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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'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 modific§tion 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 flocs. Then, the colloid-sludge
mixture is settled and pumped to another‘tank and aerated to accpmp]ish
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
tol]oids. 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



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 co]]pida] organics. The original design of the contact stabi-
lization system was based on this substrate "uptake and release"
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 "conditions" 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 "con-
ditioning" 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



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 I1I
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 i1lus-
trates this sequential arrangement.

The contact tank contains mixed liquor concentrations of 1,000 to
3,000 mg/1, 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/1
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 [1] and Eckenfelder [2]. Ullrich and Smith [1]
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
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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 flocs 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
later.

The T1imiting 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-
water are broken down in Table II-1 [3] into dissolved, colloidal,

supracolloidal, and settleable forms. Clearly the insoluble forms



Table II-1

Fractionation of Solids in

Domestic Wastewater [3]

Raw Wastewater Secondary Effluent
Size Total Volatile Total Volatile
Range Solids Matter Solids Matter
Fraction (Microns)  (mg/1) (mg/1) (mg/1) (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




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 contaét 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 qf 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 wasté 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 $olute, 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 1ipid
~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 Tow
concentration of solute [9,10]. |

Active transport of solutes involves movement of molecules from
a zone of low concentration to a zone of high concenfration. This re-

quires expendﬁtures 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, é]most 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
enzymes 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 pef 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 pheny]a]anine) 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. "Surface 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. "In 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 pinocytoéis) which refers to fhe 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 Stumm [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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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 enzymés). 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 fhe activated sludge process is
the ability of the bacteria to separate themse1ves 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 bio]ogical flocs.

Many investigators [7,16,17] have studied these polymers com-
posed primarily of polysaccharide and po]yamino 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 floc seen in Figure 1I-6,
and related it to sludge dewatering properties. They, also, pkesented
a proposed mechanism for bioflocculation shown in Figure II-7. Here
organic colloids, bacterial or otherwise, are enmeshed in a biopolymer

2 and Ca+2) play an important role.

matrix in which cations (such as Mg+
Eckenfelder [20] stated that suspended and colloidal BOD removal
from a waste occurs by enmeshment into the biological floc and by
physiochemical adsorption onto the floc, respectively. Smallwood
[21] used a Chorella algal culture grown of radioactive carbon dioxide,
C]402, 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 floc.
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 adsbrbed 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 immediate]y adsorbed onto or
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enmeshed in the biological floc. A Freundlich isofherm plot was
unsuccessfully attempted to describe the data. anethe]ess, 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'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 hydroliysis
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 controvérsy

associated with the contact stabilization process.
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McKinney [25] stéted that early researchers, notably Eckenfelder
[2] and Smith [1], 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 flocs. Hydrolysis of these large particles
causes a "release" of soluble substrate back into the bulk medium.
Eventually, all the colloidal and-suspeﬁded 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 co11oidal 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 140 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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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
énd Sherrard [24], also, concluded no "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 Timiting 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
afso 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. WaTters,
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. Siddiqgi, 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 "inactivated". 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 stabilization modification for
treatment of wastewaters. For easily metabolized wastes, organic
substrate removal rate is commonly 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 6ccur 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 betwéen 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 II-11.

Performance of the Contact Stabilization Process
Many advantages are cited for the use of contact stabilization.

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

Advantages of Contact Stabilization Process

Advantages Literature Reference
Capital Cost Savings (11, 51, [37], [39]
Improved Settling Characteristics [61, [38], [39]
Resistance to Shock Loadings [5], [39]
High Organic Removal Efficiencies [2], [6], [40], [42]

Reduction in Frothing [37]
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which they are cited. Most of these positive atfributes have been
discussed earlier; therefore, this section will present concepts
from studies that downplay the contacf 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
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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 Tikened more to simple sludge

reaeration rather than contact stabilization.



CHAPTER III
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 1ight 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 u. Two general classes of colloids exist whose general behavior
is quite different: Tlyophobic and lyophilic.

Lyophobic colloids exhibit little affinity for the medium in

which they are suspended (solvent hating). Commonly, they are

36
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regarded as suspensions and are susceptible to flocculation and
coagulation by addition of electrolytes. Clay and metal oxide
particles in water are examples of Tyophobic 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 1yophobic and lyophilic colloid in solution
is conceptualized in Figure III-1.

The 1yophobic 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 concentrafion decreases
to levels consistent with the bulk solution. This distribution of ions
on and around thé 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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®

® Lyophilic
Colloid

+
Lyophobic
Colloid

Figure III-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 1/16 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 parémeters
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 "bridge" between polymers and colloids of like 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 hydrbphobic 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' jons 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 discusséd.
More specifically, this section will provide information on the

exocellular polymers found in activated sludge cultures which play
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the major role in the agglomeration or "bioflocculation" of the

bacteria.

Bioflocculation

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 entang]emént [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]. 1In some well devised studies, they demon-
strated that enmeshment of colloids in flocs 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 floc 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 floc. Logically, then, this alteration of surface charge
may have implications on colloidal substrate-bacterial floc 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 1 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 s]udgg.
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 Qid the monovalent ions (Na+ and K+), yet the differences
were not ?irge. Endo, et. al. [57] found that pure cultures of
Flavobacte?fum 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.



CHAPTER IV
EXPERIMENTAL APPROACH

Introduction

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
eva1uate‘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_g]ucose molecules linked together in one of two ways.
Depending upon this type of linkage, starch is separated into two
fractions: amylose and amylopectin. Amy]ose_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 tb
82,600. It prefers a coiled cylindrical geometric structure in
solution. Also described in Figure IV-2, amylopectin isAa 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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Figure IV-1:; Structure of the Amylose Starch Molecule
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Figure IY-2; Structure of the Amylopectin Starch Molecule
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branch points is characterized by formation of «-1,6-glucosidic
Tinkages. The exact structure of this molecule is not knewn 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 performed
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 domeétic
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 méntioned, 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



53

Table IV-1

Composition of Jack Bean (Canavalia ensiformis)

Constituent Quality (grams)*
Moisture - 88.6
Protein 2.7
Fat 0.2
Carbohydrate 7.9
Ash 0.6

*The above analysis is of 100 grams of raw, immature pods.
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was s{phoned off. Tap water was used to restore the cultures to the
original three liter volume. Substrate (~500 mg/1 COD) and essential
nutrients were then added and aeration begun.

Substrate were prepared daily. The preparation 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 1h tap water and heating to a boil. One other pre-
liminary step for the jack bean meal involved the sievihg 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 Tists 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/1.
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

s trae
Nitrogen (NH4C1) 10/1 as COD/N
Manganese (MnSO4-H20) 250/1 as COD/Mn
Magnesium (MgSO4~7H20) V250/1 as COD/Mg
Iron (Fe013-6H20) 250/1 as COD/Fe
Calcium (CaC]z) 250/1 as COD/Ca
Phosphorus*

*A phosphate buffer was utilized for both nutrient requirements and
pH control by adding 10 mls of the stock buffer solution (80 grams
KHoPO4 + 160 grams K,HPO4 in 1 liter of distilled water) in every
liter of feed so]utign.
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More speéifica]]y, 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 okder 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, a 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 Tiquor 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. 1 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 méasurements were made in accordance with Standard Methods
Section 208D using Reeve Angel glass fiber filters (pore size = 0.45y).

The oxygen uptake procedure was followed from Standard Methods Section
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213B. 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 1nteraction studies between the co]]oida] substrates
and the biomass were separated into two sections. Initially, electro-
phoretic mobility measurements were made to determine stability of
both the co]]oids and biomass under various conditions. Secoﬁd]y,
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 1yophobic 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 jonic strengths (I = .001 and .01)

- ¢) Two ionic mediums (NaCl and CaCl,)
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The pH adjustments were made using buffer solutions and 0.1N NaOH
and 0.1N H2504. 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 CaC12 were used instead of tap water.
Measurements on two of the three substrates were made with
Tittle difficulty; no values could be obtained for starch.

Activated sludge mobility measurements were made by first

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

These measurements were made to determine if a Tink existed between

adsorption of colloidal substrates to activated sludge and the sur-

face charge on the bacterial flocs. 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/1.

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:

=D
EM—tV
where EM = electrophoretic mobility, uwm/sec/volt/cm
D = distance traveled by colloid, um
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 jon on

the specific oxygen uptake rate of the activated sludge. A .common
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dosage of 20 mg Hg+2 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 "optimum" dosage of mercury, it was washed with a CaC]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 CaC]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/1 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 immediate 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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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 CaC]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. Supef-
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 concentrétion between 1000 and
3000 mg/1. Meanwhile, concentrations of substrate ranging from
100 to 4000 mg/1 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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Table IV-3
Electrophoretic Mobility
cm/sec/volt/cm
Ionic No Mercury Mercury

Type of Activated Sludge Medium/Strength Addition Addition

Albumin Acclimated NaC1/.001 5.15 4.90
CaC1,/.01 1.50 1.60
Starch Acclimated NaC1/.001 2.90 3.30
CaCl,/ .01 0.90 1.00

Jack Bean Meal Acclimated NaC1/.001 3.90 3.90
‘ CaC]z/.Ol 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 Timiting the
number pH values tested to three. The conditions are summarized below:

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

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

c) Two ionic mediums (NaCl, CaC12)
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/1, it was be]ieved 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 a 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 "conditioned" water was placed. Then, 100 mis
of sludge was poured into each flask. Once mixed, the final concen-
trations of substrate and sludge were, again, between 100 to 4000 mg/1
and 1000 to 3000 mg/1, 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 operdtes can
be found in Appendix B. This particular counter was equipped with
two counting sensors--one measuring particles between 1 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 1 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 floc particles.

A11 three organic substrates were tested in the same manner

described above yet without any sludge addition. The only change
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4
Substrate-Sludge Mixture
v v
Supernatant Sludge-
Supernatant
. e Particle Counts

Y Particle Counts
oD (5-300 u range)

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
é]iquots 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.



CHAPTER V
RESULTS

Metabolic Studies

Introduction

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‘mea1)
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" phenomenon,and the variation of oxygen uptake in re-
lation to substrate uptake was closely scrutinized. Both of these
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
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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 curvé probably correspond to hydrolysis and inter-
cellular 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, substréte
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
Tine 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 a]bumih. 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 gfam 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 were 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 1ine) did not vary

significantly for any substrate combination.
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Adsorptién Capacity

The adsorption ability and capacity was of great interest in
this study because of its importance in the contact stabilization
process. Figure V-12 describes adsorption isotherms obtained in the
batch stédies. The difference between the amount of substrate added
and the settleable 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,l The equilibrium concentration was the total amount of
settleabTe 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

Metabolic Response

The $tarch 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 solublé 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 drob. 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 iq 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 yie1d
coefficients 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 storége 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 1.126
(80/20) 0.503 1.425
0.727 1.479
Starch/Glucose 0.245 1.497
(60/40) 0.477 1.532

0.711 1.597
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This will be addressed later in more detail.

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-
mehtation of glucose the adsorption capacity decreased. Figure V-24'
illustrates the evidence for this statement.

However, attention should now be directed foward the isotherm
for pure starch. There is one outlying point which éorresponds
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 "uptake and
release" 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 acclimated culture of activated sludge for each
substrate. Quantities of sludge required 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 "hump" registered in the settleable COD
data. However, the soluble COD shows no concurrent response. This
could mean that either the "released" 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
»supp]ementation, 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 to find that the "adsorption-release"
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phenomena occurs at the termination of the glucose uptake 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 Tists fhe removal rates for the
various substrate combinations and Toadings. 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 énd Cxygen 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 indicafing 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. Apparent1y,
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 1.061
0.777 0.867
Jack Bean Meal/Glucose 0.264 1.475
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 Titerature
are between 0.4Ito 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 initia]
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 remoyed

in the initial five minutes of the study (a very liberal assumption),
énd 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 forfy percent glucose supple-
mentation, there appeared to be an enhanced adsorptive capacity.
However, this enhancement effect was based on a Tiberal 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
co]1oid-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 étudied 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?" 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 measureable particles
between 1 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 Téble V-4, no statistically
significant variations were found for albumin. Appendix C lists all
the statistical studies.

The jack bean meal substrate showed véry 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 amyTopectin 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*

NaCl CaC]2

Ionic Medium

Substrate

.01 .001 .01

Ionic Strength .001

pH
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*Mean particle sizes are expressed in microns.
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data for starch in .01 ionic strength CaC12 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 jons
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
énd jack bean mea] co]]oids'deckeased 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 thén 90%) .

Specifically, the starch substrate mean particle size increased
with an 1nérease in ionic strength and cation valence. The‘jack bean
meal substrate, however, had a rather peculiar reaction. For fhe
NaCl ionic soTutions, a larger mean particle size was exhibited at

the higher ionic strength. The opposite occurred for the jack bean
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meal suspended in the CaC]z, 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 siudges. 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 Stréngth, Ionic Medium, and Solids Concentrations

The electrophoretic mobility studies indicated an effect on
the sludges due to jonic strength and medium. A1l the activated sTudge
mobilities dropped with an increase in ionic strength and cation
valences.

STudge 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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Figure V-42: Relationship Between Electrophoretic Mobilities
of Albumin Sludge and pH in Two Ionic Mediums
and Two Ionic Strengths
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Table V-5

Sludge Mean Particle Sizes

Mean Particle Size

Substrate Acclimated Ionic MLSS (microns)
Sludge Medium/Strength  (mg/1) pH6  pH7  pH
Albumin NaC1/.01 1055 30.8 30.1 30.7
2825 32.3 31.7 31.5
CaC]z/.O] 925 18.9 17.8 18.4
2770 26.1 24.7 24.6
Starch NaC1/.001 990 18.9 17.8 18.4
2725  31.5 28.7 27.7
NaC1/.01 2650 24.2 18.8 20.6
2750 -- 22.6 22.2
CaC]z/.001 885 22.6 26.4 21.6
2800 43.9 36.9 36.4
CaC]z.OT 960 66.1 65.2 64.8
2665 53.0 59.7 51.0
Jack Bean Meal NaC1/.001 957 23.3 22.4 21.8
2860 20.2 20.9 20.5
NaC1/.01 1020 19.6 19.6 18.9
CaC]Z/.OOI 933 23.9 22.5 22.3
2740 24.0 21.8 19.4
2645 24.0 25.0 25.4
CaC]z/.Ol 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 ail
three of these parameters. The calcium ion appeared to be intimately
involved in the floc 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 Tow 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 Towest 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 CaC]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

.C-aC12 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, easi]y 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 reﬁuired 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,
sheafing or separation of the couple occurred resulting in a smaller
mean particle diameter. EQen 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-s]udge
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 pértic]e
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/1, 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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in a NaCl Solution (I=.01)
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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 (represehted
by the middle Tine in Figure V-48) responded With a more moderate
increase in pértic]e size. FinaT]y, no consistent pattern between
the two MLSS levels was exhibited in the CaC]2 solution except at
pH 8.

Even with these variances present, a comparison of the NaCl
and CaC]2 étudies described a distinct difference in the degree of
interaction between the sludge and substrate coi]oids. For the
albumin, the presence of CaC]2 appeared to strengthen the physical
union of the substrate and sludge as evidenced by the increases ih

mean particle sizes.

Turbidity and Supefnatant 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 a1bumfn 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 Tines 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 slddge.

There are two points of interest in these plots. The first is
that there were slight to very significant drops in turbidity at the
Tow substrate additions. Secondly, the largest drops occurred at low
ionic strengths and Tow MLSS concentrations. Addressing the initial
point, turbidity shifts can be caused by changes in particle distri-
bution withqut 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 albumin 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 Tower
pH values.

Another interesting comparison between the isotherm and particle
size data concerns the adsorption capacity of the s]udge at various
MLSS concentrations. The higher sludge solids concentrations had a
lower capacity for the adsofption of starch than the lTow solids level.
For the series of studies conducted in both .001 ionic strength
CaC]2 and NaCl solutions, the low sludge solids concentration
mixtures exhibited Tower particle size diameters compared to the
high solids concentration mixtures. Therefore, a'greater‘area on
the sludge flocs was available for adsorption. This hypothesis did
not hold, though, for the .01 ionic strength CaC]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 érror did providg 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 floc, 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 "adsorption" has been used throughout this dis-
cussion for the mechanism responsible for starch removal. This is
notAwithout 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-acc]imated sludge samples
with starch added. The specific test conditions photographed were:

a) MLSS = 885 mg/1

b) .001 ionic strength CaC]2 solution

c) pH 6
From left to right, the amount of starch added to each beaker was
2000, 1000, 500, 250, 100, and O mg/1. The top two photos were
taken at 5 and 20 minutes, respectively, after mixing was stopbed.
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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Photographs of Starch-Acclimated Sludge Mixed
With Various Amounts of Starch. Test Conditions
Included: MLSS=885 mg/1; pH 6; CaC12 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 fpr the two Teft-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 jonic NaCl solution for the MLSS concentrations of 2650 mg/1 and
2750 mg/1 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 sdpernatants are presented. Turbidities
for the sludge supernatant without-substrate additioh 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-66 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
jonic strength sodium chloride solution at a high MLSS concentration.
Instead, an extra run was made at 0.1 ionic strength CaC]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 Tower
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 CaC]z.

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, revealed that the amount of substrate removed did not vary with

2
 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 resuliting 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 wefe
removed from solution upon addition to the sludge. High jonic
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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- for certain conditions dropped for lTow additions of substrate from
the cbntro] 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 flocs. 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 sfandpoint of 1mportance 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 Stabi]ization»

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 js predominately colloidal in nature.
The dual tank arrangement of contact stabilization has been reported
to remove these organics by first utilizing the so1ub1é organics
in the contact tank while adsorbing or enmeshing the colloids in
the sludge flocs. 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

A11 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 funcfioning 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] initfa]]y postulated that contact stabilization
should b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>