation, there was no inhibition 

of adsorption by glucose; and for the forty percent glucose supple-

mentation, there appeared to be an enhanced adsorptive capacity. 

However, this enhancement effect was based on a liberal data inter-

pretation, i.e. there was no glucose utilization in the first five 

minutes of the batch study. Therefore, this enhancement of adsorption 

capacity of the sludge is questionable, at best. 

Physical Studies 

Introduction 

Since the adsorption and/or enmeshment of organic colloids in 

activated sludge is so important in the contact stabilization process, 

a series of studies was formulated to investigate this interaction of 

colloid-activated sludge from a pure physical standpoint. Factors 

such as pH, ionic strength, and cation types were investigated in an 
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attempt to define their effects on the adsorption interaction. The 

substrates and the sludges were first studied separately under various 

physical environments, and then combined under the same conditions. 

Interpretation of the data was designed to answer questions such as 

"What substrate characteristics are of greatest significance to the 

contact stabilization mechanism? 11 and "What factors might enhance 

adsorption and/or enmeshment of organic colloids in a sludge?" 

Substrates 

Introduction 

Several series of tests were conducted to characterize each 

substrate. Electrophoretic mobility measurements were performed 

to evaluate the colloid stabilities. Since this method has proved 

successful in evaluating the effectiveness of coagulation in water 

treatment, it was speculated there would be some correlation between 

the electrophoretic mobilities of the colloids and their susceptibility 

to physical removal by activated sludge. Turbidity and particle count 

studies were also performed to determine colloidal concentrations and 

size distribution. These properties were assumed to be very important 

in the colloid-sludge interactions. Finally, all studies were con-

ducted under various conditions of pH, ionic strength, and ionic 

mediums. The theoretical basis for use of these three variables was 

established in Chapter III and will not be discussed further. 

pH Effects 

Figure V-37 and V-38 describe the electrophoretic mobilities 

of albumin and jack bean meal, respectively, under various 
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environmental conditions. In both cases, as the pH dropped, the 

electrophoretic mobility slowed due to probable protonation of 

negatively charged functional groups. In the case of albumin, the 

trend under every condition tested was toward zero mobility at pH 

values below 5. This was expected since the isoelectric point of 

albumin is 4.6. 

In the literature review, mention was made of precipitation of 

molecules at the isoelectric point. This occurred for albumin as 

shown in Figure V-39 wherein the number of meas ureab 1 e pa rt i cl es 

between l and 60 microns increased as the pH was lowered to six. 

Turbidity measurements (not shown) verified this change. With 

regard to the particle sizes listed in Table V-4, no statistically 

significant variations were found for albumin. Appendix C lists all 

the statistical studies. 

The jack bean meal substrate showed very little variation under 

the conditions tested. pH appeared to have no effect on the particle 

sizes (Table V-4) and particle numbers (Figure V-40). 

As previously mentioned, electrophoretic mobility measurements 

were not performed on the potato starch substrate. It is safe, 

though, to assume that pH variations would have some effect upon 

this substrate. Negatively charged phosphate ester groups are 

intimately related to the amylopectin in starch at neutral and 

alkaline pH values. ·However, from the particle counts and mean 

particle sizes in Figure V-41 and Table V-4, respectively, pH had 

very little effect on starch over the ranges tested. Particle count 
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Table V-4 

Mean Particle Sizes of Substrates* 

Ionic Medium NaCl CaC1 2 
Substrate pH Ionic Strength .001 . 01 .001 .01 

Albumin 6 11.0 10.6 11 . 7 11.0 
6 11 .4 11.6 . 11 . 7 11.0 
6 11.4 13.5 11.4 12.5 

7 11.2 11. 1 11.4 11. 2 
7 10.8 10.8 11.5 11.3 
7 10.9 11.8 10.4 11.9 

8 11.1 10.8 11.8 11.4 
8 10.8 11.5 11. 1 11. 3 
8 12.3 13.5 11. 2 11. 1 

Starch 6 10.0 14.2 11.8 15.5 
6 10.2 13.2 11.4 14.4 
6 9.9 12.4 11.0 11. 5 

7 10.9 14.0 11. 3 14.8 
7 9.7 12.5 10.9 12.3 
7 9.8 13.3 11.2 11.9 

8 10.2 13.7 12.4 14. 9 
8 9.6 12.8 11 .0 13.0 
8 11.0 11.9 10.6 11.9 

Jack Bean Meal 6 13 .4 16.2 15.6 12.5 
6 11. 3 15.4 15.7 12.0 
6 12. 5 14.5 15.2 12.5 

7 12.9 16.2 15.2 12.2 
7 13. 6 15.9 16.0 12. 1 
7 13. 6 14.6 15.7 11.6 

8 13.0 15.5 16.0 12.5 
8 13.2 14.3 16.3 12. 1 
8 13. 9 13.3 14.8 12.3 

*Mean particle sizes are ~xpressed in ~icrons. 
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data for starch in .01 ionic strength CaC1 2 was not obtained. The 

starch at those conditions formed particles too large to pass through 

the 1-60 micron sensor. 

Ionic Medium and Strength 

As discussed in the literature review, both the type of ions 

(anionic or cationic, monovalent or divalent) and the number of ions 

in solution strongly affect the stability and character of a co-

existing colloid. This was most evident in the electrophoretic 

mobility results in Figures V-37 and V-38. The charge on both albumin 

and jack bean meal colloids decreased as the ionic strength and the 

valence on the cations in the solution increased. 

Statistical analysis (Appendix C) of the mean particle sizes in 

Table V-4 also provide evidence of an effect on two of the three sub-

strates due to the ionic strength. The starch and jack bean meal 

mean particle sizes varied significantly (greater than·a 99% level 

of confidence) with changes in ionic strength. Changes in ionic 

medium had a lesser effect on starch but still recorded a significant 

statistical level of confidence (greater than 90%). 

Specifically, the starch substrate mean particle size increased 

with an increase in ionic strength and cation valence. The jack bean 

meal substrate, however, had a rather peculiar reaction. For the 

NaCl ionic solutions, a larger mean particle size was exhibited at 

the higher ionic strength. The opposite occurred for the jack bean 



. 134 

meal suspended in the Cac1 2, i.e. the particle size decreased when 

placed in the higher ionic strength solution. 

Activated Sludge 

Introduction 

Identical studies to those conducted on the substrates were 

made on the acclimated activated sludges. With similar data on 

both the substrate and the sludge, a favorable or unfavorable 

interaction between the two could be explained. 

pH Effects 

The results of the electrophoretic mobility studies in 

Figures V-42, V-43, and V-44, revealed that the effect of pH upon 

the three activated sludge cultures was small. This was expected 

since the isoelectric point of activated sludge has been reported 

in the literature [54] to lie between a pH of 1 and 3. 

Ionic Strength, Ionic Medium, and Solids Concentrations 

The electrophoretic mobility studies indicated an effect on 

the sludges due to ionic strength and medium. All the activated sludge 

mobilities dropped with an increase in ionic strength and cation 

valences. 

Sludge mean particle sizes for the various conditions imposed 

are listed in Table V-5. Unlike the electrophoretic mobilities, the 

albumin and jack bean meal acclimated sludge particle sizes did not 

appear greatly affected by either ionic medium, ionic strength, or 
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Table V-5 

Sludge Mean Particle Sizes 

Mean Particle Size 
Substrate Acclimated Ionic MLSS (microns) 

Sludge Medium/Strength (mg/l) pH 6 pH 7 pH 8 

Albumin NaCl/.01 1055 30.8 30. 1 30.7 
2825 32.3 31. 7 31.5 

CaC1 2/.0l 925 18. 9 17 .8 18.4 
2770 26. 1 24.7 24.6 

Starch NaCl/.001 990 18. 9 17.8 18.4 
2725 31. 5 28.7 27.7 

NaCl/.01 2650 24.2 18.8 20.6 
2750 22.6 22.2 

CaC1 2/.001 885 22.6 26.4 21.6 
2800 43.9 36.9 36.4 

CaC1 2.0l 960 66. 1 65.2 64.8 
2665 53.0 59.7 51.0 

Jack Bean Meal NaCl/.001 957 23.3 22.4 21.8 
2860 20. 2 20.9 20.5 

NaCl/.01 1020 19. 6 19. 6 18. 9 
CaC1 2/.001 933 23.9 22.5 22.3 

2740 24.0 21.8 19. 4 
2645 24.0 25. 0 25.4 

CaCl/.01 910 21. 7 23.3 22.5 
2785 22.4 26.5 22.5 
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solids concentrations. However, the starch sludge did vary with all 

three of these parameters. The calcium ion appeared to be intimately 

involved in the floe structure of the starch sludge. An increase in 

calcium concentration increased the average diameter of the sludge 

by a factor of two. Solids levels also exerted an influence on the 

starch sludge. The data suggested that in the low ionic strength 

systems the particle size increased with an increase in solids con~ 

centration. This probably could be attributed to an increase in 

the number of collisions among sludge particles. 

Albumin Adsorption Studies 

Introduction 

The purpose of this series of adsorption studies was to evaluate 

the adsorption capacity of the sludge and to simultaneously monitor 

changes in the turbidity of the settled sample and the physical 

characteristics of the sludge. By monitoring these last two 

phenomena, information concerning ways to improve effluent quality 

and adsorption of colloids in contact stabilization could potentially 

be obtained. Note that throughout the adsorption studies, mercury 

poisoned bacteria were used to prevent any metabolic uptake of the 

substrate. 

Adsorption Isotherms 

Isotherm plots for albumin are shown in Figure V-45 and V-46. 

Some very interesting responses were evident in these results. 

Initially, the lowest pH (-6) provided the greatest adsorption 
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capacity, without exception. The data also revealed that increases 

in ionic strength enhanced the removal of the albumin. The 

removal capacities of the sludge appeared to be better in the Cac1 2 
solutions than in the NaCl solutions. Finally, the unusual upward 

curves of the isotherms in Figure V-44 verified the isotherm drawn 

in Figure V-12 for the kinetic studies. However, this sharp increase 

was apparently tempered by increased MLSS levels as shown in Figure 

V-46. One set of isotherms performed in a .001 ionic strength 

CaC1 2 medium at a high MLSS concentration did not appear in Figure 

V-46. The COD data obtained was not plausible and was therefore 

discarded. 

Particle Size Variations in the Adsorption Studies 

Prior to discussion of the average particle size data, mention 

should be made of the patterns and variability of this parameter. 

The data for average particle size in all three sludges were, at 

times, easily explainable . ,; at other times, they were quite 

the contrary. However, this variance was linked to the method of 

measurement for the sludge-substrate mixtures. Specifically, the 

particle counter required stirring of a diluted sample of the 

mixtures, this stirring effect was believed to be the source of the 

problem. Apparently, for weakly attached colloid-sludge aggregates, 

shearing or separation of the couple occurred resulting in a smaller 

mean particle diameter. Even though this effect diminished the 

accuracy of the evaluation of the degree of interaction, it did 
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permit an evaluation of the strength of the substrate-sludge 

union. 

Proceeding with the albumin study results, average particle 

size values for the sludge-substrate mixtures are shown in 

Figures V~47 and V-48. No data were taken for the two low 

strength ionic mediums. The idea of sludge particle counts was 

formulated as an after-thought and initiated after the four studies 

at the two lower ionic strength mediums had been performed. All 

the mean particle size values were plotted against the ratio of 

the substrate concentration to the MLSS level in hopes of normalizing 

the data. 

Figure V-47 describes particle size variations for the substrate-

sludge mixtures in a sodium chloride solution with an ionic strength 

of .01. There appeared to be a weak interaction between the sludge 

and substrates denoted by the steadily decreasing pattern in particle 

sizes. If there was a strong interaction, some type of increase 

would have been exhibited. 

Increases in the average particle sizes are clearly depicted 

in Figure V-47. A calcium chloride of .01 ionic strength 

was used as the supporting medium. The results, however, did not 

exhibit a consistent pattern. For the studies with a MLSS concen-

tration of 925 mg/l, the average particle sizes at pH 6 and 7 

followed the same general S-curve but the pH 8 curve just increased 

in a curvilinear fashion. This response was somewhat puzzling. Study 

results at the higher MLSS level were quite acceptable though. 
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Particle sizes at pH 6 increased at a rapid rate with an increase 

in the substrate-sludge ratio. The data for pH 7 and 8 (represented 

by the middle line in Figure V-48) responded with a more moderate 

increase in particle size. Finally, no consistent pattern between 

the two MLSS levels was exhibited in the CaCl 2 solution except at 

pH 8. 

Even with these variances present, a comparison of the NaCl 

and CaC1 2 studies described a distinct difference in the degree of 

interaction between the sludge and substrate colloids. For the 

albumin, the presence of CaCl 2 appeared to strengthen the physical 

union of the substrate and sludge as evidenced by the increases in 

mean particle sizes. 

Turbidity and Supernatant Particle Counts 

The turbidity in the supernatant was monitored to determine 

if colloid addition to activated sludge does improve the 

supernatant quality with respect to solids concentration. 

Graphs of turbidity versus albumin concentration are shown in 

Figures V-49 and V-50 for all the various combinations of ionic 

mediums and sludge concentrations. The solid lines represent the 

actual turbidity measured whereas the dotted segments denote what 

the turbidity would be if no albumin colloids were removed. 

Values for the dotted lines were obtained by adding the turbidities 

of a completely-mixed pure albumin mixture to the turbidity of a 

settled sludge supernatant with no substrate added. This is a 
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liberal interpretation, yet it does point out the removal capacity 

of the sludge. 

There are two points of interest in these plots. The first is 

that there were slight to very significant drops in turbidity at the 

low substrate additions. Secondly, the largest drops occurred at low 

ionic strengths and low MLSS concentrations. Addressing the initial 

point, turbidity shifts can be caused by changes in particle distri-

bution without changing the particle count. Plots of the turbidity 

contrasted against particle counts of the supernatant are shown in 

Figures V-51 thru V-54. The particle counts correspond with the 

turbidity decreases only in the low ionic strength systems; the 

opposite was true in the high ionic strength systems. Even though 

the decrease in turbidity and particle count occurred only at the 

lower ionic strengths, it is significant that a reduction in 

supernatant suspended solids does occur with addition of sub-

strate. 

Starch Adsorption Studies 

Adsorption Isotherms 

Figure V-55 presents the isotherms obtained in studies with 

potato starch. The major mechanism for the physical removal of 

starch has been reported as adsorption [22,23], and these studies 

tend to support this hypothesis. Data on average particle size of 

the sludge are provided in Figures V-56 to V-59 and will be dis-

cussed in conjunction with the isotherm results. 
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Initially, the amount of adsorption occurring in the starch 

sludge-starch substrate mixture was quite high. It was not uncommon 

for the sludge to adsorb (or enmesh) one and one-half times its own 

weight in substrate. However, contrary to the alb~min studies, no 

apparent pH effect was denoted for starch adsorption. The particle 

size data, though, suggested that, in most cases, the pH did affect 

the interaction. For almost all environmental conditions tested, 

a pH of 6 produced the largest particle sizes which tended to 

decrease as the pH values rose. Apparently, the interaction 

between the substrate colloids and sludge strengthened at lower 

pH values. 

Another interesting comparison between the isotherm and particle 

size data concerns the adsorption capacity of the sludge at various 

MLSS concentrations. The higher sludge solids concentrations had a 

lower capacity for the adsorption of starch than the low solids level. 

For the series of studies conducted in both .001 ionic strength 

Cac1 2 and NaCl solutions, the low sludge solids concentration 

mixtures exhibited lower particle size diameters compared to the 

high solids concentration mixtures. Therefore, a greater area on 

the sludge floes was available for adsorption. This hypothesis did 

not hold, though, for the .01 ionic strength Cac1 2 mixture as seen 

in Figure V-59. 

The effect posed by the different ionic strengths appeared to 

be significant only for NaCl. Due to a mistake by the investigator, 
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the same MLSS concentration was used for a .01 NaCl ionic strength 

solution; however, this error did provide evidence of the repro- · 
• 

ducibility of the adsorption isotherms. The increase in the sodium 

chloride ionic strength improved the adsorption of starch to the 

sludge floe, whereas an increase in the calcium chloride ionic 

strength seemed to slightly decrease the substrate-sludge inter-

action. This latter effect though could be the result of experi-

mental error. 

The word 11 adsorption 11 has been used throughout this dis-

cussion for the mechanism responsible for starch removal. This is 

not without basis. Not only do the particle size results show 

responses compatible with adsorption, but Figure VI-60 provides 

visual evidence for the presence of the adsorption phenomena. This 

set of photographs shows a series of starch-acclimated sludge samples 

with starch added. The specific test conditions photographed were: 

a) MLSS = 885 mg/l 

b) .001 ionic strength CaC1 2 solution 

c) pH 6 

From left to right, the amount of starch added to each beaker was 

2000, 1000, 500, 250, 100, and 0 mg/l. The top two photos were 

taken at 5 and 20 minutes, respectively, after mixing was stopped. 

This time lapse describes that not only did the large starch dosages 

decrease the sludge settling rate, but they also increased the 

sludge volume. The lower photo focuses on this increased volume 
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Figure V-60: Photographs of Starch-Acclimated Sludge Mixed 
With Various Amounts of Starch. Test Conditions 
Included: MLSS=885 mg/1; pH 6; CaC1 2 Solution, 
I=.001. Top Two Photos Represent a Time Lapse 
of 5 and 20 Minutes After Mixing was Stopped. 
The Lower Photo Shows the Increase in Sludge 
Volume Upon Starch Addition 
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of sludge for the two left-most samples. Sludge volume increases 

was due to the decrease in particle size of the substrate-sludge 

combination. 

Finally, it should be again noted that some inconsistencies in 

the particle size data did exist. For instance, the variances in the 

.01 ionic N~Cl solution for the MLSS concentrations of 2650 mg/l and 

2750 mg/l were evident in Figure V-58. The only explanation that 

can be given was identical to that given for the albumin studies, 

i.e. the stirring required for the particle counting sheared the 

particles thereby producing these apparent differences. 

Turbidity and Particle Counts 

In Figures V-61 and V-62, the turbidities for the starch 

substrate-sludge mixture supernatants are presented. Turbidities 

for the sludge supernatant without substrate addition appeared to 

drop slightly as the ionic strength increased. As in the albumin 

studies, the turbidity in the supernatant usually decreased upon 

the addition of the smaller amounts of starch. The most apparent 

reductions occurred for low ionic strength systems. Particle 

count data in Figures V-63 to V-~6 supported this observation. 

Jack Bean Meal Adsorption Studies 

Adsorption Isotherms. 

The jack bean meal studies posed some rather difficult problems 

due to a mistake made by this investigator in the experimental matrix. 
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Upon viewing the data in Figures VI-67, no study was made in a .01 

ionic strength sodium chloride solution at a high MLSS concentration. 

Instead, an extra run was made at 0.1 ionic strength Cac1 2 solution 

with a comparable MLSS value. This discrepancy was detected, however, 

after the acclimated jack bean meal culture was disposed of due to 

excess filamentous growth. This was unfortunate since this one 

additional study could have aided greatly in determining the major 

mechanism of colloid removal: enmeshment or physical adsorption. 

Consulting Figure VI-67, pH affects adsorption at the lower 

ionic strengths more than at the higher levels. The lower 

the pH value, the more easily the jack bean meal was removed. In 

regard to ionic strength, the addition of a higher concentration of 

sodium chloride enhanced the adsorption. This may relate to the 

increase in the jack bean meal particle size with sodium chloride 

addition noted earlier in Table V-4. An increase in the presence 

of calcium chloride, though, decreased the adsorption capacity, 

according to the isotherms. This again may have been related to 

particle size since the average particle size of the jack bean meal 

decreased with increasing CaC1 2. 

In an attempt to clarify the adsorption isotherm data, Figure 

V-68 was drawn. The amount of jack bean meal COD removed was plotted 

against the amount remaining in solution. The studies performed in 

CaCl 2 revealed that the amount of substrate removed did not vary with 

the concentration of the sludge (MLSS). This suggested that an 
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enmeshment mechanism was dominant. However, no real conclusions 

could be put forth due to the "missing run" in .01 ionic strength 

NaCl. Adsorption isotherms in Figure V-68 suggested the possible 

presence of an adsorption mechanism due to the independence of the 

curves to the MLSS concentration. 

Average particle size data of the substrate-sludge mixture 

are shown in Figures V-69 to V-72. Problems similar to those 

encountered previously arose in the interpretation of the 

results. General patterns existed, e.g., an initial increase 

in particle size with substrate addition followed by a decrease. 

However, some data could not be explained with any degree of 

certainty. Any conclusions resulting from this data will be 

made only with some type of corroboration evidence. 

Turbidity and Particle Counts 

The series of turbidity plots in Figures VI-73 and Figure 

VI-74 showed that significant amounts of jack bean meal were 

removed from solution upon addition to the sludge. High ionic 

strengths aided the turbidity removal. This is better exhibited 

in Figures VI-75 to VI-78 wherein turbidities were shown to drop 

from 15 to 40 NTU's to a range of 5 to 15 NTu's for the .01 ionic 

strength solutions. Particle counts supported this observation. 

As with the other substrates, the turbidities and particle counts 
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Figure V~73: Relationship Between Supernatant Turbidity and 
Jack Bean Meal Applied Under Various Conditions 
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for certain conditions dropped for low additions of substrate from 

the control sample (sludge with no substrate added). This response 

was probably due to better settling characteristics from the 

additional weight of the jack bean meal colloids in the activated 

sludge floes. No consistent pattern appeared with regard to which 

specific conditions would foster the turbidity drops. 



CHAPTER VI 

DISCUSSION OF RESULTS 

Introduction 

The results obtained during this investigation were analyzed from 

the standpoint of importance to the theory and operation of the 

contact stabilization process. Attempts were made to supplement 

explanation of previously reported phenomena and to provide some rules 

toward optimum design and operation of this variation of the activated 

sludge process. 

Theory of Contact Stabilization 

Process Schematic 

The concept of the contact stabilization process has been pre-

sented previously. Historically, its use has been recommended for 

wastewater whose organic matter is predominately colloidal·in nature. 

The dual tank arrangement of contact stabilization has been reported 

to remove these organics by first utilizing the soluble organics 

in th~ contact tank while ~dsorbing or enmeshing the colloids in 

the sludge floes. The sludge is then settled, drawn from the bottom 

of the setting tanks and pumped to the stabilization basin wherein 

the colloids are removed. The results from this study supported the 

use of two tanks for the treatment of certain colloidal wastes. For 

each substrate tested, there existed a sequential utilization function 

i.e. the activated sludge cultures_utilized the substrates in two 

. or more distinct steps. This action was revealed by the oxygen 
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uptake and/or COD data in the kinetic studies. However, this 

statement should not be taken to mean that all colloidal wastewaters 

exhibiting a multi-step utilization should be treated by contact 

stabilization. The remainder of this chapter will deal with this 

particular point (when or when. not to use contact stabilization) 

by analyzing the mechanisms involved. 

Metabolic Factors 

Colloid Substrate Utilization 

All bacteria require food in a soluble form. If the substrate 

molecule is too large to pass through the cell membrane, the bacteria 

will produce extracellular enzymes to hydrolyze the molecule into 

smaller units. The manner of this hydrolysis appeared to play a role 

in the results obtained in this study. 

Extracellular enzymes excreted by bacteria may attack large, 

polymer molecules either from the terminal ends (exoenzyme) or between 

the terminal ends (endoenzyme). The exoenzymes simply cleave one 

monomer at a time from the parent polymer molecule. These ·monomer 

units quite often are easily transported through the cell membrane 

without further alteration. However, the endoenzymes operate on the 

interior bonds in the polymer molecule breaking it into smaller and 

smaller polymer units until the bacteria are able to transport the 

fragments into the cell. 

The scenario for the endoenzymes explains the uptake and release 

phenomena for the starch substrate quite well. It has been reported 
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that the amylase enzyme responsible for the hydrolysis of the 

starch molecule acts in a random manner along the chain. Apparently, 

the activated sludge bacteria adsorbed or enmeshed the starch colloids 

and then initiated breakdown of the molecule by use of the amylase 

enzymes. The random cleavage of the bonds along the chain resulted 

in a release of smaller polymer units into the solution, which then 

were measured by an increase in the COD during the study. 

If exoenzymes are functioning on a colloidal particle, the 

resulting monomer units would likely be transported immediately into 

the cell. Therefore, no uptake and release phenomena would be 

exhibited unless the rate of hydrolysis surpassed the rate of trans-

port. 

McKinney [25] initially postulated that contact stabilization 

should be used for colloid wastes and that all colloidal wastes will 

exhibit the 11 uptake and release 11 phenomenon suggested for use as the 

contact tank detention time was the time required to remove any 

soluble substrate prior to the release of hydrolyzed substrate into 

the solution. From a theoretical viewpoint, this design procedure 

provided a very nice textbook problem; however from a practical 

viewpoint, it proved to be an operational nightmare. For this 

design approach to be successful, the plant would have to receive 

a wastewater consistent in both organic strength and hydraulic flow. 

Also the bacteria would have to cease functioning during settling 

in the secondary clarifier so that no release of substrate would 
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occur. The chance that all of these conditions would occur in a 

field operation is virt1Jally nonexistant. Therefore, what type 
of response does signify advantageous use of contact stabi-

lization? 

-One objective of the study was to investigate whether the 

typical kinetic response of contact stabilization is a function of 

the substrate chemical make-up. Since most wastewaters are composed 

of primarily protein and/or carbohydrate matter, the choices of 

albumin (protein), starch (carbohydrate), and jack bean meal 

(carbohydrate and protein) provided representative colloidal 

substrates. In the kinetic studies, the jack bean meal exhibited 

the best removal in the initial stages, probably because of its larqe 

insoluble fraction. Jack bean meal also showed a slight adsorption 

and release phenomenon following soluble substrate removal. 

Starch substrate produced the largest adsorption and release response 

However, in all cases, the hydrolysis of starch began immediately. 

Finally, the albumin acclimated culture exhibited a two step 

utilization of the albumin substrate as described by the oxygen 

uptake data in Figures V-1, V-2, and V-3. No adsorption 

and release of the alb~min was ouserved and initial substrate 

removals were probably not high enough to justify use of 

contact stabilization. Finally, no real conclusion could be made 

with regard to the relationship between substrate composition and 

the classical contact stabilization uptake and release phenomenon. 
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However, the activated sludge cultures that were acclimated to the 

carbohydrate containing substrates did possess better adsorption 

and settling characteristics. This may have resulted from the 

attraction of the carbohydrate colloids to the carbohydrate exo-

cellular bacterial matrix. 

Effect of Glucose Upon Colloid Utilization 

Glucose has been reported to be a strong catabolic repressor 

[9,10], and the observations of these studies reinforced this obser-

vation. The glucose supplementation affected not only the manner 

and rates of removal but also the adsorptive capacities of the 

sludges. 

For both albumin and jack bean meal substrates, glucose supple-

mentation produced a sequential uptake in the substrates--glucose 

first, followed by the colloidal organics. The glucose appeared to 

repress the production of one or more enzymes required for utilization 

of the organic material. The starch-glucose mixtures did not show 

any consistent signs of sequential uptake. 

The effects of enzyme repression carried over to the removal rate 

and adsorption capacity results. Prior to the experimental work, it 

was assumed that the addition of the easily assimilatable glucose 

would increase the rate of total substrate removal. This supposition 

proved correct except in the case of albumin. For twenty percent 

glucose addition, the substrate removal rates significantly decreased 

from those measured for pure albumin. This result may be related to 
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the observed reduction in adsorption capacity of the sludge afte~ 

glucose addition. Apparently, the glucose presence altered the nature 

of the bacterial floe surface. One hypothesis is that the glucose 

repressed production of cell-bound extracellular enzymes, which 

would result in a.reduction in the number of receptor sites on the 

surfaces for the albumin colloids. Another hypothesis is that the 

glucose presence simply altered the bacterial population to one with 

less capacity for albumin adsorption. Since all cultures were 

acclimated before data collection, the latter mechanism is plausible. 

Albumin was not the only substrate affected by the glucose; the starch 

adsorption capacity also was. decreased. Jack bean meal adsorption 

results, however, were inconclusive. 

From generally accepted contact stabilization process theory, 

the substrate removal was hypothesized to be sequential, soluble 

then colloidal, resulting in potentially advantageous use of the two 

tank arrangement. Also, the adsorption or enmeshment of the colloidal 

matter by the sludge was assumed to be a key factor in the success 

of the contact stabilization process. The results from the studies 

with glucose qualified these assumptions. First, the mere presence 

of both soluble and colloidal organics in wastewater does not ensure 

a sequential uptake phenomenon. Wastewaters containing both soluble 

and colloidal substrates will have a unique response depending upon 

the nature of the two substrates, i.e. does the presence of soluble 

substrate repress the colloidal substrate utilization? If a 



191 

wastewater does not exhibit a sequential uptake, yet does show an 

instantaneous and significant 11 release 11 of substrate, a plug flow 

contact stabilization system should not be used since release of 

substrate would occur in the contact tank. 

Secondly, the presence of certain soluble organic components 

may reduce the adsorption or enmeshment capacity of the sludge. 
j 

Emphasis should be placed on the word 11 certain 11 , since all soluble 

molecules do not display catabolic repression functions on bacteria. 

This study employed glucose which is a strong catabolic repressor. 

More study should be done on the effect of various soluble sub-

strates upon the adsorption capacity of an activated sludge. 

Yield Coefficients 

The yield coefficients obtained in these studies ranged from 

0.765 to 1.136 grams of MLSS per gram of COD utilized. These values 

were quite high when compared to typical yield coefficients reported 

in the literature for activated sludge (0.32-0.69 grams of cells/ 

gram of COD). Possible reasons for this phenomenon may be 

the measurement of an inordinate amount of inorganic and nonbiode-

gradable organic matter in the solids test or the presence of a 

significant amount of unmetabolized colloidal substrate remaining 

in the floe matrix. 

With respect to the first hypothesis, the jack bean meal 

substrate contained a large amount of insoluble organic material 

which more than likely contributed to the large yield coefficients 
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observed for the jack bean meal activated sludge. The starch and 

albumin cultures, however, did not possess large quantities of 

insoluble material, yet large yield coefficients were still 

measured for the two acclimated cultures. One explanation that 

seems reasonable for this phenomenon relies upon the storage of the 

substrate on the cell surface, or in the floe matrix. The question 

of whether this storage would be voluntary or involuntary was not 

answered by the data. However, if this extracellular storage or 

entrapment does occur, it may have serious implications for the 

adsorptive capacity of the activated sludge in a contact stabilization 

system. For example, when a sludge containing extracellular substrate 

is pumped into the contact tank, less adsorption of the colloidal 

material could occur because of the presence of the entrapped sub-

strate colloids. This situation is analagous to the work of Walters, 

et. al. [30] wherein they concluded that the presence of intracellular 

stored metanolites in activated sludge decreased the substrate removal 

rate of the bacteria. Nonetheless, a properly chosen stabilization 

detention time can avert the problem of a reduced initial substrate 

removal potential whether the substrate is soluble or colloidal. 

Physical Factors 

Significance of Adsorption or Enmeshment of Colloids 

The physical separation of colloidal substrate from wastewaters 

is essential to the success of the contact stabilization process. 

Adsorption and/or enmeshment are commonly cited as the mechanisms 



193 

responsible for the removal of the colloidal material in the contact 

tank. Results from these studies corroborated the existence of these 

mechanisms and aided evaluation of the effect of certain physical con-

ditions on these mechanisms. Further, the facility of colloidal 

adsorption and enmeshment was determined to be a function of the 

separate substrate and sludge characteristics. The following dis-

cussion to follow will deal with the dependence of colloid removal on 

substrate characteristics and sludge characteristics separately. 

Colloid Removal as Related to Substrate Characteristics 

The adsorption or enmeshment of colloidal substrates in 

activated sludge floes was found to be, in part, a direct function 

of certain substrate characteristics. For example, the type of sub-

strate appears to be very important with regard to physical removal. 

The substrates chosen for these studies consisted of primarily protein 

(albumin), carbohydrate (starch), orv1as a protein-carbohydrate mixture· 

(jack bean meal). The two substrates containing carbohydrate 

material exhibited a tendency to be easily removed from solu-

tion. c:1ian and Dei·Jalle [64] reported that carbohydrate 

substrates were the first materials removed from a diluted leachate 

substrate when fed to an activated sludge· system. They also stated 

that the carbohydrates were adsorbed to the cell wall resulting in 

flocculation of these cells. This affinity of activated sludge 

bacteria for carbohydrates may be related to the carbohydrate com-

position of their exocellular polymers. Since these polymers are 



194 

involved in cell flocculation, it is quite conceivable that free 

floating carbohydrate polymers would be attracted to the bacterial 

cell. 

pH, ionic strength, and cation valence were some of the variables 

tested in these studies. The pH effect upon the substrate removal 

appeared to be small. Only the albumin was significantly affected 

by pH variations. Data obtained described a precipitation of the 

albumin from solution as the pH was progressively lowered toward 

its isoelectric point (pH = 4.6). Due to this precipitation, the 

albumin acclimated sludge exhibited a greater adsorption capacity 

with a drop in pH. The jack bean meal also displayed the same 

type of behavior at low ionic strength conditions. No precipitation 

of particles was observed for jack bean meal, but its electrophoretic 

mobility significantly decreased as the pH was lowered. In relation 

to the contact stabilization process, pH would probably play an 

effective role if the isoelectric point of the substrate lay in the 

operable range for activated sludge. 

The ionic strength and ionic character influenced the removal 

of the colloidal substrates. Increases in ionic strength appeared 

to decrease the colloids inherent, repulsive negative charges described 

by the electrophoretic mobility data. From the isotherm data this 

reduction in charge generally encouraged better physical removals 

of these colloids. The ionic character of the solution also induced 

better colloid removal. However, there existed no consistent pattern 

with respect to the type of cation present (Na+ or Ca+2) and the 
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degree of removal. For instance, the albumin colloids were better 

removed from the calcium solutions whereas the jack bean meal had 

enhanced removal in a sodium ion environment. The enhancement 

of albumin colloid removal in a calcium environment can be 

related to the particle count data in Figure V-38. The number 

of particles counted increased dramatically in the calcium solutions, 

apparently because of precipitation and aggregation of the albumin 

polymer from solutions. This particle number increase apparently 

relates to enhanced albumin removal. The jack bean meal removal 

appeared directly related to the mean size of the substrate colloids. 

Table V-4 described a larger mean particle size in .01 ionic strength 

NaCl solution than in the .001 ionic strength NaCl solution. 

Adsorption isotherms in Figure ~67 exhibited a concomitant increase 

in adsorption capacity of the jack bean meal sludge in the NaCl 

solutions. The same pattern existed from the CaC1 2 solutions with 

the exception that the mean particle size decreased with an increase 

in ionic strength. This was accompanied by a decrease in the jack 

bean meal adsorption capacity of the sludge. Finally, the degree of 

starch substrate removal appeared to be more a function of the sludge 

characteristics than the substrate characteristics. Further dis-

cussion follows in the next section. 

Removal as Related to Sludge Characteristics 

Two very interesting effects were noted in the adsorption 

studies related to sludge characteristics. The first concerns the 
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degree of substrate colloid removal and the solids concentration of 

the sludges, and the second involves how tightly the sludge holds 

the adsorbed or enmeshed substrate colloids. Prior to the studies, 

it was believed that a higher sludge solids concentration would 

augment substrate colloid removal. However, the adsorption 

isotherms described significant decreases in the amount of sub-

strate removed per unit of sludge as the solids concentrations 

increased. Two causative factors were postulated to be: 

1. For enmeshable substrates, the low MLSS concentrations 

(approximately 1000 mg/l) easily removed a major portion 

of the colloids. Any further increase in the MLSS concen-

tration only slightly supp., ementel the· coiioi da 1 substrate 

removal. This led to the disparity in the adsorption 

isotherms such that the adsorption capacity appeared to be 

reduced with an increase in MLSS. Jack bean meal and 

albumin substrates exhibited this mechanism. 

2. If the adsorption mechanism was dominant, the substrate 

colloids were removed as a function of the surface area of 

the floe. For the low sludge concentrations, smaller sludge 

floes were generated thereby increasing the surface area 

available for adsorption of the colloid. This variation in 

particle size was clearly seen for the starch sludge in 

Table V-5. 
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From the standpoint of total removal of substrate colloids, some 

very interesting patterns were noted as shown in Figures VI-1, VI-2, 

and VI-3. These data were obtained from the isotherm studies performed 

with the biologically inactive sludges. The plots describe the total 

amount of substrate COD removed for varying amounts of substrate 

applied to different levels of biomass solids. Only that data 

involving two MLSS concentrations at a pH of 6 were plotted for 

·the purpose of visual clarity. 

For the highly adsorptive starch substrate shown in Figure Vl-2, 

an increase in the MLSS concentrations was detrimental to the total 

removal of the starch. This was initially thought to be due to a 

reduction in the surface area available for adsorption at ·the higher 

MLSS concentrations. However, simple calculations made for determi-

nation of total surface area showed that the total surface area was 

greater at the higher MLSS concentration. Alternate explanations 

formulated for this phenomenon included variations in the charge 

density on the bacterial surfaces and variations in the manner of 

adsorption (multilayer or single layer) as the MLSS concentration 

varied. However, the concept of a greater surface area was still 

believed to play a major role in the starch removals. This was 

based on the fact that the sludge particle sizes were calculated 

using particle counts obtained with a 5 to 300 micron sensor. 

Any particles with diameters less than five microns were not counted 

which may have contributed a major portion of the surface area 
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available for adsorption. Therefore, the surface area theory may 

still be a valid one. 

Analysis of Figures VI-1 and VI-3 (albumin and jack bean meal, 

respectively), in some cases, describes better removals of substrate 

colloids at higher MLSS concentrations. For albumin, by approxi-

mately tripling the MLSS concentrations, removals of albumin sub-

strate were doubled. The jack bean meal substrate was only slightly 

augmented, and, then, only in the sodium chloride solution. 

For these two substrates and any other colloidal substrates 

that are removed via enmeshment, higher MLSS levels may augment the 

total colloidal removal. However, from a comparison of the jack 

bean meal and albumin data, there appeared to be a solids con-

centration above which little or no further removal of colloids was 

possible. For jack bean meal, this solids level appeared to have 

been reached at about 1000 mg/l or lower in a calcium environment. 

The solids level for maximum albumin removal, however, could not be 

pin-pointed. 

From a design and operational standpointi high MLSS levels 

in the contact tank of a contact stabilization process may or may 

not increase the system efficiency. If the wastewater contains 

substrate colloids of a highly adsorption nature, physical removals 

of the substrate may actually be enhanced by lowering the MLSS con-

centration in the aeration basin. On the other hand, enmeshable 

colloidal substrates will be removed in greater quantities with 

increases in MLSS concentrations. There is, however, a maximum 
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amount of substrate that can be removed no matter how high the biomass 

solids concentrations are increased. 

The degree or strength of the substrate colloid-sludge floe 

was observed in the physical studies. There appeared to be either 

a strong or a weak bond between the colloid and the sludges 

whether enmeshment or adsorption was the mechanism involved. In 

all cases, both an increase in ionic strength and the presence of 

calcium ion strengthened this union. This _agrees very well with 

the Novak model of bioflocculati~n [18,19] wherein the presence of 

divalent cations and the ionic strength of a solution play important 

roles in the aggregate of bacteria in activated sludge. The solu-

tion pH also appeared to affect this union--generally, the lower 

the pH, the stronger the interaction. This was probably a result 

of the decrease in the repulsive charge on the substrate colloids. 

Application to the Contact Stabilization Process 

One result not mentioned in this chapter but alluded to in the 

previous one, was the reduction in the supernatant particles after 

substrate addition. The substrate colloids were thought to add 

weight to or act as coagulants for the biological floes resulting 

in better settling of the suspended biomass. This answers, at 

least partially, the question of why contact stabilization 

processes produce an effluent lower in suspended solids than 

a conventional typical complete mix activated sludge system. 
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It should be strongly emphasized that simply because a waste-

water is predominately colloidal does not automatically suggest 

advantageous use of contact stabiliz~tion. Khararjian and Sherrard 

clearly demonstrated that the desired reactions did not occur when 

a colloidal yogurt waste was used [24]. Thorough laboratory 

testing of the wastewater and its suitability for use in contact 

stabilization should be made from both a metabolic and physical 

standpoint. Since the results of these studies did point to various 

factors affecting the substrate colloid-sludge union, an investigator 

could improve the efficiency of a contact stabilization system by 

simply adjusting the pH or adding a calcium salt to the wastewater. 

The substrate to sludge ratio may be an effective parameter 

for operational control of the contact stabilization system. 

Commonly, for ratios less than one, the substrate sludge mean 

particle sizes were greater than in the control. This could 

potentially lead to better settling, thickening and dewatering of 

the sludge if wasting occurred from the clarifier. More testing 

is required to support this hypothesis though. Also, the super-

natant suspended solids concentrations were decreased up to a 

ratio of one under certain conditions. At ratios greater than one, 

the supernatant usually became more turbid than the control. 



CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

The purpose of this study was to evaluate certain metabolic and 

physical functions of activated sludge bacteria upon selected 

colloidal substrates and to determine how these functions would 

impact a contact stabilization system. Specific conclusions were: 

1) The carbohydrate substrates used in these studies (starch and 

jack bean meal) exhibited an 11 adsorption and release 11 

phenomenon whereas no such response was noted for the 

albumin, a predominately proteinaceous compound. From the 

results obtained in this study, wastewaters containing major 

. quantities of carbohydrates are quite likely to exhibit an 

adsorption and release phenomenon. 

2} Two stage oxygen utilization exists during colloidal organic 

utilization. This was observed for the albumin and starch 

substrates. However, it remains unclear as to what type of 

substrate or conditions would stimulate this sequential 

utilization of oxygen. 

3} The addition of glucose as a portion of the substrate 

decreased the sorption capacity of a metabolically 

active activated sludge. This was attributed to the 

repression of extracellular enzyme production by the 

glucose. In turn, enzyme repression reduced the active sites 

204 
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on the bacterial cell surface for adsorption of the sub-

strate. 

4) The sorption. capacity of an activated sludge culture was found 

to be a function of pH, ionic medium and ionic strength. 

pH effects were substrate specific whereas ionic strength and 

ionic medium affected both the sludge and the substrate. 

5) Carbohydrate wastes exhibited better sorption characteristics 

on both metabolically active and inactive (mercury poisoned) 

bacterial floes. Wastewaters containing large quantities of 

carbohydrates should be seriously considered for treatment by 

contact stabilization. 

6) Increases in MLSS levels did not always augment the unit and 

total sorption capacity of the sludge. In fact, decreases 

in both of these capacities were observed. In all cases, the 

unit sorption capacity was the same or greater for the lower 

MLSS concentrations. However, the total sorption capacity 

varied with respect to the mechanism for removal of the 

substrate. For highly adsorptive substrates (starch), decreases 

in total removals were noted. However for enmeshmenable sub-

strates (albumin and jack bean meal), total removals were 

augmented by increases in MLSS. The differences were attributed 

to the type of substrate being removed and the available surface 

area for adsorption. 
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7) Decreases in supernatant turbidity with substrate addition were 

commonly noted with decreases in ionic strength. This turbidity 

removal was attributed to the action of substrate colloids upon 

the sludge. Specifically, coagulation of dispersed bacteria 

by the organic colloids and the addition of weight to the sludge 

floe by the adsorbed or enmeshed colloid were believed to be 

the mechanisms involved. 

8) The presence of calcium ions appeared to strengthen the sub-

strate-sludge union. This provides supportive evidence for 

the Novak model of bioflocculation which proposes that enmeshment 

of colloids in bacterial floes composed of biopolymers and 

cations is the major mechanism of bioflocculation. It is 

suggested that the cations act simply as binding agents 

between the polymers. 

RECOMMENDATIONS 

Further study should be performed on evaluating factors that 

affect the contact stabilization system. Specific areas for study 

are: 

l) The effect of specific growth rate (sludge age) on the 

adsorption and/or enmeshment of substrate colloids. (This 

would provide .valuable information to the operators of 

contact stabilization systems.) 
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2) The effect of various soluble substrates upon removals of the 

colloidal substrates by activated sludge. (One suggestion is to 

supplement filtered primary effluent in a defined colloidal sub-

strate.) 

3) A sensitivity analysis on the efficiency of a continuous flow 

contact stabilization system should be performed with respect 

to: 

a) Recycle ratio, 

b) Plug flow vs. complete mix regimes, 

c) Hydraulic flow fluctuations, 

d) pH and ionic character of the solutions, 

e) Contact tank detention time. 
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APPENDIX A-1 

NUTRIENT SOLUTIONS FOR ACTIVATED SLUDGE 

Concentration 
Solution Constituent (g/l) 

A* NH4Cl 38.23 

B KH2Po4 107 .00 
K2HP04 215.00 

C** MgS04·7H20 20.28 
CaCl 2 5.54 
MnS04·H20 6.08 
FeC1 3·6H20 9.68 

*10 mg of N/ml 
**2 mg of cation/ml 
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APPENDIX A-2 

BUFFER SOLUTIONS 

Buffer Solution Concentration* 
Buffer Solution pH Constituents (g/1) 

Malanie Acid 6. l C3H404 10.41 
Na OH 6.00 

Phosphate 7.2 KH2Po4 6.80 
K2HP04 8. 71 

Tris 8. l C4H11N03 12. 11 
HCl l.83 

Boric Acid 9.2 H3Bo4 4.38 
Na OH 2.00 

*Concentrations shown are equivalent to O.lM solutions of buffer. 
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APPENDIX B 

Description 

Particle Counting Procedure 

Particle Count Tables 

Particle Count Analysis 



Dilution of Sample 

APPENDIX B-1 

PARTICLE COUNTING PROCEDURE 

The Hiac Particle Counter required dilution of highly concen-

trated particle solutions. For the supernatant samples, measured 

dilutions from .004 to .04 were used for passage thru the 1 to 60 

micron sensor. The sludge samples also needed dilution for the 5 

to 300 micron sensor. However, no measured dilutions were per-

formed due to interest in only the distribution of the particles 

and not the particle count. The make-up of the dilution water was 

identical to the ionic character and strength of the sample solutions. 

The pH was also adjusted to equal that of the original sample. 

Particle Counting 

The diluted sample was placed in 125 ml erlenmeyer flasks and 

placed into the mechine for counting. The samples were continuously 

mixed during counting. Ten milliliter samples were measured and 

three repetitions of these counts were performed. The analyzer was 

adjusted to supply twelve separate values. Each value represented 

the number of particles in the sample with diameters in predetermined 

range. These ranges were set by the investigator and are shown in 

the particle count data later in the appendix. Finally, a particle 

count on the dilution water was performed to account for backround 

particles. These values were subtracted from the sample counts, 

and the particle counts listed later in this appendix reflect this. 
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APPENDIX B-2 

Description 

Supernatant Particle Counts {l-60 micron) 

Substrate-Sludge Particle Counts {5-
300 micron ) 

Substrate Particle Counts {l-60 micron) 

Substrate Particle Counts (5-300 micron) 
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Supernatant Particle Counts {1-60 micron) 
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APPENDIX B-3 

PARTICLE COUNT ANALYSIS 

Only two variables· resulting from the particle count data were 

utilized in analyzing the research project. They were total particle 

count per milliliter of sample and the mean particle size. The 

initial value was calculated by simply summing the number of 

particles counted in each size range for each sample. The dilution 

factor (if measured) was then applied after which the resulting 

value was divided by the volume measured (in milliliters). 

The mean particle size was calculated from frequency distri-

bution of the particle counts. The number of particles in each size 

range was divided by the total particle count. These quotients 

represented the fractional percentage of particles in the respective 

size ranges. The mean particle size was then determined by multi-

plying the fractional amounts by the average (arithmetic) particle 

size of each size interval. 
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APPENDIX C 

Description 

Explanation of Statistical Analysis 

Fixed Effects Model 

Albumin Mean Particle Size ANOVA 

Starch Mean Particle Size ANOVA 

Jack Bean Meal Mean Particle Size ANOVA 



APPENDIX C-1 

EXPLANATION OF STATISTICAL ANALYSIS 

The mean particle size values for each substrate were analyzed 

using a three-way analysis of variance (ANOVA). Ionic medium, ionic 

strength, and pH were the variables tested for effects upon the 

particle sizes. Each variable was assumed to be a fixed variable. 

Four tables follow in this appendix. The first represents the general 

model for a fixed effects analysis which was used to test for signi-

ficant differences. The other three list the ANOVA for each sub-

strate. 
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APPENDIX C-2 

FIXED EFFECTS MODEL 

Source of Variation Model 

Ionic Medium (IM) · 

pH 

Ionic Strength (I) 

IMX pH Interaction 

IMxI Interaction 

pHxI Interaction 

IMxixpH Interaction 

Error 

2 
2 ( £0. ) a +nbc a-l 

2 l: 2 
a +nab(c~l) 

2 l:(a.S) 2 ) 
0 +nc(ab-a-b-b+l 

2 2+ ( l:{a.y} ) 
0 nb ac-a-c+l 

2 E(Sy) 2 ) 
0 +na(bc-b-c+l 

2 2 E{a.Sy) ) 
a +n(abc-ab-ac-bc+a+b+c-1 

2 a 
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APPENDIX C-3 

ALBUMIN MEAN PARTICLE SIZE ANOVA (THREE-WAY) 

Source* df** SS*** MS**** F***** 

IM l 0. 111 0 .111 0.23 

pH 2 0.811 0.406 0.83 

I l 0.444 0.444 0. 91 

IMxpH 2 0.394 0.197 0.40 

IMxI l 0.588 0.588 l.20 

Ix pH 2 0. l 91 0.096 0. 19 

IMxixpH 2 0.681 0.341 0.69 

Error 24 11. 760 0.490 

Total 35 114.979 
*see Appendix C-2 for explanation of source abbreviations 
**df = degrees of freedom 
***SS = sum of squares 
****MS = mean square 

Pr>F****** 

0.638 

0.449 

0.350 

0.673 

0.284 

0.825 

0.509 

*****F = F value; a statistical function used to describe statistical 
differences 

******Pr>F = represents the level of statistical significance, e.g. 
[l-(Pr>F value)]xlOO equals the significant effect by the 
corresponding variable 
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APPENDIX C-4 

STARCH MEAN PARTICLE SIZE ANOVA (THREE-WAY)* 

Source df SS MS F Pr>F 

IM 1 4. 271 4. 271 3.86 0.0612 

pH 2 0.382 0. 191 0. 17 0.8425 

I 1 57.254 57.254 51. 70 0.0001 

IMxpH 2 0.509 0.255 0.23 0.7965 

IMxI 1 1. 778 1. 778 1. 61 0.2173 

IxpH 2 0.542 0.276 0.24 0.7848 

IMxixpH 2 0.176 0.088 0.08 0.9240 

Error 24 26.580 1. 108 

Total 35 91.49 

*See footnotes, Table C-3 for explanation of column heading symbols. 
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APPENDIX C-5 

JACK BEAN MEAL MEAN PARTICLE SIZE ANOVA (THREE-WAY)* 

Source df SS MS F Pr>F 

IM l 0.694 0.694 l. 90 0 .11805 

pH 2 0.249 0.125 0. 34 0.7145 

I 1 5.601 5.601 15.35 0.0007 

IMxpH 2 0.962 0.481 l.32 0.2863 

IMxl 1 61.884 61.884 169.55 0.0001 

Ix pH 2 0.896 0.448 1.23 0.3110 

IMxlxpH 2 0.862 0 .431 1.18 0.3241 

Error 24 8.76 0.365 

Total 35 79.909 

*See footnotes, Table C-3 for explanation of column heading symbols. 
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MECHANISMS OF CONTACT STABILIZATION SUBSTRATE REMOVAL 

by 

Victor Gulas 

(ABSTRACT) 

The purpose of this study was to investigate the interaction 

between colloidal substances and activated sludge and attempt to relate 

this information to the performance of activated sludge processes, 

particularly the contact stabilization process. Protein and carbohyd-

rate organic colloids and a combination substrate were separately 

studied to determine if the type or classification of substrate colloids 

is a factor in the colloid-sludge interaction. 

Albumin, potato starch, and jack bean meal were the substrates 

chosen. Two series of studies were performed. The first involved moni-

toring metabolic uptake of the colloidal substrates alone and then with 

glucose supplementation. The second series used mercury poisoned acti-

vated sludge to investigate the physical-chemical removal of different 

loadings of the colloidal substrates. During these experiments, condi-

tions of pH, ionic strength, and cationic valence were varied to deter-

mine their role in the physical interactions between the colloids and 

the sludge. 

Data obtained from the metabolic studies were monitored for 

unusual responses in substrate and oxygen utilization. Other 

factors determined included yield and oxygen utilization con-

stants, substrate removal rates, and initial removal capacities 

of the sludge. Physical studies on the metabolically inactive 

sludge yielded data on the facility of organic colloid removal by 



activated sludge under a variety of different environmental con-

ditions. Removal capacities were recorded as well as any particle 

size variations of the activated sludge after colloid addition. 

Further information was obtained on the settleability of the 

colloid-sludge mixtures. 

·An adsorption and release phenomenon was observed for the two 

carbohydrate containing substrates while a two step oxygen utili-

zation was observed for albumin and starch. Glucose addition was 

hypothesized to repress extracellular enzyme production thereby 

decreasing the sorption capacities of the activated sludge. Studies 

with the metabolically inactive sludges indicated that variations in 

pH, ionic strength, and cation valence play important roles in the 

physical removal of organic colloids by activated sludge. Sorption 

capacities of sludge varied with MLSS concentration. Unit sorption 

capacities for all three substrates decreased as MLSS levels in-

creased. Total sorption capacities increased for albumin and jack 

bean meal with an increase in MLSS; the starch removal capacity how-

ever still decreased. The type of sorption occurring (adsorption or 

enmeshment) was believed to be important for these variances. Better 

quality supernatants were noted after substrate colloid addition. It 

was hypothesized that dispersed bacteria in the supernatant were coagu-

lated by the organic colloids. Finally, carbohydrate colloids responded 

in a manner consistent with contact stabilization theory. Specifically 

the carbohydrates exhibited better sorption characteristics as .wel1 

as an adsorption and release phenomenon. 
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