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Abstract

Previous evaluations have indicated that savings in operating costs of greater than 25% can
be realized if denitrification is added to a system aiready achieving nitrification. Energy requirements are
reduced because organics are consumed under both aerobic and anoxic conditions. Reduced expenditures
for energy, and lower sludge handling and disposal costs due to decreased biosolids production make
nitrogen removal an economically attractive proposition. A number of recent articles in the literature
suggest nitrogen removal is not as well understood as it once was believed. Conflicting reports of sludge
production rates for nitrogen removal systems and systems operating under low temperatures are
particularly interesting because they call into question the current economic evaluations of nitrogen
removal.

This research examined the influence of substrate and temperature on biological nitrogen
removal. Proteins were chosen as model substrates because they account for approximately 28% of the
COD in raw sewage. In this study, sequencing batch reactors (SBRs) achieving aerobic carbon removal
and anoxic carbon removal were run in parallel to assess and compare the overall efficacy of the two
processes. Areas of process performance considered were effluent quality and biosolids production.

[t was found that aerobic and anoxic systems produced an effluent of acceptable quality.
Biosolids production under anoxic conditions was found to be 24% and 32% higher than the aerobic
reactors when operating at temperatures of 20 and 14 °C, respectively. Batch rate studies using cultures
generated from the SBR examined the effect of using complex substrates. Proteins because of their high
molecular weight require enzymatic degradation before the cell can use the substrate for growth. Batch
testing proceeded with: one half of a stock culture sample being fed a protein hydrolysate (PH) while the
remaining portion was fed a whole protein. Ovalbumin, c-casein and lactalbumin were chosen for further
study on the basis of their molecular weight and physical properties.

Results show ovalbumin and a~casein were used at a rate comparable to that of the PH under

many of the test conditions. Lactalbumin was metabolized at a much slower rate than the PH under both
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aerobic and anoxic conditions and at temperatures of 14 and 20°C. The molecular weight of lactaibumin
(18kd) is comparable to a-casein (22-25 kd) and is less than that of ovalbumin (45 kd).

Based on the resuits of this study it is proposed that the overall structure of the protein may be
important in defining the rate of uptake and hydrolysis. Proteins containing a large number of cross-links
may undergo uptake and hydrolysis very slowly while proteins with minimal cross-linking appear to be
utilized more rapidly. The overall structure of the protein will play a role in determining the protein’s
solubility. Lactalbumin, an example of a crass-linked protein, forms settleable particles in solution.

Ovalbumin and a-casein are soluble proteins with minimal cross-linking.
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1. Introduction

There is a distinct possibility that the Municipal and Industrial Strategic Abatement Program, given
past requirements, will require municipal sewage treatment plants (STP) to produce a non-toxic effluent. The
effluent of many of Ontario’s STPs is toxic to fish due to the presence of unionized ammonia (Beak Consultants
Ltd. and Canviro Consultants Ltd., 1988). Due to this toxicity, it may become mandatory to include nitrification
in the treatment train. The cost of the necessary upgrades was estimated at $1.4 billion by the Ontario Ministry
of the Environment and Energy (19928). Complete nitrogen removal can be achieved if denitrification is
incorporated into the proposed treatment train. At this time, it would be prudent to assess the incremental costs
of doing so and define the efficacy of the overall process.

The environmental benefits of achieving nitrogen removal cannot be disputed. Nitrogen discharged
to receiving waters, either as ammonia nitrogen or nitrate nitrogen (NO;-N), will cause accelerated rates of
eutrophication (U.S. EPA, 1993). Nitrate present in drinking water at sufficiently high concentrations leads to
methemoglobinemia (i.e., commonly referred to as "blue baby syndrome") and carcinogenesis (U.S. EPA,
1993). The U.S. Environmental Protection Agency (EPA) interim drinking standard for nitrate is [0 mg/L as
NO; -N (Bitton, 1994). In Ontario, contamination of drinking water is a secondary concern since many of the
STPs discharge into rivers and the Great Lakes where significant dilution occurs. With increased urbanization,
situations may arise where ground water is both recharged with STP effluent and used as a drinking water
source. Under these circumstances, the presence of nitrate nitrogen in high concentrations would be cause for
alarm.

Nitrogen removal systems have to accomplish nitrification and denitrification as well as producing
an effluent low in organics and suspended solids. Removal of organics is carried out by heterotrophic organisms
growing under anoxic and aerobic conditions. Heterotrophic growth in the presence of nitrate is defined as
denitrification because nitrate nitrogen is consumed and nitrogen gas is produced. Nitrification is carried out by
autotrophs that convert ammonia nitrogen into nitrate. These bacteria use dissolved carbon dioxide as a source

of carbon for cell synthesis rather than using organics present in the wastewater.



Current evaluations have indicated that savings in operating costs of greater than 25% can be
realized if denitrification is added to a system already achieving nitrification (McClintock ez al., 1988; Ip et al..
1987). Reduced expenditures for energy, and lower sludge handling and disposal costs due to decreased sludge
production make nitrogen removal an economically attractive proposition. The economic evaluation performed
by McClintock et al. (1988) was based on sludge production being 25% less under anoxic conditions than it is
under aerobic conditions. Energy requirements are reduced because organics are consumed partly under anoxic
conditions.

The savings generated by decreases in sludge production will be dependent on the disposal method.
In Southern Ontario, many municipalities (e.g. Hamilton, Burlington and Toronto) have to landfill or incinerate
their stabilized sludge because the industrial component makes it unsuitable for land application. The Region of
Waterloo is fortunate because the sludge produced by the Waterloo Sewage Treatment Plant is of good quality
and can be land farmed. Sludge haulage accounts for 20% of the treatment plant operating budget (Schyff,
1996). If the approximately 55,000 m’ of unconditioned digested sludge produced yearly (Schyff, 1996) had to
be landfilled at a cost of $50/tonne (Waterloo, 1996) then, denitrification would become an even more attractive
proposition.

A number of recent articles in the literature suggest that nitrogen removal is not as well understood
as it was once believed. Conflicting reports of sludge production rates for nitrogen removal systems and
systems operating under low temperatures are noteworthy (Oleszkiewicz and Berquist, 1988; Ketchen, 1994;
McClintock et al., 1988; Symth, 1994) because they call into question the current economic evaluations of
nitrogen removal. By developing a better understanding of the underlying biotransformations, it may be
possible to rationalize these conflicting reports.

The conceptual framework of the IAWQ Activated Sludge Model No. 2 (ASM2) (Gujer et al.,
1995), a mathematical model of bacterial growth in the activated sludge process, provides a good starting point.
The model’s merits have been widely debated in the literature but it is used extensively in the field of
wastewater treatment. The model can describe organic removal under either aerobic or anoxic (i.e.
denitrification) conditions, nitrification, and biological phosphorus removal. Within the conceptual framework

of ASM2, heterotrophic metabolism includes: hydrolysis (enzymatic degradation of substrate outside of the



cell), growth (oxidation of substrate and concurrent generation of new microorganisms) and cell lysis (loss of

metabolic activity, lysis of the cell wall and predation). Worthy of particular note is the exclusion of substrate
uptake and storage in the list of significant biotransformations. It was decided that this process was essentially
immediate in discussions held before the model’s formulation (Dold et al., 1980).

Nitrogen removal without doubt provides real environmental benefits. As real as those benefits are,
it is unlikely that nitrogen removal will be implemented in Ontario unless it is economically feasible. The
majority of projected cost savings are due to decreased sludge production. Conflicting reports of sludge
production puts the current economic evaluations into question. Real gains in understanding the differences in
sludge production rates can be made only if the “black box™ is opened up and the underlying biotransformations

are examined.

1.1.  Overall Objective

The objectives of this research are to measure and evaluate rates of substrate removal obtained
during denitrification and to compare them to equivalent rates for aerobic treatment operating under parallel
conditions. This research will also assess the effects of substrate complexity and temperature on the rates of

substrate and nitrate reduction and on biosolids production.

1.2.  Principal Research Goals

1. To quantify and compare biosolids production rates for sequencing batch reactors (SBRs) achieving carbon

removal under aerobic or alternately anoxic conditions as a function of temperature.

[N

Determine if substrate uptake and hydrolysis is a rate limiting step under aerobic and anoxic conditions at
both 14°C or 20 °C. Determine if the rate of hydrolysis is dependent on the molecular weight of the protein
or its overall structure.

3. Evaluate acridine orange direct counts (AODC) as a method of enumerating the number of bacteria in a
mixed microbial population. Using this technique, the fraction of reactor biosolids composed of cells will be

determined as a function of temperature and electron acceptor.



4. Determine if there are any significant differences in the specific substrate utilization rates for aerobic and
anoxic cultures based on electron equivalents. The impact of temperature on the utilization rate will be

determined.

W

Determine if there are significant differences in the observed yield for aerobic and anoxic cultures under
conditions of active substrate removal.
6. Compare the effluent quality of two different carbon removal systems (aerobic and anoxic) in the areas of

effluent solids and COD. The effect of temperature on the consumptive ratio will also be quantified.

1.3. Commentary on Research Methodology

1.3.1. Choice of Substrate

This research focuses on the effect of temperature and the impact of protein complexity on process
performance. Metabolism of proteins was chosen for further study for a number of reasons:
a) Proteins contribute 28% of the total COD of raw sewage (Raunkjer et al., 1994).
b) Most proteins are slowly biodegradable substrates by virtue of their high molecular weight.
c) Overall protein as well as molecular weight could play a role in determining how they are metabolized.
d) Studying carbohydrate metabolism is less desirable because many carbohydrates such as cellulose are
resistant to bacterial degradation and Ketchen (1994) and San Pedro er al. (1994) have already looked at
aspects of carbohydrate metabolism using starch.

e) Lipids are extremely difficult to study because they may assume a micellar nature.

1.3.2. Experiment Types and Sequence

An overview of the experimental program is presented in Figure 1.1 and 1.2. For a denitrifying
system, process performance was measured in terms of effluent quality, biosolids production and nitrate
reduction. Biosolids production which is the summation of solids lost through intentional and unintentional
wastage was of particular interest. An aerobic reactor achieving carbon removal was operated in parallel to the
denitrifying reactor to provide a basis of comparison in the areas of effluent quality and biosolids production.
Substrate uptake and hydrolysis and the kinetics and stoichiometry of growth will have an impact on biosolids

production.



A denitrifying system was chosen in preference to a nitrogen removal system because its ecology is
simpler and fewer biotransformations are occurring. A nitrogen removal system will have a mixed microbial
population composed of heterotrophic organisms, which may be either facultative or obligate aerobes and
autotrophic organisms. The contribution of each group to the total population will depend on process
parameters such as sludge age, carbon to nitrogen loading, and hydraulic residence time (HRT). Such a system
does not easily lend itself to studying the underlying biotransformations because of the possible interactions
between autotrophs and heterotrophs and within the heterotrophic population itself. With a denitrifytng system it
is possible to quantify biosolids production and examine aspects of heterotrophic metabolism concurrently.

SBRs operating under aerobic and anoxic conditions were used to quantify biosolids production and
provided conditioned mixed liquor needed subsequently for batch rate experiments. The SBRs were fed a
sewage and protein mixture in a 1:2 volume ratio on a daily basis. Sewage was included in the daily feed to
ensure that a diverse microbial population existed since using proteins as a sole substrate would have resulted in
an enriched culture.

Substrate uptake and hydrolysis were chosen as biotrransformations warranting further investigation.
Slow rates of hydrolysis may lead to the accumulation of proteins and hence increased biosolids production
rates. Rate studies examined the rate of hydrolysis as influenced by protein type, terminal electron acceptor and
temperature.

Not all substrates require hydrolysis. If a biodegradable substrate is sufficiently simple, it does not
have to be degraded into smaller fragments before its use as a growth substrate. These substrates are referred to
as rapidly biodegradable while those requiring hydrolysis are classified as slowly biodegradable (Henze, 1992).
While the two types of biodegradable substrates are clearly defined, in practice distinguishing between them is
difficult. Many different protocols exist for differentiating the two components (Xu and Hasselblad, 1996;
Ekama er al., 1986; Mamais et al., 1993).

Before proteins could be selected for this phase of the experimental program, an operational
definition of a slowly biodegradable substrates was requiréd. After considering the physiology of Gram-
negative bacteria, biodegradable substrates greater than 1000 Da were operationally defined as slowly

biodegradable. The initial expectation was that molecular weight would be correlated to the rate of hydrolysis.



As the experimental program evolved, this hypothesis was discounted. It became clear that even within the
slowly biodegradable category, proteins required further classification. The dependency of hydrolysis on the
overall shape and solubility of the protein was therefore investigated.

Growth kinetics impact biosolids production in much the same way as hydrolysis does. Even if the
proteins are broken into small fragments, a fraction will remain as part of the floc structure if the cell does not
metabolize the fragments as quickly as they are produced. If this is the case there still will be an increase in the
biosolids production since undegraded organic material is accumulating within the floc.

The observed yield under conditions of active substrate removal was investigaied because of the
possible impact on biosolids production. Under conditions of active substrate removal, the observed yield will
approach the true yield. This is because the maintenance energy demands are much less than the energy used for
synthesis (Grady and Lim, 1977). On a theoretical basis, the growth yield of heterotrophic microorganisms
using nitrate as a terminal electron acceptor was expected to be 77% or less of that realized under aerobic
conditions because of electron transport system considerations (Payne, 1981). If this was the only consideration
and all other factors were equal, then biosolids production would be higher for the aerobic reactor. An activated
sludge system has a complex ecology with many species of microorganisms present and thus, the observed yield

for the system will reflect the observed yields of all individual species of microorganisms present.

1.3.3. Biomass Measurements
AQODC allows the total number of bacteria in the system to be enumerated. The RNA and DNA of

the bacteria interact with acridine orange making the bacteria visible under fluorescent light of the correct
wavelength. AODC is widely used in the areas of aquatic and soil microbiology. AODC for enumerating the
bacterial population of activated sludge has been rarely used. In some circumstances but not process control it
should offer significant advantages over MLVSS, a surrogate parameter, because only the bacterial component
of the sludge floc will be enumerated. Non-biodegradable organic material, partially degraded material, higher
life forms (e.g. protozoa, rotifers, and metazoa) and bacteria will be present in activated sludge. Rate data
normalized to the total number of bacteria may be preferable to that normalized on MLVSS as it allows

comparisons to be made between systems not operating under comparable SRT and carbon loadings. An



evaluation of AODC was carried out under the growth regimes of chronic starvation during SBR operation,
active metabolism during the rate studies and declining growth.

The integration of the data and ideas derived through the experimental program and the literature
review will provide insight into the effect of temperature on reaction rates, the extent of biosolids production;
and the impact of substrate complexity on process performance as measured by substrate and nitrate removal.
The knowledge gained from this work will also be used to propose modifications to the structure of the ASM2

(Gujer et al., 1995).
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2. Literature Review

2.1. Introduction

In 1987, a task group of the International Association on Water Pollution and Control Research
(later renamed IAWQ) developed an activated sludge model, Activated Sludge Model 1 (ASM1). This model
mathematically describes nitrification. denitrification. substrate removal and biomass growth. According to
Gujer et al. (1995), the model was brought forth because a good understanding of nitrification and
denitrification existed. but a comprehensive model describing these processes did not. Because the model was
internationally recognized. it became widely used by both researchers and practicing engineers. As time
progressed, biological phosphorous removal became more widely implemented. This led to Activated Sludge
Model No. 2 (ASM2), which was based largely on ASMI1, but incorporated biological phosphorous removal
(Gujer et al.. 1993). Introduction of the model has given engineers worldwide the opportunity to describe the
activated sludge process using a common framework.

The merits of ASM2 and its predecessor ASM1 have been extensively debated in the past and will
be the subject of continuing discussion. At this point, the concepts incorporated in the model represent the
current consensus of the engineering community. Some of the ideas integral to the model are the focus of on-
going research since they stand now without rigorous proof.

Real gains in understanding the differences in biosolids production rates in activated sludge
systems. particularly under anoxic conditions and low temperatures, can be made only if the “black box’ is
opened and the underlying biotransformations are examined. Those biotransformations are mathematically
described in ASM2. Discussing the findings of this research using the language and concepts of ASM2 will
make it easier to communicate the results.

In the first part of this Literature Review, the significant features and the depiction of heterotrophic

metabolism under aerobic and anoxic conditions used for ASM2 will be stated. The second portion of the
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Literature Review examines more closely the biology of the biotransformations depicted by ASM2. The last

segment of this Review surveys the literature dealing specifically with nitrogen removal.

2.2. Activated Sludge Model No. 2 -A Conceptual Framework

ASM?2 can mathematically describe heterotrophic growth under aerobic, anoxic and anaerobic
conditions as well as the growth of autotrophs. Anoxic within the context of ASM2 refers to the absence of
oxygen and the presence of nitrate. ASM1 has been used extensively because the interactions between various
types of heterotrophic organisms and between heterotrophic and autotrophic organisms can be seen. Within the
model’s framework, the biotransformations mediated by heterotrophic organisms include: hydrolysis
(enzymatic degradation of substrate outside of the cell by exoenzymes), growth (oxidation of substrate and an
increased mass of microorganisms), fermentation and lysis. Worthy of particular note is the exclusion of
substrate uptake and storage in the list of significant biotransformations. In the discussions leading up to the
formulation of ASM1, it was believed that this process was essentially immediate and non-energy consuming;
therefore, this process did not merit inclusion in the model (Dold er al.. 1980). Phosphorous-accumulating
organisms, in addition to the above biotransformations, can take up phosphorus and internally store
polyhydroxyalkanotes and polyhydroxybutyrates. Possible transformations for autotrophic organisms would
include growth and lysis.

The IAWQ Task group that formulated ASM2, acknowledged that there were limitations and
restrictions to the model (IAWQ Task Group, 1995). ASM2 will simulate activated sludge systems with solids
retention times of up to approximately 30 d. [t does not describe secondary clarification or anaerobic digestion.
The requirement of a constant pH between 6.3-7.8 and unchanging rate coefficients and stoichiometry is typical
of a structured model. Further restrictions and limitations placed on individual processes will be stated as the
individual processes are described. The [AWQ Task group has identified two areas where there is the greatest

need for research: fermentation and anaerobic hydrolysis.
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22.1.  Distinguishing Features of ASM2
a) Treatment of Carbonaceous and Nitrogenous Material

Reactions mediated by microbes are oxidation-reduction reactions that involve the transfer of
electrons from a donor, which is generally the substrate being oxidized. to an acceptor (Grady and Lim. 1980).
In reactions occurring under aerobic and anoxic conditions, the electron acceptors are oxygen and nitrate,
respectively. Of the several methods available to quantify the amount of carbonaceous substrate present. the use
of chemical oxvgen demand (COD) is preferable. COD is the only link between electron equivalents in the
organic substrate, with those of the biomass and the electron acceptor (Gaudy and Gaudy. 1971). Without this
link, mathematically describing the behaviour of a process possibly existing under alternating aerobic. anoxic
and anaerobic conditions would be difficult.

Carbonaceous material found in the influent can be classified as either non-biodegradable or
biodegradable (Figure 2.1). Non-biodegradable organics pass through the activated sludge system unchanged
while biodegradable organics are oxidized during the synthesis of microorganisms (Henze et al.. 1986). Non-
biodegradable carbonaceous material depending on its physical properties will be either present in the reactor
effluent or accumulate as biologically inert material within the reactor IAWQ Task Group, 1995). In ASM2.
biodegradable organics are defined by their fate. Non-biodegradable organics in the effluent are referred to as
soluble. Those accumulated in the floc are referred to as particulate regardless of whether they are particulate
or soluble organics adsorbed onto the floc.

In ASM1, biodegradable carbon was classified as either readily or slowly biodegradable
(Ekama et al., 1986). Slowly biodegradable substrates require degradation by enzymes external to the cell (i.e..
hydrolysis) before becoming available growth substrates, whereas readily biodegradable substrates can be used
directly by the cell. In ASM2, readily biodegradable substrates are further characterized as fermentable readily
biodegradable substrate, and fermentation products considered to be acetate. Since fermentation is included in
the biological processes, fermentation products must be modelled separately from other soluble organic
materials. For stoichiometric computations, fermentation products are considered to be acetate even though a

whole spectrum of fermentation products is possible.
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Fermentable readily biodegradable substrate is generated by the hydrolysis of slowly biodegradable
substrate. Under anaerobic conditions, fermentable readily biodegradable substrate undergoes fermentation to
produce fermentation products considered to be acetate. Microorganism growth can proceed on etther the
fermentable readily biodegradable substrate or the fermentation products.

Influent organic nitrogen measured. as total Kjeldahl nitrogen (TKN), can be classified as either
biodegradable or non-biodegradable depending on whether it is associated with a biodegradable or non-
biodegradable carbonaceous species (Dold and Marais, 1986). As shown in Figure 2.1. the four types of
organic nitrogen correspond with: fermentable readily biodegradable, slowly biodegradable. particulate non-
biodegradable and soluble non-biodegradable. No nitrogen is associated with fermentation products considered

to be acetate. The fate of the organic nitrogen depends on its organic counterpart.

b) Substrate Utilization

Within the framework of ASM2. fermentable readily biodegradable COD, and fermentation
products are the only growth substrates available for heterotrophic growth under either aerobic or anoxic
conditions. Slowly biodegradable organics are not available growth substrates before hydrolysis. Readily
biodegradable fermentable COD may be present initially in the wastewater or generated through the hydrolysis
of slowly biodegradable organics. Fermentation products considered to be acetate are generated by fermenting

fermentable readily biodegradable COD.

c) Death-regeneration

Two existing theories. endogenous respiration and death-regeneration, have been used to describe
the pathway of energy generated by the death of organisms and its use by the remaining microorganism
population (Dold er al., 1980). Prior to the formulation of ASML1, there was much debate on which of two
theories should be incorporated into the model. Incorporated in ASM1 and its successor ASM2 is the death-
regeneration approach. Because it is an important and distinguishing feature of ASM1 and ASM2. the two

approaches will be discussed in further detail.
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Figurc 2,1 Influent Characterization as Depicted by ASM2
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In the presence of an external substrate, a portion of the substrate is oxidized to fulfill maintenance
energy requirements. In the absence of an external substrate. a fraction of the viable organism mass is used
directly as an energy source to satisfy the maintenance requirements of the remaining living organisms
(Herbert, 1958; Pirt, 1965). Endogenous respiration describes the net effect as the mass that disappears is
utilized directly by live organisms (i.e. replicating and non-replicating organisms). Under zero substrate
condittons. the rate of change in live mass due to endogenous respiration is proportional to the rate of oxygen
or nitrate utilization.

To allow the energy to be used by the respiring biomass, an exogenous electron acceptor such as
oxygen or nitrate must be present. Under anaerobic conditions. organism death continues without an
exogenous acceptor present and a portion of the organic substrate acts as an endogenous acceptor with little or
no reduction in COD. Experimentally, it has been found that effluents discharged from an anaerobic reactor to
a following anoxic or aerabic reactor causes a higher than expected oxygen or nitrate demand. The traditional
endogenous respiration approach fails to explain this (Ekama et al.. 1979).

An alternative to the endogenous respiration is the death-regeneration cycle as incorporated in
ASM1 (Henze et al., 1986). In ASMI, death is referred to as the loss of organisms due to autolysis. In ASM2.
death was replaced with lysis which includes all processes that lead to a loss of microorganisms including:
predation, autolysis, and loss of cell wall integrity. The IAWQ Task Group (IAWQ Task Group. 1995) in their
discussion of ASM2 do not note any differences between the death-regeneration and the lysis-regeneration
processes.

The rates of death were thought to be independent of the nature or concentration of the electron
acceptor present. In the death-regeneration cycle, a fraction of the active biomass lyses to produce endogenous
particulate products (McKinney and Ooten, 1969) and slowly biodegradable COD. Endogenous particulate
products formed are degraded at a sufficiently slow rate so that may be considered inert at sludge retention
times normally encountered (Grady et al., 1986). The slowly biodegradable COD generated is degraded by
hydrolysis and used in the synthesis of new microorganisms. The rate of hydrolysis and subsequent synthesis
depends on the type and quantity of electron acceptor present. The regenerated mass will be less than the

initial mass due to energy losses incurred during synthesis and the formation of endogenous products.
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Replacing endogenous respiration with the death-regeneration approach allows the behaviour
found in anaerobic reactors to be integrated consistently with those under aerobic or anoxic conditions. Under
aerobic conditions, the two approaches can be used interchangeably contingent on the storage of COD being
negligible (i.e. hydrolysis or synthesis is not rate limiting) (Dold et a/.. 1980). Under anoxic and anaerobic
conditions, the response characteristics become dissimilar (Dold and Marais. 1986).

222, Heterotrophic Metabolism in the context of ASM2

Within the model’s framework. heterotrophic processes occurring under aerobic and anoxic

conditions, as shown in Figure 2.2, are: hydrolysis. growth, and cell lysis. A brief discussion of each of the

processes is to follow with the equations governing these processes outlined in Table 2.1.

Figure 2.2 Overview of the Processes occurring in Heterotrophic Metabolism
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Table 2.1 Stoichiometric Matrix for Sclected Componcents of Activated Sludge Model No, 2
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b) Growth of Heterotrophs

There are several different types of heterotrophs in the activated sludge population. Obligate
aerobes; aerobes with denitrifying capabilities: aerobes with the capacity to ferment substrate under anaerobic
conditions, but incapable of denitrifying: and anaerobes may all be present. Heterotrophs as defined in ASM2
can grow under aerobic, anoxic and anaerobic conditions. The growth kinetics for each of these three processes
are unique. The kinetics reflect that only a portion of the total active heterotrophic population is capable of
carrying out transformations in the presence of a specified electron acceptor.

Balanced growth is often described by Monod kinetics. The Monod kinetics incorporated in ASM2

are only applicable when sufficient nitrogen. phosphorus and other micronutrients are present.

i) Aerobic Growth of Heterotrophs

In activated sludge systems, the growth of heterotrophs under aerobic conditions is responsible for
the majority of carbon removal. Within the context of ASM2. only forms of readily biodegradable COD can be
used as a growth substrate. For each unit of readily biodegradable COD metabolized. Y units of
microorganisms are produced with the remainder of the COD (1-Y) being oxidized. The rate of growth is
expressed as Monod kinetics and is proportional to the rate of oxygen utilization. The rate of growth is
governed by the concentration of readily biodegradable COD and oxygen.

A microbial population can be classified into four physiological groups: replicating. non-
replicating, dormant or dead (Mason et al.. 1986). Replicating bacteria are respiring bacteria that can actively
assimilate substrate, increase in mass and replicate. Similarly. non-replicating bacteria respire and consume
substrate, but they are incapable of forming new organisms under the current growth conditions. Dormant
microorganisms are capable of becoming either actively respiring microbes or undergoing death and subsequent
lysis depending on subsequent substrate availability. Dead bacteria are intact organisms devoid of any
metabolic activity.

In ASM2, the organisms carrying out substrate transformations are referred to as "active”
organisms. The model does not define the active microbial population. It will be assumed for this research that

the active mass would include the actively respiring population which includes replicating and non-replicating
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bacteria. The possible presence of a dormant population has not been mentioned at any stage of the

development of ASM1 or ASM2.

ii) Anoxic Growth of Heterotrophs

Anoxic growth within the context of ASM2 refers to growth occurring in the presence of nitrate.
As with the aerobic growth of heterotrophs. the rate of anoxic growth is expressed in terms of Monod kinetics
and is proportional to the rate of nitrate consumed. Heterotrophic growth under anoxic conditions can proceed
under a dual substrate limitation; rapidly biodegradable COD and nitrate. The model suggests that the yield of
denitrifying organisms is the same as that of aerobic heterotrophs on an electron equivalent basis. Only a
fraction of the entire heterotrophic population is capable of denitrification. As previously stated, substrate

transformations are carried out by active organisms.

<) Hydrolysis
Slowly biodegradable organics require: uptake. storage and enzymatic degradation (i.e. hydrolysis)

before being used as a growth substrate. Neither uptake and storage of slowly biodegradable organics nor
hydrolysis is considered an energy consuming process (Dold et al., 1980). The amount of substrate stored
within the floc is restricted by the active mass concentration (Dold et al., 1980).

As storage and uptake occur rapidly (Gujer (1980} as cited by Grady er al. (1986)). the rate
governing step is hydrolysis. Hydrolysis of entrapped organics provides fermentable readily biodegradable
COD that is used in the growth of heterotrophs. Hydrolysis is thought to be a surface meditated reaction: thus
the rate expression is “Monod-like” in form and dependent on the ratio of slowly biodegradable organics to
active organisms.

van Haandel et al. (1981) hypothesized that hydrolysis under anoxic conditions proceeds at a much
slower rate than it does under aerobic conditions. Experimentally, the observed rate of nitrate removal (as
equivalent oxygen) in anoxic reactors using slowly biodegradable substrates was not as rapid as the simulated
oxygen utilization rate. This suggested that the rate of utilization of particulate slowly biodegradabie substrate

in the anoxic environment is lower. The task group developing ASM2 accepted this hypothesis. They go on to
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state that hydrolysis under anaerobic conditions still requires study. but probably the rate realized under these
conditions is slower than under aerobic conditions (IAWQ Task Group, 1995).

The rate of hydrolysis of slowly biodegradable organic nitrogen is proportional to the rate at which
slowly biodegradable substrate undergoes hydrolysis. Ammonia nitrogen is the product of slowly biodegradable

organic nitrogen hydrolysis.

d) Cell Lysis and Subsequent Use of Decav Products

Within the framework of the death-regeneration approach. the rate of loss of active organism mass
due to death or lysis is proportional to the active organism mass and proceeds at a constant rate regardless of
the electron acceptor. Cell lysis results in endogenous residue and slowly biodegradable organics. Organic

nitrogen produced by lysis is distributed between the endogenous residue and the slowly biodegradable

organics.

2.3. Heterotrophic Metabolism

Microbial growth under nutrient limited conditions is defined as chronic starvation (Chesbro et al.,
1990). When necessary growth nutrients are exhausted. the microbial population is placed in a starvation state
(Siegele et al., 1993: Chesbro et al.. 1990). Bacteria of the conventional activated sludge system are
chronically starved because they exist under carbon-limited conditions. Chronically starved and starved
bacteria undergo changes in their metabolic behaviour and morphology that allows them to survive under
adverse conditions.

The transition between chronic starvation and starvation can be rapid. A chronically starved
population of Escheria coli NF161 became starved within 30 minutes of a recycling fermentor being shut off as
indicated by a 30% decrease in viable counts. Approximately 62 hours later, 99% of the population were found
to be non-viable under laboratory conditions (Chesbro et al., 1990).

Under starvation conditions, a significant portion of the population is in a dormant state.
Stevenson (1978) suggested that this is true for most aquatic systems. When Pseudomonas sp., an aquatic

bacterium, was placed under starvation conditions the population of actively respiring cells was 10 times the
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number of culturable cells. It took the culture approximately 15-18 days before a number of measures of
metabolic activity became relatively constant (Kurath and Morita. 1983). The existence of a significant
population of actively respiring non-culturable microorganisms has been noted for cultures of £. coli and
Saimonella enteritidis under starvation conditions (Roszak and Colwell, 1987).

In a conventional activated sludge plant there is a limited supply of biodegradable organics.
Kinetic coefficients representative of an activated sludge system are: 1,=0.55 h™'. K,=120 mg BODy/L (Jordan.
1971). Using an effluent 5 day biochemical oxygen demand (BODs) of 5 mg/L . W/, is 4%. The bacterial
population is most likely in a state of chronic starvation. A Literature Review of the metabolic changes
occurring under starvation conditions will show the importance of considering the growth state when

interpreting data from this system.

23.1. Growth
a) Aerobic Growth

Substrate utilization, for reasons of simplicity, is typically described using an empirical Monod
expression (Table 2.1. Eqn 3-4). Diauxic growth is seen under batch conditions and in the presence of high
concentrations of different carbon substrates suitable for growth. With diauxic growth, the better substrate (i.e.
capable of supporting the highest maximum specific growth rate) is consumed preferentiaily. Diauxic growth
is not normally seen with activated sludge systems.

Under carbon limited conditions, simuitaneous use of multiple carbon-energy sources occurs (Egli
et al., 1993). E. coli B, grown under nutrient sufficient conditions in a minimal medium containing glucose.
lactose and L-tryptophan, was capable of metabolizing only glucose. The ability to use multiple carbon
substrates simultaneously is advantageous when carbon is limiting as it is under conditions of chronic
starvation or starvation.

The effect of temperature on the constants describing biological reactions, can be described in the
form proposed by Phelps (1944) (Eq. 2.1) to be applicable over moderate temperature ranges (0-40°C) (Grady

and Lim, 1980).
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ki=k29"" Eq. (2.1)

where kj = temperature dependent rate coefficient at T
ko = temperature dependent rate coefficient at TH
6 = modified Arrhenius coefficient
T.T, = temperature (°C)

b) Yield

Cell yield measurements vary with growth rate. This has been explained by incorporating the
concept of maintenance energy. Maintenance energy is the energy required for specific functions such as:
continual degradation and repair of cell components. maintenance of concentration gradients between the cell
and its exterior, and cell motility (Pirt. 1975). Energy derived from substrate oxidation is used for both
maintenance functions and growth. If maintenance energy requirements are negligible or zero, the achieved
yield will be the true growth vield. Under conditions where this is not true, the achieved yield is referred to as
the observed yield.

The maintenance energy demand (MED) as a fraction of the cellular energy flux is dependent on
the growth state of the bacterium (McCarty et a/.,1969). Under nutritionally sufficient conditions, the MED
will be minimal. Under chronic starvation, the MED can account for 50% of the cell's energy flux. Starvation
will become more severe once internal energy reserves are depleted. Under these conditions the MED will
account for 75% of the energy flux (Chesbro et al.. 1990).

In the absence of an external substrate. a fraction of the viable organism mass is used directly as an
energy source {0 satisfy the maintenance requirements of the remaining living organisms (Herbert, 1958).
Often referred to as endogenous respiration it is mathematically described as:

dx
—=(u—-a)YX Eq. (2.2
2 (u—a) q- (2.2)

where = rate of microorganism growth (mg-d-1.L'1)

= specific rate of growth (d"!)
= specific maintenance rate (d"!)
= cell concentration (mg-L"1)

" ® sl

Pirt (1987) extended the concept of endogenous respiration to systems growing at rates less than
10% of the maximum specific growth rate. Activated studge systems can be considered slow growing as

defined by Pirt (1987) because the growth rate is typically 4% of the maximum obtainable. The slow growth
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rate is due to the lack of available substrate. Pirt hypothesized that, in slow growing systems. a fraction of the
cell population differentiates into a "dormant state". This state is characterized by the cessation of growth and
substrate uptake for growth and maintenance. The differentiating microorganisms derive energy through
endogenous metabolism resulting in a loss of biomass. It is assumed that the microorganism’s uptake for
growth and maintenance ceases once it becomes dormant. When the differentiating fraction is small, then the

growth of heterotrophic organisms can be described as:

% = uaX Eq. (2.3)
where dX/dt = rate of microorganism growth (mg—d‘l-[.‘l)
X = cell concentration (mg-L‘I)
o = the growing fraction
n = the specific rate of growth (d-1)

For pure cultures, yield is thought to be a weak function of temperature. With a pure culture. the
energy required for a certain rate of growth becomes greater as one deviates from the optimum growth
temperature (Inniss and Ingraham, 1978). This finding is consistent with the results of a number of studies
employing pure cultures (Topiwala and Sinclair, 1971:; Mennett and Nakayama, 1971; Harder and Vedkamp.
1967).

Muck and Grady (1974) grew a mixed population under carbon limited conditions. The maximum
true yield of 0.6 g COD/g COD was obtained at a temperature of approximately 20 °C. At temperatures of
10 and 40 °C, the yield was 0.45 g COD/g COD and 0.48 g COD/g COD, respectively. Medronho and Russo
(1983) found the sensitivity of yield to temperature to be dependent on the COD concentration. Yield increased
with higher temperatures with the amount of increase depending cn the substrate concentration.

Tian et al. (1994) found an increased observed yield at lower temperatures regardless of the
influent volatile suspended solids concentration for an activated sludge culture (Table 2.2). Influent VSS was
considered important because it would include nonbiodegradable organics which would accumulate in the
reactor. The study made use of two SBRs run in parallel but at different temperatures (8 and 20°C). In the first
phase of the experiment, concentrated sewage was used as a substrate. In the second phase, sewage

supplemented with nutrient broth was used.
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Table 2.2 Observed Yields for a Carbon Removal Reactor (Tian et al., 1994)

Phase Influent VSS 20°C 8°C
(mg VSSM) (gAVSS/gACOD) _ (gAVSS/gACOD)

1 69 0.253 0.309

2 17 0.230 0.292

With a mixed microbial population, changes in the observed yield could reflect changes in the
microbial population. At low temperatures both pyschrophiles and psychrotrophic bacteria will be present.
Pyschrophiles have an optimum temperature for growth of 15°C or lower and a maximum temperature for
growth of 20°C. Psychrotrophs are cold tolerant organisms having a maximum temperature for growth above
20°C (Morita. 1975). Microbial competition at temperatures less than 10 °C will favour psychrophiles over
psychrotrophic bacteria when all growth factors are in excess. Under conditions of carbon and energy

limitations (i.e. starvation). it was suggested that the half velocity coefficient (K¢) plays a role in defining

dominance (Harder and Veldkamp, 1971).

c) Anoxic Growth of Heterotrophs

i) Microbiology of Denitrification

Many common sewage bacteria are capable of denitrification (Table 2.3). The denitrifying
population will be defined by the composition of the influent wastewater and other environmental factors such
as pH. temperature and sludge age. If the organics present in the influent wastewater are insufficient to
complete denitrification, an exogenous carbon source can be used. However, use of a particular carbon source
may cause selective enrichment of certain denitrifying species.

Table 2.3 Denitrifying Bacteria Abundant in Sewage (after Christensen and Harremoés (1977))

Genera Transformation Performed
NO3™ - Ny NO3™ - NOy~
Achromobacter X
Aerobacter X
Alcaligenes X
Flavobacterium X
Micrococcus X
Proteus X
Pseudomonas X
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The concept of selective enrichment was investigated by Blaszczyk et al. (1983). They examined
the effect of nitrites or nitrates in conjunction with a number of exogenous substrates on a denitrifying
population. The denitrifying bacteria. initially isolated from a wastewater holding tank near a fertilizer plant.
were grown in Winogradsky’s medium supplemented with the carbon source mentioned. Denitrifying bacteria
accounted for 5-100% of the total bacterial population as indicated by plate counts depending on the carbon
source. The results of Table 2.4 are after 6 days of incubation at 26°C.

Table 2.4 Dominant Denitrifying Bacteria [solated after Culture in Noted Media

(after Blaszczyk et al.(1983))
Carbon Source Form of Nitrogen
Nitrite Nitrogen Nitrate Nitrogen
% Denitrifyving Composition of % Denitrifying Composition of
Bacteria Denitrifiers %' Bacteria Denitrifiers %'
Methanol 71 P. fluorescens (78.9) 36 P. fluorescens(91.2)
P. mendocina (5.3) P. aeruginosa (5.6)
Others (15.8) Others (3.2)
Ethanol 96 P. mendocina (96.8) 100 P. mendocina (88.9)
P. fluorescens (2.1) P. aeruginosa (11.1)
P. aeruginosa (1.1)
Acetic Acid 100 P. fluorescens (92.8) 42 P. aeruginosa (78.3)
P. mendocina (2.4) P. fluorescens (13.0)
Others (4.8) P. stutzeri (4.4)
Others (4.4)
Glucose 84 A. faecalis (100.0) 5 . faecalis (100.0)

Composition of denitrifiers is based on representative sampling of the culture and identification.

Mycielski er al. (1985) investigated the selection of denitrifying bacteria on a quantitative basis
when starch was used as a substrate. In this instance. the cultures were grown in a chemostat at temperatures
ranging from [8-22°C vielding a population of obligate and facultative pyschrophiles. Even though the mixed
liquor composition changed with the starch to nitrate-nitrogen ratio, 4/caligenes faecalis, Paracoccus
denitrificans and Pseudomonas mendocina consistently predominated. This is surprising considering these
bacteria are unable to hydrolyze starch. The investigators suggested that these bacteria may be using either the
products of starch hydrolysis or carbohydrate fermentation products generated by other members of the

microbial population.
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i) Denitrification Kinetics

In the absence of oxygen. the specific rate of denitrification is dependent on the concentration of
biodegradable carbonaceous material and nitrate as seen in Table 2.1. Eqn. 5-6. The rate expression applies

under anoxic conditions and pHs between 6.0-8.0 (U.S. EPA. 1993).

iit) Yield of Denitrification

The growth yield of heterotrophic microorganisms using nitrate as a terminal electron acceptor is
expected to be 77% or less of that realized under aerobic conditions because of electron transport chain
considerations (Payne, 1981). Table 2.5 shows that the realized yield under anoxic conditions in comparison to
aerobic conditions is variable depending on the substrate. The yield published by Koike and Hattori (1975) is
suspect because the yield on a COD basis must be less than L.

Table 2.5 Yield of Denitrifiers

Culture Anoxic  Anoxic Yield Temp Carbon [nvestigator
Aerobic g COD O Source
g COD

Theoretical 0.77 Payne (1981)
Paracoccus denitrificans 0.65 Various Stouthamer et al. (1982)
Pseudomonas denitrificans 0.4 0.64 20 Glutamate  Koike and Hattori (1975)
Pseudomonas denitrificans 1.01 20 Glutamate  Koike and Hattori (1975)

Pseudomonas denitrificans 0.64 20 Ethanol Wang et al. (1995)

d) Summary

1. Under carbon limited conditions, simultaneous use of multiple carbon energy sources occurs. Under
conditions where the culture is in a state of either chronic starvation or starvation conditions. diauxic
growth should not be seen. Diauxic growth occurs only at high substrate concentrations and thus will only
be seen during batch growth. It will not be seen under the carbon limited conditions typically seen in
activated sludge systems.

2. Yield is thought to be a function of temperature. For a pure culture. energy requirements for a certain rate
of growth become greater with large deviations away from the optimum growth temperature. For a mixed

culture, changes in the observed yield may reflect changes in the microbial population. Microbial
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competition at temperatures of less than 10°C will favour psychrophiles over psychrotrophic bacteria when
all growth factors are in excess. Under conditions of carbon and energy limitations this may not be true.

3. Often an exogenous carbon source is used when denitrification occurs under carbon limitations. Selective
enrichment of a particular denitrifying species may occur if a exogenous carbon source is used.

4.  When the electron transport chain is considered, the growth yield of heterotrophic microorganisms
achieved using nitrate as a terminal electron acceptor is expected to be less than 77% of that obtained under
aerobic conditions. A number of studies comparing yield under anoxic conditions in comparison to aerobic

conditions found it to be variable depending on the substrate.

232 Hydrolysis
a) Intreduction
Hydrolysis of proteins involves the cleavage of a peptide bond and the subsequent incorporation of
water (Stryer, 1975). When complex proteins are the growth substrate, hydrolysis is necessary before a
microorganism can derive any benefit from the protein. Within the context of activated sludge systems,
hydrolysis is the one of the most poorly understood growth associated processes. The ideas incorporated in the
ASM2 as detailed by Gujer er al.(1995), represent our current understanding of the process and are
summarized below:
1. There exists a number of protocols for differentiating between readily and slowly biodegradable
substrate. Their existence implies that hydrolysis is a rate limiting step.
2. Hydrolysis occurs even in the presence of high concentrations of rapidly biodegradable substrate.
3. The rate of hydrolysis is expected to be different under aerobic, anoxic and anaerobic conditions.
Enzyme types, concentrations and specific activities play an important role in determining the
overall rate of hydrolysis. The rate of protein hydrolysis also can be influenced by temperature and the
presence of competitive and non-competitive inhibitors.
Enzymes external to the cell, exoenzymes, can be further classified as either ectoenzymes or
extracellular enzymes. Ectoenzymes are secreted across the cytoplasmic membrane and remain in

communication with their producing cell (Kamovsky, 1986). These inducible enzymes react with polymeric
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or enzymes produced by cell lysis. Causes for cell lysis would include autolysis and predation. They may be
dissolved in water or adsorbed to solid surfaces (Chrost, 1990). If hydrolysis is a rate limiting process, then
identifying the dominant enzyme type may be important because ectoenzymes and extracellular enzymes are
produced and their activity is modulated in different ways. Studies determining whether either ectoenzymes or
extracellular enzymes are dominant in activated sludge systems are lacking. The Literature Review will show

that either enzyme type is possible given our current understanding of the activated sludge system.

b) Enzvme Location and Type

The location and type of enzymes carrying out hydrolysis have not been addressed by many
researchers working with activated sludge. If the bacteria secrete enzymes outside the cell during starvation
conditions. then ectoenzymes or extracellular enzymes (i.e. ectoenzymes no longer associated with their
producer) may carry out hydrolysis. If this is not so, then the enzymes mediating hydrolysis are produced due
to cell lysis or protozoa grazing. From an engineering perspective, the distinction is important as culture
conditions will impact on hydrolysis in different ways depending on the mode of exoenzyme generation.

Bacteria producing exoenzymes can degrade polymeric organic material and make use of the
products. This gives them a significant competitive advantage when easy to metabolize energy and nutrient
sources become limiting. Direct secretion of enzymes by Gram-negative bacteria is not as frequent as for
Gram-positive bacteria (Chrdst. 1991). The microorganisms most frequently known to be proteolytic are
members of the genera: Pseudomonas, Flavobacterium, Xanthomonas, Aeromonas, Vibrio, Acinetobacter,
Cytphaga, Bacillus and Enterobacter (Jones, 1971). Lighthart and Oglesby (1969) determined the presence of
bacteria of the following genera: Pseudomonas, Flavobacterium, Aeromonas and ¥ibrio in raw wastewater.
These bacteria are all Gram-negative and less likely to secrete enzymes directly.

Pseudomonas sp. accounts for 96-100% of the microbial population when methanol. ethanol or
acetic acid is used (Table 2.4). Fairbairn and Law (1987) examined proteinase production by Pseudomonas
Sluorescens NCDO 2085. Proteinase production occurred during in the exponential phase of growth when the
culture was grown on protein substrates, but not until the early stationary phase during growth on amino acids.

Gigi et al. (1991) obtained similar results using P. fluorescens MFO cultured in a minimal salts media
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culture was grown on protein substrates, but not until the early stationary phase during growth on amino acids.
Giigi er al. (1991) obtained similar results using P. fluorescens MFO cuitured in 2 minimal salts media
augmented with 10% skim milk. Myhara and Skura (1990) found that proteinase production in Pseudomonas
Jragi commences during the late logarithmic and early stationary phases of growth.

A study by Albertson et al. (1990) examined extracellular protease production during different
stages of starvation of Pseudomonas S9 and Vibrio SI4. Hide powder azure (HPA), a non-toxic insoluble dye-
labeled protein, was used as a substrate in this study. With both species, exoprotease activity as indicated by
the rate of HPA degradation was higher 4-5 h after the onset of starvation than at its initiation. After 24 h of
starvation, Pseudomonas sp. continued to degrade the HPA at a similar rate. The investigators questioned
whether increases in activity with starvation were the result of increased ectoenzyme production or extracellular
enzymes generated by cell lysis. This was addressed by washing the starved cells and subdividing them into
two. One portion of the culture served as a control while the other received chloroamphenicol, a chemical
suppressing de novo protein synthesis. After 10 h of additional starvation, the treated culture exhibited no
exoprotease activity suggesting that ectoenzyme production was responsible for extracellular protease activity.

The detection of exoenzymes in activated sludge systems is difficult due to the flocculent nature of
the microorganisms. Extracellular enzymes may be produced, but not detected in the bulk liquid due to
diffusional limitations or reactions within the sludge floc. In a study of bovine serum albumin (BSA)
degradation by acclimated activated sludge. McLoughlin and Crombie-Quilty (1983) found proteolytic enzymes
in the supernatant during BSA degradation. During the investigation, there was never a rise in the levels of
trichloroacetic acid (TCA) soluble protein in the cell free supernatant; therefore, protein degradation
byproducts did not accumulate in the supernatant. The investigators identified two possible reasons. The BSA
degradation products could be readily assimilated by the activated sludge following degradation in the
supernatant. Alternatively, the protein could be degraded close to the activated sludge matrix. In this case, the
resulting degradation products would not be released into the supernatant. The rate of proteolytic activity was
found to be correlated with the oxygen utilization rate.

This is in contrast to the findings of Boczar et a/. (1992) who noted an absence of enzyme activity

in the supernatant. Analysis of homogenized mixed liquor samples detected the following enzymes in
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significant quantities: alkaline phosphatase (APase), amino peptidase (protein hydrolysis) and glucosyl
hydrolase (carbohydrate hydrolysis). APase catalyzes the hydrolysis of phosphate esters including the esters of
primary and secondary alcohols, sugar alcohols, cyclic alcohols. phenols. and polyphosphates. The enzymes
detected in the mixed liquor would include: secreted enzymes. enzymes associated with dead cells, and possibly
intracellular enzymes whose substrates would pass through the cell membrane. Dold et al. (1991) using a
starch substrate, studied the rate of hydrolysis for «-1,4 glucan bonds. In this instance, the enzymes were
associated with the microbial floc and no enzymatic activity was observed in the bulk solution.

Frolund er a/. (1995) compared full sludge enzyme activity to that of a batch grown culture. The
extracellular polymeric substance (EPS) was extracted from the activated sludge culture using cation exchange.
The sludge bacteria were taken from the same treatment plant and grown for 3 days at room temperature in a
mineral salts media augmented with yeast extract. The activity of the activated sludge bacteria was 32 and 18
times greater for esterase and leucine aminopeptidase activity normalized on a per cell basis. respectively. when
compared to a culture of sludge bacteria. The investigators suggested that perhaps the role of EPS is not only to
combine the activated siudge components. but also to act as a sink for immobilized exoenzymes.

The bacteria present in activated sludge are either a slow growing (i.e. stationary growth phase) or
a chronically starved culture. [t is under these conditions that ectoenzyme production has been noted in pure
cultures (Albertson e af.. 1990; Skura. 1990; Fairbaim and Law. 1987). Some of the bacteria present in
activated sludge have the ability to produce ectoenzymes (Jones. 1971). All investigators. except for
McLoughlin and Crombie-Quilty (1983), have suggested that enzymes are present within the activated sludge
floc since their absence has been noted in the bulk liquid. The enzymes present in the floc may be either
extracellular enzymes or ectoenzymes. As ectoenzymes may play a role in hydrolysis. it is important to

understand their production and factors governing the overall enzyme activity.

c) Ectoenzyme production and activity

Temperature, pH, oxygen concentration, and ionic strength are environmental parameters known
to influence the production levels of ectoenzymes (Everleigh and Montenecourt, 1979). Ectoenzyme production

is also governed by the presence of inducers and repressors. [nducers stimulate ectoenzyme production and
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already expressed (Priest. 1984). The action of the end product will depend on the particular end product. its
concentration and the bacterial species.

An in-depth study by Fairbairn and Law (1987) sought to determine if nutritional factors in milk
serve to induce or repress proteinase production by Pseudomonas fluorscens. As part of this investigation. the
effect of 22 different amino acids on proteinase production was examined. Amino acids and peptides are
produced by proteinases and therefore amino acids may induce or suppress enzyme production. Proteinase
production was determined by examining HPA degradation by cell free samples. The amino acids were either
the sole carbon source. the sole nitrogen source or provided both carbon and organic nitrogen. Sodium
pyruvate and ammonium sulphate provided the non-amino acid source of carbon and nitrogen. respectively.
when appropriate. From the results of their studies (Table 2.6). the investigators concluded proteinase
production is a balance between induction by low concentrations of low molecular weight degradation products
and sensitivity to end products. They further suggested that the function of proteinases is to ensure a supply of
carbon rather than amino acids for protein synthesis. If sufficient organic carbon is available. the cell can
synthesize the needed amino acids. A number of studies examining the role of suppressors and inducers in
ectoenzyme production for cultures of bacteria indigenous to sewage are summarized in Table 2.7.

Table 2.6 Amino acids inducing proteinase production in Pseudomonas fluorescens after 96 h of

growth at 20°C in minimal medium supplemented as a sole carbon. nitrogen or carbon and nitrogen
source (after Fairbairn and Law (1987))

As carbon source As nitrogen source As carbon/nitrogen source
Isoleucine (Ile) Alanine (Ala) [soleucine (Ile)
Proline (Pro) Valine (Val) Tryptophan (Trp)
Tryptophan (Trp) [soleucine (lle) Asparagine (Asn)
Phenylalanine (Phe) Methionine (Met) Glutamine (Gin)
Asparagine (Asn) Tryptophan (Trp) Arginine (Arg)
Glutamine (Gln) Asparagine (Asp) Aspartic acid (Asp)
Tyrosine (Tyr) Glutamine (Gln) Glutamic acid (Glu)
Aspartic acid (Asp) Arginine (Arg)
Glutamic acid (Glu) Histidine (His)
Ornithine
Aspartic acid (Asp)
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Modification of existing enzymes has been reported by (Halemejko and Chrost. 1986). The
kinetics of amino-peptidase and endopeptidase as modified in the presence of proteins were considered in this
study. The function of aminopeptidase is to degrade a large number of peptides and amino acid amides of the
L-configuration. Leucine was found to be a competitive inhibitor of amino-peptidase activity. BSA was also
inhibitory to amino-peptidase, but the mechanism of inhibition was unclear. The addition of BSA resulted in
lowered Michaclis Menten maximum velocity (p) and higher Michaelis Menten half saturation coefficients
(K\) values for amino-peptidase. Albumin was a non-competitive inhibitor of endopeptidase activity. This
experimental study seems to indicate that the role of amino acids and proteins on enzyme activity is specific to
the substrate-enzyme system.

Chrost (1991) as part of a study on aquatic systems examined the modulation of already expressed
alkaline phosphatase (APase) and B-glucosidase due to the presence of a number of different end products.
B-glucosidase catalyzes the hydrolysis of B-linked dissaccharides of glucose. celluhexose and
carboxymethylcellulose. The effect of these is summarized in Table 2.8. This study also examined moduiation
of leucine aminopeptidase after the addition of the end products. Specific enzyme activity. bacterial production
and the apparent Ky were observed at 4. 20 and 44 h for leucine aminopeptidase. in the presence of acetate.
glucose and amino acids (Figures 2.3-2.5). Addition of amino acids to the culture precipitated the fastest
change with lower specific activity. higher bacterial production and slightly higher Michaelis constants
occurring within 4 hours. After 44 h incubation, amino acids and acetate supplemented cultures gave
comparable growth rates while the growth rate of the glucose augmented culture was 44-55% higher. At this
time, the specific activity of the enzyme normalized on the number of cells was approximately 10% of the
control culture after 44 h of incubation. For the control culture. and those cultures supplemented with acetate
and glucose. the Michaelis remained relatively constant. The culture supplemented with amino acids after 44 h

of incubation had a Michaelis Menten constant approximately double that of the control culture.
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Table 2.8 Specific activities and Michaelis constants of APase and p-glucosidase in water
supplemented with various organic compounds (after Chrést (1991))

Substance Added APase B-glucosidase

Activity (fmol-cell’-h"') K, (umol-L") || Activity (fmol-cell’-h)  Ka(pmol-L™)

cAMP Increased Decreased No Change Increased

ATP Increased Decreased No Change Increased

Glucose-6-P Increased Decreased No Change Increased

Glucose Decreased Decreased Decreased Increased

Cellobiose Decreased Decreased Increased Decreased

Amino acids Decreased Decreased Decreased Increased

Figure 2.3 Effect of the Addition of Low MW Substrates on Specific Activity of Leu-Amp (after

Chrdst (1991))
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Figure 2.4 Bacterial cell Production and Growth Rates in Water Samples Supplemented with Readily
Utilizable Substrates (after Chrost (1991))
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Figure 2.5 Michaelis constants (K,,) of Bacterial Leu-amp in Water Samples Supplemented with
Readily Utilizable Substrates (after Chrost (1991))
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Further investigation of this enzyme system with Leu-Leu, Ala-Ser. and albumin showed the
effects of supplementing with dipeptides and proteins. Supplementing lake water with dipeptides resulted in a
slightly decreased specific activity of the enzyme synthesized by bacteria in comparison to the control samples.
In control samples. specific (per cell) activity slightly increased after 24 and 48 h of incubation. Addition of
albumin (molecular weight (MW) approx. 66.000) to samples resulted in an accelerated rate of growth and
rapid induction of leu-amp synthesis. The newly formed enzymes had lower K,;. The investigator concluded
enzyme production and modulation is controlled by different mechanisms. Chrést (1991) cited other research
that shows that in general the presence of readily utilizable substrates or amino acids represses enzyme activity.
In contrast, the research of Daatselaar and Harder (1974), Litchfield and Prescott (1976) and Chrdst (1991)
show amino acids, peptides and proteins induce aminopeptidase synthesis in some bacteria. As stated
previously, the action of the end product will depend on the particular end product. its concentration and the

bacterial species.

d) The Rate Kinetics of Hydrolvsis

Use of a particulate biodegradable substrate requires (1) uptake and storage. (2) extracellular
enzymatic breakdown of the complex organic and (3) synthesis by the organism (Dold et al.. 1980). Soluble,
slowly biodegradable substrates may also require these processes for utilization. Uptake and storage of
substrate are considered to be essentially immediate (Dold et al., 1980). Enzymatic breakdown of the complex

organics (hydrolysis) has been mathematically described in ASM2. This is the formulation accepted by most

investigators.
X5,/
W& gy LKy, Eq. 2.4)
at Ke+ X5y

where dXydt = rate of hydrolysis of slowly biodegradable substrate (mg cop-L-1 g1y

Ky = maximum specific rate of hydrolysis (d'l)

X = concentration of slowly biodegradable substrate (mg COD-L-1)

Xy = concentration of heterotrophs (mg COD-L'I)

Kx = half velocity coefficient for hydrolysis (mg CcoD-L-1)
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The coefficients are unique for hydrolysis under aerobic, anoxic. and anaerobic conditions. Given
the dynamic nature of enzyme systems, it seems reasonable that enzyme activity. and thus the rate of
hydrolysis, would change in the presence of different electron acceptors.

Kappeler and Gujer (1992) utilized batch tests with iterative curve fitting to calculate Kpy of

Equation 2.4 and quantify the amount of slowly biodegradable substrate present. After inhibiting nitrification.
the oxygen utilization rate was measured as a function of time. The oxygen utilization rate indicates the rate of

hydrolysis only if growth is limited by the concentration of readily biodegradable substrate. At 14 °C a value
for Kpyof 4 d-! was determined. The accuracy of the determination is dependent on having accurate values for

the death and decay coefficients, and the heterotrophic yield.

Comparisons can be made between the work of Kappeler and Gujer (1992) and Wanner ef al.
(1992). The latter investigators used mathematical optimization and 25 sets of time series data of oxygen
utilization rates to determine the rate of hydrolysis. Initial estimates were updated using predictive-corrective
techniques. Experiments were divided into two groups: those having a sludge age between 7.3 and 11.1 days:

and a second group where sludge ages ranged between 1.8 - 2.8 days. Comparing Ky values given by

Wanner et al. (1992) to those derived by Kappeler and Gujer (1992) produces estimates that differ by a ratio of
2 to 1. For estimates of the initial concentration of the slowly biodegradable organic matter this ratio is 1 to 1.7
(i.e. the inverse ratio). Comparable overall hydrolysis rates were obtained from these two studies.

One of the few studies to specifically look at the rate of hydrolysis used activated sludge (AS).
acclimated to the polymer, peptone or dextrin, to investigate the role of hydrolysis at 20°C (Ubukata. 1992).
The polymer-acclimated AS was fed the corresponding monomer, amino acids or glucose, as a part of rate
testing. The rate of removal was determined by measuring the concentration of filtered total organic carbon in
the reactor over time. For both substrates it was concluded that the removal rate of monomer by the polymer-
acclimated AS was higher than that of the polymers. The only difference between the polymer and the
monomer is the existence of a glycosidic or peptide bond. Ubukata suggested that the rate of hydrolysis of

polymer to monomer was the rate limiting step.
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In a second slightly more limited study. the hydrolysis of a-1.4 glycosidic bonds (i.c., the bond
predominantly found in starches) by activated sludge was examined (Dold et a/.. 1991). The activated sludge
was taken from a full scale treatment plant achieving aerobic carbon removal. In this investigation. the rate of
hydrolysis was significantly altered by the availability of an electron acceptor (oxygen or nitrate). At 20°C. the
rate under anoxic conditions (i.e., in the presence of nitrate and absence of dissolved oxygen) was more than
double that observed under aerobic conditions. In this instance, hydrolysis under anoxic conditions may be
carried out by both the obligate aerobes and the denitrifying organisms present in the mixed liquor. The mixed
liquor had never been exposed to anoxic conditions before testing. The type of enzymes initially present and
their overall activity would be characteristic of an aerobic culture and not an anoxic culture. Use of an anoxic

culture may lead to very different resuits.

e) Hydrolysis of Nitrogenous Compounds

Henze and Mladenovski (1991) used ammonia production rates to indicate the rate of hydrolysis of
nitrogenous compounds by activated sludge. Raw sewage having the following characteristics:
450-600 mg COD/L, 40-60 mg TKN/L and 30-40 mg NH;-N/L was added to the MLVSS to give a final
concentration of 1900 mg VSS/L. The MLVSS and sewage were taken from the same plant so acclimation was
not considered a problem. Nitrification was inhibited so ammonia nitrogen was not further metabolized by
autotrophs. Tests were carried out at temperatures of 12.3. 15 and 20 °C. The experimental data suggested
that the hydrolysis of nitrogenous compounds is significantly affected by the available electron acceptor. Under
aerobic conditions the rate of ammonia nitrogen production was 5 g NH;-N/mg TKN-h while in the presence of
nitrate the rate was 1.25 g NH; N/mg TKN-h. The investigators found that the ratio between the hydrolysis

rates under aerobic and anoxic conditions was similar to the respiration rates expressed in terms electron

equivalents.
f) Summary

1. A number of Gram-negative bacteria found in activated sludge have been noted to produce ectoenzymes.
Although the production of ectoenzymes in relation to growth phase seems to be species and substrate

dependent, the general trend is for enzymes to be produced during the late logarithmic stages and beyond.

39



2. Studies of pure cultures and aquatic systems have shown that ectoenzymes are present. The presence or
absence of ectoenzymes has not been investigated in activated sludge systems. It has been suggested that
the activated sludge floc matrix most likely immobilizes and accumulates large amounts of enzymes. In
this instance, the role of the extracellular polymer is not only to combine the activated sludge components,
but also to act as a sink for immobilized exoenzymes.

3. Temperature, pH, oxygen concentration, and ionic strength all are environmental parameters known to
influence the production levels of ectoenzymes. The production and specific activity of ectoenzymes is also
governed by the presence or absence of end products. In general, high concentrations of end products
decreases enzyme activity either through decreased production or by changing the activity of existing
enzymes.

4. Hydrolysis as carried out by the microorganisms of activated sludge is poorly understood. Within the
framework of ASM2, the rate of hydrolysis is independent of the concentration of readily biodegradable
substrate even under conditions when the level of readily biodegradable substrates far exceeds that required
for growth. If ectoenzymes are responsible for hydrolysis then this hypothesis would be contradictory to the
current understanding of these enzyme systems gained by examining other systems. If extracellular
enzymes produced by cell lysis are responsible for hydrolysis, then culture conditions such as the presence

of readily biodegradable substrates may have minimal impact on hydrolysis kinetics.

2.3.3. Cell Lysis and Subsequent Use of Decay Products
a) Introduction

Microbial death results from irreversible damage to the deoxyribonucleic acid (DNA). If sufficient
damage is incurred by the cell wall/membrane. then both death and lysis occur. Agents precipitating microbial
death include: cell age, chemical damage (including antibiotics), low temperature, and freezing. Autolysins
can cause the loss of cell wall/membrane integrity.

Autolysins play an important role in cell function as they are responsible for: daughter cell
separation, protein turnover, morphological differentiation, and expansion of cell wall polymers (Mason et al.,

1986). These are the constructive roles they play. In general, if the synthesis of autolysins is prevented because
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of either nutritional limitations or the presence of antibiotics then lysis of bacterial cells will be observed
(Shockman and Holtje, 1994). The capacity of bacterium to autolyse is at a maximum or near maximum
during the exponential growth phase (Shockman and Héltje. 1994). There are many reports that cells do not
lyse during starvation (Harrison and Lawrence. 1963 Gronlund and Campbell, 1963: Novitsky and Morita.

1977).

b) Cryptic Growth
Cryptic growth refers to the use of organics that have leaked from a dying bacterium as a growth

substrate (Postgate, 1976). A more inclusive definition would include substrate generated through lysis of
microorganisms as well as substrate generated by cell leakage. It should be noted that cryptic growth does not
appear to occur during the starvation survival process. Kurath and Morita (1983) came to this conclusion after
observing the endogenous respiration rate of a Pseudomonas sp. culture transferred from a spent culture to a
buffered medium. Since a drop in respiration rate did not occur, the investigators reasoned that the leaching of
organic material from the non-viable cells is not a major factor in the survival of the other cells. It was not
ascertained whether this was due to minimal lysis or if the biopolymers generated through lysis were in a form
that limited their use as a growth substrate. Gronlund and Campbell (1963) found increases in the ultraviolet
absorbing material, largely RNA degradation products, as starvation proceeded with pure cultures of
Pseudomonas aeruginosa.

Gaudy er al. (1971) used sonicated sludge to simulate cryptic growth in an activated sludge system
at 16 °C. A 50% reduction in the COD of the supernatant was evident in the first {5 minutes with an over
90% reduction occurring after 25 hours. The sonicate was composed of 5-15% carbohydrate and 40-65%
protein on a COD basis. King and Forester (1990) have shown that sonication power influences the
concentrations of both soluble carbohydrate and protein. Even though Gaudy et al. (1971) used lower power
levels over longer periods of time, the results of King and Forester would suggest that some degradation of long
chain organics did occur.

Banks and Bryers (1990) extended the studies on cryptic growth using pure cultures of

Pseudomonas putida and Hyphomicrobium sp. The pure cultures of P. putida and Hyphomicrobium sp. were
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grownon C * labeled glucose and methanol to produce radiolabelled cell debris which could be sonicated and
used as a subsisate. The growth of P. putida and Hyphomicrobium sp. on the sonicated cell debris was followed
by monitoring the radioactivity of soluble (<0.22 pm) and particulate material; and by performing
epifluorescent cell counts. P. putida metabolized 30-60% of the soluble organic material released by sonication
of the radiolabeled cells whereas Hyphomicrobium sp. could metabolize only 20-30% of the soluble organic
material released regardless of its origin.

Use of the particulate debris (>0.2 um) remaining after sonication as a growth substrate for either

species produced no noticeable increase in epifluorescence cell counts. No significant increase in soluble

organic carbon labeled with CM was observed. The investigators believe that hydrolysis of labeled cell debris
did not occur. As mentioned above, sonicating cells can lead to the degradation of long chain organics.

Death and decay and subsequent cryptic growth are conceptually equivalent to the death-
regeneration concept as currently depicted. From pure culture studies of Banks and Bryers (1990), the
biodegradability of the growth substrate derived from cell lysis seems to be dependent on the microorganism
carrying out the degradation. The accuracy of most of the current information is suspect because the sonication

used to Iyse the cell can degrade proteins and carbohydrates.

<) Endogenous Respiration

In the absence of an external source of substrate, the cell has to make changes to its metabolic
functions to ensure continued survival. Energy needed to sustain maintenance functions is derived through
endogenous metabolism. Endogenous metabolism is the summation of all metabolic reactions that occur when
a cell is deprived of compounds which can serve as a substrate. The ability to reduce the endogenous metabolic
rate rapidly to save dwindling energy reserves, may be a prerequisite for surviving starvation (Dawes, 1976).
After 2 days of starvation, the rate of endogenous respiration decreased by 80% for Ant-300 (i.e., a marine
Vibrio) (Novitsky and Morita, 1977).

Under carbon starvation, energy is derived from the consumption of carbon reserves (e.g.
polyglucans, poly-B-hyroxybutyric acid polymers (PHB), and polyvolutins). In the case of Jibrio S14, the

depletion of PHB reserves developed during growth could be followed as starvation progressed (Rodriguez et
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al., 1992). Malmcrona-Friberg er al. (1986) noted PHB reserves were depleted 3 hours after the onset of carbon
starvation in an unidentified marine species. In £. coli, depletion of glycogen reserves occurred within 10
hours of being placed under conditions of chronic starvation (Chesbro er al.. 1990). High levels of reserve
materials do not necessarily guarantee a bacterium'’s survival. One having a lower content of reserve material
may have an equal chance of survival depending on the rate of endogenous metabolism (Dawes. 1976).

The degradation of ribosomal ribonucleic acid (RNA) can be retarded by the presence of
intracellular carbon reserves or extracellular products such as polysaccharides. It has been reported that under
prolonged starvation up to 85% of the net RNA reserves will be consumed even though RNA synthesis
continues (Burleigh and Dawes, 1967; Boylen and Ensign, 1970). While it is thought that in most bacteria the
DNA of the microbe remains stable under prolonged starvation, there appear to be exceptions (Siegele and
Kolter, 1992). For example, the DNA levels of 4nt-300 cells decreased rapidly during the first 14 days of
starvation and then declined only slightly over the rest of the study period (Novitsky and Morita. 1977. Moyer
and Morita, 1989).

Activated sludge systems exist as chronically starved systems. Starvation causes significant
changes in the cell's metabolic behaviour. A number of the starvation-induced changes discussed above are
significant to the general understanding of activated sludge systems. For instance, a substantial portion of the
microbial population may exist in a dormant state brought on by starvation. Under nutrient sufficient
conditions, the dormant bacteria will again become actively replicating and respiring bacteria. [f the number of
dormant bacteria was significant, then the existence of dormant population should be incorporated in a revised
conceptual model.

A number of researchers have suggested that cryptic growth does not occur under starvation
conditions. If this was true, the death-regeneration approach would not be valid under starvation conditions
such as those found under batch digestion (Novitsky and Morita, 1977; Dawes, 1976). Rapid decreases in the
rate of endogenous respiration over time have been noted for a variety of marine bacteria. Decreased
endogenous respiration is a survival tactic employed by microorganisms. Declines in the oxygen utilization
rate (OUR) were seen during the transition between chronic starvation, starvation and dormancy. The rate of

decline is not a good measure of the rate of heterotrophic death and decay under chronically starved conditions.
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This is contrary to the suggestions of Marais and Ekama (1976). A better understanding of energy
requirements under starvation conditions does cast doubt on the current conceptual model. Declines in OUR
with time derived through batch digestion of biosolids are representative of a system undergoing a transition

and not necessarily one operating under chronic starvation.

2.4. Nitrogen Removal

24.1. Introduction
Biological nitrogen removal is a two step process. In this process, nitrification is followed by

denitrification. During nitrification, ammonia nitrogen is converted into nitrate by autotrophic bacteria under
aerobic conditions. The nitrate produced is then reduced by heterotrophic bacteria under anoxic conditions to
produce gaseous molecular nitrogen (dinitrogen) in a process called denitrification or dissimilatory nitrate
reduction. Based on the experimental work of McCarty et al. (1969) when methanol is used as a growth
substrate, denitrification proceeds as follows:

N03‘ +1.08 CHSOH +H" — 0.065 C5H702N +0.47 N2 +2.44 H20 + 0.'[6CO2 Eq. (2.5)

There are two practical ways to achieve denitrification. Predenitrification utilizes organics present
in the influent wastewater. With this configuration, denitrification precedes aerobic growth/nitrification with
nitrate being recycled back to the anoxic reactor. The stability of the process depends on sufficient nitrate being
recycled back to the anoxic reactor. With post denitrification, denitrification follows nitrification. This process
has the advantage of increased process stability: however, additional costs are incurred in providing an
exogenous source of carbon. Organics are added in excess of stoichiometric requirements to ensure complete
denitrification. Residual organic substrate will always be present in the plant effluent unless additional carbon
removal facilities are available. In the case of low organic strength wastes or if denitrification proceeds under
hydrolysis limited conditions, use of a supplementary carbon source is required for both pre-denitrification and

post-denitrification configurations.

44



2472, Carbon Limited Growth

For most systems achieving denitrification, the organic carbon to nitrogen ratio is a critical
variable. Lynga and Balmér (1992) suggest that for COD/N ratios above 15. nitrate removal is complete or
close to complete. At COD/N ratios below 15 nitrate removal is highly variable. There are three possible
sources of soluble biodegradable organics: the influent wastewater. the products of endogenous respiration and
exogenous carbon sources (e.g. methanol, fermented primary sludge and brewery wastewater).

In a study using influent wastewater as a carbon source for denitrification. van Haandel et al.
(1981) reported the occurrence of two distinct phases with characteristic rates when activated sludge was mixed
with influent wastewater under batch conditions. The initial phase proceeds until the rapidly biodegradable
COD present in the influent is depleted. During this phase, the rate of denitrification is relatively fast. During
the second phase, slowly biodegradable organics are hydrolysized and consumed in denitrification. The rate of
denitrificationr proceeds at 2 much slower rate than that realized during the initial phase. The rate of
denitrification realized under these conditions was similar to those produced by post-denitrification plug flow
systems. This is consistent with the findings of Barnard (1975) who found three distinctive and successive
zero-order rates of nitrate reduction. The third rate overlapped with the second and corresponded to the period
when the contribution of organics generated by endogenous respiration became significant.

Henze er al. (1993) proposed the existence of three distinct fractions for biodegradable substrates
present in wastewater: directly metabolizable, easily degradable and slowly degradable. An example of a
directly metabolizable substrate is acetic acid. Higher volatile fatty acids. lower alcohols. lower amino acids
and simple carbohydrates are all considered examples of easily degradable substrates. Most slowly degradable
substrates are complex organics having a higher molecular weight. Directly metabolizable substrates do not
require the participation of exoenzymes. Easily degradable and slowly degradable both require hydrolysis but
easily degradable substrates require that far fewer bonds be broken. Denitrification rates for comparable

cultures using the various fractions are presented in Table 2.9.
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Table 2.9 Denitrification Rates at 20°C for Various fractions of COD in Municipal Wastewater
(Henze et al. (1993))

Fraction Denitrification Rate (mg N/(g VSS-h))
Directly metabolizable 10-20
Easily degradable 24
Slowly degradable 0.2-0.5

Different rates of denitrification are realized for denitrifying and biological phosphorous removal
systems during phase two as described by van Haandel et a/. (1981). Griffths (1994) suggested the presence of
two distinct groups of anoxic heterotrophs in nitrogen removal systems. The first group has a competitive
advantage as they are able to utilize rapidly biodegradable organics anoxically: however. they are unable to
hydrolyse slowly biodegradable organics (SBCOD) anoxically. The second group is capable of hydrolysing
SBCOD under anoxic conditions. This group retains and utilizes the hydrclysis products. Novak (1995) in a
comment on Griffths proposal suggested that the profile described by van Haandei et af. (1981) and Barnard
(1975) involves four phases. They consist of the elimination of: directly metabolizable. easily degradable.
slowly biodegradable and organics derived by cell lysis. The breakpoints between phase one and phase two
may or may not be visible depending on the substrate quality. He further explains it might be difficult to
distinguish between the end of phase three and the beginning of phase four. The difficulty results from the
wide range of molecular wetghts of slowly biodegradable organics that probably translates into different rates of
hydrolysis.

Several researchers have evaluated the feasibility of using exogenous organic substrates. A

comprehensive listing of studies on various exogenous substrates has been compiled by Mateju er al. (1992).

2.43. Effect of Temperature on Nitrogen Removal Kinetics

The efficacy of nitrogen removal at low temperatures is a concern for wastewater treatment plants
in Southern Ontario as well as much of Canada and parts of the United States. A profile of the average
aeration basin temperatures for Waterloo STP is presented in Table 2.10.

Table 2.10 Temperature Profile Waterloo STP (after Whitehead (1980)).

Month Average Temperature °C Month Average Temperature °C
January 13.2 May 15.3
February 13.2 June 19.6

March 12.6 July 204

April 12.8 August 22.1
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Overall process performance is a function of organic carbon source, temperature and the growth
kinetics of denitrifying organisms (Lewandoswki. 1982). van Haandel et a/. (1981) found denitrification rate
coefficients (mg NO3-N/(g active organisms - h)) to be independent of siudge age. influent COD. sludge
concentration and recycle ratios over the temperature range of 14-20 °C.

Oleszkiewicz and Berquist (1988) have shown nitrogen removal to be a viable process down to
temperatures as low as 2 °C. In this study. SBRs were fed raw sewage augmented with a high strength
pharmaceutical wastewater. The resulting influent had a COD:TKN ratio varying between 2.3-2.7. To achieve
denitrification and ultimately nitrogen removal in a SBR, aeration was turned off for a portion of the react
cycle. The investigators found denitrification could be achieved by not supplying air for 2 h of the 8 h react
cycle or alternately 2 h for a 12 h react cycle. Although the rate of denitrification was comparable for the two
cycles in the 7-15°C range. higher efficiencies where realized with a 8 h cycle when the temperature where in
the 2-7 °C range. The rate of change of denitrification with temperature was discontinuous at 7 °C.
Temperature correction factors for the unit rate of denitrification (g NO3-N/ (gVSS-h)) were discontinuous.
Over the 7-15 °C range. the modified Arrenhius coefficient for denitrification (8py) was 1.06. Over the 2-7°C
range. Op); is 1.30. The discontinuity mentioned at 7 °C may reflect a change in the mechanism controlling
denitrification.

Barnard (1975) studied biological nitrogen removal over a more moderate range of 17-25 °C. Four
reactors under alternating anoxic and aerobic conditions were run in series. Raw sewage (COD:TKN ratio of
approximately 10-13) entered the first basin and contacted with the mixed liquor from the second basin which
was recycled at a rate of three to four times the average flow rate. Almost complete denitrification occurred in
the first basin where 70-80% of the nitrogen removal occurred. Total nitrogen removals of 94% were achieved.

The denitrification rates at 20°C were 3-6 and 1-3 mg NO3-N/ (g MLSS - h) for the first and third basin.

respectively. The corresponding 6 values were 1.09 and 1.20, respectively over the temperature range of
17-25 °C.
van Haandel er al. (1981) determined the temperature sensitivity of each of the three rate

coefficients using a plug flow reactor at temperatures between 14-20 °C. The coefficients for phases one. two
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and three were 1.20. 1.08 and 1.03, respectively. The data showed wide variation (+25%) with values being
either extremely high or extremely low. The investigators rationalized the fluctuations as being batch to batch
variation in the composition of the wastewater.

The effect of temperature on microbial iinetics is difficult to discern when influent wastewater is
the carbon source. since often substrate and temperature effects are confounded. Methanol is a widely used
carbon source in denitrification. Sutton ez al. (1978) performed one of the few studies where both raw sewage
and methanol were independently used as substrates under similar environmental conditions. The organics
present in raw sewage produced comparable denitrification rates when compared to methanol. Although
generalizations cannot be made, two recent studies suggest appreciable gains in the rate of denitrification can
be made when methanol is substituted for raw sewage (Tam et a/.. 1992a: 1992b).

Use of methanol as a substrate led to the development of modified Arrhenius coefficients for sludge
ages of 3. and 6 days (Sutton et al.. 1974). Pooling of data derived from batch and continuous testing led to
modified Arrenhius coefficients of 1.093 and 1.097 for sludge ages of 3 and 6 days. respectively. Ata
temperature of 7 °C and an anoxic SRT of 7 d. the unit rate of denitrification where raw sewage was the carbon
source (0.026 mg NO3-N+NO2-N/( mg MLVSS- d)) was comparable to that derived using methanol
(0.023 mg NO3-N+NO2-N/( mg MLVSS- d) ). suggesting similar low temperature performance when either
pre-denitrification or post-denitrification configurations are used.

Lewandoswki (1982) evalua.ed the performance of denitrification using: acetic acid. acetone.
endogenous sources and methanol. The investigator reported a linear rate between 5-35 °C. Over the 2.5-5°C
range. the temperature response became much different which is similar to that noted by Oleszkiewicz and
Berquist (1988). Although the rates of denitrification were dependent on the chosen substrate. no significant
differences in the modified Arrhenius coefficient derived for each of the substrates was noted.

Halmo and Eimhjellen (1981) considered the efficiency of two denitrifving sludges enriched at 5
and 20 °C using methanol as an organic carbon source. The investigators wanted to develop cultures with
distinctive psychrophilic and mesophilic character. From batch studies over the temperature range 0-8 °C. the

low temperature sludge had 3-4 times higher rate of denitrification than the one grown at higher temperatures.



At the higher temperatures (18-20 °C), the rate of denitrification of the predominantly psychrophilic sludge was
comparable to that of the sludge grown at warm temperatures. The maximum rate of denitrification for this
sludge was obtained at a temperature of approximately 14 °C.

Continuous culture experiments produced some unexpected resuits. The high temperature sludge
operating at 22 °C gave 96-98% nitrate removal down at a HRT of 2 hours. Comparable performance was
achieved with the low temperature sludge at 2 °C and a HRT of 3 hours. Exposure to temperature changes of
up to 10 °C did not seem to influence the denitrification characteristics of any of the sludge types. The low
temperature sludge was exposed to 17 °C for some time. Once the temperature was restored to 2 °C. the
behaviour reverted to normal. Afier 4 weeks of maintaining the culture at 2 °C. there was a significant loss of
denitrification capacity. Further testing with a three-stage process evaluated the feasibility of biological
nitrogen removal at 5 °C. When complete nitrification was achieved. 94-97% of influent inorganic nitrogen
was removed. The investigators made no attempt to characterize the temperature response of the biological
nitrogen system.

244, Biomass Production in Nitrogen Removal Systems

As indicated above, yield under anoxic conditions has been found to be significantly less than that
realized under aerobic conditions for pure cultures of denitrifiers. The behaviour of the mixed microbial
population present in activated sludge may deviate markedly from pure cultures. A number of investigations
comparing sludge production of denitrifying, and nitrogen removal systems to that of acrobic carbon removal
systems have been done and are summarized in Table 2.11.

Table 2.11 Biomass Production in Nitrogen Removal Systems

SRT Anoxic Pre-denit Temperature Carbon Source [nvestigator

) Aerobic Aerobic (§(®)

(g/g) (g/g)

<10 0.6-0.7 24-26 Nutrient Broth McClintock et. al. (1992)
8-12 =] 20 Primary Effluent Symth (1994)

13 0.85-0.89 6-20 Glucose Ketchen (1994)

13 0.70 20 Glucose/Starch Ketchen (1994)

13 0.69 13 Glucose/Starch Ketchen (1994)

13 0.92 6 Glucose/Starch Ketchen (1994)
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The goal of experimental studies carried out by Symth (1994) was to observe and compare sludge
production and COD removal efficiency in aerobic and anoxic systems under steady-state conditions. The
experimental program used primary effluent from Mid Halton STP as a feed source for a number of fed batch
reactors operated at 20°C. The study concluded that sludge production from an anoxic system is very similar to
that produced by an equivalent aerobic system and may even be higher. Sludge production did not seem to vary
much with sludge age over the range of 8-12 days.

Symth (1994) went on to reevaluate the work of McClintock (1992). The original investigation
found sludge production to be approximately 40% less for anoxic conditions in comparison to aerobic
conditions at sludge ages of 10 days or less. Reductions in sludge production were attributed to lower true
yields and endogenous rate coefficients and higher maximum substrate utilization rates. Further analysis by
Smyth suggested that the accumulation of endogenous products might account for differences in the results.
She further suggested that no reliable comparison between the aerobic and anoxic activated sludge parameters
could occur until a more extensive data base was available.

Ketchen (1994) considered biomass production of nitrogen removal systems in comparison to those
achieving carbon removal/nitrification. Two SBRs were operated in parallel at temperatures of 6. 13 and 20°C.
Glucose. a rapidly biodegradable substrate. not requiring hydrolysis was used as a feed stock. Sludge
production for both reactors increased with decreasing temperatures. This same general trend of increasing
sludge production with decreasing temperatures has been reported for both carbon (Tian er al.. 1994: Sollfrank
et al., 1992) and nitrogen removal systems (Oleszkiewicz and Berquist, 1988). The pre-denitrification reactor
generally had a lower observed yield than the one achieving strictly carbon removal. This is in stark contrast
with the findings of Symth (1994).

2.45. Summary
The following key points can be summarized from the literature review of nitrogen removal:

1. There are conflicting reports of sludge production under aerobic. anoxic or alternating anoxic/aerobic
conditions for activated sludge systems. Some researchers suggest equal sludge production under anoxic

and aerobic conditions, but this is not in keeping with pure culture and theoretical considerations.
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2. The overall rate of denitrification is dependent on the type of organic substrate present. Much higher rates
of denitrification are realized when rapidly biodegradable organics are used instead of slowly biodegradable
substrates suggesting hydrolysis may be an important factor in the denitrification process.

3. Current rates of denitrification are based on the rate of removal per unit of volatile suspended solids
making the rate of removal a function of sludge composition. Unless similar carbon loadings and sludge
are maintained; the results of one study are not directly comparable to the results of another. The best way
to overcome this is through the use of enumeration techniques that will define the underlying microbial
population. Another alternative is to use a mathematical model to estimate the growth kinetics (im, K,). In

turn, the growth kinetics of the different systems can be directly compared.
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3. Method Development

3.1. Wastewater Characterization

3.1.1. Introduction
Within the context of Activated Sludge Model 1 (ASM1) and Activated Sludge Model 2 (ASM2),

slowly biodegradable substrates require degradation by enzymes external to the cell (i.e., hydrolysis) before
becoming available growth substrates. Readily biodegradable substrates can be used directly by the cell
(Ekama et al., 1986). The conceptual distinction between rapidly and slowly biodegradable substrate is simple:
however, developing an operational protocol capable of distinguishing between the two is not. Many protocols
characterizing the wastewaters into slowly and rapidly biodegradable fractions assume that hydrolysis controls
the overall rate of growth but this has not yet been proven to be the case. It was also shown in the literature
review, that the rate of hydrolysis was dependent on a number of conditions such as growth phase, temperature.
and the presence of substrates which induce or repress enzyme production.

A characterization protocol based on metabolic response has a number of disadvantages.
Ekama et al. (1986) suggested that characterization of an influent could be achieved by monitoring the OUR of
the influent wastewater combined with an appropriate quantity of microorganisms in a batch reactor. With a
suitable initial substrate to microorganism ratio, the OUR should remain constant for 1-3 hours, then
precipitously decrease. Ekama et al. (1986) hypothesized that the initial high OUR results from the
metabolism of rapidly degradable organics while the second lower plateau can be attributed to the slowly
biodegradable organics which remains relatively constant until these latter organics are exhausted.
Wastewaters of identical composition may be characterized differently using this protocol because of variability
in metabolic response which may have been induced by factors other than substrate complexity. A protocol
based on physical characteristics is desirable because it allows the character of wastewaters of different origins

to be easily compared.
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An alternative protocol exists based on the premise that removal of the colloidal (0.001-1pm) and
supra colloidal (1-100um) material will yield a solution principally composed of soluble organics
(Mamais et a/., 1993). The COD exerted by these organics is believed to represent the rapidly biodegradable
COD present. In reality. it overestimates the rapidly biodegradable COD. Soluble long chain organics
requiring hydrolysis will be erroneously included in this measurement.

3.1.2. A New Operational Definition

None of the previous protocols have considered the mechanism of substrate transport through the
cell wall. When considering substrate transport, it is important to recognize that the bacteria of activated
sludge are predominantly Gram-negative (Hawkes. 1963). The mechanism of substrate transport differs
significantly in Gram-negative and Gram-positive bacteria. Many Gram-negative bacteria exclude many
hydrophobic. amphiphilic and hydrophilic molecules above a given size limit (Hancock. [991).

Gram-negative bacteria possess water filled protein channels, porins. that allow small hydrophilic
molecules to diffuse through the phospholipid and lipopolysaccharide layers of the cell wall (Figure 3.1). Most
porins are non-selective which distinguishes them from many other transport processes. Diffusion through
non-selective porins is generally limited to compounds with sizes less than the porin exclusion limit of
600-1400 Da (Jeanteur et al.. 1994). Factors affecting substrate permeability include size (chain length and
steric factors), shape. hydrophobicity and electrical charge.

Selective porins permit the diffusion of specified growth factors larger than the porin exclusion
limit. Selective porins have been noted for: maltose and maltodextrins. Vitamin B12. and at least four proteins
specific for iron uptake (Benz, 1985). Expression of some of the highly selective porins is often regulated by
environmental conditions such as osmolarity. phosphate concentration. and temperature (Benz. 1985).
Considering the physiology of Gram-negative bacteria, this study proposes using a MW of 1000 Da to
operationally distinguish between rapidly and slowly biodegradable organics. Slowly biodegradable substrates
require hydrolysis before becoming available for growth. Rapidly biodegradable substrates are present in a

useable form.



Figure 3.1. Major Features of the Cell Envelope of a Gram-negative bacterium (after Neidhardt ez al., 1990)
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3.2. Enumeration of the Microbial Population
3.2.1.  Enumeration Techniques
a) Plate Counts

Plate counts substantially underestimate the total number of bacteria present in environmental
samples (Oliver. 1993). This is to be anticipated since there is no single universal medium capable of
supporting the growth of all organisms. Thus. a portion of the population may exist in a viable but non-
culturable (VBNC) state. Viable bacteria would include replicating. and dormant organisms. The four
physiological states that a bacteria may have was defined previously in Section 2.2.b.i. VBNC bacteria are
metabolically active. while being incapable of undergoing the sustained cellular division required for growth in
or on a medium normally supporting growth (Oliver. [993: Nilsson et al.. 1991).

The VBNC state can be induced by changes in temperature, salt levels, nutrient levels. light.

aeration. temperature. cell washing and the physiological age of the culture (Nilsson et /.. 1991: Otiver. 1993).



Of particular interest is the response to temperature reductions. Nilsson ef a/. (1991) found that [ ibrio
vulnificus would respond to a temperature downshift from 20°C to 5 °C by assuming a VBNC state. An upshift
in temperature (5 to 20°C) resuscitated the cells giving plate counts comparable to those prior to the
temperature change. The response to subsequent repeated temperature shifts was identical. Typically activated
sludge cultures are older cultures that have been subjected to repeated temperature shifts. These conditions

would promote the existence of bacteria in a VBNC state.

b) Electron Transport Activity

The activity of the electron transport system (ETS) or the quantity of energy produced as adenosine
triphosphate levels, is often used as an indicator of microbial activity. The ETS is mediated by the action of
several dehydrogenase enzymes and thus. measurement of dehydrogenase activity is a reliable indication of
ETS activity. Dehydrogenase activity can be indirectly assessed using redox dyes (e.g. methylene blue.
resazurin) or tetrazolium salts.

The respiring population would include replicating, non-replicating and dormant organisms. In
these organisms, tetrazolium salts compete with oxygen for electrons with the resulting reduced salts forming
insoluble formazan compounds. Reduction of the tetrazolium salts occurs at the inner surface of the
cytoplasmic membrane (Sedar and Burde. 1965). Salts commonly used include 2.3.5-triphenyltetrazolium
chloride (TTC), 5<yano-2,3-ditolyl tetrazolium chloride (CTC), and 2-(p-iodopheny!)-3-(p-nitrophenyl)-5-
phenyltetrazolium chloride (INT). After incubation with the tetrazolium salt. the cells are disrupted and the
formazan solublized. After centrifuging, the spectral absorbance measurements of the supernatant are made.
This method requires an active ETS with a minimum level of activity. The ETS of dormant bacteria operates at
reduced levels so this method may or may not detect dormant bacteria.

The success of this method is dependent on the bacterial species and the tetrazolium salt being
used. Not all bacterial species are capable of tetrazolium salt reduction; thus, the level of total bacterial activity
may be underestimated (Trevors, 1984). When stains were applied to a wide variety of microorganisms under
comparable conditions, methylthiazolydiphenyltetrazolium (MTT) and INT were taken up by a wider range of

organisms than NBT (nitroblue) (Thom et al., 1993). It has also been noted that sufficiently high
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concentrations of the salts may suppress the ETS (Lopez et al.. 1986: Trevors. 1984). Further inaccuracies
result from dissolved oxygen competing with the chosen salt as an electron acceptor (Miksch. 1983). Despite
these possible limitations, INT reduction has shown good correlation with the OUR. an independent

measurement of culture metabolic activity, by a number of investigators (Trevors. 198+4: Urbain ez al.. 1993).

¢) Total Direct Counts

The use of acridine orange direct counts (AODC) to enumerate aquatic bacteria is well established.
For this technique. cells are counted on a polycarbonate filter after the filtration of a known sample volume.
The cells are stained using acridine orange which stains nucleic acids. Stained DNA fluoresces green while
RNA fluoresces orange (Hobbie ef al.. 1977 ASTM. 1994; Bitton et al., 1993). It has been suggested that
orange cells could be deemed viable due to the excess of RNA relative to DNA resulting from active
metabolism whereas dead cells fluoresce green (Carillo er al.. 1985; Lopez-Torres et al.. 1987). Differentiation
between active and inactive bacterium by colour is inappropriate because the moisture content of the filter will
influence the colour of fluorescence (Bitton et a/.. 1993). A number of stains can be substituted for acridine
orange; these include ethidiur bromide, 4,6-diamidino-2-phenyl indole (DAPY). acriflavine. and bisbenzimide

(Bergstrém et al., 1986).

d) Determination of Total and Respiring Bacteria

The number of total and respiring bacteria can be enumerated by using the AODC protocol in
conjunction with the use of tetrazolium salts and microscopic examination. In the ASTM protocol for aquatic
bacteria, Method 4454-85 (ASTM. 1994), the sample is incubated with INT prior to being stained with acridine
orange. Tetrazolium salts like INT are reduced by an active electron transport system to form an insoluble
formazan crystal. There are two patterns of formazan deposition either combined extracellular and cell-
associated deposits or exclusively cell-associated deposits. Mixed deposits were observed with MTT and INT.
whereas NBT and NT produced exclusively cell-associated deposits (Them er al., 1993).

If INT is used. the crystal produced can be identified under direct bright field microscopic
examination as a bright red spot. The sites of dehydrogenase and INT-formazan deposits may not be

necessarily identical. INT seems to coalesce after its reduction to form a typical larger formazan deposits in the
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cytoplasm (Zimmermann et al., 1978). Bacteria lacking formazan spots maybe in a state of activity which is
below the level of detection (Zimmermann er al.. 1978). Recognition of formazan deposits as a bright-field
image is difficult with bacteria less than 0.4 pm in diameter (Zimmermann et al.. 1978).

Although incubation with INT and later microscopic examination is considerably more accurate
than either plate counts or activity measurements under some conditions, the technique may significantly
underestimate the number of respiring cells. Whereas only 3% of the cells exhibited detectable INT-formazan
deposits, 100% of these same cells were platable following room temperature resuscitation (Nilsson er al..

1991).

e) Applicability to Field of Wastewater Treatment

As shown in Table 3.1. the population enumerated will depend on the technique emploved. None
of the conventionally employed techniques can enumerate the respiring bacterial population. Mason (1986)
after a literature review suggests of the techniques evaluated. incubation with INT and further microscopic
examination in conjunction with AODC provides the most comprehensive results. Advanced staining
techniques such as INT incubation/microscopic evaluation and AODC have been used only on a limited basis in
the field of wastewater engineering (Table 3.2). The current research evaluated the value of using incubation
with INT and AODC as an enumeration technique. Preliminary evaluations of this techrique showed it was
difficult to see the INT deposits so only AODC counts were done. AODC were used extensively in the
experimental program and the protocol for this enumeration technique is found in the following section. The

applicability of the celi counts will be discussed in Chapter 6.

3.2.2. Experimental Protocol
a) Homogenization and Dilution

Counting the number of bacteria present in environmental sampies is challenging in part because
of the high concentrations of particulates. The bacteria are often colonizing the surface of these particulates
making it difficult to visualize the bacteria. Even when the bacteria are dislodged from the surface of the
particles, the particles may land on the membrane surface during filtration and cover free suspended bacteria

and other particles. With activated sludge. the majority of the bacteria are contained within the sludge floc.
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Thus, the number of bacteria counted are representative of the total population only when the floc
is disrupted and all fluorescing cells are viewed. Preliminary work undertaken in this research using acridine
orange on intact floc showed individually fluorescing cells within the floc. The floc structure appeared to be
open enough to allow for diffusion of the dye through the matrix.

AODC enumerates bacterial having stainable DNA and RNA. Theoretically. this would include
replicating, non-replicating. dormant and dead bacteria. Sub-lethal injury to the bacteria caused by shear or
heat are not important. The counts will be altered only if the DNA and RNA of the bacteria are no longer
intact or if the DNA and RNA are denatured in a way which changes their interaction with the dye. Plate
counts or measurements examining electron transport activity could be affected by sub-lethal injury.

Mixed liquor samples augmented with Tween 80. a surfactant, were homogenized using a Waring
blender. [t was believed that Tween 80 would limit the restabilization of particles after homogenization had
been completed. Camper et al. (1985) found homogenization using a Waring blender at 16 000 rpm to be the
best way to desorb bacteria from granular activated carbon. The investigators reported that the blender
produced a rapid temperature increase; the final temperature was approximately 30°C after 3 minutes of
blending. Heterotrophic plate counts of Escheria coli did not decrease because of blending until a temperature
of 45°C was exceeded, but some injury did result. Injury is described as the percent difference between counts
on two different types of media.

Samples were previously preserved by adding 37% formaldehyde (Sigma Chemical. St. Louis, Mo..
F-1268) for a final concentration of 0.1 mL/10 mL. Samples were homogenized using the following protocol.
The high cell concentrations in the original samples and the short interval between homogenization and
staining made it possible to proceed without aseptic conditions.

1. 1 mL of a0.1% solution of Tween 80 (Polyoxyethylene 20 Sorbitan Moncoleate) was added to 50 mL. of
the mixed liquor; surfactant was obtained from Fisher Scientific Company. Fairtown. USA. The stock
solution was filtered using a 0.2 pm syringe filter prior to use to remove any bacteria that may have grown
in the solution.

2. The solution was placed in the Waring Blender where it was homogenized for 45 s.
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3. The mixed liquor was left for 5 minutes to allow the surfactant time to diffuse through the floc after which
the mixed liquor was blended for an additional 3 minutes.

Direct microscopic examination of samples stained with acridine orange (See below for staining
procedure) showed very few floc particles under 125 x and 500 x magnification. Under 1250x magnification.
some small flocs were seen.

Duplicate | mL samples were taken of the homogenate and diluted in 9 mL of filtered sterilized
water. The dilution water was prepared with Milli-Q water filtered through a 0.2 pm fiiter (Sartorius.
Mississauga, Cat No. SM-2007). Two or three samples of the ML VSS were taken through the dilution.
staining and counting procedure independently of each other. Samples were diluted so that between 20 and 200
cells were seen in the square of the eyepiece micrometer. Aerobic samples typically required 10° dilution while

the anoxic samples required a 10* dilution.

b) Staining

I Acridine Orange Stain
10 mg of Acridine Orange (3.6 bis {Dimethyl-amino]acridine) (Sigma Chemical, St. Louis. Cat. No. A-
6014) was dissolved in 100 mL of Milli-Q water. Approximately 40 mL of the stain was filtered using a
sterile 0.2 pm cellulose acetate syringe filter (Corning, Corning NY. Cat. No. 21052-25) and syringe. The
solution was stored in a sterile amber glass vial in the refrigerator for up to three weeks.
Herbert (1990) suggest acridine orange can be stored for up to 2 months prior to use at room temperature.
To check the sterility of each new batch of acridine orange, filter sterile water was stained with acridine
orange and taken through the procedure outlined below. [f bacteria were detected in the reagent blank. then
either the dilution water or the stain was contaminated. Bacterial contamination would bias the results of
the enumeration.

2. Anautoclaved Nucleopore® (Costar Scientific Corporation. Cambridge MA) black regular polycarbonate
filter 25 mm (0.2 pm pore size) and a 25 mL filter apparatus (Sartorius, Mississauga, Cat No. SM16306)

was used for collecting the bacteria from the stained sample.
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3. To the final sample dilution. 1 mL of acridine orange stain was added. The volume of the final dilution
may be 9 or 10 mL depending on which dilution in the series was used. The final concentration of acridine
orﬁnge was 9-10 pg/mL.

4. After a minimum of 3 minutes. the contents of the test tube were added to the filter tower. Incubation
times slightly longer than this did not affect the enumeration number.

5. The vacuum was turned on and the contents of the filter tower were filtered. With the vacuum on. the
sides of the fiiter tower were rinsed with filter sterilized water.

6. The membrane was removed from the membrane filter support and allowed to air dry.

7. After drying the membrane was placed on a clean microscope slide to which had been added 2 drops of
Cargille Type FF immersion oil (Cargille Lab, Cedar Grove NJ, Cat. No. 16212). Another drop of
immersion oil was placed on top of the membrane and the cover slip was applied.

8. The filter tower was reassembled. To reestablish sterility it was rinsed initially with 95% ethanol and then

later with filter sterilized water.

c) Viewing and Counting

Filters were viewed using a Nikon Microscope with Episcopic-Fluorscent Attachment EF-D. The
filter cube used had a 400 - 440 nm excitation wavelength and a barrier filter with a lower cut off of 470 nm. A
eyepiece micrometer with a 10x10 square was used for counting cells. This micrometer was calibrated for this
specific microscope using a stage micrometer. All counts were done at approximately 1250x magnification. At
this magnification, the eyepiece micrometer measured 60pm-. Fields for counting were chosen from different
areas of the filter. To eliminate the natural tendency of choosing those fields with high concentrations of cells.
the field of view was chosen with the shutter closed. The same segment of the graticule was consistently used
for counts on a single filter.

The precision of the count may depend on both the number of fields counted and the counts per
field. Herbert (1990) stated that most investigators have found bacteria on membrane filters to be represented
by a Poisson distribution. With this distribution the precision of the count depends on the number of bacteria

counted and not the number of fields. Most researchers count at least 400 bacteria per filter.
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With samples coming from natural environments, a lack of homogeneity is often a problem.
Montagna (1982) examined replication of counts as determined by borehole core. filter and microscope field.
The results of his analysis suggest the more reliable results are determined by counting five fields of at least 30
bacteria on four replicate filters rather than by counting 20 fields on one filter. Kirchman er. a/ (1982) ina
similar study with water, recommended counting 25 bacteria per field and two replicate filters.

Both of these studies underlined the need for counts on replicate filters. In this experimental
program, 10 fields containing at least 20 bacteria were counted for at least two replicate filters. The total

number of bacteria counted per unit volume is calculated using:

N, = AnD Eq. (3.1)
anerV
number of bacteria per mL

wetted area of 25-mm filter (um”)

average number of bacteria per net micrometer field; cells per 100 squares
dilution factor

area of the net micrometer field (640 um®)

= volume of sample (mL)

d) Limitations of AQDC

<f UP>Z
i

The AODC protocol can only detect bacteria larger than 0.2pum, the size of the pores in the
polycarbonate membrane. Increases in AODC for cultures actively metabolizing substrate are due to
replication or by bacteria increasing to a size larger than 0.2um or by a combination of these two processes.

The condition which prevails depends on the initial size of the bacteria and the conditions under which growth

proceeds.

e) Analysis of Results

An Analysis of Variance (ANOVA) was done to determine if the counts for replicate filters were
significantly different at the 95% confidence level. Prior to analysis, the number of bacteria per unit volume
was log transformed. If the ANOVA suggested that there was no significant difference between the filters. the

data was pooled. Approximate upper and lower 95% confidence limits on the cell counts were developed from

the pooled data set. If the ANOVA did find significant differences in the filters, a third replicate was counted.

Each replicate underwent dilution, staining and counting independently.
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4, Materials and Methods

4.1. Overview

The experimental program was undertaken in two distinctive phases: Phase 1 (Sept. 1995-May
1996) and Phase 2 (July 1996-Aug. 1996). The majority of the goals of each phase were unique to that
particular phase: however. there was some replication. In Phase 1. the SBRs used casein and albumin as
principal protein substrates. In Phase 2. lactalbumin was substituted for these two proteins. With a culture
acclimated to lactalbumin. it was possible to repeat some of the experiments of Phase | to determine if the
underlying cause of the observed behaviour was related to culture conditions. It should be noted that at the end
of Phase 1. the culture was discarded. Phase 2 began with a new inoculum of mixed liquor from the aeration

tanks of Waterloo STP.

4.2, Phase 1

4.2.1. Sequencing Batch Reactors
a) Introduction

This laboratory study employed two reactors run in parallel. Operation of the reactors were
identical in all respects with the exception of the electron acceptor. One reactor was run under aerobic
conditions while the second reactor denitrified. Use of SBRs allowed for a more precise COD measurements as
the probiem of accounting for daily changes in the clarifier solids inventory was eliminated.

Temperature levels of 14 and 20 °C were chosen because of the historical data of the Waterloo STP
presented in Table 2.10. The lower temperature is approximately, the average of the monthly temperatures for
January - May. The average for July and August is 21°C. A slightly lower temperature than this was chosen
because most studies reported in the literature were done at 20°C. Batch testing was conducted concurrently

with on-going SBR experiments.
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Each 10 L reactor was fed 8 L/d of substrate resulting in a HRT of 1.25 d. The operating cycle of
the reactor is outlined in Table 4.1. The cycle began with feed being added to 2 L of agitated mixed liquor.
The react portion of the cycle began after 12 h of feeding. During the wastage portion of the cycle, 1/10th of
the reactor contents were wasted resulting in a target SRT of 10 d. The realized SRT calculated using Eq. 4.1

was less than 10 d due to unintentional solids losses in the effluent.

SRT = _ X Eq. (4.1)
QX+ QX
where SRT = solids retention time (d)
v = reactor volume (L)
Qe = effluent volume (L)
E. = effluent solids concentration (mg VSS/L)
Qw = wastage volume (L)
X = reactor mixed liquor concentration (mg VSS/L)

Table 4.1 Sequencing batch reactor (SBR) operating cycle

Operation Hours Volume (L) Time of Initiation
Fill 12 2.0-10 11:00 a.m.
React 10.25 10 11:00 p.m.
Waste 0 10-9 9:00 a.m.
Settle 1.25 9 9:15a.m.
Draw 0.25 20 10:30 a.m.
Idle 0.25 2.0 10:45 a.m.

b) Substrate Selection

Selection of substrates for use in the SBR experiments was done with the needs of the batch studies
in mind (Table 4.2). When the research was initiated. one of the hypotheses to be tested was that hydrolysis
was dependent on the molecular weight of the substrate. This was to be addressed specifically in batch studies
using refined proteins with a narrow molecular weight distribution. These refined proteins are expensive and
thus unsuitable for use on a large scale so crude proteins containing the protein of interest were used. Use of
the crude proteins as a daily feedstock for the SBRs ensured that the biosolids generated were acclimated to the
refined proteins. With casein and lactalbumin being of similar molecular weight, it was decided to use only

one of the two proteins; thus the proteins selected as a SBR feedstock were casein and albumin.
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Table 4.2 Protein Selection Criteria

Criteria
Purified Purified Protein a-casein ovalbumin lactalbumin
Protein Molecular Weight 22.000-25.000 45,000 NA
Cost of Purified Protein $26/g $8/g NA
Bulk Form Bulk Protein casein albumin lactalbumin
Cost of Bulk Protein $20/kg $39/kg $18/kg
Level of Purity 90% protein. 54% ovalbumin 80% protein
0.2% lactose 4% lactose
Contaminants Present B-casein, x-casein.  avidin, conalbumin,
milk sugars lysozyme, ovomucoid

Technical grade casein from bovine milk contains 90% protein and 0.2% lactose. Whole milk at
pH 4.6 and 20°C has two protein fractions, casein which precipitates and whey proteins which are soluble.
Whole casein is composed of a-,B-.y-casein in the following proportions of 75%. 22% and 3%, respectively.
Caseins are considered to have several unique structural characteristics, low molecular weight phosphoproteins
(15-26 kilodaltons), phosphate esters covalently bonded to serine and threonine. negligible sulphydryl groups
and minimal structural dependence upon disulfide bonding (Barraquio and van de Voort, 1988).

The second feed protein. albumin., is derived from dried chicken egg whites. Egg white in its
natural state is 88% water. 11.0% protein and 0.5% lipid. Egg whites may contain as many as 40 different
proteins but more than half of these are minor components. Ovalbumin, the protein used in this study. accounts
for 54% of the egg albumin (Table 4.3). The manufacturer places the ovalbumin content at 60-80% of the total
protein. Lysozyme which is present as 3.5% of the total solids is of particular interest because it is an enzyme
capable of disrupting certain bacteria by cleaving the polysaccharide component of their cell walls (Stryer,
1975). A number of other enzymes have been also detected in small quantities. Some of these include
a-mannosidase, B-galactosidase, B-glucuronidase, B-N-acetylglucosaminidase, catalase, and mono- and

diphosphoesterase.
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Table 4.3 Chemical Composition of Egg Aibumin (after Vaderia and Nath, 1973)

Protein % Solids
Ovalbumin 54.0
Ovotransferrin 13.0
Ovomucoid 11.0
Ovomucin 1.5-3.0
Globulins 11.5
Ovoinhibitor 0.1-1.5
Unidentified 8.0

Note: Only proteins contributing more than [% are listed

<) Feed Preparation and pH Control

The feed for the reactors was a protein solution and raw sewage in a 2:1 ratio on a volume basis.
The protein feed stock was prepared twice weekly on Tuesdays and Fridays. A new batch of sewage from
Waterloo STP (Waterloo. ON) was obtained every Tuesday. The protein solution and sewage were stored in
different feed tanks at 4°C.

One of the goals of this phase of the experimental program was to quantify biosolids production
measured as Volatile Suspended Solids (VSS) as a function of electron acceptor. protein type and temperature.
An accumulation in the reactor of VSS present in the sewage may have masked biosolids production making it
difficult to detect differences in production rates. For this reason, the raw sewage was filtered through glass
wool. This reduced both the total COD and the VSS of the sewage. If bacteria are associated with the
particulate matter: then there also would be a reduction in the total number of bacteria. Filtered raw sewage
was used in preference to the primary effluent because Waterloo STP directs it waste mixed liquor back to the
primary clarifier. If the waste mixed liquor contained filamentous organisms, they would be present in the
primary effluent.

The composition of a typical domestic wastewater is outlined in Table 4.4. The composition of the
synthetic feed was made to approximate medium strength domestic wastewater. One of the goals of this phase
of the experimental work is to quantify and compare solids production under anoxic and aerobic conditions.
The solids production rates are more precisely defined with higher substrate concentrations. When the reactors
were operated at 20°C, protein was added at a concentration of 0.5 g/L to produce a synthetic feed with a

strength of approximately 500 mg COD/L. Prior to changing the temperature to 14°C., it was decided that
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adjusting the protein strength to accommodate fluctuations in sewage strength was a better operating strategy.
A consistent feed strength is one way to increase process stability and promote pseudo-steady state behaviour.
The target total feed strength (i.c.. sewage and synthetic substrate) for the 14°C study was also approximately

500 mg COD/L.

Table 4.4 Typical Characteristics of Domestic Wastewater (after Metcalf and Eddy (1991))

Concentration (mg/L)
Parameter Strong  Medium Weak
COD 1000 500 220
Organic Nitrogen 35 15 8
NH;-N 50 25 12
Total N 85 40 2
Total P 15 8 4
Total Solids 1.200 720 350
Suspended Solids 350 220 100
Dissolved Solids 850 500 250

The proteins in the feed were technical grade casein from bovine milk (Sigma Chemical. St. Louis.
MO., C-7078) and albumin Grade III Crude (Sigma Chemical, St. Louis, MO., A-5253). The protein feed was
added to a mineral salts media made up in deionized water (Table 4.5). Sodium bicarbonate (NaHCO;) and
potassium dihydrogen phosphate (KH-PO,) was added to deionized water to increase the ionic strength of the
solution. Using these two salts, the dissolved solids in the feed were approximately 400 mg/L. When
nitrification inhibitor was added to the feed, the dissolved solids were approximately 1000 mg/L. Potassium
dihydrogen phosphate was used in preference to sodium hydrogen phosphate because it increased the acidity of
the solution. Alkalinity produced by protein deamination and denitrification caused the pH to rise to
undesirable levels. The addition of acidity would consume some of the alkalinity thereby decreasing the pH.

High concentrations of dissolved solids in the protein feed was used as a precautionary measure. f
protein addition occurred independent of sewage due to mechanical failure, the dissolved solids would
minimize the osmotic shock experienced by the bacteria. The addition of salts also facilitated the dissolution of
proteins in deionized water. Although the proteins and the sewage contained phosphorus, the addition of

phosphate ensured that this macro nutrient was not growth limiting.
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Table 4.5 Composition of the Synthetic Feed and Resulting Reactor Concentration-Phase 1

Component Feed Concentration Reactor Concentration
KH,PO, (mg P/L) 95 50
NaHCO; (mg CaCOy/L) 69 3t
Hach Nitrification Inhibitor (mg/L) 530 300
Dissolved Solids 500
Sodium Nitrate* (mg NO;-N/L) 82.5
Weight % Albumin in Protein Feed 26-29%

* Note: This was added to the anoxic reactor only; for rationale see below.

Heterotrophic metabolism was of interest so it was desirable not to have nitrification occurring. At
20°C and pH 7.2, concentrations of ammonia and ammonium nitrogen in excess of 20 mg/L will inhibit
Nitrobacter sp. (Anthonisen et al., 1976). Under these same conditions, inhibition of Nitrosomonas sp. will
occur when ammonia and ammonium nitrogen concentrations exceed 1000 mg/L (Anthonisen et al., 1976).
Ammonium nitrogen was initially present from the wastewater and subsequently derived from the deamination
of the proteins. Concentrations of total ammonium nitrogen in the reactor effluent were well in excess of
20 mg/L. In the presence of high concentrations of ammonia nitrogen, ammonia nitrogen would be used as a
nitrogen source for cell synthesis in preference to nitrate.

As an added precaution, Hach Nitrification Inhibitor Formula 2533 (Hach, Loveland Co.) was
added to the reactors on a daily basis. N-Serve (2-chloro-6-(trichloromethyl)-pyridine), the active ingredient, is
less than 5% of the total mass of the nitrification inhibitor based on data given in the product’s material safety
data sheet. The reactor concentration was approximately 15 mg/L of N-Serve. Henninger and Bollag (1976)
have shown that concentrations of less than 25 mg/L of N-Serve do not affect denitrification in pure culture
studies of Pseudomonas sp..

To maintain comparable conditions in the two reactors, nitrate was added only to the anoxic
reactor. The presence of approximately 30 mg NO;-N/L in the anoxic reactor would have had only a modest
impact on the ionic strength of the reactor contents; whereas, the additional 82.5 mg NO;-N/L in the aerobic
reactor would have changed the ionic strength to a much larger extent. A stock solution of approximately
13.2 g NaNO;-N /L was added to the anoxic reactor at a rate of 45-50 mL per day to maintain a final reactor

concentration of 10-30 mg NO;-N/L.
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Proteins in the feed are converted to peptides or amino acids which undergo either oxidative
(Eq. 4.2) or reductive deamination (Eq. 4.3) (Bitton. 1994). High concentrations of ammonia nitrogen in
equilibrium with distilled water will produce a solution with a pH of 9.2. Thus the production of ammonia will
tend to increase the pH of the reactor. Denitrification will also increase the pH because bicarbonate alkalinity is
produced and carbonic acid concentrations are reduced. For every mg of nitrate nitrogen reduced to nitrogen
gas 3.57 mg CaCO; of alkalinity is produced (U.S. EPA. 1993). To maintain the pH at 7.2, the optimum for
denitrification, pH control was implemented (U.S. EPA, 1993).

R-CH(NH,)-COOH + 0.5 O+ 2H" — R-CO-COOH + NH,~ Eq. (4.2)

R-CH(NH,)-COOH + 2H" — R-CH»-COOH + NH;" Eq. (4.3)
The rates of deamination for the aerobic and anoxic reactors were not identical so two pH
controllers were used to add 0.15 N HCI acid to maintain the pH at 7.2. Approximately 100-200 mL of the acid

was added to the reactors daily.

d) Equipment Requirements and Operation

A general description of the experimental setup is given here with details of the equipment in
Appendix A. The reactors and their auxiliary equipment (Figure 4.1) were set up under controlled temperature
conditions in two separate environmental chambers. The first chamber contained the reactors, various pumps,
control equipment (i.e. timers and pH controllers) and reservoirs containing acid and nitrate. A second
environmental chamber with independent temperature control was adjacent to the first. Feed tanks were placed
in this second chamber which was maintained at 4 °C. Feed lines were run through pipe chases placed in the
common wall. Waste and effluent containers were placed in the 4 °C chamber with lines being run in a similar

fashion.
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Figure 4.1 Experimental Setup
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The temperature in the environmental room was monitored over 3.5 d and found to vary between
12.9 and 14.5 °C. During the 14°C experiments. the aerobic SBR was followed over a 22 h feed and react
cycle. The temperature remained within the range of 13.6-14.4 °C. In a similar experiment done with a
setpoint of 20°C. the maximum and minimum temperature of the environmental chamber was 20.7 and 18.4°C,
respectively. The SBR temperature ranged between 20.2 and 18.1°C with an average temperature of 19.4°C.
The lower temperatures were seen during the fill portion of the reactor cycle.

Each reactor consisted of a 20 cm ID flanged acrylic column complete with a lid and a total liquid
volume of 14 L (Figure 4.2). Mixing was accomplished using a motor driven mixer coupled to a shaft on
which two impellers were mounted. The bottom and top impellers were disk flat-blade turbine and marine
turbine, respectively. The disk flat blade impeller had 6 blades with each blade measuring 1.8 cm wide by 1.6
cm high. The overall diameter of the impeller was 7.2 cm. The blades of the marine impeller measured 3.8 cm
wide by 4.5 cm long with a pitch of 15°. The lid of the reactor contained fittings for connecting the flexible
tubing for the waste, effluent and feed lines to their stainless steel reactor counterparts.

Tygon™ tubing served as an air line and was fed through a hole in the lid of the reactor. It was
fastened to a piece of stainless steel tubing for support. An aquarium aeration stone attached to the Tygon™
tubing was used as a surrogate fine bubble diffuser. Air was supplied by an aquarium pump which drew air
from within the environmental chamber. To minimize evaporative effects. the air was humidified using a gas
washing bottle filled with deionized water. Feed for the reactors was drawn from two well mixed 40 L high
density polyethylene tanks. One tank contained the protein substrate while the other contained filtered raw
sewage.

The rate of substrate addition was 444 mL/h and 221 mL/h for the protein and sewage.
respectively. Substrate addition over such a long period (12 hours) and small delivery volumes required these
pumps to operate at low speeds with small diameter tubing. The sewage contained particulates which could
settle out and clog the tubing. To minimize the risk of this occurring. the velocity through the tubing was
increased by cycling the feed pumps off and on every 5 min using an interval timer. This permitted them to

operate at twice the original speed.
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Figure 4.2 Reactor Configuration
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To eliminate any negative effect high nitrate concentrations may have had on the aerobic culture.
the aerobic culture was not exposed to nitrate. A separate nitrate pump was used to add nitrate to the anoxic

culture. The nitrate pump was cycled at 5 min. intervals over the 12 h of the feeding period.

e) Reactor and Auxiliary Equipment Maintenance

When continucusly running an aerobic mixed culture under carbon limitations. there is a risk of
the culture being overtaken by filaments. Conditions in the feed, effluent and waste lines are ideal for the
growth of filaments. To minimize the number of filaments introduced into the reactor, these lines were cleaned

on a regular basis. Feed lines were autoclaved on a twice per week basis and effluent and waste lines were
autoclaved weekly. The Masterflex® pump head tubing used in the feed pump was flushed twice weekly and

discarded after a week. The Masterflex® pump head tubing in the other pumps was flushed and discarded as
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necessary. Growth on the walls of the reactors was scraped off daily using a rubber spatula and returned to the
bulk liquid.

The sewage feed tank was emptied and the wall growth was removed on a weekly basis for the
same reason. The tanks were rinsed with hot water but not washed. The protein feed tank was cleaned on a
weekly basis in a similar fashion.

pH meters were cleaned with 0.1 N HCl solution on a weekly basis to remove any microbial growth
and calibrated with pH 7 and 4 buffers at this time. The pH meters were checked with pH 7 buffer once during
the week and inspected daily when the wall growth was removed. The aeration stone was cleaned with 0.15 N

HCI at this time as well.

f) Reactor Characterization

i) Solids Production

To determine the solids production rate and define the sludge age of the reactors. the quantity of
solids produced had to be quantified. During most of the monitoring period, the total suspended solids (TSS)
and VSS concentrations of the mixed liquor and effluent were measured daily; however, during the rate study
period, mixed liquor and effluent samples were composited for a two day period and the TSS and VSS
determinations were done on the composites. The analytical protocol is outlined in Appendix A. The volume
of mixed liquor wasted on a daily basis was measured using a 250 mL graduate cylinder. Effluent volumes
were determined by measuring the weight of effluent and assuming the density of the effluent was the same as
water.

To characterize the VSS of the filtered raw sewage, a2 number of VSS measurements were done on
the filtered sewage. Total and filtered COD were also measured on these same samples. Rather than
measuring the VSS of the sewage on a continuous basis, it was estimated using the average particulate

COD/VSS ratio and the measured particulate COD.
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ii) Chemical Analysis
Three composites a week were generated by the reactors for Monday and Tuesday: Wednesday.

Thursday and Friday; and Saturday and Sunday. The volume of nitrate stock solution delivered to the reactor
was determined by a2 measuring the weight of stock solution delivered to the reactor and assuming the density
of the solution was similar to water. Measurements were made at the beginning and ending of the composite
period. During the 20°C phase. acid consumption was determined in an similar fashion. Listed in Table 4.6 is
the sample frequency during the non-rate study period while in Table 4.7 is the sample frequency during a rate
study period. Increased analysis was done during the rate study period so that the culture could be better
characterized. Details of sample preservation and analysis are found in Appendix A.

Table 4.6 Sampling Schedule Conventional Parameters - Non-Rate Study Period

Sample Point Total COD  Filtered COD NO,-N
Filtered Primary Effluent Tr Tr Tr
Synthetic Feed Tr Tr
Mixed Liquor
Reactor Effluent Tr Tr Tr
Nitrate Stock W

Table 4.7 Sampling Schedule Conventional Parameters - Rate Study Period

Sample Point Total Filtered Total Filtered NH;-N NO,-N
COD COD TKN TKN
Filtered Primary Effluent Tr Tr Tr Tr Tr Tr
Synthetic Feed Tr Tr Tr Tr Tr
Mixed Liquor Tr Tr
Reactor Effluent Tr Tr Tr Tr Tr Tr
Nitrate Stock W
Tr-Thrice Weekly W-Weekly
Note: COD analysis were done in triplicate
Total TKN done in duplicate

4.2.2.  Batch Rate Studies
a) Introduction

The experiments outlined in Table 4.8 were concurrent with the appropriate testing phases of the
SBR studies and represented a replicated (2 x 2)* factorial design. Replicated experiments were not carried out
simultaneously because one rate study required essentially all the mixed liquor produced each day. At 20°C

only one of the either aerobic or the anoxic studies was performed per day because of the demanding sampling
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schedule. At 14°C, a less demanding sampling schedule and some additional help allowed many aerobic and
anoxic studies to be done concurrently.

Table 4.8 Experimental Levels for Batch Studies

Growth Conditions Substrate Pair Temperature
O
Aerobic, Anoxic a~casein/N-Z Amine A(CAA) 20 and 14
Aerobic, Anoxic ovalbumin/ N-Z Amine A(CAA) 20 and 14
Aerobic, Anoxic lactalbumin/ N-Z Amine A(CAA) 20 and 14
lactalbumirn/lactalbumin enzymatic 20 and 14
hydrolysate(LEH)

The substrate pairs were made up of a slowly and rapidly biodegradable substrate. The slowly
biodegradable substrate was a protein. The rapidly biodegradable substrate was the protein hydrolysate(PH) of
either casein or lactalbumin. Enzymatic hydrolysates are composed of amino acids and peptides and thus do
not possess either a secondary or tertiary structure.

It would have been preferential to use the whole protein and its corresponding enzymatic
hydrolysate but this was not possible for a number of reasons. The enzymatic hydrolysate of «-casein and
ovalbumin are not commercially available. An enzymatic hydrolysate of albumin can be purchased from Sigma
Chemical but its molecular weight distribution has not been characterized. The enzymatic hydrolysates of
lactalbumin (LEH) and casein (CAA), were used as a PH.

Batch studies used mixed liquor produced by the SBR during the wastage portion of the reactor
cycle as a stock culture. SBR operation was unaffected by batch studies. Wastage occurred 10 h after feeding
was stopped which allowed the bacteria time to metabolize slowly biodegradable substrate present in with the
feed. Biosolids produced during the wastage portion of the operating cycle would contain a2 minimum amount
of enmeshed slowly biodegradable substrate.

The mixed liquor was aiso composed of microorganisms, endogenous particles. accumulated non-
biodegradable particulates. The microbial population of the aerobic biomass consisted of both bacterial and
other microorganisms (e.g. protozoa and rotifiers); whereas, the anoxic biomass was principally composed of
bacteria. Non-bacterial microorganisms require dissolved oxygen which was present in excess in the aerobic

reactor.
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b) Substrate Selection

i) Introduction

Proteins were chosen on the basis of their MW and characteristics of their overall structure. It was
assumed that overall structure would influence how a protein is taken up into the floc and degraded by
extracellular enzymes. Protein solubility may influence whether or not the protein is adsorbed onto the surface
of the floc or enmeshed into the floc. Table 4.9 details a classification systems for proteins based on their
solubility.

Table 4.9 Classification of Proteins Based on Solubility (Rodwell, 1988)

Classification Characteristics

Albumins Soluble in water and salt solutions. No distinctive amino acids

Globulins Sparingly soluble in water but soluble in salt solutions. No distinctive amino acids.
Prolamines Soluble 70-80% ethanol but insoluble in water and absolute ethanol. Arginine-rich.
Histones Soluble in salt solutions.

Scleroproteins Insoluble in water or salt solutions. Rich in Gly, Ala and Pro.

Proteins maybe classified as one of two types depending on their axial ratio (ratio of length to
breadth). Globular proteins generally have an axial ratio of 3~ and are characterized as compactly folded and
coiled polypeptide chains (Rodwell, 1988). Examples are insulin, plasma albumins and globulins. Fibrous
proteins have an axial ratio greater than 10. They are characterized by groups of polypeptide chains coiled in a
spiral or helix and cross-linked covalently or by hydrogen bonds (Rodwell, 1988). Examples are keratin.
myosin, collagen and fibrin.

A disulfide bond between 2 cysteine residues is an example of covalent bond linking two portions
of a polypeptide chain. The disulfide bond is strong and is resistant to the usual conditions which cause protein
denaturation (Rodwell, 1988). Branden and Tooze (1991) suggest the presence of a disulfide bridge as a way to
increase protein stability. They further suggest that inclusion of the bridges in a manner which maximizes the
length of the loop between cysteine residues increases the stability of the protein. The overall shape could
influence the mechanism of substrate uptake into the floc and the accessibility of the interior of the protein to

exoenzymes. The physical properties of the selected proteins are outlined in Table 4.10.
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Table 4.10 Selected Proteins and Hydrolysates

Protein Average MW (Da) Solubility Catalogue No.
Lactalbumin 21.000 Scleroprotein  L-7252
B-Lactoglobulin

a-Lactalbumin

a-Casein 22,000 Globulins C-7891
Ovalbumin 45,000 Globulins A-5378

LEH 302 L-0375

CAA 247 C-0626

Note: All proteins and PH were purchased from Sigma Chemical, St. Louis. Mo.

if) Globulins and Their Hvdrolvsates

o-Casein

O-casein is composed of two major components: as-casein and x-casein. The a.-casein used in the

batch experiments was a lyophilized powder containing 10-20% NaCl , 60% a~casein as determined by
electrophoresis and the balance primarily B-casein and k-casein.

Like most of the other caseins, as-casein has strongly hydrophobic and charged residues that are
not uniformly distributed along the polypeptide chain (Swaisgood, 1982). This investigator went on to suggest
that the protein contains domains of rather unstable structure, particularly the polar domain which approach
random coil behaviour. The protein’s marginai stability and amphipathic nature gives rise to molecular
dimensions that are sensitive to ionic strength (Swaisgood and Timasheef, 1968). For this reason Swaisgood
went on to state that this structural instability means that at any instant an appreciable fraction of the molecular
backbone and side chains will be exposed to water.

K-casein is a glycoprotein (Wheelock and Sinkinson, 1969) containing disuiphide bonds
(MacKinlay and Wake, 1965) and accounts for approximately 15% of whole bovine casein (MacKinlay and
Wake, 1964). Schmidt (1982) postulated that casein in solution will form sub-micelles consisting of a
hydrophobic core surrounded by unevenly distributed x-casein molecules linked by Caq(PQ,)s clusters to form

micelles.

79



N-Z Amine A (CAA)

N-Z Amine A is a mixture of small peptides and amino acids derived enzymatically from casein. It
is produced using a proprietary process of Sheffield Ltd. so details of the process are lacking. The amino acid
and peptide molecular weight distribution ranges from 100-1000 Da with the average molecular weight being

247 Da (personal com:mnunication; Sigma).

Ovalbumin

The ovalbumin used was approximately 95% pure. Ovalbumin is a monomeric, nearly spherical
globular phosphoglycoprotein that exists in three distinct forms differing only in phosphorous content (Osuga
and Feeney, 1977). A glycoprotein is a protein to which a carbohydrate is covalently attached (Spiro, 1973). In
this instance, the carbohydrate chain is a single branched chain carbohydrate composed of D-mannose and N-
acetyl glucosamine (Osuga and Feeney, 1977). Ovalbumin is not a very highly cross linked protein as it

contains only one disulfide bond per molecule of 45,000 Da (Osuga and Feeney. 1977).

iif) Scleroproteins and Their Hydrolvsates

Lactalbumin

Lactalbumin, the whole protein of whey. is normally produced during the manufacture of lactose
from cheese whey or casein whey. It is a2 mixture of proteins produced by adjusting the pH of skim milk to 4.6
by the addition of acid followed by heat coagulation. Barraquio and Van de Voort (1988) suggest that as a
consequence of applying heat, whey proteins will be denatured resulting in a loss of their solubility and related
functionality. B8-lactoglobulin is the milk protein most susceptible to denaturation.

The major components of lactalbumin are; 50% B-lactoglobulin (MW 18,000), 12% a-lactalbumin
(MW 16,000) and 5% serum albumin (MW 65,000) (Barraquio and van de Voort, 1988). B-lactoglobulin is a
dimer (approx. 36,000 Da) cross-linked by two disulfide bonds with each monomer having a intramolecular
disulfide and one sulfhydryl group. The presence of the two disulfide bonds and a thiol group are important

features of the primary structure. The thiol group must be located in a structural region which limits its
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accessibility to reagents (Swaisgood. 1982). At the pH of milk and at room temperature the protein will have a
axial ratio of 2.

a-lactalbumin is a compact. nearly spherical single chain globulin with no sulfhydryl groups. The
disulfides of «-lactalbumin (4 per monomer) are not involved in bridging or cross linking between the strands.
The hydrodynamic properties of a-lactalbumin indicate that it is a nearly spherical. very compact globular

protein (Swaisgood, 1982).

Lactalbumin Enzymatic Hydrolysate (LEH)

Lactalbumin enzymatic hydrolysate (LEH) is prepared from lactalbumin using a pancreatic extract
to hydrolyze the protein followed by heat inactivation. The residual colour of the solution is removed by the
addition of charcoal. No further details were available because this is a propietary process owned by Sheffield
Ltd.

The LEH is a mixture of small peptides and amino acids. The MW distribution ranges from 100-
1000 Da with the average being 302 Da (Sigma, personal communication). The amino acid composition of the
LEH is unknown because it is derived using a proprietary process with the specificity of the pancreatic enzymes
dictating the nature of the peptides and the free amino acids found in the hydrolysate. Mullally et a/. (1994)
examined six different pancreatic protease preparations of lactalbumin. All of the hydrolsates, with the

exception of one, were found deficient in asparate. glutamate, glycine, tryptophan and proline.

¢) Substrate Preparation

Many factors normally important when working with a synthetic feed could be ignored because
sewage was part of the original culture media. Trace micro-nutrients (i.e. iron, zinc, and maganese) needed for
growth did not have to be included in the media because of their presence in the sewage. The buffering
capacity of the media was neglected because of the small volume of media being introduced and the
implementation of pH control.

Proteins and protein hydrolysates (PH) were dissolved in a salt solution. The composition of the
salt solution is outlined in Table 4.11. The final concentration of the proteins and hydrolysates was 200

mg/100mL.
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Table 4.11 Composition of Salt Solution - Batch Studies

Component Concentration in Units Spectfied
Na,HPO, (mg P/L) 52
KH,PO, (mg P/L) 45
NaHCOQO, (mg CaCO+/L) 31
Dissolved Solids (mg/L) 470

d) Equipment Details and Experimental Protocol

i) Experimental Protocol for Casein/Ovalbumin

Biosolids generated by the SBR were split into two equal portions and fed whole protein or
alternately PH (see Appendix A4 for protein-PH pairs). The concentration of protein and hydrolysate added to
the respective reactors was 0.4 g dry weight/L; this produced a reactor concentration of 400-500 mg COD/L.
This is comparable to a medium strength sewage (Table 4.4). The half saturation coefficient is often quoted as
5-20 mg COD/L (Gibson and Doid, 1991: Henze e al., 1986). At the initial substrate level used in these
experiments, it was anticipated that zero order growth kinetics would be applicable initially. Differences in the
rate of consumption of the terminal electron acceptor, either oxygen or nitrate as appropriate, between the
protein and the hydrolysate would be attributed to substrate uptake and hydrolysis. Experiments done using
each protein-hydrolysate pair were replicated (see Appendix A4).

Under normal operating conditions. waste mixed liquor was sent to the environmental room
maintained at 4°C. On the day of a batch study, the waste mixed liquor was kept within the reactor
environmental chamber to avoid temperature shock. Of the approximately 1000 mL of waste mixed liquor,
100 mL was used for both solids measurements and AODC. The remaining 800 mL was divided equally
between two 600 mL beakers and placed on stir plates. A 1 cm piece of Styrofoam was placed on the stir plate
to minimize heat transfer. During the lactalbumin rate studies performed on April 26th-April 29th (See
Section 4.2.4 b ii ), the temperature of the aerobic culture was monitored over a 7 h period. The culture had
been aerated for approximately 2 d when temperature monitoring began so the system was at thermal
equilibrium. The equilibrium temperature of the culture was 15.0 °C. In a more typical batch study where the

biosolids were being generated at a temperature of 13.6-14.4 °C, the culture was at a temperature of 13.6-15°C.
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During wastage, the anoxic culture was exposed to air and the aerobic culture may have
experienced oxygen limitations. Prior to using these cultures, it was necessary to return to them to their initial
environmental conditions. The beakers were sparged with humidified air or nitrogen as appropriate for a
minimum of 30 min before making any measurements. Sparging the anoxic culture with nitrogen was
continued for the duration of the rate study. The gas was drawn from a cylinder in the environmental room and
bubbled through distilled water equilibrated to the test temperature to minimize evaporative losses. Air was
supplied by an aquarium pump drawing air from with within the environmental chamber. These efforts were
taken to minimize heat transfer.

Gas sparging also caused the pH to rise well beyond 7.2 in the absence of pH control. With the
optimal rate of denitrification occurring at pH 7.2 (U.S. EPA, 1993) it was necessary to implement pH control.
As only one pH controller was available for two experiments, the following approach was taken: (1) the pH of
the culture supplemented with protein was maintained at 7.2 by the addition of 0.2 N HCI acid, (2) an equal
amount of acid was added to the culture augmented with hydrolysate and (3) the pH of the this culture was
monitored and logged. Details of the pH controllers. pH meters and other equipment are available in Appendix

A-Table 2.

Prior to adding the protein, one half of the split aerobic culture was transferred to a BOD bottle and
the OUR was determined. This was repeated with the second portion of the aerobic culture. To keep the mixed
liquor in suspension the bottle was placed on a Styrofoam insulated stir plate. The average OUR for the two
samples was defined as the basal OUR (OURg), since at this point. the culture was in a starved condition. The
basal OUR is considered to be the sum of the oxygen demands of the non-bacterial population (e.g. protozoa
and rotifers) and the bacterial population.

The OUR of the bacterial population includes respiration associated with maintenance energy
demands and utilization of enmeshed slowly biodegradable substrate. Utilization of enmeshed slowly
biodegradable substrate was expected to account for a smalil portion of the OUR demand. First, the biosolids
were produced at a time when enmeshed slowly biodegradable substrate was expected to be a minimum.
Second, if the slowly biodegradable substrate was not completely degraded over the previous 10-22 h, then it

being consumed very slowly.



The nitrate concentration at the beginning of the rate study had to be sufficiently high that nitrate
did not become rate limiting over the course of the experiment. A literature survey by U.S. EPA (1993)
reported values for the half saturation constant for nitrate to be 0.1-0.2 mg NO3-N/L. They further suggest at
concentrations greater than 1-2 mg NO;-N/L, nitrate should not limit the rate of denitrification. Extraplolating
the rate of nitrate utilization (NURY), the starting mixed liquor nitrate concentration had to be in excess of 30
mg NO;s-N/L.

The slowly biodegradable protein solution (100 mL) was added at this time to the beaker and the
pH monitored. Approximately 30-45 minutes later, the rapidly biodegradable substrate was added to the second
beaker which was subject to pH control. Approximately eight samples were taken over the 4 or 6 h period after
feeding at 20°C or 14°C, respectively. For the aerobic and anoxic cultures 20 and 25 mL of the mixed liquor
were removed per sample, respectively. After centrifuging at 34,540 x g at 8°C for 17 min, the supernatant was
filtered through 0.45 pum surfactant free cellulose acetate filters using a syringe filter (Nalgene, Rochester NY).
Subsamples of the original samples were preserved as specified in Appendix A and later analyzed for ammonia
nitrogen and COD. If the sample was anoxic, an additional sample was placed in a vial and analyzed for
nitrate, nitrite, and ammonia nitrogen. Details of the analysis procedures are found in Appendix A. At the end
of the rate study, the cultures were preserved for cell counts.

With the aerobic reactors, the OUR was determined concurrently with sampling for chemical
analysis. Both dissolved oxygen meters and pH meters/controllers were calibrated prior to initiating the batch
experiments. A single dissolved oxygen meter (Orion Model 810 Dissolved Oxygen Meter) was used for both
the slowly and rapidly biodegradable culture. The dissolved oxygen meter in conjunction with a personal
computer was used to log the dissolved oxygen (DO) every 15 s.

On those occasions when enzyme assays were done, the intact mixed liquor was taken from the
batch reactors 75 minutes after substrate addition. The mixed liquor was homogenized using a hand driven

Porter tissue homogenizer. Details of the enzyme assay are found in Appendix A.
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ii) Variances on Ovalbumin/Casein Protocol for Lactalbumin

After completing the initial set of rate studies at 20°C, it became clear that the bacterial response to
lactalbumin was much slower than for casein and albumin. The possibility existed that the chronically starved
bacteria of the SBRs did not have sufficient energy for lactaibumin hydrolysis.

This possible limitation was taken into account when the second set of rate studies using
lactalbumin were performed at 14°C. Anoxic and aerobic rate experiments run in parallel were initiated on
April 8, 1996. The experimental protocol outlined above was used in this case with the following exceptions:
1. The culture using hydrolysate was augmented with LEH and not CAA. LEH was chosen in preference to

CAA for two reasons. The true yield for lactalbumin and its enzymatic hydrolysate should be similar. If
for some reason synthesis, not hydrolysis, was rate limiting due to the composition of amino acids and
peptides derived from lactalbumin, then this would become evident by choosing LEH.

2. For both the aerobic and anoxic cultures, the 1000 mL of biosolids generated by the SBR was split into
three portions: 200 mL for both MLVSS and AODC, 270 mL for the culture using hydrolysate, and
540 mL for the culture using lactalbumin. The 540 mL volume for the culture augmented with
lactalbumin was later used in two rate studies. The first rate study occurred on the day the biosolids were
generated. A second rate study using this culture was done after several days of exposure to lactaibumin.

3. With the aerobic culture, a minimum of 300 mL of augmented culture was required on both days because
the dissolved oxygen was measured using a dissolved oxygen probe in a BOD bottle. The anoxic culture
was treated in an identical manner to the aerobic culture 70 and 140 mL of substrate was added to the
cultures using LEH and lactalbumin. respectively. The mass loadings of protein were unchanged from
those in Section 4.2.2.d.i.

4. With the aerobic culture, 300 mL of the culture was held in reserve so continued dissolved oxygen
measurements could be made. For this reason, only 1-2 mL of mixed liquor was taken per sample for both
the aerobic and anoxic cultures instead of the typical volumes of 20-25 mL. Approximately 10 samples
were required over the 6 hour study period. The samples were centrifuged using a Sorvall Microcentrifuge

at 10,000 r.p.m. for 2 min to remove the majority of biosolids and later syringe filtered through a 0.2 um
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syringe filter (Nalgene. Rochester NY). Filter sterilizing the samples with the 0.2 pm filter ensured that
microbial degradation did not occur prior to analysis.

If the samples were not analysed immediately. 20 pl of formaldehyde was added to the sample. The
presence of formaldehyde affected the ammonia nitrogen determination so this analysis was not done with
these samples. The formaldehyde did not affect the accuracy of the nitrate and nitrite nitrogen
determination. The smaller sample volumes meant that the COD of the bulk liquid could not be
determined. Earlier experiments showed that the COD of the bulk liquid fell to the lower detection level of
the test (25 mg COD/L) very early in the experiment (approximately 1 h) and thereby provided little useful
information.

5. At the end of the rate study, the cultures augmented with lactalbumin were maintained with pH control and
gas sparging. This culture was allowed to acclimate to the lactalbumin for four days before testing was
resumed.

On April 13th, the above procedure was repeated on the culture acclimated to lactalbumin. At the
end of the rate study, the lactalbumin culture was spiked with LEH and a number of measurements were made.

So a second rate experiment was initiated on April 29th similar to that of April 18th on an acclimated culture.

4.3. Phase 2

43.1. Sequencing Batch Reactor Operation

Two reactors were operated at 20°C. One was operating under aerobic conditions and the other
under anoxic conditions. The operation of these reactors has been previously detailed for Phase | in Section
4.2.1(b) with some modifications. The working volume of the reactors was 5 L rather than 10 L as used in
Phase 1. With reduced volumes the pumps used previously were no longer suitable. The volumes required were
small enough that the feed could be made-up batchwise. As in Phase 1, the reactor operated at a HRT of
1.25 d. As outlined in Table 4.12. 1/10th of the reactor contents were wasted daily resulting in a target SRT of
10 d. As before the realized SRT calculated using Eq. 4.1 was less than 10 d due to unintentional solids losses

in the effluent.
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Table 4.12 SBR operating cycle

Operation Hours Volume (L)
Fill 0 1.0-5.0
React 22.25 5.0
Waste 0 5.0-4.5
Settle 1.25 4.5
Draw 0.25 4.5-1.0
Idle 0.25 1.0

In both Phase 1 and 2, the reactors were operated as SBRs: however, the feeding regime differed
significantly. In Phase 2. the feed was added to the reactors at the beginning of the cycle: whereas. in Phase |
feed was introduced into the reactor over a 12 h period. The objective in this phase was to determine whether
or not lactalbumin was degradable and to provide biosolids for further testing. The feed was composed of
sewage and protein in a 1:2 ratio by volume. The sewage was raw sewage from Waterloo STP filtered through
glass wool and stored at 4°C. The protein substrate was made up in deionized water and its composition is
outlined in Table 4.13. Feed concentrations are different from those in Table 4.5 because they were calculated
on the total feed volume rather than on the volume of the synthetic substrate. A small quantity of Hach
Nitrification Inhibitor 2533 (Hach. Loveland CO) was added to both the aerobic and anoxic reactors. The
inhibitor was added to prevent nitrification in the aerobic reactor. To ensure nitrate was in excess in the anoxic
reactor approximately 25 mL/d of a sodium nitrate stock solution (13.2 g NO;-N/L) was added.

Table 4.13 Composition of the Synthetic Feed and Resulting Reactor Concentration-Phase 2

Component Feed Concentration Reactor Concentration
Na-PO, (mg P/L)* 330 270
Na HCO; (mg CaCO3y/L) 43 35
Hach Nitrification Inhibitor (mg/L) 375 305
% Lactalbumin in Supplemented 100%
Protein

The sampling schedule for this phase of the experimental program is outlined in Table 4.5. Details

of sample preservation and analytical procedures can be found in Appendix A.
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Table 4.14 Sampling Schedule SBR-Phase 2

Source Parameter Sampling Frequency
Reactor Mixed Liquor Total Suspended Solids Daily
Volatile Suspended Solids Daily
Effluent Total Suspended Solids Daily
Volatile Suspended Solids Daily
COD Daily
Influent COD Composite of Two Days

432 Batch Rate Studies
a) Batch Studies-Protein Utilization

The goals of this portion of the experimental program were the same as batch study as described
for Phase I in Section 4.2.2.d.i. What differentiated this study from the one of Section 4.2.2 was that the
biosolids were generated using lactalbumin as the principle protein substrate rather than a mixture of albumin
and casein. The lactalbumin-lactalbumin enzymatic hydrolysate was the protein pair which was evaluated at
20°C under aerobic and anoxic conditions. The experimental protocol followed was the one of April 13. 1996

(Section 4.2.2.d.ii).



5. Results and Discussion

5.1. Introduction

The results of this experimental program are discussed under the headings of: Sequencing Batch
Reactor Operation, Growth Kinetics and Stoichiometry, and Substrate Uptake and Hydrolysis (see Figures
[.1 and 1.2 for a pictorial overview of the experimental program).

Sequencing Batch Reactor Operation details the performance of the aerobic and anoxic reactors
during Phases 1 and 2 of the experimental program. During Phase 1, the reactors were fed sewage, albumin and
casein. [t was during this phase, that long term performance data at 14 and 20°C were obtained. Biosolids
production, effluent quality and consumptive ratios were derived using this data. During Phase 2, the SBRs
were maintained on a feed of sewage and lactalbumin. The reactors were operated at 20°C for approximately
one month. They provided a culture acclimated to the lactalbumin which could be used in rate studies.
Performance data from the reactors confirmed the biodegradability of lactalbumin.

Batch rate studies experiments were used to study growth kinetics and stoichiometry and substrate
uptake and hydrolysis. Rate studies using a protein hydrolysate (PH) were conducted concurrently with those
using a protein. Rate studies using the PH were designed to quantify the impact of temperature and terminal
electron acceptor on growth kinetics and stoichiometry. Protein hydrolysates are simple substrates not requiring
hydrolysis. From these studies, specific substrate utilization rates and observed yields under conditions of active
substrate metabolism were determined. In those rate studies where proteins were used, growth kinetics were
influenced by the kinetics of substrate uptake and hydrolysis. A comparison of substrate utilization rates for
cultures using proteins and PH cultures lead to a better understanding of substrate uptake and hydrolysis. The
role of molecular weight and overall protein structure on the rate of hydrolysis was investigated.

Results and Discussion presented under each of the three broad headings follows the same general
format. After a brief introduction, a presentation of results follows. In each of the sections, the pertinent aspects

of the 20°C data is given followed by the 14°C data. For instance for SBR operation, trends in the following are
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presented: influent strength, effluent COD, reactor MLVSS and nitrate consumption. Relationships between
presented trends are discussed for each temperature level separately. An interpretation of the trends and the
effect of the temperature and reactor has follows. Each section is concluded with a number of summary

statements.

5.2. Sequencing Batch Reactor Operation

In Phases | and 2, SBRs were run using a sewage-protein feedstock. In Phase 1, the reactors were
run for over eight months on a feed of sewage, casein and albumin. In Phase 2, the SBRs were fed sewage and

lactalbumin as a substrate for a period of twenty eight days.

5.2.1. Phase | - Casein and Albumin Proteins
a) Introduction
The experimental work of Phase 1 was carried out to meet the following objectives:

a) To quantify and compare solids production rates for SBRs achieving carbon removal under aerobic or
alternately anoxic conditions as a function of temperature.

b) To evaluate acridine orange direct counts (AODC) as a method of enumerating the number of bacteria in a
mixed microbial population. Using this technique, the fraction of reactor biosolids composed of cells will be
determined as a function of temperature and electron acceptor.

c) To compare the effluent quality of two different carbon removal systems (aerobic and anoxic) in the areas
of effluent COD and solids. The effect of temperature on the consumptive ratio will also be quantified.

d) To generate biosolids acclimated to at-casein and ovalbumin for use in rate studies producing a culture with

a well-defined history.
Aerobic and anoxic systems were operated in parallel to facilitate comparisons between the systems.

Operating the reactors under comparable experimental conditions does not guarantee equivalent performance

because these living systems may have different responses to the same event. The two reactors received the

same quantity and quality of substrate and were operated with the same operating protocol. As to be discussed

in Section 5.2.1.b-Solids Retention Time, they operated under different SRTs because of unintentional biomass
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losses caused by differences in settling prior to decanting. Each reactor could therefore possess a unique
ecology that is dictated in part by the sludge age. The microorganisms present and their physiological state will
define the overall process efficacy.

Much of the feed’s organic strength resulted from the protein mixture. In domestic wastewater
treatment, protein degradation may or may not be responsible for the reported increases in biosolids production
under low temperatures or anoxic conditions. For this reason, caution should be exercised in applying biosolids

production rates presented here to other systems.

b) Presentation of Experimental Results

i) 20° Iture
Introduction

Before the monitoring phase began at 20°C, the culture was acclimated for 4 months. On Nov. 12,
a feed pump was inadvertently left on resulting in an additional 4 L of substrate being added to each reactor.
The reactors were settled and the extra feed was decanted. There was no obvious loss of biosolids but a change
in the physiological state of the bacteria could have occurred. Higher than normal substrate loadings may place
the bacteria in a different growth state. A ten day period (Nov. 13 - Nov. 24) was allowed for the system to

come back to pseudo-steady state before monitoring was reinitiated.

Feed Strength and Composition

Figure 5.1 illustrates the variability in feed strength and composition over the eighty day Phase |
monitoring period. For the periods of Nov. 4 - 5, Nov. 6 - 7 and Dec. 9 - 10, only total COD data for the
synthetic feed were available. The total COD was used to calculate the COD of the particulate fraction on these
days. Only the filtered COD of the sewage was available on Oct. 21 - 22 and Nov. [ - 2.

Much of the feed’s organic strength was derived from the synthetic protein substrate. Fluctuations
in the organic strength of the sewage were not easily seen from the figure because of its limited contribution to

the feed. It is reasonable to expect that the microbial population in sewage will change with influent strength
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and season. Sewage with a low organic strength will minimally affect the organic loading; however it could
have a very significant impact on the numbers and species of microorganisms in the reactor.

The average total COD for the 80 day period was approximately 381 mg/L with a standard
deviation of 30 mg COD/L. However. there appears to be a general trend toward reduced COD with time. The
average feed strength prior to Oct. 19 was 393 mg/L; this was not considered to be a substantial difference.

Figure 5.1 Influent Feed Concentration and Composition - 20°C
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At 20°C. similar trends were seen in the mixed liquor volatile solids (MLVSS) profiles for the
aerobic and anoxic reactors (Figure 5.2). The data were scattered but fairly consistent. For the first 35 days of
the period, the MLVSS ranged between 700-800 mg VSS/L and then declined to the 500-600 mg VSS/L range.

During the period of Oct. 19 - Nov. 2, the influent feed strength was lower possibly causing the
decreases in the MLVSS seen for both the aerobic and anoxic reactors as of Oct. 26th. With a SRT approaching
ten days, decreases in feed strength would take some time before they would be reflected as a decreased

MLVSS. This concept was supported by decreases in MLVSS occurring in both aerobic and anoxic reactors.
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Figure 5.2 Reactor MLVSS - 20°C
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Bacteri t

Bacteria count data were available for the cultures during the later part of the 20°C period (Table

purpose of the experiment was to compare the number of bacteria in the aerobic and anoxic reactor at the same
instant and to relate cell counts to MLVSS measurements. Time and resource constraints made it impossible to

perform bacteria counts for the entire period. Instead samples were taken from the aerobic and anoxic reactor

over the same ten day period.

There was insufficient data at 20°C to determine if statistically a correlation existed between the
bacteria counts and the reactor MLVSS concentration; however, visual inspection of the data indicated, no

correlation between reactor MLVSS and bacteria counts. A more extensive bacteria count data set at 14°C

allowed for more complete analysis.
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Table 5.1 Bacteria Counts and Reactor MLV'SS for SBR at 20°C

Reactor Date Bacteria Count Data (cell /L)x10"° Reactor MLVSS  Bacteria per MLVSS
Mean  Upper 95% Lower 95% (mg VSS/L) (Cell/MLVSS)x 10°
CL CL

Aerobic  Nov. 27 7.04 8.58 5.78 570 12.4
Aerobic  Nov. 29 23.2 25.1 21.5 610 38.0
Aerobic Dec. 6 4.82 5.81 4.00 580 8.31

Anoxic  Dec. 1 13.3 15.3 11.5 590 225
Anoxic  Dec.4 14.0 17.4 11.3 590 23.7
Anoxic  Dec.7 5.77 7.02 4.74 620 9.38
Effluent COD

Figure 5.3 shows both the total and filtered effluent COD for the aerobic and anoxic reactors and
influent strength. Generally, good COD removal was obtained for both reactors regardless of the influent COD
concentration.

The filtered effluent concentration was typically 40 - 50 mg COD/L. The organics included in the
filtered effluent COD could have been soluble non-biodegradable organics present in the sewage, soluble
refractory organics generated during the process and possibly undegraded biodegradable organics. With
municipal wastewaters, refractory organics can account for 50% of the effluent COD (Henze, 1992). There were
some fluctuations in the effluent’s total COD but with consistent filtered COD values, these fluctuations may
arise as a result of reduced settability.

There was a period of higher total and filtered COD during the period of Oct. 31 - Nov. 10 for both
aerobic and anoxic reactors. This corresponds to a period of decreasing MLVSS due to biosolids lost in the
effluent (Figure 5.2). Total effluent concentrations of the aerobic reactor were exceptionally high (150-200
mg COD/L) for Nov. 29 - Dec. 3 suggesting reduced settability. This is consistent with the marked decrease in
the MLVSS in the aerobic reactor for this same period (Figure 5.2). Microscopic examination of the samples
from early December showed the presence of filamentous growth. When these are present in excess amounts,

the result is sludge separation problems known as bulking and foaming often occur.
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Figure 5.3 Influent and Effluent CODs - 20°C
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Nitrate Removal

[f nitrate concentrations are greater than 1-2 mg NO; -N/L, then nitrate should not limit the rate of
denitrification (U.S. EPA, 1993). Nitrate determinations were done on acidified samples so nitrate cannot be
differentiated from nitrite. NOy will be used to designate nitrate determined on acidified samples. The median
effluent nitrate concentration was 14.8 mg NOy-N/L suggesting denitrification proceeded under carbon limited
conditions.

Figure 5.4 illustrates the amount of organic substrate and nitrate consumed per day over the eighty
day period. The amount of denitification realized should closely follow the amount of organic consumed. As
seen from the graph, the patterns of carbon and nitrate utilization do not correspond with each other. Organic
consumption was based on the influent organic strength less the filtered effluent COD. This calculation would
accurately reflect organic consumption if substrate had not accumulated within the floc or the reactor was at

pseudo-steady state. These conditions may not apply to this system. A further discussion of the ratio of nitrate



nitrogen consumed was 400-600 mg NOy-N/d or alternately 40-60 mg NOy-N/L. During the period from
Sept. 21 to Oct. 21, nitrate consumption was higher than during the rest of the period. An influent with higher
than average strength as seen in Figure 5.1 could be responsible for this behaviour.

Figure 5.4 Organic and Nitrate Consumption for an Anoxic SBR - 20°C
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Effluent Nitrogen

The degradation of influent biodegradable TKN produces ammonia nitrogen which can be used in
cell synthesis. In this particular instance, most of the influent TKN was derived from the protein feed since no
other nitrogen source was added apart from small amounts present in the sewage. Ammonia nitrogen in excess
of the requirements of cell synthesis was present in the effluent. Filtered TKN measurements included both the
ammonia nitrogen and soluble organic nitrogen. Theoretically, the TKN should be greater than the ammonia
nitrogen. If the difference between the actual TKN and ammonia nitrogen is only 1-2 mg N/L, then the
measured TKN may be less than the ammonia nitrogen because of the errors incurred in the digestion step of the

TKN determination. These measurements are presented for the SBRs at 20°C in Figure 5.5. For a number of
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days, the ammonia nitrogen value exceed the measured TKN. As shown by the figure effluent ammonia
nitrogen or TKN is typically greater for the aerobic reactor than it is for the anoxic reactor.

Figure 5.5 Effluent Filtered TKN and Ammonia Nitrogen - 20°C
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Effluent ammonia nitrogen- is related to the organic strength of the feed and the amount of ammonia
nitrogen present in the sewage. Nitrification was inhibited so ammonia nitrogen was consumed only for cell
synthesis. Figure 5.5 shows the same general trend as does the feed strength (Figure 5.1).

A paired Student’s t test using mixed liquor TKN values presented in Table 5.2 indicates the aerobic

reactor has a significantly lower TKN than the aerobic reactor (Raw Data- Appendix B). The t value of 2.4}

Further analysis was done to determine if this was a consequence of higher MLVSS concentrations
or a higher TKN/MLVSS ratio. An accumulation of partially degraded proteins in the mixed liquor would have
resulted in a higher TKN/MLVSS ratio. Differences in this ratio for the aerobic and anoxic reactor would

suggest an accumnulation of proteins in the reactor having the higher ratio. A paired Student’s t-test on the data

97



of Table 5.3 showed that was no significant difference between the TKN/MLVSS ratios of aerobic and anoxic

ii) 4°C Culture

d Strength an mpaosition
The average influent strength for the 14°C period was 386.0 mg COD/L (Figure 5.6). This is

comparable to the influent strength of the 20°C period of 382.9 mg COD/L (Figure 5.1). The standard deviation
for the 14°C period was 48.5 mg COD/L while for the 20°C period it was 30.7 mg COD/L. The influent
strength at 14°C was more variable than it was at 20°C. The influent feed for Mar. 4 - 8 had a much higher
organic strength than the rest of the period due to an error in making up the protein feed. Both the total and
filtered protein samples for the periods of Mar. 23 - 25 and Mar. 26 - 27 were lost after the glass sample
container cracked in the freezer. The strength of the feed was generally higher in the first third of the
experimental period. [n the last two thirds of the experimental program, the feed strength tended to be more
variable. Some of this variation was caused by changes in sewage strength caused by rain and ground water

infiltration.

MLV rofiles

The temperature of the reactors was lowered to 14°C on January 30, 1996. Monitoring of reactor
performance began on Mar. 4. Two events that occurred during the interim are noteworthy. On Feb. 12th, the
anoxic reactor’s pH controller failed leading to the addition of excess acid. The pH was as low as 2 for a period
of approximately fifteen minutes. The waste MLVSS of the aerobic reactor was added to the anoxic reactor for
the next three days to hasten the recovery. On Feb. 16, the power was out for five hours causing the temperature

of the environmental chamber to rise as high as 22°C.
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Figure 5.6 Influent Feed Concentration and Composition - [4°C
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Three sludge ages are generally considered to be a sufficiently long time for acclimation to occur
(Benedict and Carison, 1973). With a target sludge age of ten days, thirty days of acclimation time should be
sufficient based on three sludge ages criteria. An acclimated culture should have been produced by Mar. 16.
The data suggests that this may not have been the case given the MLVSS profiles shown in Figure 5.7. [n the
early part of the monitoring period, the aerobic reactor had a higher ML VSS than the anoxic reactor. By the end
of the period, the converse was true. As a result, only the Apr. 5 - May 9 data will be considered to be

acclimated and at pseudo-steady state.

Bacteria Count

Bacteria counts for the SBRs at 14°C were determined as described in Section 3.22.d and are
presented in Table 5.4. As mentioned previously, bacteria counts on samples taken from the aerobic and anoxic
reactor on the same day would have been ideal but time constraints made this impossible. On some occasions,

the samples were taken two or three days apart.
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Table 5.4 shows that the anoxic reactor consistently had more bacteria than the aerobic reactor. The

cell counts in the aerobic reactor range from 4.58 - 12.1 x 10'" bacvL while the counts of the anoxic reactor

range between 13.5 - 25.0 x 10" bact/L. A significant linear correlation does not exist between bacteria counts

and ML VSS for the aerobic reactor. The calculated correlation coefficient (r) value was 0.436 while the critical

value at the 95% CL with 4 df was 0.811. For the anoxic reactor, the MLVSS was correlated with the bacteria

counts. The calculated r value was 0.81 1 while the critical value at the 95% CL was 0.707 with 6 df.

Figure 5.7 Reactor MLVSS - 14°C
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Effluent COD

Figure 5.8 shows that excellent substrate removal occurred with the filtered effluent remaining

constant at 40 - 50 mg COD/L over the seventy day period in spite of variation in the COD of the feed and major

changes in the MLVSS. There was no appz{rent correlation between the influent and effluent filtered COD.

From Mar. 4 - 24, the anoxic reactor has total CODs that ranged between 50 - 130 mg COD/L and filtered CODs

of 50 mg COD/L or less. This would suggest that the anoxic reactor was experiencing settling problems during

this period. The same comments are applicable to the aerobic reactor’s performance during the Mar. 24 - Apr. 8
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period. Microscopic examination of the aerobic mixed liquor during the Apr. 9 - Apr. 12 period did not indicate

the presence of filamentous growth which could have resulted in the poor settling characteristics of the biomass.

Table 5.4 Bacteria Counts for SBRs - 14°C

Reactor  Date Bacteria Count Data Reactor Bacteria per
(bact /L)x10"! MLVSS  MLVSS
Mean Upper Lower (mg VSS/L) (BactMLVSS)x 10°
95% CL 95% CL
Aerobic  Apr. 9 4.58 5.08 4.13 590 1.76
Aerobic  Apr. [2 6.83 7.68 6.06 410 16.7
Aecrobic  Apr. 26 12.1 4.1 10.4 420 28.8
Aerobic May5 4.09 4.54 3.69 310 13.1
Aerobic May 7 5.08 5.94 4.34 510 9.96
Aerobic May9 5.90 743 4.69 460 12.8
Anoxic  Mar. 29 25.0 285 220 580 43.1
Anoxic  Apr.9 i3.5 14.9 12.3 300 17.4
Anoxic  Apr. 12 3.9 16.0 12.2 820 16.9
Anoxic  Apr. 24 21.0 23.5 18.8 740 28.3
Anoxic  Apr. 26 19.3 21.8 17.0 820 235
Anoxic  Apr.29 16.0 19.6 13.1 760 21.0
Anoxic May$5s 233 259 20.9 800 29.1
Anoxic May9 14.5 18.3 [L.5 730 19.9

Nitrate Removal

As mentioned previously, nitrate was added in excess so the rate of the denitrification was limited
by the amount of organics present. Figure 5.9 illustrates the amount of organic and nitrate consumed per day
over the seventy day period. The ratio of these two factors, the consumptive ratio, indicates the amount of
exogenous substrate required in a post-denitrification reactor. Ideally, the ratio should be a constant but because
of the difficulties in accurately measuring the amount of substrate consumed it often is not. The consumptive
ratio will be calculated later in this section. Excluding the data from Mar. 4 - Mar. 24, 400 - 700 mg NOyN/d
were consumed. The equivalent conversion on a volume basis would be 50 - 87 mg NOy N/L. During this
period, nitrate consumption does not follow any trend even though the reactor MLVSS was increasing over this
period. The variability in the nitrate removal may be due in part to the variability in the influent organic

strength.
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Figure 5.8 Influent and Effluent COD for SBRs - 14°C
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Figure 5.9 Organic and Nitrate Consumption for Anoxic SBR- 14°C
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Effluent Nitrogen

Effluent filtered ammonia levels were affected principally by the concentration of proteins in the
feed. Figure 5.10 shows the same general trend as does the feed strength (Figure 5.6). Filtered TKNs and
effluent ammonia nitrogen range from 28 - 42 mg N/L over the period of Mar. 30 to May 10 (Figure 5.10). For
the same reasons as discussed previously, there are occasions when the measured ammonia nitrogen exceeds the
filtered TKN. By visual inspection, the filtered TKN and ammonia nitrogen concentration appears to be highest
for the aerobic reactor.

Table 5.5 presents the influent, effluent total TKN, and mixed liquor TKN for 2 number of
composite samples (Raw data - Appendix B). The mixed liquor TKN values for the ancxic reactors is
significantly higher for the anoxic reactor than it is for the aerobic reactor. A paired t-test gave a value of 5.80
on 13 df while the critical value, t; 45 was 2.16. The;e same trends were seen for the 20°C cultures.

Figure 5.10 Effluent Filtered TKN and Ammonia Nitrogen
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The mixed liquor TKN was normalized on MLVSS to determine if there was a difference in the
nitrogen content of the MLVSS (Table 5.6). A higher nitrogen content in the MLVSS of the anoxic reactor
would suggest an accumulation of proteins. A paired Student’s t-test comparing the nitrogen content in the
MLVSS showed no significant difference between the aerobic and the anoxic reactors. The t-value was 1.02
while the critical value, t, o5, was 2.18 with 12 df. Higher mixed liquor TKNs for the anoxic reactor were the

direct result of higher ML VSS concentrations.

c) Discussion of Experimentai Data

i) Solids Retention Time

Defining the average age of microorganisms in the reactor or the sludge age is challenging because
they are generated by growth and lost by predation and cell lysis. The traditionally used solids retention time
(SRT) as expressed in Equation 5.1 was derived from a steady state mass balance on a stirred tank reactor with
recycle. Rarely are activated sludge systems at steady state because of changes in influent strength. The steady
state assumption, on which the definition of SRT is based on, often is not applicable. In practice, there is a
minimum SRT at which the reactor can operate before washout occurs; however there is no limit to the value of
SRT. If little or no wastage occurs in a SBR, the SRT continues to increase. In contrast, if a [arge amounts of
MLVSS are lost from the system, the SRT will become very short. Various averaging strategies have been

developed to account for the variability in SRT which occur under continuous operation.

SRT = ____W_(_ Eq. (5.1)
OX. + QX
where SRT = solids retention time (d)
v = reactor volume (L)
Q. = discharge volume (L)
X = discharge solids concentration (mg VSS/L)
Q.. = wastage volume (L)
X = reactor MLVSS concentration at the time of wastage (mg VSS/L)

On a theoretical basis, the current experimental system should have a SRT of 10 d because 10% of

the mixed reactor volume was wasted daily. Loss of solids in the effluent, will further reduce the SRT. The
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SRT calculations do not take into consider changes in the inventory of biosolids in the reactor when calculating
the biosolids produced. They are not considered because of the pseudo-steady state assumption.

Figure 5.11 shows the SRT for the system at 20°C. The lines on the figure represent the mean SRT
for a particular time period. At 20°C, the aerobic reactor had two of sixty eight data points outside the range of
0 - 15 days. They have been excluded from further calculations. The scale of the graph was limited to this
range for easy comparison of the aerobic and anoxic reactors.

Figure 5.1} Solids Retention Time (SRT) - 20°C
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In general, the aerobic SRT is less consistent than the anoxic reactor. At 20°C, the average SRT for

sixty five days of aerobic and anoxic reactor operation was 10 and 8.8 d, respectively. The aerobic data are
more variable with the average SRT of 9.9 d for the first 50 days. This is greater than the average of 7.7 d which
was calculated for days sixty five to eighty. The standard deviations for the aerobic and anoxic reactors are 4.7
and 1.9 d. respectively. A one day difference in SRT between the aerobic and anoxic reactors is not significant
given the standard deviations in the SRT of the anoxic reactor.

A plot of SRT versus time for the reactors at 14°C appears to show more scatter than was seen at

20°C (Figure 5.12). There was a gradual decrease in the SRT of the aerobic reactor over the first thirty days of
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period. The SRT of the anoxic reactor increased slowly over this same period. Over the 14°C period, the
average SRT for the aerobic and anoxic reactors was 6.6 and 8.4 days, respectively. At 14°C. the mean SRT for
the aerobic reactor was 3.4 days lower than it was at 20°C. In contrast, the anoxic reactor showed no real
change in SRT with the lower temperature.

Figure 5.12 Solids Retention Time (SRT) - 14°C
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ii) Dynamic Sludge Age

The dynamic sludge age (DSA) was proposed by Vaccari ez al. (19835) as an alternative way of
calculating sludge age. The DSA, the mean of the biomass age distribution, is applicable to non-steady state
systems. Wastage is assumed to occur from each age distribution in proportion to its contribution to the total
biomass. If 95% of the reactor biomass was wasted, the mean of the age distribution remains unchanged.
Although the amount of biomass has decreased dramatically, the age distribution is not affected because losses
from each age group occur in proportion to its contribution to the total biomass. The DSA examines the
production of biomass taking into account increases and decreases in the solid inventory. If there is no net

production of biomass, a culture will age one day per day regardiess of how much wastage occurs. The DSA
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was calculated using the methodology and equations found in Appendix D and is presented in Figures 5.13 and

5.14.

The aerobic reactor at 20°C has an average DSA of 8.5 days with a standard deviation of 1.2 days

over the 80 day period (Figure 5.13). Similarly for the anoxic reactor at 20°C, the average DSA and the

associated standard deviation are 7.8 and 0.8 days, respectively. The DSA for both the aerobic and anoxic

reactors decreased over the last 20 days of operation.

Figure 5.13 Dynamic Solids Age (DSA) - 20°C
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Over the first 31 days of the 14°C period, the DSA for the aerobic and anoxic reactors decreases

because of reductions in the MLVSS of the reactors (Figure 5.14). The average DSA for the 30 to 65 day period

of the 14°C work was 5.7 days for both aerobic and anoxic reactors. The standard deviations for aerobic and

anoxic reactors in this latter period were 0.9 and 1.2 days, respectively. These are comparable to those at 20°C.

The DSA differs from the SRT in two respects when Figures 5.13 and 5.14 were compared to

Figures 5.11 and 5.12.

. Changes in the reactor solids inventory at 14°C (Figure 5.7) were reflected in both the DSA and SRT

(Figure 5.12) but it were more evident in the DSA (Figure 5.14). The DSA takes changes in solids inventory
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into account whereas the SRT does not because of the steady state assumption. For the 20°C period, there
was also a downward trend in the DSA of the aerobic reactor over the 15 days of the period. During this
same period, the SRT was relatively constant; however there were three days where the SRT ranged between

3 and 6 days (Figure 5.11).

(38
.

The DSA was generally lower than the SRT. The DSA can only increase one day per day regardless of the
amount of wastage that has occurred because the age distribution remains unchanged. A large influx of
organic material will decrease the DSA because microorganisms are generated causing the mean of the age
distribution to decrease.

Neither the traditionally used SRT nor the newer DSA can completely characterize a reactor. SRT
is useful in estimating the accumulated inerts and solid levels in the reactor because it was derived from a mass
balance. The DSA better characterizes the age distribution of the bacterial culture because it is a true residence
time distribution. Both concepts are helpful in characterizing the operating conditions of the anoxic and aerobic
reactors.

Figure 5.14 Dynamic Solids Age (DSA) - 14°C
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iii) iosoli ti

Biosolids production was investigated for carbon removal under anoxic and aerobic conditions
using reactors run in parallel. Biosolids production refers to the mass of organic matter produced through either
intentional wastage or solids lost in the effluent. To ensure the aerobic and anoxic reactors received the same
quality and quantity of feed, the same feed pumps were used for substrate delivery. Target effluent and wastage
volumes for the reactors were the same. Effluent and wastage volumes were measured on a daily basis and
totaled for the pseudo-steady state periods of 14°C and 20°C. At 14°C and 20°C, the difference between the
aerobic and anoxic reactors in output volumes is 0.8% and 2.7%, respectively.

Under essentially identical loading conditions, the aerobic and anoxic reactors did not have
equivalent performance as seen in Figure 5.2 or Figure 5.7. As discussed above, the SRTs which include solids
lost in the effluent, were not equal at either 20°C or 14°C. For an equitable comparison of biosolids production
rates, reactor performance meeting the following criteria were used: pseudo-steady state, and comparable SRTs
and DSAs. In the context of this work, pseudo-steady state refers to a period of reactor performance where
effluent COD values show no obvious trend, and changes in MLVSS are less than 200 mg VSS/L. The standard
deviation of the SRT for the four data sets selected for analysis in order of decreasing value are: 2.5, 1.6, 1.3
and 1.2. On this basis, a difference of less than 1.5 d was the criterion for comparable SRTs or DSAs. Reactor
performance meeting these criteria was found between Sept. 21 - Oct. 27 and Apr. 5 - May 9 for the systems at
20°C and 14°C, respectively.

Biosolids production accounted for solid losses through wastage and carry over in the effluent. The
accumulated production was calculated using Eq. 5.2. The accumulated production was calculated for each day

and is plotted in Figure 5.15 - 5.16.

P=3" (QeXeit+QuiX) Eq. (5.2)
where P = accumulated production (mg VSS)
Qe = effluent discharge rate on the ith day (L/d)
X = effluent solids concentration (mg VSS/L)
Qw.i = wastage discharge rate on the ith day (L/d)
Xi = reactor MLVSS at time of wastage on ith day (mg VSS/L)
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Accumulated Solids

Accumulated Solids Production

Figure 5.15 Accumulated Biosolids Production - 20°C
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Figure 5.16 Accumulated Biosolids Production - 14°C
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Figures 5.15 - 5.16 show that the accumulated solids production was highly linear and increased
with time. The slope of these graphs represents the average daily rate of biosolids production. An average rate
is preferable to a daily biosolids production rate because changes in the influent strength could have a substantial
impact on the daily production rates.

Regression lines were determined for Figures 5.15 and 5.16. Average daily production rates were
analyzed to see if there was any significant difference at either 14°C or 20°C. A value of F higher than the
critical value indicates that the regression lines are unique at the 95% confidence level and cannot be described
by a single regression equation. This analysis showed the anoxic reactor to produce more biosolids than the

aerobic reactor at the 95% confidence level at both 14 and 20°C (Table 5.7). Details of the statistical analysis

are found in Appendix C,
Table 5.7 Analysis of Average Daily Solids Production Rates as a function of Reactor
Temperature (°C)  Degrees of Freedom F Foos
20 (1,68) 1620 3.99
14 (1,66) 527 3.99

Changes in the initial and final reactor MLVSS concentration were not included in the average daily
production rates. It was assumed that the overall change would be small in comparison to the total accumulated
solids. As shown in Table 5.8, this assumption resulted in an error of <I% to 5%. Typically MLVSS
determinations were done in triplicate. The average standard deviation for this measurement for aerobic and
anoxic biomass were 25 and 33 mg VSS/L, respectively. Differences in MLVSS concentrations of up to 66
mg/L, approximately 2 standard deviations, may be the result of analytical error rather than actual changes in the
reactor MLVSS. For these reasons, the changes in the concentration of reactor solids were considered
insignificant in comparison to the biosolids production accumulated aver 35 days. If the changes in the solids
inventory were included in the calculations, then solids production rates for the aerobic reactor would be lower.

Table 5.8 Changes in Solids Inventory as % of Accumulated Solids

Temperature Reactor Initial MLVSS Final MLVSS  Change in MLVSS % of
(°C) (mg VSS/L) (mg VSS/L) (mg VSS) Accumulated VSS
20 Aerobic 730 620 - 1100 4
20 Anoxic 780 760 -200 <1
14 Aerobic 580 460 - 1200 5
14 Anoxic 690 730 + 400 [
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iv) Observed Yield

Observed yield is the mass of bacteria formed per mass of COD removed and takes into account
maintenance energy requirements. When MLVSS is used as a surrogate for the mass of bacteria, the observed
yield becomes the biosolids production divided by the mass of COD consumed.

The observed yields for the current experimental systems were calculated using Equation 5.3 are
listed in Table 5.9. Differences in the reactor MLVSS between the first and last day were included in the

observed yield calculations.

Z,’;[ Qe.:X;!.i + Q..X

V== AMLVSS Eq. (5.3)
Z'_s! (Qe.-' + Qw.l)(Si - Sr:.i)
where Y, = observed yield (mg VSS/mg COD)
Q. = discharge rate on the ith day (L/d)
Xe.i = discharge solids concentration (mg VSS/L)
Qw.i = wastage flow rate on the ith day (L/d)
X = reactor solids on ith day (mg VSS/L)
\Y, = influent COD concentration on ith day (mg COD/L)
Se.i = discharge filtered COD concentration on ith day (mg COD/L)
AMLVSS = change in reactor MLVSS inventory (mg VSS)

Non-biodegradable organics present in the influent can accumulate within the reactor and increase
the observed yield. For the current experimental system, an average VSS/COD ratio of 1.52 was calculated for
sewage. Using the non-filterable COD of sewage and the previously mentioned ratio, the quantity of influent
organics was calculated. The average influent VSS in the sewage was 20 and 43 mg VSS/L for 20 and 14°C,
respectively. The concentration of influent VSS in the reactor feed is less because sewage was only one
component of the feed.

Comparisons between aerobic and anoxic reactors run at the same temperature lead to the same
conclusion as before. Observed yields were higher for the anoxic reactors than they were for the aerobic
reactors. The observed yield for the aerobic reactor decrease by 4% with decreasing temperature. I[n contrast,

the anoxic yield increased by 8% with decreasing temperature.
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Table 5.9 Observed Yield

Temperature °C Reactor Influent VSS Observed Yield
(gAVSS/gACOD)
20 Aerobic 7 0.258
20 Anoxic 7 0.350
14 Aerobic 14 0.248
4 Anoxic 14 0.378

The observed yields of this experimental study are compared to those of Tian et al. (1994). The
experimental yield of this study was comparable to the value of 0.258 gAVSS/gACOD given by Tian et al.
(1994) for an influent VSS of 69 mg VSS/L. In contrast to the work of Tian et al. (1994), the observed yield for
the aerobic reactor of this experimental study does not increase with decreasing temperature. The temperature

difference of this study, 6°C, may not be sufficient to see the same trends as seen with a 12°C difference.

v) Bacterial Population and MLVSS Composition

A factorial analysis was completed to examine the significance of the electron acceptor system
(EAS), and temperature on the number of bacteria per unit MLVSS. This analysis would provide information
on factors influencing the composition of the mixed liquor. The analysis shows that neither temperature nor the
EAS or any interaction between the factors had a significant impact on the fraction of MLVSS composed of
bacteria (Table 5.10).

A second factorial analysis was done to examine whether or not the same factors influenced the
number of bacteria in the reactor. The analysis indicated that temperature and EA were not significant. Further
inspection of the complete data set suggested that the bacteria count of Nov. 29 was suspect. [t was 300-400%
higher than the other two values at this temperature. With these data points excluded, the analysis was repeated
and is presented in Table 5.10. The analysis shows, that on average, there were significantly more bacteria in

the anoxic reactors than there were in the aerobic reactors.
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Table 5.10 Factorial Analysis of MLVSS Composition and Number of Bacteria

Bacteria per MLVSS x 10 Bacteria Counts x 10
Effect Estimated Effect t value Estimated Effect t value
EAS 2.25 0.124 4.23 2.37
Temp. -0.400 -0.022 -0.265 [.10
EAS x Temp. -2.80 0.154 -1.70 0.955

MLVSS effects - 14 df and t, 45 of 2.14.
Bacteria Count effects - 13 df and t, 45 of 2.16.
Bolded effects are significant at the 95% CL Data presented in Table 5.1 and 5.4

Given the experimental evidence outlined, the hypothesis that predation is in part responsible for
lower net biosolids production in the aerobic reactor is put forth. Microscopic examination of the aerobic mixed
liquor found a number of stalked protozoa to be present. The absence of protozoa was noted for the anoxic
culture upon microscopic examination.

Henry and Jones (1972) examined the effect of temperature on the bacterial population of a
chemostat using a synthetic waste. The number of bacteria present was a maximum at 1°C. The culture
exhibited a large increase in the number of bacteria from I to 4°C. The number of bacteria present in the reactor
decreased rapidly when the reactors were operated at temperatures between 5 and 18°C. The investigators feit
that the decline in bacteria at temperatures above 4°C was due partly to endogenous respiration but primarily to
the removal of bacteria by the growing protozoan population.

The role of predators has not often been considered in evaluating biomass production under aerobic
and anoxic conditions. Symth (1994) found comparable sludge production in aerobic and anoxic systems under
steady-state when operating fed-batch reactors using primary effluent. These reactors were not blanketed so it is
possible that the DO concentration in the anoxic reactor was sufficient to support predators. The reactors of the
current experimental system were covered and had a height to diameter ratio of 3:2. This configuration would
minimize oxygen ingress. This in part may explain the differences in the yield of this study and that reported by

Symth.
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vi) Efflue ality

An anoxic reactor must have performance comparable to an aerobic reactor in several key areas if
denitrification is going to be implemented. Effluent organic strength (i.e. typically specified in terms of BODs)
and solids requirements are usually specified in a treatment plant’s operating permit. During the experimental
program, the effluent solids and COD were tracked. These numbers will be higher than the BOD; because both
biodegradable and non-biodegradable organics are measured. A third parameter, the organic substrate to
nitrogen ratio, required for the design of an anoxic system, was calculated. This information is used to calculate
the amount of supplementary organic substrate required if post-denitrification was implemented.

The effluent quality of the two reactors can be evaluated in two different ways. Average values
indicate typical performance while probability plots are useful in determining the likelihood of exceeding a
specified limit. Average values for the effluent quality during the pseudo-steady state periods of Sept. 21 -
Oct. 27 and Apr. 5 - May 5 are presented in Table 5.11. A paired t test data found a significant difference
between reactors for 20°C filtered effluent COD values at the 95% confidence level. At 14°C there was no
significant difference in the effluent CODs of the two reactors. At 20°C the anoxic reactor produced more solids
in the effluent than did the aerobic reactor; at 14°C the converse was true. Both temperature and the reactor has
an impact on effluent quality.

Table 5.11 Average Effluent COD and TSS Concentrations

Parameter Temperature  Aerobic Anoxic Degreesof t-value  tygs
(&) Freedom

Filtered COD (mg/L) 20 32.7 39.6 16 252 212

Filtered COD (mg/L) 14 48.4 46.9 13 +046 2.16

Effluent Solids (mg TSS/L) 20 8 22 30 392 2.04

Effluent Solids (mg TSS/L) 14 37 20 34 +5.12 2.03

The effluent solids for the aerobic reactor increased from 8 to 37 mg TSS/L as the temperature was
decreased from 26 to 14°C. Statistically, this is a significant difference as indicated by a t value of 12.1 on 37
df. The critical value, ty s, is 2.02. While this is a large increase in effluent solids, the quality of the effluent is
comparable to other experimental systems. Sutton et al. (1977) found for a carbon-removal nitrification system
with a clarifier that the mean effluent solids concentration was approximately 24 mg TSS/L. The effluent solids
was less than 41 mg TSS/L 90% of the time. Hoepker and Schroeder (1979) examined the effect of loading rate

on SBRs effluent quality. Effluent solids concentrations of 30 - 54 mg TSS/L were reported for systems
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operating with feed strengths of 200 - 1600 mg/L measured as ultimate BOD. The aerobic reactor at 14°C had a
loading of 325 - 500 mg COD/L. If it is assumed that all of the influent COD was biodegradable, then the
loading of the 14°C reactor is within the range used by Hoepker and Schroeder (1979). The performance of the
aerobic reactor at 14°C in terms of effluent solids was not as good as that at 20°C but it is comparable to values

derived with other experimental systems.

vii) Consumptive Ratio

The organic substrate to nitrogen ratio required for complete denitrification is referred to as the
consumptive ratio. In a post-denitrification system, the consumptive ratio indicates the minimum amount of
exogenous carbon that must be supplied for total denitrification. Figure 5.17 shows the consumptive ratios for
the SBR at 14 and 20°C as a function of time. The ratios have been calculated using composited influent and
effluent samples. Organic consumption was calculated as the total COD of the influent less the filtered effluent
COD. The non-filterable COD would be associated with effluent solids and is a reflection of the culture’s
settling characteristics. Nitrate consumption was calculated as the amount of nitrate added less the mass of
nitrate lost in the effluent. Pseudo-steady state was assumed so neither organic nor nitrate consumption was
corrected for changes in the reactor concentration.

A mean consumptive ratio and a standard deviation for each temperature during the pseudo-steady
state period are listed in Table 5.12. A t-test was performed to determine if there was a significant difference in

the consumptive ratios at 14 and 20°C. The test indicates that temperature does not impact this ratio (Table

5.12).
Table 5.12 Consumptive Ratios
Temperature Mean Standard Deviation t value to.gs
O (mg COD/mg NOx-N) (mg COD/mg NOy-N)
20 5.46 0.38 -1.45 2.10
14 6.08 2.40

Note: The t-value has 18 df associated with it.
Stensel (1981) as reported by U.S. EPA (1993) developed Equation 5.4 to define the required COD
to nitrogen ratio for any organic substrate. Using the observed yield reported in Table 5.9, the consumptive

ratios at 20°C and 14°C are 4.74 and 4.86 mg COD/mg NOx-N, respectively. At 20°C there is a significant
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difference between the value calculated from Equation 5.4 and the experimental value. The t-value is 7.57 with
L5 df; the criticai value at the 95% confidence level is 2.13. At 14 °C, there is no significant difference between

the two values as the t-value is 1.90 with 14 df. The critical value is 2.14 at the 95% confidence level.

COD 2.86
= Eq. (5.4)
N 1-1.134Y
where COD/N = required COD to nitrogen ratio
Y = biomass net yield based on COD, g VSS/g COD removed
Figure 5.17 Required Organic Substrate to Nitrogen Ratio
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viii) Mass Balance:

Barker and Dold (1993) stated that carbon and nitrogen mass balances are a fundamental
requirement if conclusions drawn from the analysis of the experimental system are to be defended. With a SBR,
COD balances are difficult to obtain because the OUR varies with time. It is easier to obtain mass balances on a
stirred tank reactor with solids recycle, since the average OUR is a good approximation of the oxygen

consumed. When using a SBR, this is not an option because of the dynamics of the process. The oxygen
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consumed can be calculated if the following are known: amount of oxygen supplied, and oxygen concentration
in the off-gas and liquid effluent. This was not possible with the current experimental system so COD balances
were not performed.

Nitrogen balances were carried out for the aerobic reactors at 20 and 14°C. Total closure on
nitrogen for the anoxic reactors requires the offgas to be analyzed for nitrogen. This type of analysis was not
possible due to analytical limitations. With the anoxic reactors, a balance was done on Kjeldahl nitrogen. It was
assumed that, in the presence of high concentrations of ammonia nitrogen, nitrate would not be used in cell
biosynthesis. Under these conditions, it would be used only as a terminal electron acceptor. The balances
assumed that the systems were in pseudo-steady state over the short time period considered and did not
compensate for any changes in the reactor MLVSS occurring over this period. The procedure used in
calculating the balances is outlined in Appendix D.

The balances for the reactors are presented in Tables 5.13 and 5.14. For the current experimental
system, the average closure on the aerobic reactor was 99% with individual balances ranging from 86 - 116%.
For the corresponding anoxic reactor, the average closure was 94% with individual balances ranging between 87
- 103%. There does not appear to be a trend between date and % closure for either the aerobic or anoxic
systems. The closure for the anoxic reactor at 14°C is 95% which is comparable to the balance on this system at
20°C. Closure for balances on both the anoxic and aerobic reactors at both 20 and 14°C appears to be good.

Barker and Dold (1995) using the data of McClintock et al. (1988) found there was 96% closure on
an aerobic system operating ata 10 d SRT. The anoxic system, operating at a 9.6 d sludge age, had 2 95.9%
closure. Both of these experiments were carried out at 20°C. These investigators also investigated the
temperature dependency of mass balances in aerobic systems using the data of Schroeter et al. (1982). Ata
sludge age of 8 days, the closure on nitrogen was 100.2% and 97.5% for systems run at 14 and 20°C,
respectively. With the current experimental system, nitrogen balances at 14°C resulted in average closure of
94% with a standard deviation of 10% whereas the closure at 20°C was 99% with a standard deviation of 10%.

The balances do not show any temperature dependency and are comparable to literature values.
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Table 5.13 Balances on Total Kjeldahl Nitrogen for Reactors at 20°C

Starting Date Ending Date Closure (%) Closure (%)
on Aerobic Reactor on Anoxic Reactor
Oct. 18 Oct. 20 116 93
Oct. 21 Qct. 22 101 95
Oct. 23 Oct. 24 102 99
Oct. 25 Oct. 27 86 88
Oct. 28 Oct. 29 95 99
QOct. 30 Oct. 31 90 101
Nov. 4 Nov. 5 86 90
Nov. 27 Nov. 28 99 87
Nov. 29 Dec. 1 115 88
Dec. 2 Dec. 3 110 103
Dec. 6 Dec. 8 92 93

Table 5.14 Balances on Total Kjeldahl Nitrogen for Reactors at 14°C

Starting Date Ending Date Closure (%) Closure (%)
on Aerobic Reactor on Anoxic Reactor
Mar. 30 Mar. 31 96 92
Apr. [ Apr.2 98 90
Apr. 3 Apr. 5 117 106
Apr. 6 Apr. 7 83 89
Apr. 8 Apr.9 87 101
Apr. 10 Apr. 12 94 93
Apr. 13 Apr. 14 96 109
Apr. 15 Apr. 16 107 93
Apr. 17 Apr. 19 92 95
Apr. 20 Apr. 21 80 81
Apr. 22 Apr.23 92 98
Apr. 24 Apr. 26 91 92
May 1 May 2 100 91
May 7 May 9 97

5.2.2. Phase 2 - Lactalbumin

a) Introduction

Lactalbumin was used in rate studies examining the effect of temperature, EAS and protein on the
rate of hydrolysis. The details of these studies are found in Section 5.3.3.c. After initial rate studies, the need

for a culture acclimated to lactalbumin became apparent. At this time, there was some questions regarding the

biodegradability of lactalbumin.

The goals of this work were as follows:

a) Determine whether or not a continuous culture can be maintained using lactalbumin as a principal substrate.

b) Provide biosolids acclimated to lactalbumin for use in batch rate study examining lactalbumin degradation.

This culture would also be used as the starting culture for death and decay studies.
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b) Presentation of Experimental Results

i) Influent Strength and ML VSS Profile

The feed was composed of sewage to lactalbumin in a [:2 volume ratio. The total feed strength
varied between 500 - 950 mg CODY/L because different quantities of lactalbumin had been inadvertently added
to the feed (Figure 5.18). The sewage strength remained relatively constant at 200 - 250 mg COD/L. The
MLVSS profiles of the reactors reflect the variability in the feed strength. The reactors were not at pseudo-
steady state because of the variation in reactor MLVSS but it was not required to prove biodegradability or
generate the biosolids needed for rate studies.

Figure 5.18 Influent COD and Reactor MLVSS for Cultures using Lactalbumin at 20°C
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ii) Ammonia Nitrogen Production

Figure 5.19 shows that the effluent ammonia nitrogen ranged between 20 - 60 mg N/L. In general,
the effluent ammonia concentration of the aerobic reactor exceeded that of the anoxic reactor. During the period

of July I1 - July 19, effluent ammonia nitrogen values declined for both the aerobic and anoxic reactor. After
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July 19, the effluent ammonia nitrogen concentration continued to decline for the aerabic reactor while values
for the anoxic reactor remained relatively constant. From July 9 to July 15 the organic strength of the influent is
very high (750 - 925 mg COD/L) while from July 17 to July 25 the strength is much lower. Decreases in
effluent strength would explain the declining effluent ammonia nitrogen concentrations. [t appears the anoxic

reactor reached an new equilibrium much faster than the aerobic reactor.

c) Discussion of Experimental Results

i) i ili ctalbumi

Lactalbumin is the whole protein of whey. The preferred treatment option for whey wastewaters is
anaerobic treatment due to the high organic strength of the waste. Porges and Jasewicz (1959) examined the
treatment of whey wastewaters by extended aeration at 30°C. A mass balance was done on the system over the
61 days of its operation. On average 77% of the influent whey COD was oxidized. The reactor effluent
accounted for a further 19% of the influent COD. Increases in the reactor mixed liquor VSS accounted for the
remaining COD. The investigators suggested with proper clarification 97% COD removal is possible. The
results of this study suggest lactalbumin is degradable.

Orhon et al. (1993) examined the treatability of whey washwater. A batch rate study using an initial
soluble COD of 1126 mg/L was used to define the degradation kinetics. Values for p,,, K, were 3.1 d”' and
100 mg CODY/L, respectively, were determined. After 240 h of degradation, a soluble COD concentration of
38 mg/L was measured. They attribute the residual COD to the formation of soluble residual products. A COD
balance is lacking on the system so the fate of lactalbumin in unknown. As a particulate substrate, the
lactalbumin component of whey may have accumulated in the MLVSS.

Proteins such as lactalbumin contain nitrogen in excess of growth requirements. Their deamination
and utilization results in a net production of ammonia nitrogen. Monitoring the production of ammonia nitrogen
was chosen as an easy way of determining the biodegradability of lactalbumin. Ammonia nitrogen production
greater than the total Kjeldahl nitrogen content of sewage suggests lactalbumin degradation. Total Kjeldahl
nitrogen was not done on the sewage itself but Tables 5.4 and 5.7 suggest a range of influent TKNs of 25.0 -

46.9 mg N/L. [n the feed, sewage would contribute between 8.3 - 15.6 mg N/L. The lowest effluent ammonia
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nitrogen reported in Figure 5.19 for the aerobic and anoxic reactor is 20.4 and 32.3 mg N/L, respectively. This

would suggest that some ammonia nitrogen was originating from lactalbumin degradation.

Figure 5.19 Effluent Ammonia Nitrogen for Cultures using Lactalbumin at 20°C
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Using Equation 5.1, the solids retention time (SRT) for the reactor was calculated for the aerobic

and anoxic reactors. Inspection of Figure 5.20 shows the SRT of the aerobic and anoxic reactors to be

comparable. A lower SRT was seen on July 23 when more biosolids than normal were withdrawn from the

reactor for a batch rate study. SRTs for the period before July 23 range between 7.5 and 9.5 days. Variation in

the SRT was the result of daily differences in the unintentional losses in the effluent.
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Figure 5.20 Solids Retention Time for Reactors Using Lactalbumin
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d) Summary Statements

1) Phase |
Biosolids Production

1. Carbon removal under anoxic conditions produced more biosolids that under aerobic conditions. The
increase was 24 and 32% for temperatures of 20 and 14°C, respectively.

The observed yield follows this same trend with higher yields being associated with the anoxic reactors.

19

The observed yield for the aerobic reactor decreased by 4% with decreasing temperature; whereas, the
anoxic yield increased by 8% with a temperature decrease of 6°C.

[f feed proteins had accumulated in the reactor, this may have been reflected in higher TKN/MLVSS ratios.

w

The TKN/MLVSS ratio was compared for aerobic and anoxic reactors. There was no significant difference

between the ratio of the aerobic and anoxic reactors at either temperature.
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4. Use of AODC as an enumeration technique should allow an analysis of the bacterial component of the
biomass. Analysis of the AODC data indicated that the reactor and temperature did not significantly impact
the fraction of the biosolids composed of bacteria.

5. A second factorial analysis determined that on average there were significantly more cells in the anoxic
reactor than there were in the aerobic reactor. Temperature was not identified as a significant factor. This
may arise due to two factors: (1) predation may have contributed to the decreased number of bacteria in the
aerobic reactor, (2) lack of oxygen in the anoxic reactor would have precluded the growth of most non-

bacterial organisms.

Acridine QOrange Direct Counts

1. AODC produced cell counts with narrow confidence limits which suggested a high level of precision for the
procedure.

2. AODC measurements correlate well with MLVSS measurements for the anoxic reactor but do not correlate
with MLVSS measurements for the aerobic reactors. The presence of a large non-bacterial component in the

population may account for the lack of correlation with the aerobic MLVSS.

Performance of Carbon Removal under Aerobic and Anoxic Conditions

I. At 20°C, the aerobic reactor on average outperformed the anoxic reactor in both terms of effluent COD and
effluent suspended solids concentrations.

2. At 14°C, the aerobic reactor had an average effluent COD that was not significantly different from the
anoxic reactor. The aerobic reactor on average produced more effluent solids.

3. The aerobic reactor had a significantly higher effluent TKN than the anoxic reactor at both 14 and 20°C.

The TKN was principally composed of ammonia nitrogen.

ii) Phase 2

I. Lactalbumin is biodegradable as indicated by the effluent ammonia nitrogen concentration.
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5.3.  Growth Kinetics and Stoichiometry

53.1. Introduction

[t is important to understand why there was higher biosolids production in the anoxic SBR reactor.
Batch studies were designed to provide information about the biotransformations involved in carbon removal
under aerobic and anoxic conditions. Three specific areas were addressed; growth kinetics, stoichiometry, and
substrate uptake and hydrolysis. The testing protocol proceeded with: one half of a stock culture being fed a
protein hydrolysate (PH) while the remaining portion was fed a whole protein. Proteins are slowly
biodegradable organics that require: uptake, storage and enzymatic degradation (i.e. hydrolysis) before being
used as a growth substrate (Dold et al., 1980). In contrast, PHs are simple substrates which can be directly used
by the microorganism. The growth kinetics and stoichiometry derived using PH cultures are not confounded
with the Kinetics of hydrolysis. Differences between substrate utilization rates for cultures using proteins and
those using PH would determine if hydrolysis was rate limiting.

A number of different proteins were used to determine if the rate hydrolysis is dependent on the
molecular weight of the protein or its overall structure. Except for a few rate experiments, the PH remained the
same, N-Z Amine A (CAA). The rate experiments using the PH formed a repeated two level factorial
experiment with temperature (14 and 20°C) and EAS (aerobic and anoxic) as factors. Experiments done under
using the same combination of EAS and temperature are not replicates in the strictest sense. The stock culture
originated from the SBR on different days. The rate experiments were treated however as replicates so statistical
analysis of the results could be carried out.

This particular section of the thesis examines growth kinetics and stoichiometry using data derived
from batch rate studies using PH as substrates. These experiments also allowed acridine orange direct counts
(AODC) to be further evaluated as an enumeration technique under conditions of active substrate metabolism.

The specific objectives of these experiments are outlined below:

1. Determine if substrate uptake and hydrolysis is a rate limiting step under aerobic and anoxic conditions at

temperatures of 14 and 20 °C when proteins are used as a model substrate. Determine if the rate of substrate
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uptake and hydrolysis is dependent on the molecular weight of the protein or its overall structure and

solubility.

19

Evaluate AODC as a method of enumerating the number of bacteria in a mixed microbial population.

(93]

Determine if there are any significant differences in the specific utilization rates for aerobic and anoxic
cultures at 14 and 20°C based on electron equivalents. The impact of temperature on the utilization rate will
be determined.
4. Determine if there are significant differences in the observed yield for aerobic and anoxic cultures under

conditions of parallel active substrate removal.

Growth Kinetics and Stoichiometry follows the same general format as Sequencing Batch

Reactor Operation. [nitially, the oxygen utilization rate (OUR), ammonia nitrogen, filtered COD, MLVSS and
bacteria counts will be presented for aerobic cultures. Similarly for the anoxic cultures, these data were
presented with one exception. Nitrate utilization rates (NUR) were reported instead of the OUR. A discussion
comparing the data to literature values follows along with further statistical analysis. To conclude the section, a

number of summary statements are made.

5.3.2. Presentation of Experimental Data

a) Aerobic Cultures

i) es in Bi nd B

This experimental program was unique because the bacterial population was enumerated in addition
to the traditionally measured MLVSS. MLVSS quantifies the mass of all the organic components found in the
activated sludge floc. Traditionally rate data (e.g. OUR, NUR, observed ammonia nitrogen production, soluble
COD uptake) has been normalized on MLVSS concentration to facilitate comparisons between similar
experiments.

In this experimental program, only the initial MLVSS concentration was considered for two
reasons. MLVSS measurements are not very precise as indicated by a standard deviation of 5-50 mg/L for
replicate analysis. For most PH cultures, the soluble COD concentration decreased by approximately 300 mg/L.

Using a yield of 0.625 mg COD/mg COD derived by Hoover and Porges (1952) for growth on casein, the
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maximum increase in bacteria would be 188 mg COD/L. Using the value of 1.42 g COD/g MLVSS suggested
by Marais and Ekama (1976), cell growth would increase the MLVSS concentration by 140 mg VSS/L. With
the given level of precision for MLVSS determinations, increases in MLVSS concentration may not have been
accurately detected.

MLVSS measurements on the final culture would take into account increases in bacterial mass, the
mass of substrate incorporated in floc as well as previously measured, partially degraded organics and non-
biodegradable organics. PH addition to the stock culture resulted in an immediate uptake of substrate. As will
be shown in Table 5.23, uptake varied from 16.3-73.3 mg COD/L. Differences in the MLVSS of the initial and
final culture would overestimate the yield of cells by 12-51 mg VSS/L. Thus only initial MLVSS data were
used and these are reported in Table 5.15.

[nitial bacteria counts were adjusted counts of the stock culture. Final counts were done on the
culture remaining at the end of the rate study. Bacteria counts with their 95% confidence intervals are presented
in Table 5.15. Mean values and 95% confidence limits were presented in preference to a mean and standard
deviation. Bacteria counts were treated as a log normal distribution. The standard deviation of a log normal
distribution cannot be log transformed back to a normal distribution. The average of the initial and final bacteria
count data that was used to normalize rate data unless otherwise noted. For 20°C cuitures, three samples were
taken independently through the dilution, staining and counting procedures; at 14°C two samples were taken
through the process.

There were seven rate studies where data were available for both initial and final cultures. For five
of those rate studies, there was a significant difference between the initial and final cultures. In four cultures, the
final culture had a greater number of cells. For the remaining culture, the converse was true.

Increases in AODC reflects increases in the number of bacteria. Bacterial growth may be through
multiplication or through increases in cell size. Cells smaller than 0.2 um are not enumerated by AODC because
it uses a polycarbonate membrane with 0.2 pm diameter pores. A small fraction of the bacterial population of
activated sludge present in the initial culture may be smaller than 0.2 pm in the initial culture. They may

become detectable by AODC in the final culture because of increases in size.
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Whether bacteria increase in size or replicate will depend on the initial culture conditions. One of
the factors to be considered is the initial substrate to microorganism ratios (S¢/X,). For aerobic batch studies.
this ratio was | or less (see Table 5.24). Chudoba (1992) states when S¢/X, is less than 2-4, depending on
culture history, no cell multiplication takes place during exogenous substrate removal. Under these conditions, a
biomass increase is mostly due to the synthesis of storage polymers.

The bacteria of the stock culture generated by the SBR were either chronically starved or starved.
After the addition of PH or protein to the SBR stock culture, increases in cell size may have to occur before
replication is initiated. For a starved Vibrio S14 it was found that DNA replication was initiated at a cell volume
corresponding to approximately two times the theoretical minimal cell volume at all starvation times studied
(Nystrom, 1990).

There were several sources of error present in AODC measurements. The samples were
homogenized to breakdown the floc into its components. While this was achieved in principle, there always
remained some very small flocs. Generally, these were only seen at the highest magnification 1250; the
magnification at which the counting was done. [f the field selected for counting contained a floc, then the
number of bacteria would be too numerous to count. The number of bacteria present would be estimated.
Estimates that were too high or too low would bias the value for the filter. A statistical comparison of this filter
with repeated samples would then show a significant difference between filters. If this was the case, additional
filters were done after further homogenization. Other errors may have been caused during serial dilution or

counting. Acridine orange has a tendency to photo bleach making it difficult to count some samples.

i) v ilization Ra

The aerobic culture was not composed exclusively of bacteria as higher organisms would also be
present. The presence of protozoa was confirmed by microscopic examination of the culture. The measured
OUR would therefore include the oxygen demands of the higher organisms as well as those of the bacterial
population. Prior to adding substrate, an OUR test was done on each half of the stock culture and averaged.
This was defined as the basal OUR (OURg). It was the sum of the oxygen demands of the non-bacterial

population and the endogenous respiration requirements of the bacteria.
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Table 5.15 MLVSS and Bacteria Counts for Acrobic Cultures using Protein Hydrolysates

Bacteria Counts for Initial Bacteria Counts for Final Culture
Std. Dev. Culture (bact/L) x10"' (bact/L) x10"
Temp Protein Date Initial MLLVSS MLVSS Mean Lower Upper Mean Lower Upper  Increase in
(°C) (mg VSS/L) (mg VSS/L) 95% Cl 95% Cl 95%Cl  95% CI Mean
20 CAA Nov, 27 455 H 5.63 4,62 6.86 7.04 5.78 8.58 25%
20 CAA Nov. 29 490 18 18.6 17.2 20.1 10.9 12.2 9.68 -41%
20 CAA Dec. 6 465 12 3.85 3.20 4,65 3.84 3.28 448 <1%
14 CAA Mar. 27 500 38 10.6 9.2 12.3
14 CAA Apr. 4 450 5 9.6 8.6 10.8
14 CAA May 5 250 28 3.27 2.95 3.63 531 4.79 5.88 62%
14 CAA May 7 420 35 4.06 347 4,75 7.66 6.7} 8.74 89%
14 CAA May 9 370 26 4,72 594 3.75 6.09 5.19 7.45 29%
14 LEH Apr.9 460 47 3.66 3.30 4,06
14 LEH Apr. 13 590 44 5.46 4.85 6.14 7.58 6.54 8.78 39%
14 LEH Apr. 29 370 20 7.68 6.48 9.10
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The basal rate was measured at the end of a SBR cycle. The end of the cycle occurred eleven hours
after feeding was complete. At this time, it is argued that the bacteria were respiring at an endogenous level with
very little respiration due to substrate removal. In contrast, the respiration associated with higher life forms was
assumed to remain relatively constant over the 4-6 h of the rate experiment. The OURg was subtracted from the
QUR measured during active substrate removal (OUR,,) resulting in a corrected OUR (OUR(). The oxygen
requirements of the bacteria during active substrate removal were better estimated using OURc.

In Tables 5.16-5.17, average basal respiration rates for the stock culture normalized on MLVSS or
bacteria counts are presented. The test criterion for single outliers (Eq. 5.5) as given by (NUS Corporation,
1987) was used within data sets. [n Table 5.17, the basal respiration rate for May 5 was identified as an outlier.
With this value in the data set, the mean and relative standard deviation (RSD) were 8.2 mg O./(g VSS-h) and
47%, respectively. With the May 5 value excluded from the data set, the mean and RSD were 6.97

mg O-/(g VSS-h) and 25%, respectively.

X, -X)
T =—0 7 Eq. (5.5)
n S
x
where T, = test criterion for single outliers

X = mean of all *n” values

Sk = standard deviation of all values in the sample population

Xa = the largest value in the sample population arranged in X;<X,<X;<.. <X,

The numbers are highly variable regardless of the normalizing factor used as shown by large RSD.
This is expected to be due in part to changing conditions within the stock culiture as discussed previously in
Section 5.2.1.b. The OUR of the stock culture would be 20% higher than the values listed in Table 5.16-5.17
because the stock culture was diluted by 20% by the addition of substrate. The upper and lower confidence
limits of the basal respiration at 20°C and 14°C overlap suggesting that there was no significant difference

between the rates.
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Table 5.16 Basal Respiration Rates for 20°C Aerobic Culture

Date MLVSS  Bacterta Count OURg Normalized OURg Normalized OURg
(mg VSS/L) (bact/L)x10'' (mgOy/Lh) (mgO(gVSS-h))  (mgOubacth)x 1072
25-Oct 585 7.0 12.0
2-Nov 330 3.7 112
7-Nov 460 2.8 6.08
27-Nov 455 5.63 3.5 7.69 6.2
29-Nov 490 18.6 3.54 722 1.90
6-Dec 465 3.85 4.3 9.25 12.6
23-Jul 860 it3 3.1
Mean 9.51 6.90
RSD 27.9% 78.0%
Upper 95% CL 12.0
Lower 95% CL 7.06
Table 5.17 Basal Respiration Rates for 14°C Aerobic Cultures
Date MLVSS Cell Counts OURg Normalized OURg Normalized OURg
(mg VSS/L) (bact/L) x10'' (mg O/Lh)  (mg O,/(g VSS h)) (mg O,/bact h) x 1012
Z7-Mar 300 306 .11
4-Apr 450 2.68 5.96
13-Apr 590 5.46 3.75 6.36 6.87
29-Apr 370 1.87 5.06
5-May 250 3.27 422 16.9 12.9
7-May 420 4.06 431 10.3 10.6
9-May 370 4.72 2.56 6.91 5.42
9-Apr 460 3.66 3.75 8.15 [0.2
Mean 6.97 9.21
RSD 25% 33%
Upper 95% CL 8.58
Lower 95% CL 5.37

Bolded values have been identified as outliers using the test criterion for single outliers (Eq. 5.5)

The OURC of PH cultures exhibited several different temporal patterns (Figures 5.21 - 5.24). A

linear regression was fitted to all data sets but was found to be inappropriate for: Nov. 29 (CAA), Mar 27

(LEH), Apr. 4 (CAA) and May 9 (CAA). This is indicated by a low correlation coefficient. Since a linear

regression was not applicable to all the data sets, 2 mean OUR( was used. Listed in Tables 5.18 and 5.19 are the

mean OUR values.

I.  Within minutes of either CAA or LEH addition, the culture attained a new OUR,;. The OUR,, exhibited by

the cultures was up to six times higher than OURy so it is concluded that CAA and LEH could be

metabolized.
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At 20 °C, the OURSs were either relatively constant or increased slowly with time. In four of the five
experiments, there was very little variability within a single rate experiment.

At 14°C, the data for some rate experiments showed a great deal of variation within the data set.

Cultures fed LEH at 14°C showed different responses depending on the culture. Some of the responses
were seen previously with the CAA cultures. The variability in responses was due to the extent of
acclimation. The cultures of Mar. 27 and Apr. 9 used the stock culture which was fed sewage, casein and
albumin. Lactalbumin, the polymer analogue of LEH, was not part of the daily feed. The Apr. I3 and

Apr. 29 cultures were allowed to acclimate to lactalbumin for a number of days prior to the rate study and as
a result, the OURs were higher.

The OURs ranged from approximately 20 - 60 mg O./(g VSS-h) for both 14 and 20°C cultures.

Figure 5.21 Oxygen Utilization for Cultures using CAA at 20°C - Oct. 25 - Nov.7
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Figure 5.22 Oxygen Utilization for Cultures using CAA at 20°C - Nov. 27 - Dec. 6
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Figure 5.23 Oxygen Utilization for Cultures using CAA at 14°C - Apr. 4 - May 9
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Figure 5.24 Oxygen Utilization for Cultures using CAA and LEH at 14°C
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iii) Enzvme Assavs

The results of enzyme assays done on intact mixed liquor 75 minutes after the initiation of a rate
study are listed in Table 5.20. Enzyme production was not chemically supressed so the enzyme levels in the
table reflect the dynamic nature of the process. Enzymes consistently present in concentrations greater than 30
nanomoles in at least two of the three cultures were: phosphatase alkaline, esterase (C4), esterase (C8).
phosphatase acids and phosphoamidase.

Phosphatase alkaline and phosphatase acids belong to a family of esterases that catalyze the
hydrolysis of mono-phosphatase esters. ADP, ATP and AMP, examples of mono-phosphatase esters, are
involved in energy transfer. The enzymes are classified on the basis of their optimum pH as either acid or
alkaline phosphatase. Esterases are a large group of hydrolases acting on ester bonds. The acid portion of the
ester may be a carboxylic, phosphoric or sulfuric acid.

In general, those enzymes present in high concentrations in the intact mixed liquor are involved in

ester hydrolysis. The low levels of rypsin and chymotrypsin are surprising because both of these enzymes
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hydrolyze protein and peptide bonds. Trypsin preferentially cleaves Arg and Lys bonds while chymotrypsin
preferentially cleaves residues containing Tyr, Trp, Phe and Leu.

Table 5.20 Enzyme Assays for Aerobic Cultures at 20°C

Enzyme Oct.25 Nov.2 Nov.7 Enzyme Oct.25 Nov.2 Nov.7
Phosphatase alkaline 35 5 5 Phosphatase acids 5 3 5
Esterase (C4) 4 1 4 Phosphoamidase 5 1 5
Esterase (C8) 4 1 4 a-galactasidase 0 0 1
Lipase (C14) 0 0 1 B-galactasidase I I 1
Leucine arlymidase l 2 2 B-glucuronidase 0 0 0
Valine arlymidase 3 1 2 o- glucosidase 1 I 1
Cystine arlymidase 1 I 1 B-glucosidase 1 1 I
Trypsin 2 l 2 N-acetyl-beta- 3 1 3

glucosaminidase
Chymotrypsin 3 0 2 «-mannoisdase 0 0 !
a-fucosidase 0 1 4

" Moles of test-strip substrate hydrolysed
1 - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles. 4 - 30 nanomoles, 5 - >40 nanomoles

iv) erved Ammonia Nitrogen Production

Typically, ammonia nitrogen is generated in wastewater by the degradation of urea, through the
decay and lysis of cells and as a byproduct of protein degradation. Urea is commonly found in wastewater
because it is the end-product of human nitrogen metabolism. This amide is broken down to carbon dioxide and
ammonia by the enzyme urease (Payne, [980). Lysis of intact cells will increase the concentration of ammonia
nitrogen in the media because these bacteria are able to retain ammonia intracellularly at concentrations higher
than in the culture media (Brown, 1980).

In the current experiments, nitrification was suppressed so it was possible to monitor the net
ammonia nitrogen production. Low concentrations of suppressor could be used because Nitrosomonas sp. is
very sensitive to chemical inhibition. These concentration levels were not expected to have any effect on other
metabolic processes. The observed ammonia production may be an alternative way of comparing the hydrolysis
and utilization of a protein to the rate of PH utilization. Figure 5.25 shows the observed ammonia nitrogen
production for four different experiments with CAA. As the graph shows, the ammonia nitrogen concentration
increases at a constant rate. The observed rate of production is the change in ammonia nitrogen concentration
over time. This same pattern was seen for all of the aerobic cultures. Ammonia nitrogen data for the remaining

cultures is found in Appendix B. The observed ammonia production data is summarized in Tables 5.21 and
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5.22. The averages for ammonia production at 14 and 20°C are within one standard deviation of each other
suggesting production is invariant with temperature. This conclusion arises from data normalized on MLVSS or
bacteria counts.

Figure 5.25 Ammonia Nitrogen Production for Aerobic Cultures using CAA
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v) Soluble COD Uptake

Figure 3.26 illustrates soluble COD uptake profiles for four experiments using CAA at 20 and [4°C.
Shortly after the PH was added to the solution, some of it was taken up into the floc. The higher of the initial
values shown in Figure 5.26 was based on a COD balance. The mass of PH added was known as well as its
equivalent COD value. The filtered COD of the stock culture was the filtered effluent COD of the SBR
composite adjusted for dilution. The lower of the initial points was the COD concentration measured after the
stock culture was mixed with the PH. After the initial COD uptake occurred, COD disappearance was linear
with respect to time for the remainder of the rate study. Table 5.23 lists the initial COD concentration derived
from a mass balance and the initial COD calculated from a linear regression of COD concentration over time.

The initial uptake of COD has been evaluated from this data.

140



“DINNND RG] OY) UO A|2|0S Pastq e SIUNOD BLILG PAPlOg (IION

%Ch %e¢ asy

CRE w9 Uy

60'b 86'S 1T¢ It's 0Lg 6 ke
0g's ([ e 98°¢ 0Ty L Aey
6b's e 9€'C 6T'b 0S¢ ¢ ey
LY LTS LET 09°6 0s p ady
161 S0'p 0°¢ 09'01 00¢ LT I

a0 X (1 pPrg/N-HN Fw) ((4 SSA FYN-THN Sw) (4 1/N-SHIN Sw) 101X (C1/108q) (1/SSA 8w)
uonanpotyg N-*HN uononpoLd N-THIN_ tonanpotd N-TIIN_ unoQ eLoioeg]  SSATTIAL [eIu] g

VVD BUISN D,p | 11 21mInD 2140y Uk 10J UOHINPOLJ UDSONIN BluouIY TZ'C AjqU

%08 %¥T %06 asy

9L'€ 88°C L9 ueajy

oL's L'y 07T $8'€ S9p 9 *99Qq

$6°1 68'S 68'C 8l 06F 6T "AON

9t §0'¢ 0€'c bE'9 ¢S LT "AON
SL'L 9¢°¢ 09% L ‘AON
ov'L Lr'e 0€€ T 'AON
ob't LS'C 8¢ TAREL0)

a-01 X (4 19uq/N-THN Tw) (1 SSA F)N-THN Fw) (UUN-THINSw) L 01x (oeq)  ((/SSA Sw)
uonanpodd N-HN uolonposd N-CHN uononpoad N-TIIN  1unop uaug  SSATIAL (g auQ

VVO 8uist 9,07 1 21D DGOIdY U 10] UOHINPOL udFoNIN Riuowuy 1z ajquy,

141



Uptake values in Table 5.23 range from -42 mg COD/L to 73 mg COD/L. In most cases, the
immediate uptake of soluble substrate was indicated. This is consistent with the immediate increase in OUR
noted previously in this section.

The calculated values of Oct. 25 and Nov. 7 were higher than the initial COD. The analytical
protocol for determining COD has a standard deviation of 17 mg/L (Standard Methods, 1995). Differences of
up to 34 mg COD/L would not be significant as they would fall within two standard deviations. This is the case
for both Oct. 25 and Nov. 7. Negative values could occur if the value of the filtered COD of the stock solution
was higher than the value indicated by the composited effluent of the SBR. The average uptake normalized on
MLVSS was 0.052 and 0.138 mg COD/mg VSS for 20 and 14°C, respectively.

Figure 5.26 Soluble COD Uptake for Aerobic Cultures using CAA
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Table 5.23 COD Uptake and Storage for Aerobic Cultures using CAA

Temp. Date [nitial Calculated Uptake in Initial COD
CODb COD COD MLVSS Uptake
O (mg/L) (mg/L) (mg COD/L) (mgVSS/L) (mgCOD/mg VSS)

20 Oct.25 458.1 500.1 42 585
20 Nov.2 463.9 451.7 122 330 0.037
20 Nov.7 479.8 511.7 -319 460
20  Nov.27 3264 493.1 339 455 0.074
20 Nov.29 538.9 522.9 16.0 490 0.033
20 Dec.6 487.3 4574 50.1 465 0.065
14 Mar. 27 502.0 432.3 69.7 500 0.139
14 Apr.4 526.5 455.9 70.6 450 0.156
14 Mays 528.3" 512 16.3 250 0.065
14 May?7 5440 489.5 54.5 420 0.130
14 May9 531.0 457.7 73.3 370 0.198

" Effluent COD of stock culture has been estimated.

vi) Initial Substrate to Microorganism Ratio

The initial substrate to biomass ratio (S¢/X,) as an important experimental variable because of its
influence on kinetic parameters (Grady et al., 1996). SyX, ratios were derived from the initial substrate
concentrations, MLVSS concentrations and bacteria counts (Table 5.24). The filtered COD of the stock culture
was not taken into consideration in these calculations because it was generated by the SBR eleven hours after the
end of feeding. Mast of the filtered COD consisted of non-biodegradable organics present initially in the
sewage and refractory organics generated during bacterial growth.

Approximately the same initial concentration of CAA was used for all of the rate studies; however,
the MLVSS concentration was variable. S¢/X, ratios range between 0.74 and 1.97 mg COD/mg VSS. For the
majority of the cultures, the So/X, ratio is close to 1. Sy/X,, ratios were not appropriate for LEH cultures because
many of these cultures had lactalbumin present in addition to LEH. The presence of both substrates was due to
the acclimation procedure. So/X, based on bacteria counts ranged from 3.28 to 12.5 x 107'° mg COD/bacteria.

This is a much wider range than is seen when the ratio is determined on the basis of MLVSS.
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Table 5.24 Approximate S¢/X, Ratios for Aerobic Cultures using CAA

Temperature Date MLVSS Bacteria Count COD SoXo S¢Xo
O mg VSS bact I (mg/L) mg COD mg COD .10
C T X1 g VSS Bact ¢ 10
20 Oct. 25 585 4374 0.747
20 Nov. 2 330 4374 1.33
20 Nov. 7 460 4374 0.951
20 Nov, 27 455 6.34 486.0 1.07 7.72
20 Nov. 29 490 14.8 486.4 0.992 3.28
20 Dec. 6 465 3.85 480.8 1.03 12.5
14 Mar. 27 500 10.6 480.1 0.960 4.52
14 Apr. 4 450 9.6 478.9 1.06 499
14 May 5 250 4.29 492.5 1.97 11.5
14 May 7 420 5.86 4834 1.15 8.25
14 May 9 370 541 477.6 1.29 8.82

Bacteria counts in bold are based on numbers from final culture.

b) xic Cultur

i) Increases in Biomass

One of the objectives of this portion of the experimental program was to evaluate acridine orange
under conditions of active substrate metabolism. The limitations of AODC has been presented in Section
5.3.2.a.i-Increases in Biomass and Bacteria Counts. Initial and final bacteria counts are available for seven
samples (Table 5.25). In five of the seven samples, there was a significant increase in the number of bacteria. In
the remaining two samples, there is no significant difference between the initial and final samples. In the those
samples where there is a significant difference, the mean increased by 38-94%. The results provided by AODC
counts are reasonable. Cell replication may not have occurred in all cases because the cells have to obtain a

minimum size before replication occurs.

it) Nitrate Utilization Rate
The anoxic culture was assumed to be composed of bacteria only. The absence of non-bacterial
species such as protozoa was confirmed by microscopic examination. The absence of higher order

microorganisms is reasonable given the oxygen limitations of the reactor.
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The endogenous respiration rate is more difficult to determine for anoxic cultures than for aerobic
cultures because the rates are quite low. van Haandel et al. (1981) determined denitrification rates under two
different reactor configurations at temperatures of 14-20°C; pre-denitrification and post-denitrification. The
rate of pre-denitrification using an easily metabolizable substrate was 30 mg N/(g MLVSS-h). In contrast, the
rate using a post denitrification configuration, where endogenous respiration supplied the energy needed, was 3
mg N/(g MLVSS-h). For a different system operating at 15°C and an anoxic sludge age of 6 d, the rate of
endogenous nitrate respiration was 0.83 mg N/(g MLVSS-h). The denitrification rates cited were not corrected
for the endogenous respiration rate because of measurement difficulties.

Nitrate and nitrite nitrogen were measured in the batch rate experiments of this research. The
concentration of nitrite, an intermediate of nitrate reduction, was always less than 2 mg N/L. For convenience,
nitrate will refer to the sum of nitrate nitrogen and nitrite nitrogen in the remainder of this chapter. Nitrate
consumption for cultures using CAA and LEH at 20 and 14°C was constant over time (Figure 5.27); the rate of
nitrate utilization is the slope of the regression line. The raw data and regression equations are found in
Appendix B. Normalized NURs are summarized in Tables 5.26 and 5.27.

Figure 5.27 Nitrate Utilization for Anoxic Cultures using CAA at 20 and 14°C

Symbol Date Temp Slope Intercept R®
ce--9---{0ct. 30 20°C -8.14 72.1 0.998
100 + ———a&——1|Dec. 4 20°C -13.8 68.4 0.997
F = A —lApr. 1 14°C -7.01 364 0.998
o j— — <0—.~IMay 5 14°C -5.01 51.5 0.994
an 80 +
>
Ky
=
=]
E
<
P
o]
P
TTr—~-4
6

146



Table 5.26 NO, Utilization for CAA Cultures at 20°C - Normalized on MLVSS and Bacteria Counts

Date MLVSS  Bacteria Count NUR NUR NUR
(mg VSS/L) (bact/L) x10" (mg NO,-N/L h) (mg NO,-N/g VSS h) (mg NO,-N/bact h) x10™?
20-Oct 650 5.39 8.29
24-Oct 695 5.11 7.35
30-Oct 550 4.47 8.13
1-Dec 470 12.6 6.34 13.5 5.03
4-Dec 470 13.8 6.53 13.9 4.73
7-Dec 500 6.52 4.64 9.28 7.12
Mean 10.1 5.63
RSD 28.4% 23%

Table 5,27 NO, Utilization for PH Culture at 14°C - Normalized on ML VSS and Bacteria Counts

Ltl

Substrate Date MLVSS Bacteria Count NUR NUR NUR
(mg VSS/L)  (bact/L)x10"  (mg NO,-N/(L h)) (mg NO,-N/(g VSS h))  (mg NO,-N/(bact h)) x10™"

CAA 29-Mar 465 16.8 2.20 4.73 1.30
CAA I-Apr 495 22.7 3.45 6.96 1.52
CAA 4-Apr 570 212 2.83 4.96 1.34
CAA 24-Apr 590 13.4 2.14 3.63 1.60
CAA 5-May 640 18.8 3.21 5.02 1.7
CAA 9-May 585 13.6 4.14 7.07 3.04
LEH I-Apr 495 14.5 3.89 7.86 2.68
LEH 9-Apr 640 17.5 3.03 4.73 1.73
LEH 13-Apr 740 8.9 3.60 4.86 4.05
LEH 29-Apr 645 13.9 4.10 6.36 2.95
CAA Mean 5.39 1.49

RSD 25.1% 12%

LEN Mean 5.89 2.46

RSD 23.1% 26%

Note: Underlined datum has been found an outlier using Eq. 5.5



iii)  Enzyme Assays

The results of enzyme assays done on intact mixed liquor 75 minutes after substrate addition are
listed in Table 5.28. Enzymes present in concentrations in excess of 30 nanomoles or higher in at least two of
the three cultures were: phosphatase alkaline, esterase (C4), leucine arlymidase, phosphatase acids, and
phosphoamidase. With the exception of leucine arlymidase and esterase (C8), the predominant enzymes of the
aerobic and anoxic cultures are the same. The expression of leucine arlymidase at these levels was specific to
the anoxic culture. Leucine arlymidase belongs to a group of amino-peptidases which preferentially cleaves
amino acid arlyamides. Leucine arlymidase would specifically hydrolyze leucine arylamides. Esterase (C8) was
seen at high levels only in the aerobic cultures. [n general, the enzyme profile of the aerobic and anoxic cultures
are similar with enzymes promoting ester hydrolysis being predominant in both cultures.

Table 5.28 Enzyme Assays for Anoxic Cultures at 20°C

Enzyme Oct.20 Oct.23  Oct.30 Enzyme Oct. 20 Oct. 23 Oct. 30
Phosphatase 5 5 5 Phosphatase acids 5 5 1
alkaline
Esterase (C4) 2 4 4 Phosphoamidase 4 5 0
Esterase (C8) 2 4 0 a-galactasidase 0 1 1
Lipase (Cl4) 0 0 5 B-galactasidase 1 2 0
Leucine arlymidase 5 5 1 B-glucuronidase 0 o 1
Valine arlymidase 1 I 0 a-glucosidase 0 2 0
Cystine arlymidase 0 0 I B-glucosidase 0 I 3
Trypsin l 1 1 N-acetyl-beta- 3 2 0
glucosaminidase
Chymotrypsin 1 [ 4 a-mannoisdase 0 0 2
a-fucosidase | 1 0

" Moles of test-strip substrate hydrolyzed

I - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles, 4 - 30 nanomoles, 5 - 240 nanomoles

iv) erved Ammonia Ni n P cti

The anoxic culture was similar in its behaviour to the aerobic culture in the areas of ammonia
nitrogen production (Fig. 5.28). The ammonia nitrogen concentration increased with time indicating ammonia
was being generated as growth proceeded. The rate of production is the change in ammonia nitrogen
concentration over time. The rate of production normalized on bacteria counts or MLVSS is presented in Tables

5.29 and 5.30. Bacteria counts of the initial and final cultures were used to normalize the production rate.
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Figure 5.28

Ammonia Nitrogen Production for Anoxic Cultures using CAA at 20 and 14°C
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Table 5.29 Ammonia Nitrogen Production for an Anoxic Culture at 20°C using CAA

Note: Underlined datum has been found an outlier using Eq. 5.5

Date NH;-N Production NH;-N Production NH;-N Production
(mg NH;-N/AL h)) (mg NH;-N/(g VSS h)) (mg NH;-N/bact h) x 107
Oct. 20 1.90 2.92
Oct. 24 3.01 4.33
Oct. 30 238 433
Dec. 1 2.76 5.87 2.19
Dec. 4 1.75 3.72 1.27
Dec. 7 2.87 3.74 4.40
Mean 449 1.73
RSD 25.2% 38%

Table 5.30 Ammonia Nitrogen Production for an Anoxic Culture at 14°C using CAA

Date NH;-N Production NH;-N Production NH;-N Production
(mg NH;-N/(L h)) (mg NH;-N/g VSS h) (mg NH;-N/bact h) x 1072
Mar. 29 [.62 5.48 0.97
Apr. | 2.1 4.26 0.93
Apr. 4 214 3.75 1.01
May 5 2.72 4.25 [.45
May 9 3.22 5.50 2.37
Mean 4.25 1.09
RSD 18% 22%

Note: Samples of Apr. 24 have been excluded because the samples were preserved with formaldehyde which
affected the results.
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v)  Soluble COD Uptake

Figure 5.29 illustrates soluble COD uptake profiles for four experiments using CAA at 20 and [4°C.
Shortly after the PH was added to the solution, some of it was taken up into the floc. The higher of the initial
values shown in Figure 5.29 was based on 2 COD balance. The material balance determination was carried out
in the same fashion as was the determination for the aerobic culture. Table 5.31 lists the initial COD
concentration derived from a mass balance and the initial COD calculated from a linear regression of COD
concentration over time. The initial uptake of COD has been evaluated from this data. In general, the COD
uptake of the anoxic culture was much higher than it was for the aerobic culture. In ten of the eleven rate
studies, the COD uptake exceeds the lower detection limit of 20 mg/L. For anoxic cultures values of 0.146 and
0.108 mg COD/mg VSS were obtained for 20 and 14°C, respectively.

Table 5.31 COD Uptake and Storage for Anoxic Cultures using CAA

Temp Date COoD Expected Uptake in Initial MLVSS COD Uptake
COD COD Normalized on MLVSS

O (mg/L) (mg/L) (mg/L) (mg VSS/L) (mg COD/mg VSS)

20 Oct. 20 506.4 389.9 116.6 650 0.179

20 Oct. 24 506.5 412.4 94.1 695 0.135

20 QOct. 30 5329 489.9 43 550 0.078

20 Dec. | 501.7 398.3 103.4 470 0.220

20 Dec.4 s514.1! 456.9 57.2 470 0.122

20 Dec. 7 544.6 4735 71.5 500 0.143

14 Mar. 29 494.2 480.1 14.1 465 0.030

14 Apr. 1 521.5 466.1 554 495 0.112

14 Apr. 4 520.0 4559 64.1 570 0.112

14 Apr. 24 5334 430.9 102.6 590 0.174

14 May 3 526.9 455.7 712 640 0.111

14 May 9 520.7 314.3 206.4 585 0.353°

I. Effluent COD of stock culture has been estimated
2. Excluded from average after being identified as a outlier using the test criterion for single
outliers (Eq. 5.5)

vi) [nitial Substrate to Microorganism Ratios
Table 5.32 lists Sy/X,, ratios for anoxic cultures at 20 and 14°C. These ratios have been calculated
in the same way as they were for aerobic cultures. The Sy/X, ratios are lower for the anoxic cultures than they

were for the aerobic cultures due to higher initial biomass concentrations. Values range between 0.69 and 1.04
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mg COD/mg VSS. Later analysis will use the Sy/X,ratio to determine if a correlation exists between it and the

normalized OURs and NURs.

Figure 5.29 COD Uptake for Anoxic Cultures using CAA at 20 and 14°C
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Table 5.32 Approximate Sy/X, Ratios for Anoxic Cultures using CAA

Temp. Date [nitial Bacteria Count COD So/Xo So/Xo
MLVSS
°C) mg VSS cell " (mg/L} mgCOD mgCOD .10
3 T x10 megvss  cen ¢ 10

20 Oct. 20 630 479.3 0.737

20 Oct. 24 695 479.3 0.689

20 Oct. 30 5350 489.0 0.889

20 Dec. | 470 10.6 487.6 1.04 4.6

20 Dec. 4 470 12.0 487.2 1.04 4.06

20 Dec. 7 500 6.5 482.9 0.966 7.43

14 Mar. 29 465 16.0 478.2 1.03 2.99

14 Apr. 1 495 22.7 479.5 0.970 211

14 Apr. 4 570 21.2 480.5 0.842 2.27

14 Apr.24 590 13.4 478.6 0.811 3.37

14 May 5 640 14.9 326.9 0.823 3.53

[4 May 9 585 9.3 477.7 0.817 5.13

. Bacteria counts in bold were based on the final culture.
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5.3.3.  Analysis and Discussion of Experimental Data
a) Immediate increases beyond the basal respiration rate of the aerobic cuitures

Within minutes of either CAA or LEH addition, the aerobic cultures attained a higher OUR. The
increase in OUR exhibited by the aerobic culture was up to six times higher than the corresponding basal
respiration rate. The aimost immediate increase in OUR upon substrate addition indicated that substrate uptake
and utilization happened very quickly. Low basal respiration rates indicated the stock culture had a very low
initial metabolic rate. The speed at which the metabolic rate changed was surprising but this phenomena has
been noted by other investigators.

In general, the degree to which a culture can immediately increase its growth and substrate removal
has been referred to as the available reduction potential (McLellan and Busch, 1969). This phenomena has been
exhibited by both pure cultures and mixed populations. Daigger and Grady (1982) suggested that the new rate
will be greater than the one exhibited before the transition but it will be less than the maximum obtainable. This
may explain in part the linear increase in OUR seen with some of the PH cultures. Selna and Schroeder (1978)
saw a rapid increase in the OUR of an activated sludge system in response to pulse loadings of organics.

The rapid response to a nutrient shift-up has been noted in systems existing under starvation
conditions by several investigators. After starvation for 7 weeks, 4ns-300 cells responded to the addition of
glucose immediately and multiplication of the cells occurred (Novitsky and Morita, 1977). Morita (1993)
suggested that this response is necessary for the cell to obtain energy during starvation-survival. Non-

differentiating bacteria lack the genetic security of spore formation during growth arrest.

b) mparison of Nitr ilization rates with Literature

Most of the literature nitrate utilization data has been derived for combined sludge systems where
the biomass is exposed to alternating aerobic and anoxic conditions (Sutton et al., 1977; Halmo and Eimhjellen,
1981; Oleszkiewicz and Berquist, [988). Only a fraction of the active heterotrophic biomass in such cases will
be capable of denitrification. In the anoxic experimental system of this research, there was little dissolved
oxygen, no alternating aerobic/anoxic operation and excess nitrate available. Some non-denitrifiers will

continually enter the reactors with the sewage but unfavorable conditions will limit their growth. Thus it was
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assumed that most of the active heterotrophs were denitrifiers. The current experimental system most closely
parailels a separate sludge system in its operation.

Murphy and Sutton (1975) reported denitrification rates for a separate sludge system using
methanol as a supplementary carbon source and operating at an approximately 9 day sludge age. Rates of
6.8-9.3 mg NOx-N/(g VSS-h) were reported for operation at 20°C. Using the data of Table 5.26, the lower and
upper 95% confidence limit are 7.09 -13.1 mg NO-N/(g VSS-h), respectively at 20°C. There is no significant
difference between the rates reported for this study and those reported by Murphy and Sutton. This comparison
is appropriate because for both systems. the mixed liquor was expected to have a high proportion of denitrifiers.
The single sludge system of Murphy and Sutton received a clarified effluent from an upstream aeration basin
supplemented with methanol and nitrate. Under these conditions there was very little opportunity for the growth
of obligate aerobes.

van Haandel et al. (1981) reported the occurrence of three distinct phases with characteristic rates
when activated sludge was mixed with influent wastewater under batch conditions. The initial phase proceeds
until the rapidly biodegradable COD present in the infiuent is depleted. During this phase, the rate of
denitrification was fast. This situation would be comparable to growth on CAA. van Haandel et al. (1981)
calculated the rate kinetics from numerous nitrate profiles over a range of sludge ages (10-20 d), temperatures
(14-20°C) and influent CODs (300-800 mg COD/L). The rate of denitrification when the culture was using
rapidly biodegradable organics was 30 mg NO,-N/(g VSS-h). The value presented by the investigators is based
on active biomass concentration only and thus would be expected to be higher than the values presented in this
work and by Murphy and Sutton. The investigators commented that even though the standard deviation
associated with the mean was small there was a wide variation (£25%) in the rate constants. They attributed this
variation to changes in the sewage composition.

Henze et al. (1993) examined the denitrification rate as it was influenced by the wastewater fraction
used as substrate. Rapidly biodegradable substrates as defined in the context of ASM1 were further partitioned
into directly and easily degradable substrates (Ekama et al., 1986). Table 5.33 gives examples of substrates
belonging to the directly and easily degradable fractions, and the rate denitrification realized when these

fractions are used at 20°C. The CAA used in the current experiments would belong to the easily degradable
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category. The rate of 7.09 -13.1 mg NO,-N/(g VSS-h) is much higher than the value cited by Henze er al.
(1993).

Table 5.33 Classification of Rapidly Biodegradable Substrates as proposed by Henze er al. (1993)

Fraction Substrates Rate of Denitrification
mg N/(g VSS-h)
Directly degradable Acetic acid, lower volatile fatty acids 10
Easily degradable Higher volatile fatty acids, lower amino 3
acids and simple carbohydrates

¢) Temperature Dependency of Denitrification

Changes in temperature can cause changes in the MLVSS composition, ecology and cellular growth
kinetics. Consequently, the relative proportions of slowly biodegradable substrate, bacteria, and non-bacterial
species in the mixed liquor may change. The ratio of respiring denitrifiers to MLVSS is a function of
temperature. For this reason, expressing changes in kinetics on the basis of AODC may give a better
representation of the observed effects.

A modified Arrhenius coefficient (Bpy) is frequently used to express the temperature dependency of
rate coefficients (Eq. 2.1). Table 5.34 summarizes modified Arrhenius coefficients for a number of different
experimental systems reported in the literature; the value of Opy ranges between 1.05-1.30. A value for 6y was
derived for rate data presented in Tables 5.26 - 5.27 with the use of a program determining non-linear least
squares. For rate data normalized on MLVSS, Opy was 1.09. [t is comparable to the value of 1.10-1.13 reported
by Sutton (1973). Sutton’s work employed a separate sludge culture operating at a sludge age of 7-9 days using
methanol as a carbon source.

A value of 1.25 was determined for 6py using data normalized on bacteria counts. This is much
higher than any of the literature values reported in Table 5.34 but these values were based on rates normalized
on MLVSS. Sutton et al. (1977) reported an increasing temperature sensitivity with shorter SRTs for separate
sludge systems. For a separate sludge systemn at a SRT of 4 d, Oy was 1.17. With shorter SRTs, a greater
proportion of the MLLVSS will be active denitrifiers. The increased sensitivity of 8y could reflect changes in

the underlying population as well as changes in the growth kinetics. 8py of 1.25 is not unreasonable given the
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value was calculated on a the number of bacteria and the culture conditions precluded the growth of many non-

denitrifying organisms.

d) Temperature Dependency for Aerobic Cultures

As with the anoxic cultures, changes in temperature can cause changes in the MLLVSS composition,
ecology and cellular growth kinetics of the bacteria present in the aerobic reactor. Temperature effects may be
more or less pronounced under aerabic conditions because it is expected that the non-bacterial population would
make up a larger part of the MLSS. A modified Arrhenius coefficient was calculated using UWHAUS
(University of Wisconsin, 1964) for respiration rates normalized on MLVSS and bacteria counts. Values of 1.0}
and 1.03 were found for data normalized on MLVSS and bacteria counts, respectively.

Freidman and Schroeder (1972) quantified the temperature effects on growth in activated sludge
systems using a continuous-flow stirred tank reactor. Reactor and effluent biosolids concentrations and the
effluent flow were monitored frequently over approximately 6 hours. A unit growth rate was calculated as the
ratio of the mass of solids in the effluent to the mass of solids in the reactor. The unit growth rate was corrected
to account for different starting ML VSS concentrations. Over the temperature range of 3.7 to 20°C, the

modified Arrhenius coefficient for the unit growth rate was 1.046.
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The unit growth rate is proportional to the oxygen utilization rate reported for this study. The
temperature sensitivity of these two variables should be equivalent as long as the true yield is invariant. The

value of 1.046 is only slightly higher than that of 1.03 found for respiration rates normalized on bacteria counts.

e) Variability in data for R Experimen

OUR and NUR data obtained under similar conditions of PH loading, EAS and temperature was
variable (Tables 5.18, 5.19, 5.26 and 5.27). The variance in the OUR data presented in Tables 5.18 and 5.19
was exaggerated because the OUR was used in preference to OUR,,. The correction reduced the mean value
while the standard deviation of the data set remained unchanged.

Due to time limitations and the amount of stack culture produced, it was impossible to do several
experiments at once. Both the 14 and 20 °C rate studies were done over a 7 week period. Changes in the stock
culture were evident from changes in the observable characteristics of the SBR: MLVSS concentrations,
effluent COD and ammonia nitrogen concentration and nitrate consumption ratios. With these observable
changes, it is reasonable to expect differences in the underlying microbial population. Sewage was added on a
daily basis specifically to maintain a diverse population.

Grady er al. (1996) suggested that culture history (the type of environmental conditions imposed
and the duration of their imposition) was the major factor contributing to measured differences in kinetic
parameters describing biodegradation. With mixed cultures, some members of the community are selected over
others because of their growth kinetics. Even within certain species of bacteria, a bacterium can selectively
express enzyme systems with differing substrate affinities. When grown under relatively steady ambient
conditions, bacteria may alter their macromolecular composition to optimize growth. The authors concluded
that the initial S¢/X,, ratio used in the experiment is particularly important because it influences the kinetics.

In this research, repeated experiments were carried out at differing So/X, ratios. This was the
consequence of the stock culture having varying MLVSS concentrations while the amount of substrate remained
relatively constant. In theory, S¢/X, ratios calculated on bacteria counts should be more precise because AODC

enumerates the total bacterial population whereas MLVSS is a surrogate measurement.
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Sufficient data were available to determine if the variation in normalized OURs and NURs was the
result of varying S¢/X, ratios. The analysis was done using S¢/X, defined on MLVSS concentration and bacteria
counts. The Sy/X, ratios calculated in Tables 5.24 and 5.32 and the rate data summarized in Tables 5.18, 5.19,
5.26 and 5.27 were used in the calculations. For these calculations, only data for cultures using CAA were
considered.

The data normalized on either MLVSS or bacteria counts were correlated to S¢/X,. Only for those
data sets having a correlation coefficient (r) greater than the critical value was the correlation considered
significant. The values of r and the corresponding critical values at the 95% and 90% confidence level are listed
in Table 5.35.

Table 5.35 Correlation Coefficients for Oxygen and Nitrate Utilization

Normalizing Temperature EAS Degrees of r [ oos rog0

Factor 0 Freedom

MLVSS 20 Aerobic 4 0.527 0.811 0.729
20 Anoxic 4 0.849 0.811 0.729
14 Aerobic 3 0.769 0.878 0.805
14 Anoxic 4 0.151 0811 0.729

Bacteria 20 Aerobic 1 0.974 0.997 0.988

Counts 20 Anoxic l 0.999 0.997 0.988
14 Aerobic 3 0.974 0.878 0.805
14 Anoxic 4 0.881 0.811 0.729

Significant r values are bolded.

For the data sets where a significant correlation did exist, the variance as measured by the relative
standard deviation is overstated (Tables 5.18, 5.19, 5.26 and 5.27). Some of the variance is due to the
dependency of the rate on the initial S¢/X,. The residual error remaining after the regression is a better estimate
of the unexplained variation in kinetics.

The original hypothesis was that the variation in the kinetics would be greater for data normalized
on MLVSS than on bacteria counts. This seemed reasonable given MLVSS is a measure of organic mass that
evaluates all constituents of the activated sludge floc. In theory, there should be greater reproducibility with data
normalized on bacteria counts.

Revised estimates of the variation in the data sets are presented in Table 5.36. For three of the four
culture types, rates expressed on bacteria counts show better reproducibility. The exception to this is the aerobic

culture at 20°C. The results of this data set may be less reproducible than the others because there were only
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three samples in the data set and the presence of filaments was noted in the SBR during the early part of
December. The morphology of filaments makes it difficult to count the number of individual bacteria.
Filaments were noted in the Dec. 6 sample.

Table 5.36 Revised Estimates of Relative Standard Deviations for Repeated Experiments

EAS Temperature Normalized on MLVSS Normalized on Bacteria Counts
(°Q)
Aerobic 20 31% 49%
Aerobic 14 18% 9%
Anoxic 20 17% %
Anoxic 14 25% 18%
f) Relativ f itrate Utilization

The rate of nitrate and oxygen utilization can be related to each other using the haif reactions
presented (Eq. 5.6 and 5.7). Based on these equations | mg NO;-N is equal to 2.86 mg O,. The reader is

referred to Barker and Dold (1995) for a complete derivation.

. ] .. 6 . 1 3
e +§NO3 +§H —)-1—6N2+§H30 Eq. (5.6)
e-+%OZ+H'—)%H30 Eq. (5.7

Using a common basis allows for easier comparison of oxygen and nitrate respiration rates. The
utilization rate of either oxygen or nitrate expressed in terms of oxygen equivalents is (1-Y) times the rate of
substrate utilization. The true yield, Y, is the observed yield in the absence of maintenance energy requirements.
[t will be shown later in section that there is no significant difference at the 95% CL in the observed yield under
conditions of active substrate removal and aerobic and anoxic conditions. In this case, comparing respiration
rates is equivalent to comparing substrate utilization rates.

In Tables 5.37 - 5.38, the rates of CAA utilization are summarized in terms of oxygen equivalents.
The data indicates that at 20 °C, substrate utilization proceeds at a comparable rate for both aerobic and anoxic
cultures when normalized on MLVSS concentration. At 14°C, nitrate respiration is much slower than the
aerobic respiration. When the rates of PH utilization at 20°C are normalized on bacteria counts, there is no
difference in substrate utilization at the 95% confidence level. At the 14°C, substrate utilization occurs more

slowly under anoxic conditions.
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Table 5.37 PH Utilization in Oxygen Equivalents-Normalized on MLVSS

EAS Temperature Utilization of Oxygen or Nitrate (mg O,/g VSS h)
°C) Mean Approximate Upper Approximate Lower
95% CL 95% CL
Aerobic 20 344 45.6 23.1
Aerobic 14 329 40.3 256
Anoxic 20 289 37.5 20.3
Anoxic 14 15.4 19.5 114

Raw data are found in Table 5.18, 5.19, 5.26 and 5.27

Table 5.38 PH Utilization in Oxygen Equivalents -Normalized on Bacteria Counts

EAS Temperature  jyjlization of Oxygen or Nitrate (ME OFcellh) 42
(&) Mean Approximate Upper Approximate Lower
95% Confidence Limit 95% Confidence Limit
Aerobic 20 22.8 50.6 4.9
Aerobic 14 19.1 246 13.7
Anoxic 20 16.1 254 6.81
Anoxic 14 4.26 4.53 3.98

Raw data are found in Table 5.18, 5.19, 5.26 and 5.27

A statistical analysis of the replicated 2° factorial examined the effects of EAS and temperature or
any interaction between them on normalized respiration rates. A standard deviation for the effects is estimated
from the variance between repeated runs. The ratio of the effect to the estimated standard deviation, the t-value,
follows a normal distribution. If the t-value is greater than the critical value at the 95% confidence level, then
the effect is significant.

For data normalized on MLVSS, none of the factors considered were found to be significant (Table
5.39 with supporting data in Appendix C). When the same problem was examined using data normalized on cell
counts, the EAS was significant. On average, respiration rates were highest under aerobic conditions.

Table 5.39 Analysis of Respiration Rates Normalized on MLVSS

Normalized on MLVSS
(mg e’/g VSS h)
Effect Estimated Effect = Calculated t
Main Effects EAS -5.75 1.83
Temperature 3.75 1.19
Interaction EAS x 3.00 0.955
Temperature

Effects have associated with them 19 df and a critical value, ty4s, of 2.09.
Bolded effects are significant at the 95% CL.
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Table 5.40 Analysis of Respiration Rates Normalized on Bacteria Counts

Normalized on Bacteria Counts
(mg e’/cell h) < 1072

Effect Estimated Effect Calculated t

Main Effects EAS -5.39 2.67
Temperature 3.89 1.93

[nteraction EAS x 2.03 1.00
Temperature

Effects have associated with them 3 df and a critical value, tg o5, of 2.16.
Bolded effects are significant at the 95% CL.

g) Ammonia Nitrogen Production

Ammonia production data was analysed to see if the rate correlated with the rate of oxygen or
nitrate utilization expressed in terms of oxygen equivalents (Table 5.41). Critical values are presented for the
90% and 95% confidence levels. A significant correlation exists if the calculated correlation coefficient, r,
exceeds the critical value. A significant correlation existed for the aerobic culture at 20°C and the anoxic culture
at [4°C.

Table 5.41 Correlation between NH;-N Production and Consumption of Oxygen or Nitrate

EAS Temp. Degrees of Correlation T o9s To.00
(°C) Freedom CoefTicient (r)

Aerobic 20 4 0.853 0.811 0.729

Aerobic 14 3 0.607 0.878 0.805

Anoxic 20 4 -0.414 0.811 0.729

Anoxic 14 3 0.882 0.878 0.805

Bolded r values are significant.
The lack of consistency is not surprising when the complexity of ammonia production is considered.

The first step involves the hydrolysis of amide bonds present in peptides to form ammonia nitrogen. This may
be accomplished by several different classes of enzymes. Many proteolytic enzymes have been found to have
esterase and amidase activities for low molecular proteinaceous weight substrates (Clarke, 1980).
Chymotrypsin, papain and pepsin are all enzymes noted for their ability to hydrolyze amides. For example,
chymotrypsin hydrolyses peptide bonds adjacent to the carbonyl group of aromatic amino acids but also
hydrolyses esters of N-acetlphenylalanine and N-acetyltryptophan and amides such as benzoylglycineamide
(Clarke, 1980).

Ammonia nitrogen produced by these mechanisms is used to produce glutamate, an essential amino

acid. Glutamate is a key building block in organic synthesis. With proteins, often the amount of ammonia
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nitrogen needed for bacteria synthesis is less than that produced by peptide deamination resulting in a net
production of ammonia nitrogen.

[n some instances, there was a lack of correlation between the observed rate of ammonia nitrogen
production and the rate of respiration. Some possible reasons are as follows:
. The nitrogen requirements of the cell may vary with the growth regime. The cell makes a transition from a

chronically starved state at the experiment’s onset to growing at a much higher rate at its completion.

2
H

With a solution of amino acids and peptides, selective adsorption on the cell surface may occur. Amino
acids such as threonine, valine, and leucine do not contain as much nitrogen as other amino acids. Their
generation from dipeptides and olgiopeptides will not add as much ammonia nitrogen to the pool.

There is evidence that ammonia nitrogen can accumulate within the cell. Stevenson and Silver (1977)

W

reported that three strains of Escherichia coli concentrated methylammonia, an ammonium analogue. some
100-fold intracellularly. Depending on the bacteria present and the starting conditions of the culture, this
could be a sink for some of the produced ammonia nitrogen.

With the current experimental system, it is not possible to suggest any one reason to explain the
behaviour described above.

Ammonia nitrogen production data formed a replicated 2* factorial design with EAS
(aerobic/anoxic) and temperature (14 and 20°C) as factors. The analysis was done in the manner described in
the previous section using data in Tables 5.21, 5.22, 5.29, and 5.30. Results are summarized in Table 5.42,
Regardless of the normalizing factor, the EAS had a significant effect on the rate of production. Ammonia
nitrogen production was highest under aerobic conditions. Temperature and the EAS-temperature interaction
were not significant factors.

Table 5.42 Analysis of the Factorial Design - Ammonia Nitrogen Production

Normalized on MLVSS x 107 Normalized on Bacteria Counts x 107~
Estimated Effect T value  Estimated Effect T value
EAS -1.78 2.68 2.41 3.76
Temperature. -0.015 0.226 -0.265 0.414
EAS x Temp. 0.390 0.588 0.355 0.554

MLVSS-Effects have associated with them 18 df and a critical value, T g5, 0f 2.10.
Bacteria Counts -Effects have associated with them 12 df and a critical value, T s, of 2.18.
Bolded effects are significant at the 95% CL.
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h) ubstrate k

Uptake mechanisms and kinetics are difficult to determine because once the protein is incorporated
into the floc it is riot easily differentiated from the floc itself. Monitoring the disappearance of the protein from
the bulk liquid is one way of approaching the problem; however. by measuring lumped parameters (e.g. COD or
TCA soluble protein) there are no assurances that byproducts from substrate degradation or bacteria lysis are not
included in these measurements. [nformation gained following the disappearance of a specified protein from the
bulk solution should be interpreted with caution. More sophisticated techniques must be employed if
information on the rate and mechanism of protein uptake is desired.

There are a number of processes that must occur before a biodegradable substrate can be used as a
substrate. These may include: transport to the floc surface and adsorption onto or enmeshment into the floc.
Protein adsorption is affected by the properties of the surface, the nature of the protein, and the solution
conditions (Wahlgren and Arnebrant, [1991). [fthe protein is enmeshed into the floc then the size, geometry and
physical state of the substrate will influence the rate of uptake differently than it will if adsorption is the
prevailing mechanism.

The initial substrate uptakes were summarized in Tables 5.23 and 5.31 for the aerobic and anoxic
cultures, respectively. Although the same amount of CAA was added in each case, the estimated initial value is
quite variable. [n the case of the aerobic culture, initial substrate values vary from 314.3 to 502 mg COD/L.
There is less variation in the values of the anoxic culture where values range from 432.3 to 511.7 mg COD/L.

The initial uptake normalized on the initial ML VSS concentration show a great deal of scatter. The
average uptake normalized on MLVSS for the aerobic cultures was 0.051 and 0.138 mg COD/mg VSS for
temperatures of 20 and 14°C, respectively. For anoxic cultures values of 0.145 and 0.108 mg COD/mg VSS
were obtained for 20 and 14°C, respectively. There is no clear trend with respect to either EAS or temperature.
If substrate was adsorbed to the surface of the floc, then surface characteristics such as charge, area and porosity
will affect of adsorption. These characteristics most likely will not be a function of the MLVSS concentration.

Torrijos et al. (1994) examined the uptake and utilization of a soluble fraction of wastewater (i.e.

size less <0.1 pm). At the beginning of the culture, the rate of disappearance of substrate was higher than the
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rate of oxygen consumption. Physical adsorption on the flocs or absorption by the bacteria was cited by the
researchers as the reason for the initial rapid uptake of substrate.

McLoughlin and Crombie-Quilty (1983) examined the kinetics of bovine serum albumin (BSA)
utilization by activated sludge. Upon addition of the BSA to the culture, there was immediate and substantial
uptake. They suggest these kinetics are consistent with those of adsorption. After this occurred, the rate of
uptake was much slower and linear with respect to time.

Potentially there could be three distinct phases in the substrate removal curve. In the first phase,
substrate uptake is immediate. This phase would correspond to the emeshment of the substrate into the floc or
physical adsorption of the substrate onto the floc. The rate of substrate disappearance would be greater than the
OUR or NUR. The second phase begins once the all the surface sites of floc are saturated with substrate. The
rate of substrate disappearance would be linear and the rate of substrate uptake is equal to the rate of utilization.
During the third phase, there is no longer substrate present in the culture media in excess. Only a fraction of the
sites on the floc’s surface are saturated. Growth is now substrate limited.

For both aerobic and anoxic cultures studied in this research, soluble substrate uptake was initially
immediate and then linear with respect to time (Fig. 5.26 and 5.9). A constant rate of substrate uptake and high
final organic concentrations in the culture media supports the hypothesis that the floc remains saturated for the
duration of the rate study. Under these conditions the rate of substrate uptake would be equal to the rate of
utilization. This behaviour is consistent with the behaviour described by McLoughlin and Crombie-Quilty and
would correspond to phases one and two. The experiments were not carried out long enough to reach phase

three.

i) QObserved Yield

The observed vield measured under conditions of active substrate metabolism differs from the
observed yield calculated for the SBR. The observed yield for the SBR, a chronicaily starved system, is the ratio
of biosolids production to the mass of substrate consumed. In this system, predation, cell lysis and regeneration,
and the accumulation of non-biodegradable and biodegradable material is accounted for in the calculated

observed yield. In this instance, the observed yield quantifies the effect of all these processes. Under conditions
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of active substrate metabolism, the observed yield quantifies the stoichiometry of growth. It is calculated using
the ratio of the respiration rate to the rate of substrate utilization.

The observed yield is always less than the true yield. For every unit of substrate COD consumed, Y
units of cells are produced but some fraction (f) of the Y units is lost for maintenance energy requirements. The

amount of substrate oxidized will be 1-Y(1+f). In terms of oxygen consumnption this can be thought as:

OUR = OUR; + OURg Eq.(5.8)
_ ds ds <
= (1-Y) at " W& Eq. (5.9)
= v S Eq. (5.10)
where OUR¢,y = total oxygen utilization rate (mg O,/L-h)

OUR; = oxygen utilization rate associated with cell growth (mg O./L-h)

OUR; = oxygen utilization rate associated with endogenous respiration (mg O./L-h)

Y = true yield (mg COD/mg COD)

%% = rate of substrate consumption (mg COD/L-h)

f = fraction of the cell mass directed towards endogenous respiration

The measured OUR prior to substrate addition was defined is the basal respiration rate, OURg.
When growth proceeds under substrate limitations, OURg is the sum of the oxygen demands of the non-bacterial
population and endogenous respiration requirements of the bacterial population (OURg). Very little of the
oxygen demand is due to substrate degradation.

The basal respiration rate (OURg) was subtracted from the QUR measured during active substrate
removal (OUR,) to produce a corrected OUR(OUR(.). [t was assumed that addition of substrate did not affect
the oxygen demand of the non-bacterial population over the 4-6 h of the rate study. Maintenance energy
requirements and hence endogenous respiration can be affected by the growth regime so OURg may be under-
estimated during active substrate removal.

OUR( was used in Equation 5.11. Oxygen consumption was not constant over the duration of the
rate experiment (Fig 5.23 and 5.24). Arithmetically averaging OUR(. gives each measurement equal weight;
however, the actual measurements were made over different lengths of time. Time-weighted averages of OUR¢

and substituting the average into Equation 5.1 was deemed appropriate.
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In rate studies done under aerobic conditions, some soluble substrate was taken up into the floc
shortly after substrate was added. Continued substrate uptake followed at a constant rate over the remainder of

the rate study. Examples of this behaviour are seen in Figure 5.28.

dO/

dt
—Z==—(1—Yos Eq. (5.11)
C[S/ ( ) q
dt
where dOJ/dt = the rate of oxygen consumption (mg O,-L"-h™")
dS/dt = the rate of biodegradable substrate disappearance (mg COD-L™"-h™)

Y obs observed yield (mg COD/mg COD)

With the anoxic cultures, the rate of nitrate consumption was constant over time for PH and protein
utilizing cuitures (Figure 5.29 and 5.39). After the initial rapid uptake of substrate, disappearance of substrate
from the bulk liquid was linear with respect to time. The constant utilization rates of substrate and nitrate are
illustrated in Figure 5.29 and 5.31 for PH cultures. Nitrate consumption rates were not corrected for endogenous

requirements because of the difficulties outlined in Section 5.3.2.b.ii - Nitrate Utilization. The rate of substrate

uptake and nitrate consumption were substituted into Equation 5.12 to calculate the observed yield.

dS‘VO )

dr _ 1= Yo Eq. (5.12)
d~7 2.86
dt
where  dSygs/dt = the rate of nitrate consumption (mg NO,-N-L™-h"")
dS/dt = the rate of biodegradable substrate disappearance (mg COD-L™"-h™)
Y bs = observed yield (mg COD/mg COD)

Yield data derived from CAA cultures were grouped according to temperature (Tables 5.43 and
5.44) and are summarized in Table 5.45. When the rate of growth is 2 maximum, the observed yield is thought
to be closest to the true yield because maintenance energy demands are much less than the energy used for
synthesis (Grady and Lim, 1977). For these reasons, the average observed yield for the culture utilizing PH may
approximate the true yield. The observed yield is not equal to the true yield because the estimates of
maintenance energy made while the bacteria were chronically starved may underestimate the requirements under

active growth. No estimate of maintenance energy was made for the anoxic culture.
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Table 5.43 Yield Data from Aerobic Cultures using CAA

dS/dt dO./dt Yield Coefficient
Date mg COD/Lh |[mgQO/Lh |mg COD/mg COD
25-Oct 33.6 11.0 0.67
2-Nov 395 12.9 0.67
7-Nov 74.1 45.4 0.39
27-Nov 43.9 16.5 0.62
29-Nov 96.1 18.9 0.80
6-Dec 67.0 12.3 0.82
27-Mar 433 14.8 0.66
4-Apr 57.6 13.0 0.77
5-May 34.8 10.4 0.70
7-May 40.9 10.5 0.74
9-May 44.0 1.7 0.73

Table 5.44 Yield Data from Anoxic Cultures using CAA

ds/dt dNO,-N/dt Yield Coefficient

Date mg COD/L h |mg NO,-N/Lh | mg COD/mg COD
7-Dec 66.5 4.64 0.82
20-Oct 59.7 5.39 0.77
24-Oct 35.7 5.1t 0.63
30-Oct 49.4 4.47 0.77
1-Dec 59.7 6.34 0.73
4-Dec 56.7 6.54 0.70
29-Mar 37.3 22 0.85
1-Apr 40.3 344 0.78
4-Apr 44.6 2.83 0.84
5-May 38.5 3.21 0.79

Summaries of literature values for true yield under anoxic and aerobic conditions are presented in
Tables 5.46 and 5.47, for general comparisons of various bacterial species, substrates and growth conditions.

Table 5.45 Yield on CAA under Different Culture Conditions

Culture Starting Final Date Average Yield Median Std. Dev
Date mg COD/mg COD Y
Aerobic 20°C  Oct.25  Dec. 6 067 0.67 0.16
Aerobic 14°C Mar. 27 May 9 0.73 0.72 0.04
Anoxic 20°C Oct. 20 Dec. 7 0.72 0.71 0.072
Anoxic 14°C Mar. 29 May 5 0.79 0.79 0.039
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Table 5.46 True Yield of Aerobic Growth of Various Organisms on Glucose in Minimal Media
(after Grady and Lim (1980)

Organism Y, (g COD/g COD removed)
“Aerobacter aerogenes T 054
Aerobacter cloacae 0.58
Arthrobacter globiformis 0.70
Bacterium HR 0.54
Escherichia coli 0.68
Pseudomonas aeruginosa 0.53
Pseudomonas fluorscens 0.51

Note. g of cells have been converted to g cell COD by multiplying by 1.42 (Marais and Ekama, 1976)

Table 5.47 Literature Values for Yield under Anoxic Conditions

Pure Culture Substrate Yield Study

(g COD/g COD)
Pseudomonas denitrificans  Ethanol 068 Wang et al. (1995)
Pseudomonas denitrificans Glutamate  1.01 Koike and Hattori (1975a)
Pseudomonas denitrificans Glutamate  0.64 Koike and Hattori (1975b)

A true yield value of 0.67 mg COD/mg COD has been used as the default value in ASM1 and
ASM?2 for both aerobic and anoxic growth (IAWQ Task Group, 1995; Henze et al., 1986). The default value is a
true yields obtained when mixed populations were grown on domestic sewage. The growth environment,
including media complexity, pH, and temperature can all affect the true yield (Grady and Lim, 1977). The
average observed yield for aerobic cultures derived from the current research (Table 5.45) was compared to the
default value using a Student’s t test. As indicated in Table 5.48, the observed value determined under aerobic
conditions was not significantly different from 0.67 mg COD/mg COD. The same held true for the values

(Table 5.44) derived using the anoxic culture.

Table 5.48 Summary of Statistics Tests Comparing Observed Yields

Hypothesis df t to.os

Acrobic yield equal to 0.67 g COD/g COD 10 0.553 223
Anoxic yield equal to 0.67 g COD/g COD 9 0.973 2.26
Anoxic yield equal to aerobic yield 19 1.18 2.09

Yield at 20°C equal to yield at 14°C for CAA (aerobic) 8 -0.893 245
Yield at 20°C equal to yield at 14°C for CAA (anoxic) 8 2.13 231

From these tests the following can be concluded at the 95% CL.

1. The observed yield was invariant with temperature under both aerobic and anoxic conditions.
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2. The observed yield for CAA cultures under aerobic conditions was not statistically different from that

realized under anoxic conditions.

5.3.4. Summary Statements

a) Kinetics and Stoichiom

I. Addition of PH to the stock culture resulted in an immediate increase in the OUR by 205-612%. It was
concluded that CAA and LEH could be rapidly metabolized. This behaviour is consistent with the response
of wastewater treatment piants to shock loadings of organics. The increased OUR either remained constant
or increased slightly with time.
Respiration rates under aerobic and anoxic conditions were expressed in terms of oxygen equivalents. The
confidence limits of the respiration rates under aerobic conditions at 14 and 20°C and the anoxic culture at
20°C all overlapped. It was concluded that the rate of respiration under these conditions were not
significantly different. The rate of respiration under anoxic conditions at 14°C was significantly lower than
under the other conditions. These trends were seen regardless if the rate data was normalized on MLVSS or

bacteria counts.
Nitrate utilization rates normalized on cell counts showed a greater temperature sensitivity with a 8y of

(93]

1.25 as a opposed to 1.09 for data normalized on MLVSS. The modified Arrhenius coefficient for data

normalized on MLVSS was consistent with literature values.

Oxygen utilization rates were less temperature sensitive than nitrate utilization rates. Values of 1.0l and

1.03 were found for the modified Arrhenius coefficient for data normalized on MLVSS and bacteria counts.

respectively.
The initial substrate to microorganisms ratio, Sy/X,_calculated on the basis of bacterial counts was

correlated with respiration rates under the following conditions: aerobic 14°C; anoxic 20°C and anoxic
14°C. When the ratio was calculated using MLVSS a correlation only existed for the anoxic 20°C culture.

Average observed ammonia production rates normalized on cell counts was highest under aerobic

conditions.
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7. Significant correlations between observed ammonia nitrogen production and either OUR or NUR existed
under some conditions. As correlations did not exist under all experimental conditions. ammonia
production can not be directly correlated to respiration.

8. The observed yield under conditions of active substrate removal is not significantly different from 0.67
mg COD/mg COD under either aerobic or anoxic conditions.

9. The observed yield under conditions of active substrate removal under both aerobic and anoxic conditions

is invariant with temperature.

b) Acridine Orange Direct Counts

1. In the majority of cases. there was either an increase or no significant difference in the counts of the final
culture in comparison to the initial culture. Cell growth can occur as an increase in size or by replication.
Growth of the second type will not be detected by increases in AODC.

2. In three out of four culture types there was a significant correlation between So/X, expressed on the basis of
bacteria counts and the rate of respiration. Revised standard deviations for repeated experiments show data

normalized on AODCs to have better reproducibility.

C) Enzvme Assavs

1. Enzyme assays for acrobic cultures showed high levels of phosphatase alkaline. phosphatase acids,
phosphoamidase, esterase (C4), esterase (C8).

2. Similar enzyme titers were observed for the aerobic and anoxic cultures. Leucine arylmidase was detected
for the anoxic cultures but not for the aerobic cultures. Esterase (C8) was found at lower levels by the

anoxic culture.
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5.4.  Substrate Uptake and Hydrolysis

54.1. Introduction

The primary objective of this portion of the experimental program was to determine the impact of
substrate, temperature and electron acceptor system (EAS) on the rate of hydrolysis. The impact of overall
protein structure and molecular weight were to be evaluated. A better understanding of substrate uptake and
hydrolysis would be helpful in rationalizing biosolids production.

[n this section, various attributes of protein cultures are compared to cultures using protein
hydrolysates. Protein hydrolysates are simple substrates not requiring hydrolysis. Cultures using a-casein or
ovalbumin behaved much differently than did lactabumin utilizing cuitures. For this reason the behaviour of
cultures using a-casein and ovalbumin will be discussed below while a presentation on the lactalbumin cultures

appears later.

5.4.2. Presentation of Results for a-casein and Ovalbumin Rate Studies

a) Aerobi Itur

i) Biomass Increases

The rate data (e.g. OUR, NH;-N production and soluble COD uptake) were normalized on either
MLVSS or bacteria counts to facilitate comparisons between similar experiments. When MLVSS was used as a
normalizing factor, only the initial (adjusted concentration of the stock culture) was used. The MLVSS of the
final culture was not considered for two reasons. First, immediately after substrate addition, substrate was
enmeshed into the floc. I[ncreases in MLVSS values would reflect the accumulation of substrate as well as
increases in the mass of microorganisms. Second, the calculations of Section 5.3.2.a.i - [ncreases in Biomass
show a possible increase of 188 mg VSS/L. Given precision of the MLVSS measurement technique, increases
of this magnitude could be masked by large errors in analysis.

Rate data normalized on bacteria counts used an average of the bacteria counts of the initial and
final cultures. Mean bacteria counts and their 95% confidence limits are summarized in Table 5.49. In three of

the five cultures, there was a significant difference between the initial and final counts. In two cases, the mean
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of the final culture is higher than the initial. In the third case, the mean is significantly lower. The limitations of
the enumeration technique and possible errors have been previously discussed in Section 3.33.a.i-Increases in

Biomass and Bacteria Counts.

it) Oxygen Utilization Rates

As mentioned previously, the aerobic culture was not composed exclusively of bacteria as protozoa
and possibly rotifiers and amoebaes would be present. The respiration rate during active substrate utilization,
OUR, was calculated as the measured value (QUR,,) less the basal respiration rate (OURg) for the stock
cultures (Table 5.21 and 5.22).

Figures 5.30 - 5.33 illustrate the OUR, of split cultures receiving a protein and a PH in parailel
experiments. The PH and protein cultures were derived from the same stock cultures. The responses of the PH
cultures were previously discussed and were included in the figures below for ease of comparison. The
following observations are applicable to the protein utilizing cultures.

1. Addition of proteins to the cultures at either 14 or 20°C led to an immediate increase in the OUR. The
OUR( increased by 220-610% above basal levels. The intercept is the value of OUR. immediately after

substrate addition.

L8]

Similar behaviour was seen for the cultures receiving protein of Nov. 27, Dec. 6, May 7 and May 9. The
OURC( was relatively constant for 2-3 h and then increased substantially for a very short time. [t leveled off
at this time. This type of behaviour was seen with both proteins and at the two temperature levels.
Experiments repeated under the same environmental conditions and using the same protein did not always
produce this response. This suggests that the characteristics of the stock culture influence the response. In
parallel cultures receiving CAA on these same dates, the OURs increased linearly. The delay in
metabolizing the whole protein may be caused by a slower rate of protein uptake and hydrolysis. For a more

complete discussion see Section 5,4.3.a

The Nov. 7 and May 5 ovalbumin cultures had OURs that increased linearly with time. The May 5 culture,

(73}

a 14°C culture, had an OUR that increased by 150% from its initial OUR( over the first 4.5 h of the rate

study. After this time, the OUR( decreased so at the end of the rate study the OUR was only 25% greater

173



than the initial value. None of the other cultures experienced such a high demand or such a pattern of OUR
utilization. For this reason, the May Sth experiment should be considered an anomalous experiment.
The Apr. 4 culture, a culture using ovalbumin, had an OUR that remained relatively constant with time.
The OUR¢ of the protein culture at 20 °C bore no correlation to the PH utilizing culture derived from the
same stock solution. In three of the four rate studies at 14°C, the OUR_ of the protein culture was
substantially greater than that of the PH culture of the pair. In the fourth instance, the protein and PH
utilizing cultures had similar oxygen demands.

Figure 5.30 OUR( for a-casein and CAA at 20°C Normalized on MLVSS

OUR¢ (mg O,/g VSS h)

100
Symbol Date  Substrate Slope Intercept R®
0 1 '=—a= =|[Nov. 2 CAA 219 38.0 0.823
—-=9--=|Nov. 2 Casein 5.31 35.2 0.916
80 T [—*pec.6 CAA 3.05 22.7 0.931
70 - -®---|Dec. 6 Casein 8.00 20.3 0.837
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¥

+

Time (h)
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OURc (mg O,/g VSS h)

OUR¢ (mg O,/g VSS h)

Figure 5.31 OUR, for Ovalbumin and CAA at 20°C Normalized on MLVSS
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Symbol Date  Substrate  Slope Intercept R®
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Figure 5.32 OUR( for ct-casein and CAA at 14°C Normalized on MLVSS
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Figure 5.33 OUR(. for Ovalbumin and CAA at [4°C Nommalized on MLVSS
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OUR varied with time in several different ways. The marked increase in OUR_ after protein
addition was seen with PH cultures. This behaviour has been exhibited by both pure cultures and natural
populations after a nutrient upshift and is called available reduction potential (see Section 5.3.3.a.). Consistent
with the treatment of OUR data for PH cultures, 2 mean OUR(. was calculated for protein cultures (Tables 5.50
and 5.51).

For repeated ovalbumin rate studies at 20°C, OUR normalized on MLVSS rate differed by less
than 5%. There was a 20% difference in OUR. for repeated rate experiments using a-casein under similar
conditions. At 14°C, the ovalbumin cultures show more than a 50% difference in their normalized OURc. This
was in contrast to the excellent reproducibility realized for a-casein cultures at 14°C,

Table 5.50 Average OUR( for Protein Cultures at 20°C-Normalized on MLVSS and Bacteria Counts

Protein Date OUR, Initial MLVSS Bacteria OUR¢ OURcx 107
mg O/L-h  (mg VSS/L)  (bactL)x10'  (mgOy/gVSS-h) (mg O.bacth)
Ovalbumin Nov. 7 11.9 460 258
Ovalbumin  Nov. 27 12.3 455 7.81 27.0 15.8
a-casein Nov. 2 14.9 350 45.2
a-casein Dec. 6 16.9 463 320 363 52.8
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Table 5.51 Average OUR for Protein Cultures at 14°C-Normalized on MLVSS and Bacteria Counts

Protein Date OUR, [nitial MLVSS Bacteria OUR¢ OURcx 1077
mg O,/L-h (mg VSS/L) (bacv/L) x10" (mg O./gVSS-h) (mg Oi/bact-h)
Ovalbumin  Apr. 4 14.8 450 3.04 329 48.6
Ovalbumin May 5 16.6 250 494 66.4 33.6
a-casein May 7 16.0 420 3.81 38.1 420
a-casein May 9 15.6 370 494 42.1 31.5

iii) Enzyme Assays

Enzyme assays for two protein utilizing cultures at 20°C were done on intact mixed liquor 75
minutes after substrate addition and are outlined in Table 5.52. The enzymes predominant in CAA cultures were
also present at high levels in protein cultures. The stock culture was grown on the crude proteins containing
substantial amounts of ovalbumin and «-casein and thus large changes in the enzyme complement were not
expected.

Enzyme levels were based on the colour produced on a test strip. In some instances, a difference of
only one colour unit was noted between ovalbumin and a-casein cuitures; this was not considered to be
significant. There is a substantial difference in the phosphamidase, n-acetyl-beta-glucosaminidase and a-
fucosidase levels for the two cultures. These same differences were noted for the stock cultures used in these
rate experiments,

Table 5.52 Enzyme Assays for Aerobic Protein Utilizing Cultures at 20°C

Enzyme Ovalbumin  «-casein Enzyme Ovalbumin (-casein
Nov. 27 Nov.2 Nov. 27 Nov. 2

Phosphatase 4' 5 Phosphoamidase 5 3

alkaline

Esterase (C4) 4 4 a-galactasidase l 0

Esterase (C8) 4 4 B-galactasidase 1 2

Lipase (C14) [ I B-glucuronidase 0 0

Leucine arlymidase 2 2 a-glucosidase 1 0

Valine arlymidase 2 2 B-glucosidase 1 1

Cystine arlymidase 1 0 N-acetyl-beta- 3 1

glucosaminidase

Trypsin 2 0 a-mannoisdase I

Chymotrypsin 2 0 a-fucosidase 4 0

Phosphatase acids 5 5

"Moles of test-strip substrate hydrolysed
1 - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles, 4 - 30 nanomoles, 5 - = 40 nanomoles
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iv) Observed Ammonia Nitrogen Production

Figure 5.34 illustrates observed ammonia nitrogen production for four different cultures using
ovalbumin. The observed production rate is the rate of ammonia nitrogen production less requirements for
bacteria synthesis. Nitrification was not occurring concurrently because a nitrification inhibitor was added to the
stock culture on a daily basis. The observed ammonia nitrogen production was linear with respect to time for all
cultures 'regardless of the protein source or temperature. This is indicated by very high correlation coefficients.
This same type of behaviour was seen with the PH cultures.

Ammonia nitrogen rates normalized on MLVSS and bacteria counts are presented in Tables 5.53
and 5.54. The mean observed ammonia nitrogen production rate normalized on MLVSS is lower at 20°C than it
is at 14°C. These average values are not significantly different than the comparable values for aerobic cultures
using PH (Tables 5.26 and 5.27) as they fall with one standard deviation of each other. A more detailed
statistical analysis of the results is presented in Section 3.4.3.c.

Figure 5.34 Observed Ammonia Nitrogen Production for Aerobic Cultures using Ovalbumin
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Table 5.53 Observed Ammonia Nitrogen Production Rates for Aerobic Cultures using Proteins at 20°C

Protein Date Production Rate Production Rate Production Rate
mg NH;-N/L-h  mg NH;-N/(gVSSh)  (mg NH,-N/bact-h) x 107"
Ovalbumin Nov. 7 1.87 4.06
Ovalbumin  Nov. 27 225 494 2.88
a-casein Nov. 2 2.36 7.15
a-casein Dec. 6 2.76 5.93 8.62

Table 5.54 Observed Ammonia Nitrogen Production for an Aerobic Culture using Proteins at 14°C

Protein Date Production Rate Production Rate Production Rate
mg NH;-N/(L-h) mg NH,;-N/(gVSS-h)  (mg NH;-N/bact-h) x 1072
Ovalbumin Apr. 4 3.39 7.54 11.2
Ovalbumin May 5 3.03 12.1 6.13
a-casein May 7 3.64 8.67 9.56
o-casein May 9 3.59 9.70 7.26
v) luble COD

Within the context of ASM| and ASM2, a-casein and ovalbumin are examples of slowly
biodegradable substrates. After filtering these proteins through a 0.45 pm filter there was no measurable
difference between the organic strength of the original protein solution and its filtrate. The size of the protein
colloids may influence the mechanism of substrate uptake.

When substrate was added to the MLVSS, there was an almost immediate uptake of substrate into
or onto the floc. Figure 5.35 illustrates that the uptake of ovalbumin occurred at a constant rate after the initial
uptake. Similar behaviour was seen was for a-casein cultures. The Nov. 7 culture was a notable exception
because COD did not disappear from the bulk liquid. COD disappearance for the Nov. 7 culture is best
described by a mean value because a linear regression is inappropriate for this culture. A constant rate of
solubie substrate uptake was also observed for aerobic cultures using PH (see Section 5.3.2.a.v.). For a more

detailed discussion regarding the mechanism of COD uptake see Section 5.3.3.h.

179



Figure 5.35 Soluble COD Uptake for Aerobic Cultures using Ovalbumin
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Table 5.55 quantifies the amount of substrate COD that was taken up by the floc. The higher initial
COD was calculated knowing the organic strength and quantity of the protein added and having an estimate of
the soluble COD present in the stock culture. A second initial value was obtained from a linear regression of the
COD concentrations over time. COD uptake was normalized on the initial MLVSS and bacteria counts for the
initial culture. Since uptake occurred at the very beginning of the rate experiment, it was appropriate to use only
the bacteria counts of the initial culture. As with the aerobic PH cultures, the COD uptake normalized on
MLVSS and bacteria counts appeared to be independent of the initial ML VSS or bacteria. The average COD

uptake normalized on MLVSS was 0.181 mg COD/mg VSS with a RSD of 47.8%.

vi) Initial Substrate to Microorganism Rati
As mentioned previously, the So/X, is important because it influences both parameter identifiability
and the expression of culture history. The Sy/X, will be used later to determine if there was any correlation

between this ratio and the normalized OURs. Sy/X, ratios were derived from the initial substrate concentration,

180



AINJNY [eul] Wodj sJoqunt uo paseq aae ploq Ul sjunod uLIdJILg

€1C 'y LT 0 0LE $'001 8'8vp £6bS wasu-0 6 ALl bl
8'61 90't 161°0 ok v08 I'1Lp ¢SS woswa-n  ( Aep by
ARy LT $90°0 0st 191 6'€TS 00pS  wwnqAQ S AUA b
g1e X pIZ'0 ost L'96 8'TSh s6bs  uungeag  pudy
8Ll $8't 8610 sop L'89 0'TEY L'00§ ulasu-0 990 0g

L8T0 0g€ 8'b6 9'bTh 161s WasE-D  T'AON 0T
8L £9's 060°0 Sy Iy <'36b C'6ES  WWNQIAQ [T 'AON (T

,_
0P XRRAUAOD 01 XM (on Suyqon Jw)  SSA TE (Vaoofw)  (1aod Tw) (1o Sw) (Do)
ayeidn (10D vLAIOLg N AOD  SSATTW _ doowoymdn o) pavadsy  qod el wpiolg  awq dwy,

urungeAQ pur ugased-o Juish sanmng slqosoy ao) aFeaois pue ayeidn 40D $s'S aqey,

181




vii) Variation in pH

The PH cultures were maintained at a pH of 7.2 by acid addition while equal amounts of acid were
added to the protein cultures. The pH of the protein cultures did not remain at pH 7.2. In Tables 5.56-5.57 the
maximum, minimum and average pH experienced by the protein cultures from the time gas sparging began to
the end of the rate study are listed. pH measurements were recorded every minute. Figure 5.36 illustrates the
fluctuation in pH over time. Similar data exists for other cultures in Appendix B. In general, pH fluctuations
measured for the 20°C cultures were less than those of the 14°C cultures. The pH of the aerobic cuitures at 20°C
ranged between 6.9-7.5. pHs of the 14°C cultures were more variable with pHs varying between 6.6 and 7.8.

Cultures may have experienced these pH extremes for a very short time. A low pH was a temporary
situation since alkalinity and ammonia production and gas sparging tend to increase the pH. The pH was
measured in the bulk liquid while the majority of the bacteria are associated with the extracellular
polysaccharide matrix of the activated sludge floc. Short term fluctuations in pH may not be seen by the
bacteria within the floc. The pH fluctuations at 20°C are 0.2 - 0.3 units away from the setpoint of 7.2. Itis
expected that small fluctuations will have minimal impact on the culture. At 14°C, fluctuations away from the
setpoint are as large as 0.6 pH units. The impact of pH on kinetics will be discussed in Section 5.4.3.d.

Table 5.56 Maximum and Minimum pH of Aerobic Protein Cultures at 20°C

Date Protein Maximum pH Minimum pH Average pH
Nov. 27 Ovalbumin 7.4 7.1 72
Nov. 7 Ovalbumin 7.5 7.0 7.2
Nov. 2 o-casein 74 7.0 7.3
Dec. 6 c-casein 7.2 6.9 7.1

Table 5.57 Maximum and Minimum pH of Aerobic Protein Culiures at 14°C

Date Protein Maximum pH Minimum pH  Average pH
Apr.4 Ovalbumin 7.3 7.1 7.0
May 5 Ovalbumin 7.8 7.0 7.3
May 7 a-casein 7.7 7.0 7.3
May 9 a-casein 7.4 6.7 72
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Figure 3.36 pH profile of Nov. 27 Aerobic Culture
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b) Anoxic Cultures

i) Increases in Biomass

Consistent with previous data treatment, rate data (e.g. NUR, ammonia nitrogen production and
soluble COD uptake) was normalized on either ML VSS or bacteria counts. When MLVSS was used as a
normalizing factor, only the initial concentration was used. The reasons discussed in Section 5.3.2.a.i are
applicable in this situation as well.

Rate data normalized on bacteria counts used an averaged value based on the counts of the initial
and final culture. Both initial and final bacterial counts are available for five rate studies (Table 5.58). For four
of the five rate studies, there was no significant difference in the number of cells. In these instances, cell growth
may have resulted in larger bacteria rather than more bacteria. For the fifth rate study, there is a significant

increase in the number of cells. The mean of the final culture was 96% greater than the initial culture.
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[n contrast, five of the seven anoxic cultures using PH cultures showed significant increases in the
bacteria counts of (See Table 5.30). Increases in the counts of the final cultures were 9-94% higher than the

initial culture. Increases of 38% or higher were considered significant.

it) NOy Consumption

[n these experiments, the nitrate and nitrate nitrogen was measured and is reported as the NOy
concentration. Typically, the nitrite concentration was less than 2 mg N/L suggesting that the nitrate and nitrite
reduction was occurring at comparable rates. The NO, decay was linear over the 4-6 hours of a rate experiment
and thus the rate of denitrification is constant (Fig. 5.37). Similar behaviour was seen with cultures using either
a-casein and PHs.

The denitrification rates cited are raw values that have not been corrected for the endogenous
respiration rate. The endogenous rate is difficult to determine and the error incurred in neglecting it is small (see
Section 5.3.2.a.ii for more details). Data normalized on MLVSS and bacteria counts are summarized in Tables
5.59 and 5.60 with raw data and regression equations located in Appendix B. The MLVSS concentration varied
from 465 to 650 mg VSS/L.

Table 5.59 NOy Utilization for Protein Cultures at 20°C-Normalized on MLVSS and Bacteria Counts

Substrate Date NUR Initial Bacteria NUR NURx 107"
MLVSS Counts
mg NOx-N mg VSS  mg cell 1 mg NOx-N mg NOx-N

Lh L L xi0 s VSSh cellh
Ovalbumin  Oct. 20 451 650 6.94
Ovalbumin Dec. 4 3.26 470 11.4 6.94 2.86
a-casein Oct. 30 4.71 550 8.56
a-casein Dec. 1 6.79 470 9.57 14.5 7.10
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Figure 5.37 NOy Utilization for Anoxic Cultures using Ovalbumin at 20 and 14°C
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Table 5.60 NOy Utilization for Protein Cultures at 14°C-Normalized on MLVSS and Bacteria Counts
Substrate Date NUR [nitial MLVSS  Bacteria NUR NURx 107"
Counts
mg NOx-N mg VSS mg cell o' mg NOx-N mg NOx-N
Lh L L = g VSSh cellh
Ovalbumin Apr. 4 3.69 570 26.8 6.47 1.38
Ovalbumin May 35 4.73 640 154 7.39 3.07
a-casein Mar. 29 1.82 465 16.0 391 1.14
a-casein Apr. 24 5.20 590 13.2 3.81 3.94
a-casein May 9 3.88 585 13.7 6.63 2.83

Note: Bolded number was a final bacteria count

Very good reproducibility in NUR normalized on MLVSS was seen for ovalbumin cultures. This

was not the case for casein where the rates differed by as much as 50%. With the aerobic cultures, the OUR was

either constant or increased linearly over time; however, for all of the anoxic cultures the NUR was constant

with time. This was shown by high linearity in the NO, decay curves. At 20°C, the highest rate of OUR

increase was 4.20 mg O./(gVSS h”) which corresponds to a change in the denitrification rate of
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1.57 mg NOy -N/(gVSS h’). A change of this magnitude could have been detected in the rate of NOy -N

utilization but was not.

1ii) n e ay

The results of enzyme assays for two protein-utilizing cultures at 20°C are outlined in Table 5.61.
Assays were initiated 75 minutes after substrate addition. Enzyme levels are comparable to CAA cultures with
the exception of esterase (C4). It was present at lower levels than in the CAA cultures. Both cultures were
derived from the same stock culture and therefore large changes in the enzyme profile was not expected.

Chymotrypsin is a protease that preferentially attacks phenylalanyl, tyrosyl, and tryptophanyl
peptide and ester bonds. Higher activities of chymotrypsin in the ovalbumin culture than in the casein culture
would suggest more active protein hydrolysis, but as shown in the following sections this was not borne out by
either OURs or ammonia nitrogen production rates.

Table 5.61 Enzyme Assays for Anoxic Protein Utilizing Cultures at 20°C

Enzyme a-casein Ovalbumin  Enzyme a-casein  Ovalbumin
Oct. 30 Oct. 20 Oct. 30 Oct. 20
Phosphatase 5 5 Phosphatase acids 4 5
alkaline
Esterase (C4) 3 3 Phosphoamidase 1 l
Esterase (C8) 4 3 «-galactasidase 0 0
Lipase (C14) 0 0 B-galactasidase 1 0
Leucine arlymidase 5 3 B-glucuronidase 0 0
Valine arlymidase 1 2 a-glucosidase I 1
Cystine arlymidase 0 l B-glucosidase 0 0
Trypsin 1 2 N-acetyl-beta- 3 2
glucosaminidase
Chymotrypsin 1 3 a-mannoisdase 0 0
a-fucosidase 2 |

‘Moles of test-strip substrate hydrolysed
[ - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles, 4 - 30 nanomoles, 5 - > 40 nanomoles

iv) Qbserved Ammonia Nitrogen Production

The concentration of ammonia nitrogen increased linearly with time for anoxic cultures at 14 and
20°C using either a-casein or ovalbumin (Fig. 5.38). This same behaviour was seen with aerobic cultures using
either proteins or PH and with anoxic cultures utilizing PH. The slope of the graph of ammonia nitrogen
concentration versus time was the observed ammonia nitrogen production rate which takes into account both

generation of ammonia nitrogen and its use in cell synthesis. The observed production rate normalized on either
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MLVSS or bacteria counts is presented in Tables 5.62 and 5.63. The data for the Apr. 24 is not presented in the

tables because these samples were preserved with formaldehyde which affected the ammonia analysis.
Production rates normalized on the MLVSS or bacteria counts shows a great deal of scatter for

repeated rate experiments. The average rate of production normalized on MLVSS was 158% higher at 20°C for

ovalbumin than it was at 14°C. For a-casein, the average production normalized on MLVSS was 233% higher

at 20°C, than it was at the lower temperature.

120

100 ¢

NH;-N Production (mg NH;-N/g VSS)

te Temp Slope Intercept R*
f{‘j‘f:.l . oa[.)azo 20°C 3.42 409 0.979
20 ¥ - .—a—-{Dec. 4 20°C 6.04 669  0.995
—&—|Apr. 4 14°C 3.09 41.4 0.856
----x---|May 5 14°C 2.86 44.1 0.875
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Table 5.62 Observed NH;-N Production for an Anoxic Culture at 20°C using Proteins

Substrate Date Production Rate Production Rate Production Rate
mg NH;-N mg NH;-N mg NH;-N 13
Lh 2 VSSh e <10
Ovalbumin Qect. 20 222 3.42
Ovalbumin Dec. 4 2.84 6.04 249
a-casein Oct. 30 3.84 6.98
«-casein Dec. 1 221 4.70 235.1
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Table 5.63 Observed NH;-N Production for an Anoxic Culture at 14°C using Proteins

Substrate Date Production Rate Production Rate Production Rate
meg NH:,'N mg NH;-N mg NH}'N _13
Th g VSSh celln  © 10
Ovalbumin  Apr. 4 1.76 3.09 6.57
Ovalbumin May $ 1.83 2.86 11.9
a-casein Mar 29 0.721 1.55 451
a-casein May 9 2.02 345 14.7

v) Soluble COD

Figure 5.39 illustrates the uptake of soluble COD from solution over time when ovalbumin was
used. There are two values for the initial time. Shortly after the protein was added to the solution, a portion was
taken up into the floc. The higher initial COD was calculated knowing the organic strength and quantity of the
protein added and having an estimate of the soluble COD present in the stock culture. A graph of soluble COD
concentration over time has a slope equal to the rate of soluble substrate uptake. A constant rate of soluble
substrate uptake was noted for aerobic cultures using either a-casein or a PH. The samples for May 9 were lost
during freezing so uptake data for this date are not available. For a more detailed discussion of soluble COD
uptake see Section 5.3.3.h.

Table 5.65 reports the amount of soluble COD taken up into the floc. The amount taken up ranges
between 35.2 and 85.9 mg COD/L with the value for Apr. 24 excluded. The value for Apr. 24 of
235.1 mg COD/L was much higher than values for other cultures. By visual inspection there does not appear to
any relationship between COD uptake and temperature, initial MLVSS or protein type. The average value
derived from data of both 14 and 20°C cultures was 0.157 mg COD/L higher than the value 0of 0.122 mg

COD/mg VSS derived for anoxic cultures using CAA.

vi) [nitial Substrate to Microorganism Ratio

Table 5.64 lists So/X, ratios for anoxic cultures at 20 and 14°C. These ratios have been calculated
for anoxic cultures in the same way the were for aerobic cultures. The So/X, ratios were lower for the anoxic

cultures than they were for the aerobic cultures due to higher initial biomass concentrations. Values range
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between 0.76 and 1.06 mg COD/mg VSS. Later analysis will use the S¢/X,, ratio to determine if a correlation

exists between it and the normalized NURs.
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Table 5.64 Approximate S¢/X, Ratios for Anoxic Cultures using a-casein and Ovalbumin

Temp. Date Protein MLVSS Bacteria  [nitial COD S Xe S¢Xo
Count
°C) mg VSS cell n mgCOD mg COD mg COD .10
C T x10 C mgvss  cen ¥ 10
20 Oct. 20  Ovalbumin 650 494.2 0.760
20 Dec. 4 Ovalbumin 470 12 500.3 [.06 4.17
20 Oct. 30  «-casein 550 493.2 0.897
20 Dec. 1 c-casein 470 10.6 488.0 1.04 4.60
14 Apr. 4 Ovalbumin 570 26.8 493.2 0.865 1.84
14 May 5 Ovalbumin 640 14.9 493.0 0.770 3.31
14 Mar. 29 «-casein 463 16.0 475.0 1.02 2.97
14 Apr.24  «-casein 590 15.4 494.0 0.857 3.69
14 May 9 a-casein 385 9.28 493.0 0.843 3.31

Bacteria counts in bold are based on numbers from final culture.
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vii) Variation in pH

As mentioned previously, addition of equal amounts of acid to the PH and protein cuiture might
have resulted in fluctuations in the pH of the protein culture. pH measurements were taken every minute from
the time gas sparging began to the end of the rate study. The maximum, minimum and average pHs are listed in
Tables 5.66 and 5.67. Figure 5.40 shows the pH of the culture media over time for the Oct. 20 culture. pH data
for additional cuitures are found in Appendix C. Decreases in the pH would be temporary in nature because
ammonia production, denitrification and gas sparging all tend to drive the pH up.

For 20°C cultures, the pH varied by less than 0.7 pH units away from the target pH of 7.2. In
general, the difference between the maximum pH and the setpoint was greater than the setpoint and the
minimum pH. This was a reflection of the sources cited above driving the pH up. The pH data for 14°C
cultures shows the pH to be as much as | pH unit away from the set point. The minimum pHs for the [4°C
cultures tend to be lower than for the 20°C cultures. The graphs of nitrate and nitrite consumption with time
(see Figure 5.37 as an example) were highly linear suggesting that fluctuations in pH did not have an observable
impact on nitrate and nitrite consumption. For example for the cultures of Oct. 20 and Dec. 4 pH ranges during
the time of monitoring were 7.0-7.6 and 7.05-7.69, respectively. The impact of pH on growth will be discussed
later in this section.

Table 5.66 Maximum and minimum pH of Anoxic Protein Cultures at 20°C

Date Protein Maximum Minimum Average pH
pH pH

QOct. 20 Ovalbumin 7.7 7.0 7.3

Dec. 4 Ovalbumin 7.9 7.0 1.4

Oct. 30  o-casein 6.7 6.9 6.8

Dec. 1 a-casein 7.7 7.0 7.3

Table 5.67 Maximum and minimum pH of Anoxic Protein Cultures at 14°C

Date Protein Maximum Minimum  Average pH
pH pH

Apr. 4 Ovalbumin 7.7 6.1 7.06

May 5 Ovalbumin 7.8 6.7 7.00

Mar. 29 «a-casein 7.1 6.4 6.77

Apr.24  a-casein 8.0 6.8 7.04

May 9 o-casein 7.3 6.6 6.78
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Figure 5.40 pH profile of Oct. 20 Anoxic Culture
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5.4.3. Discussion of Ovalbumin and «-casein Experimental Data

a) Transitional Behaviour with Aerobic Cultures

With the cultures of Nov. 27 (ovalbumin), Dec. 6 (a-casein), May 7 (a-casein) and May 9
(c-casein), similar behaviour was seen. The OUR was relatively constant for 2-3 h depending on the culture.
After this time, the OUR increased substantially over a very short time and then leveled off. This behaviour was
not specific to a particular protein or temperature. The response was not seen in the following experiments:
Nov. 2 (a-casein), Nov. 7 (ovalbumin), Apr. 4 (ovalbumin) and May 3 (ovalbumin). [t was noted in both the
Mar. 27 PH culwures.

As part of the experimental protocol, the stock culture was taken from conditions where there were
low levels of usable substrate and placed in a rich media. It was suggested that the behaviour outlined above
may be related to the change in culture media. If this was the reason, then the same type of behaviour should be
seen in the companion PH utilizing culture. The two cultures were derived from the same stock culture and

differ only in the substrate added. The PH utilizing cultures for these dates have QURs that increase linearly
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with time or they remain constant. With PH utilizing cultures behaving in this manner it is unlikely that the
transitional behaviour was caused by a change in media.

The changes in respiration rates reflects changes in the cell’s metabolism. Possible reasons for an
increased rate of metabolism could include increased substrate availability and accessibility of a preferred
substrate. Certain portions of the protein may take longer for exoenzymes to degrade but yield a combination of
amino acids and peptides favoured by the bacteria. By-products of protein degradation could act as surfactants
changing the surface tension of the media and promoting increased mass transfer. For the PH utilizing cultures,
the same arguments may apply as all dipeptides and olgiopeptides will not have the same surface characteristics.
Based on the observations of Boczar et al. (1992), Dold et al. (1992), and Frolund et al. (1995) hydrolysis
occurs within the floc structure. [f this is accepted then the substrate must be enmeshed or adsorbed onto the
floc.

b) H is Rate Limitin

For parallel experiments, differences in the OUR of the protein and PH culture could be attributed
to substrate uptake and hydrolysis. [t was not necessary to correct for the basal OUR because both cultures were
derived from the same stock culture. The results of a t-test done to detect differences in the means are listed in
Tables 5.68 and 5.69. A requirement of the t-test was a pooled variance. The method of calculating the pooled
variance and the resulting degrees of freedom depended on whether the variances associated with the two means
were derived from the same distribution or not. The details of the analysis are summarized in Appendix C.

At 20°C, there was no significant difference in the rate of oxygen utilization for the protein and PH
culture in three of the four rate studies. [n the rate study of Nov. 7, ovalbumin was used more slowly than CAA.
The second rate study done on Nov. 27, under comparable conditions does not show this. The discrepancy
between repeated rate studies does not reflect inadequacies in the way in which the experiment was carried out
or sample analysis. [t was expected that more reproducible results would have arisen if the rate studies were
undertaken on the same day. This was impossible because of time and equipment limitations. Repeated
experiments were carried out at the same temperature using the sampie protein but a different stock culture was

used in each case. The ecology, physiological state of the bacteria present and enzyme levels will all be
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different. Enzyme assays shown in Table 5.52 in part illustrate the dynamic nature of the system. Differences in
repeated rate studies illustrates the difficulty in determining the kinetics of a mixed microbial population.

At 14°C, the results consistently show that proteins were used more quickly than PH based on a
comparison of OURs. Proteins require hydrolysis prior to being used in cell synthesis. Even if hydrolysis was
not rate limiting, the rate of cell synthesis using peptides and amino acids derived from the protein should be
comparable to that of the PHs. [t is possible that some factor was missing from the PH but was present in the
purified proteins. Alternatively, even though the purified proteins were of relatively high purity it is possible
contaminants present in them provided a more readily useable source than the PH.

Table 5.68 Comparison of OUR for Protein and CAA Utilizing Cultures at 20°C

Substrate Date Mean OUR  Standard F df Sig. Difference Value oft  df toos
(mg O,/L h) Deviation in Variance
Ovalbumin Nov. 27 15.8 5.90 325 (8,7 Y 0.04 11 230
CAA 15.8 1.70
Ovalbumin Nov. 7 14.7 3.37 4.1 (8,7 Y 8.04 14 2.15
CAA 24.1 1.67
a-—casein Nov. 2 18.6 1.74 191 (8,7) N 0.59 [5 2.13
CAA 18 2.40
Gt—casein Dec. 6 20.5 5.11 6.96 (9.8) Y 1.50 12 2.18
CAA 17.8 1.94

Table 5.69 Comparison of OURs for Protein and CAA Utilizing Cultures at 14°C

Substrate Date Mean OUR  Standard F d.f Sig. Difference Value of t d.f toos
(mg O,/Lh) Deviation in Variance
Ovalbumin — Apr. 4 7.5 [.53 .28 (10,9 N 353419 2.09
CAA 15.9 1.36
Ovalbumin May 5 20.8 2.06 6.23 (9,8) Y 349 I3 2.16
CAA 14.7 5.14
a-—casein May 7 20.3 1.25 10 (7,9) Y 3.38 9 2.26
CAA 15.3 4.08
a—casein May 9 18.2 0.9 6.84 (10,10) Y 466 12 2.18
CAA 14.5 2.35

Using the same reasoning as discussed before the NUR of the protein and PH utilization were
compared for the anoxic cultures. Tables 5.70 and 5.71 summarize the NUR for the protein and PH cultures. A
comparison of slopes was completed to determine if there was any significant difference between the NUR of

the two cultures. At 20°C, the NUR of the ovalbumin culture was significantly slower than for the CAA culture
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at the 95% confidence limit. This trend was confirmed by data from a second experiment done under similar
conditions. This suggested that substrate uptake and hydrolysis was limiting when ovalbumin was used at 20°C
with anoxic cultures. There was no significant difference between the NUR of the ct-casein and CAA cultures at
the 95% confidence level and thus substrate uptake and hydrolysis were not important factors.

At 14°C, there was a very different response to ovalbumin. At this temperature, ovalbumin was
used at a significantly higher rate than the PH in both rate studies. In two of three rate studies using a-casein,
there was no significant difference in the NUR for a~casein and CAA cultures. In a third rate study, the
a-casein culture used NOy, at a significantly greater rate than did the CAA culture. As discussed above,
differences in repeated experiments may be the result of differences in the stock cultures.

A second strategy for examining the role hydrolysis plays is through a comparison of ammonia
production rates. The observed rate of production is the ammonia nitrogen released through protein degradation
less the amount required for growth. Earlier it was shown that ammonia nitrogen production did not correlate
with either the rate of oxygen or NOy consumption for all culture types. The ammonia production rates realized
for PH and protein utilizing cultures in parallel experiments are summarized in Tables 5.72-5.74. A comparison
of slopes was completed to determine if there was any significant difference between the ammonia production
rate of the two cultures.

Table 5.70 Comparison of NUR for Protein and CAA utilizing cultures at 20°C

Substrate Date Mean NUR F Value Degrees of Foos
mg NOx-N Freedom

Lh
Ovalbumin  Oct. 20 4.51 42.7 (1,16) 4.49
CAA 5.39
Ovalbumin Dec. 4 3.26 163.8 (1,14) 4.6
CAA 6.52
o-casein Oct. 30 4.71 33 (1,18) 441
CAA 4.47
«-casein Dec. | 6.79 3.4 (1,14) 4.6
CAA 6.34
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Table 5.71 Comparison of NUR for Protein and CAA utilizing cultures at 14°C

Substrate Date Mean NUR F Value Degrees of Foos
mg NOx-N Freedom

Lh
Ovalbumin Apr. 4 3.69 [1.3 (1,14) 4.6
CAA 2.83
Ovalbumin May 5 4.73 86.3 (1,14) 4.6
CAA 3.21
o—casein Mar. 29 1.82 3.7 (1,14) 4.6
CAA 22
a—casein Apr. 24 52 226.4 (1,14) 4.6
CAA 2.12
o~casein May 9 3.88 1.1 (L,14) 4.6
CAA 4.14

The ovalbumin culture of Nov. 7 shows significantly less ammonia nitrogen production than does
its” PH utilizing counterpart. As shown previously, the Nov. 7 PH culture had a significantly higher OUR than
did the parallel protein culture. The Dec. 6 shows the casein culture to produce significantly more ammonia
nitrogen than does the PH culture. The mean OUR for the casein culture was higher than the PH culture but this
difference was statistically insignificant. The pooled variance for the Dec. 6 experiment was large because the
OUR data for the casein culture had a large variance. The iarge variance arises from the casein culture showing
transitional behaviour. At 14°C, only the Apr. 4 cultures show a significant difference in the ammonia nitrogen
production rates. Production was higher for the ovalbumin culture. At 14°C, all of the protein cultures had a
significantly higher OUR than did the PH cultures.

For anoxic cultures, one of the four cultures had a significant difference in the ammonia production
rate. The cultures of Dec. 4 showed a significant difference with the CAA culture producing more ammonia.
This was one of two rate studies where the CAA culture had a higher OUR. Two of the four rate studies at 14°C
had significant differences in the production rates. One pair of rate studies used ovalbumin/CAA while the other
used a-casein /CAA.,

An analysis of ammonia nitrogen production rates finds that a few of the rate studies having
significant difference in ammonia production also had significant differences in either the OUR or NUR, as

appropriate. There is no consistent pattern. This was also the case with comparisons of either OUR or NUR.
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Table 5.72 Comparison of NH;-N Production for Aerobic Protein and CAA cultures at 20°C

Substrate Date Production Rate F Value Degrees of Foss

{(mg NH;-N/L h) Freedom

Ovalbumin  Nov. 7 1.86 155.9 (L,12) 4.74
CAA 3.56

Ovalbumin  Nov. 27 2.25 0.205 (1,14) 4.60
CAA 2.3

a-casein Nov. 2 2.36 1.36 (1,12) 4.74
CAA 2.47

a-casein Dec. 6 2.76 91.7 (1,14) 4.60
CAA 2.19

Table 5.73 Comparison of NH;-N Production for Aerobic Protein and CAA cultures at 14°C

Substrate Date Production Rate F Degrees of Fo.0s
(mg NH,-N/L h) Freedom

Ovalbumin  Apr. 4 3.39 L3 (1,12) 4.74
CAA 2.37

Ovalbumin May 5 3.05 1.84 (1,12) 4.74
CAA 2.35

a-casein May 7 3.64 4.29 (1,12) 4.74
CAA 3.11

a-casein May 9 3.59 351 (1,12) 4.74
CAA 221

Table 5.74 Comparison of NH;-N Production for Anoxic Protein and CAA cultures at 20°C

Substrate Date Production Rate F Degrees of Foos
{(mg NH;-N/L h) Freedom

Ovalbumin  Oct. 20 2.22 0.34 (1,12) 4.74
CAA 1.90

Ovalbumin Dec. 4 2.83 88.9 (1,13) 4.67
CAA [.74

a-casein Oct. 30 3.84 4.59 (1,12) 4.74
CAA 2.38

a-casein Dec. | 2.21 0.49 (1,12) 4.74
CAA 2.74
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Table 5.75 Comparison of NH;-N Production for Anoxic Protein and CAA cultures at 14°C

Substrate Date  Production. Rate F Degrees of Foos
(mg NH;-N/L h) Freedom

Ovalbumin  Apr. 4 1.76 0.85 (1,13) 4.67
CAA 2.14

Ovalbumin May 3 1.83 6.86 (L,13) 4.67
CAA 2.72

a-casein  Mar. 29 0.721 335 (1,14) 4.60
CAA 1.62

a-casein May 9 2.02 3.59 (1,14) 4.60
CAA 3.21

In summary, no blanket statement can be made regarding hydrolysis. It may be that the role it plays
depends on the temperature, EAS (aerobic or anoxic), protein (a-casein or ovalbumin) and stock culture. In
some instances, different overall results were seen depending on the stock culture used. At 14°C under either
aerobic or anoxic conditions, there were a number of rate studies where the protein was utilized more quickly
than the PH. [n many rate studies, the protein was used as quickly as the PH. Given these results, the molecular
weight of the protein does not appear to have a significant impact on the rate at which they are used. The overall

structure of a-casein and ovalbumin did not limit the rate at which the proteins were used.

c) Ammonia Nitrogen Production

It was shown for PH cultures that the observed ammonia nitrogen production correlates with NUR
or OUR for only some cultures. Analysis of the data resulted in r values outlined in Table 5.76. There was no
correlation between ammonia nitrogen production and NOy utilization at the 95% confidence level; however.
there was one between the average OUR and the rate of ammonia nitrogen production for aerobic cultures at 14
and 20°C. Possible reasons for the lack of correlation have been previously discussed in Section 5.3.3.f.

Table 5.76 Correlation between Ammonia Nitrogen Production and QUR and NUR

EAS Temperature Degrees of r To.o0s To90
(°C) Freedom

Aerobic 20 2 0.997 0.950 0.900

Aerobic 14 2 0.976 0.950 0.900

Anoxic 20 2 -0.140 0.950 0.900

Anoxic 14 2 0.874 0.950 0.900

Ammonia nitrogen production normalized on MLVSS and bacteria counts was summarized in

Tables 5.53, 5.54, 5.62 and 5.63. The data form a 2’ factorial design with protein type, temperature and EAS as
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factors. The analysis shows no significant effects at the 95% CL for data normalized on MLVSS (Table 5.77
with data in Appendix C). EAS and EAS-temperature were significant at the 90% CL.

The effect of EAS is confounded with a EAS-temperature interaction. Ammonia production was
approximately 50% higher at the lower temperature for both electron acceptor systems. Ammonia production at
20°C was 5.52 and 2.74 mg NH;-N/g h, respectively, under aerobic and anoxic conditions. The absolute
increase in production rates is much different. This is the reason for a significant EAS-temperature interaction.

When the data were normalized on bacteria counts, only the EAS had a significant bearing at the
90% CL. Ammonia nitrogen production was highest under aerobic conditions when all other factors were equal.
This same observation holds true for PH cultures (Table 5.47). Consistently higher ammonia nitrogen
production values under aerobic conditions may reflect differences in the metabolic pathway of the bacteria or
ecological differences.

Table 5.77 Analysis of the Factorial Design for Ammonia Production

Effect or Interaction Normalized on MLVSS x 10™ Normalized on Bacteria Counts x 107
Estimated Effect T-value Estimated Effect T-value

Protein -0.255 0.323 -6.67 0.575
Temperature -0.360 0.456 -3.33 0.287

EAS -1.75 2.22 -27.4 2.36
Protein x Temperature -0.533 0.676 -7.23 -0.623
Protein x EAS 0.195 0.247 7.03 0.606
Temperature x EAS 1.63 2.06 10.6 0916
Protein x Temperature 0.135 0.171 1.77 0.670

x EAS

MLVSS results have 8 df. The t critical value at the 95% CL and 90% CL is 2.31 and 1.86,
respectively. Similarly bacteria counts have 4 df. 1,45 and t, 4, have values of 2.78 and 2.13,
respectively.

Bolded effects are significant at the 95% CL and those in italics are significant at the 90% CL.

d) Effect of pH on Kinetics

The pH of protein cuitures deviated from 7.2 because pH control was not implemented. pH
fluctuations can change the activity of exoenzymes as well as influencing bacterial growth kinetics. Enzyme
systems are complex. Each participating enzyme possesses a pH range over which its performance is optimal.
pH values outside of the optimum range can result in: competitive inhibition, non-competitive inhibition or

irreversible denaturation.

200



The pH of the aerobic cultures at 20°C ranged between 6.9 and 7.5 while those of the 14°C cultures
were more variable with pHs ranging between 6.6 and 7.8. The data were analyzed to see if the average OUR
normalized on VSS correlated with the minimum, maximum or average pH. Correlation coefficients arising
from this analysis are summarized in Table 5.78. There was no significant correlation between pH and OUR for
the aerobic cultures. It is concluded that deviations away from a pH of 7.2 had no effect on aerobic
metabolizing cultures.

Table 5.78 Correlation between pH and OUR

Correlation Coefficient (r)
Temperature (°C) Maximum pH Minimum pH Average pH
14 0.713 -0.049 0.576
20 -0.069 -0.397 0216

Critical value of'r, ry s, is 0.950 with 2 df.

A review of the literature indicates that the reported optimal pH for denitrification is between 6.5
and 8.3 (Table 5.79). For the experimental system, pHs ranged from 6.2-8.2 for anoxic protein utilizing
cultures. The minimum value is less than the lower value of the optimal range so further examination of the
effect of pH on the cultures is warranted.

Beaubien et al. (1995) examined the impact of [ong term changes in the pH setpoint versus
fluctuations in the culture pH. Using a denitrifying culture isolated from a drinking water plant, metabolic
activity was monitored using gas production measurements. Metabolic activity was unchanged at pH setpoints
varying between 6.5-8.5. Short term fluctuations in pH had a significant impact on gas production when they
were greater than | unit from the optimum. Fluctuations of this magnitude decreased the denitrification activity
by 20%.

All of the rate studies carried out under anoxic conditions had pH deviations of less than 1 unit from
the set point of 7.2. The Apr. 4 rate study was an exception because the pH deviated by 1.1 units. The nitrite
and nitrate consumption profiles are highly linear (see Fig. 5.37 as an example) suggesting that the rate of
denitrification did not change over the course of the experiment. This was different than what was expected

based on the results of Beaubien et al. (1995).
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Table 5.79 Optimum pH Range for Denitrifying Cultures

Culture Substrate Temp Optimum Investigator
(°C) pH Range
Pseudomonas Denitrificans  Ethanol/Nitrate 30 7.45-7.60 Wang et al. (1995)
Pseudomonas Denitrificans  Ethanol/Nitrite 30 7.20-7.30 Wang er al. (1995)
Pseudomonas Denitrificans  Sodium Citrate/ 7.0 Dawson and Murphy (1973)
Nitrate
Hyphomicrobium Sp. Methanol/Nitrate 25 83 Timmermans and Van Haute
(1983)
Paracoccus Denitrificans Asparate/Nitrate 6.5 Kaokufuta er al. (1986)
Yeast Extract/Nitrate
Peptone/Nitrate
Denitrifying Culture Methanol/Nitrate 20 6.5-7.5  Beccarri et al. (1983)
Denitrifying Culture Methanol/Nitrite 20 7.5 Beccarri er al. (1983)
Denitrifying Culture Citric Acid/Nitrate 20 6.5-8.5  Beaubien et al. (1995)

e) Effect of S¢/X, on NUR and QUR

The S¢/X, was used to determine if there was a significant correlation between this ratio and the

normalized OURs and NURs. Table 5.80 outlines the correlation coefficients derived for the aerobic and anoxic

cultures at different temperatures using either MLVSS or bacteria counts as a normalizing factor. Correlation

coefficients were not calculated for cultures operating under aerobic and anoxic conditions at 20°C using

bacteria counts because there was insufficient data. There were significant correlations for aerobic data

normalized on ML VSS at 14 and 20°C at the 90% confidence level. A significant correlation was also seen for

the data normalized on MLVSS at 14°C when PH was used as a substrate. The lack of correlation between

S¢/X, and either OUR or NUR in many of the cases suggests that So/X, does not have a major impact on NUR or

OUR in this particular instance.

Table 5.80 Correlation between Sy/X,and OUR and NUR

EAS Temperature Basis r df fo9s fa90
°C)
Aerobic 20 MLVSS 0.819 2 0.950 0.900
Aerobic 14 MLVSS 0.997 2 0.950 0.900
Aerobic 14 Bacteria 0.599 2 0.950 0.900
Anoxic 20 MLVSS 0.460 2 0.950 0.900
Anoxic 14 MLVSS -0.839 3 0.878 0.805
Anoxic 14 Bacteria 0.551 3 0.878 0.805

f) Observed Yijeld using Proteins

Observed yields under conditions of active substrate utilization were calculated in a similar manner

to that described in Section 5.3.3.i. The same procedure as outlined previously produced the observed yield of
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aerobic and anoxic cultures presented in Tables 5.81 and 5.82. Visual inspection of the tables suggests that there

is no temperature dependency. The 95% CL are presented Table 5.83 along with a summary of the data. [t can

be seen from the table that all the 95% CL overlap so the protein or the culture does not significantly affect the

yield.
Tabie 5.81 Yield Data for Aerobic Cultures using Proteins
dS/de dO./dt Yield Coefficient Median |Average Std. Dev
Date Substrate [mg COD/L h |mg O/L h |mg COD/mg COD Y Y
7-May| o-casein 523 15.0 0.71 0.71 0.71 0.006
9-May| a-casein 544 15.8 0.71
2-Nov| a-casein 47.8 14.2 0.70
6-Dec{ a-casein 53.8 16.1 0.70
4-Aprf Ovalbumin 69.3 14.6 0.79 0.75 0.77 0.021
5-May| Ovalbumin 63.5 15.9 0.75
27-Nov] Ovalbumin 533 12.0 0.78
Table 5.82 Yield Data for Anoxic Cultures using Proteins
dS/dt dNO;-N/dt Yield Coefficient Median [Average |Std. Dev
Date Substrate |mg COD/L h [mg NO,-N/L h | mg COD/mg COD Y Y
4-Apr | Ovalbumin 36.5 3.69 0.74 0.75 0.77] 0.031
5-May | Ovalbumin 48.6 4.73 0.75
20-Oct | Ovalbumin 59.2 451 0.80
4-Dec | Ovalbumin 40 3.26 0.79
30-Oct o-casein 67 448 0.83 0.74 0.76 0.056
29-Mar a-casein 16.8 [.819 0.72
1-Dec a-casein 68.1 6.79 0.74
Table 5.83 95% CL for Yield Data Derived using Proteins
Protein EAS Upper 95% CL Lower 95% CL
a-casein aerobic 0.72 0.70
ovalbumin aerobic 0.80 0.70
a-casein anoxic 0.90 0.62
ovalbumin anoxic 0.82 0.72
5.44. Presentation of Results for Lactalbumin Rate Studies
a) Aerobic
i) Accli i and Unaceli i Cul
Using the protocol detailed in Section 4.2.2 ¢.ii, lactalbumin was added to one half of a stock

culture sample while a PH was added to the remaining half of the sample. Rate studies carried out in the Fall of
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1995 at 20°C used a stock culture acclimated to casein and albumin, but not lactalbumin. Further rate studies
using lactalbumin at 20°C were carried in July 1996 using a stock culture acclimated to lactalbumin. The stock
culture was produced by a SBR fed lactalbumin and sewage on a continuous basis for four weeks
(approximately 3 sludge ages). It was expected that this system would produce a culture acclimated to
lactalbumin. High effluent ammonia nitrogen levels for the SBR confirmed that the reactor was degrading
lactalbumin (See Section 5.2.3 for details).

For 14°C rate studies, a different approach was taken in developing a culture capable of using
lactalbumin. An unacclimated culture was fed lactalbumin and the degradation of the protein was followed by
periodically monitoring nitrate levels. [f nitrate levels decreased markedly, then the culture was actively
respiring and hence using lactalbumin. It was assumed that a culture degrading lactalbumin would possess a
enzyme complement and ecology favourable for lactalbumin degradation. Rate studies used this exposed mixed
microbial culture.

Anoxic and aerobic rate studies using exposed cultures were carried out in parallel as a time saving
measure. An unacclimated anoxic culture was monitored frequently after lactalbumin addition to determine
when lactalbumin degradation and subsequent nitrate utilization began. Addition of lactalbumin to the
unacclimated aerobic culture occurred at the same time, but minimal sampling occurred. The anoxic culture
used PH more slowly than its aerobic counterpart at 14°C (see Table 5.45). Based on the slower growth rate, it
was anticipated that the anoxic culture would take longer to use the lactalbumin. Rate studies using the exposed
cultures were carried out on April 13, 96 h after the cultures were fed lactalbumin. At this time the anoxic
culture was actively denitrifying. The degradation of lactalbumin by the aerobic culture was confirmed by
ammonia nitrogen measurements. On April 9 and 13, the ammonia nitrogen concentration was 34.3 and 57.3
mg NH;-N/L, respectively. The increase in the ammonia nitrogen conceniration is consistent with lactalbumin

degradation.
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ii) Oxygen Utilization Rates

Figure 5.41 shows the OURSs of split stock cultures fed lactalbumin and PH in parallel experiments
at 20°C. To permit comparisons between the cultures, the OUR, has been normalized on the adjusted mixed
liquor VSS of the stock culture (see Section 5.3.2.a.i for details on normalizing procedure).

As indicated by Figure 5.41, PHs were quickiy degraded by cultures acclimated to the whole protein
analogue. Table 5.84 summarizes the rates of PH utilization for acclimated and unacclimated cultures and using
CAA and LEH. The average OUR( varies by 117% for the Oct. 25 and Nov. 29 rate studies using CAA. Both
of these rate studies used a stock culture grown on casein and albumin. As seen in Table 5.23, the average
OURc of 34.4 mg O,/g VSS-h was calculated using data from six repeat experiments. The average OUR( for
the Oct. 25 and Nov. 29 cultures was 30.5 mg O,/gVSS-h which was comparable to the overall average.

Table 5.84 Average OUR( for Lactalbumin and Companion PH Cultures at 20°C (mg O./g VSS-h)

Date Temperature  Previous Exposure Lactalbumin CAA LEH
°cO) to Lactalbumin Culture
Oct. 25 20 No 6.06 19.5
Nov. 29 20 No 6.53 41.4
July 23 20 Yes 2.1 28.8

The same general trend was seen when lactalbumin was added to either acclimated or unacclimated
cultures. Addition of lactalbumin to the stock culture caused an immediate increase in the OUR,; above the
OURg (Table 5.85). Generally, the initial OUR,; of the lactalbumin culture was comparable to that of its
companion culture. The Nov. 29 culture is an exception because the CAA cuiture exhibited an exceptionally
high OUR of 41.4 mg O,/(g VSS-h). Typically, the OUR,, of the lactalbumin culture remained at this higher
level for a short time before it decreased. The decline continued until OUR,; was equal to OURg. It remained at

the OURg for the remainder of the rate study.

205



62 "AON 'pajaul|[208un UjWNq(eI087 0 GZ 'I9O PIBWIIO0RUN ‘UjLING|Bloe | &
€2 AInr pejew)|ooy ‘ujwnq|eloe o

6Z 'AON pelew||ooBun 'vvO v

SZ ‘PO 'pelewW|ooBuN 'YYO ¥
€Z ANt poIBW20Y 'HIT ©

(4) ousjy
8 L 9 14 € A 1 0
: -9
QN)OZ m:o IllllbllﬂllqllﬂulIUIlllllllll
a
ONOSIOihm'mDOI lllll Il.ll"lllllll'lllllmllll
€zAnr-%no  © ° °© "o "% " o u
0 a
[}
u
«
o o ¢] v v v
\A v v v v
/ °
H37 jo uonIppy °
L v v v
v v v o
v v

D00¢ 1 HAT pue vV 01 wosueduiod ul ununqgpeoery jo uonupmda(] siqosay [4'¢ andiy

1]}

114

oe

o¥

0s

09

(ussA 6ro Bw)® ¥nO

206



Table 5.85 Initial OUR,, for 20°C Lactalbumin and PH Cultures

Date Previously Exposed to  Substrate [nitial OURy OURg
Lactalbumin mg O-/(g VSS-h) mg O,/(g VSS-h)
Oct. 25 No CAA 25.0 2.0
Oct. 25 No Lactalbumin 24.0 [2.0
Nov. 29 No CAA 520 6.20
Nov. 29 No Lactalbumin 232 6.20
July 23 Yes LEH 41.9 13.1
July 23 Yes Lactalbumin 152 13.1

Lactalbumin was poorly degraded by both the unacclimated (Oct. 25 and Nov. 29) and acclimated
cultures (July 23). These cultures had an average OUR( that was 7-60% of the value of the companion culture
(Table 5.84). Atthe end of the July 23 rate study, LEH was added to the acclimated lactalbumin culture. The
mass of LEH added was equal to the mass of lactalbumin added to the culture initiaily. Shortly after LEH
addition there was a substantial increase in the OUR. The response of the culture to LEH shows the culture was
capable of responding in the presence of a suitable substrate.

A comparison of OURs for split cultures fed lactalbumin and LEH in paralle! experiments at 14°C
show the same general trends as seen previously at 20°C (Figure 5.42). The trends are summarized below.

1. At 20°C, OURy, for the lactalbumin culture returned to OURg whereas at 14°C OUR,, for the exposed
cultures (Apr. 13 and Apr. 29) approached but did not reach OURg. OUR,; for the unacclimated culture
(Apr. 9) did return to the basal respiration rate. The difference in behaviour suggests that the exposed

cultures were using some of the lactalbumin.

e

The unacclimated culture (Apr. 9) fed LEH exerted a higher OUR than the exposed cultures (Apr. 13 and

Apr. 29). The OURSs of the exposed cultures were comparable to each other (See Table 5.86).

W

With the two exposed lactalbumin cultures (Apr. 13 and Apr. 29), LEH was spiked into the culture at the
end of the rate study. The OUR of the culture increased substantially and quickly thereby confirming the
ability of the culture to exert a high OUR in the presence of a suitable substrate. The acclimated culture

using lactalbumin at 20°C exhibited this same response upon LEH addition.
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Table 5.86 Average OUR¢ for Lactalbumin and Companion PH Cultures at 14°C (mg O,/gVSS-h)

Date Temperature  Previous Exposure  Lactalbumin CAA LEH
(°C) to Lactalbumin Culture

Apr. 9 14 No 3.14 289

Apr. 13 14 Yes 8.29 222

Apr. 29 14 Yes 9.97 257

The existence of bacteria counts allowed the data of the 14°C rate studies to be analyzed in a
different manner (Figure 5.43). The basal rates were normalized on the number of cells present in the initial
culture. As discussed previously in Section 5.3.2.i - Oxygen Utilization Rates, the basal respiration rate does not
correlate with the number of cells. All other respiration rates were normalized on cell counts of the initial and

final culture.

i) COD Uptake
Lactalbumin at a strength of approximately 580 mg total COD/L was used for rate studies.

Monitaring the uptake of lactalbumin was of limited value because only 70 mg COD/L was filterable. The

remaining 510 mg COD/L exists as a particulate and can not be differentiated from the floc.

iv) Qbserved Ammonia Nitrogen Production

Ammonia nitrogen production for the three rate studies done at 20°C is depicted in Figure 5.44.
The observed levels of ammonia nitrogen increased linearly with time for PH cultures showing a constant rate of
production. Fluctuations in the OUR were not reflected by changes in the rate of ammonia nitrogen production.
As shown in Figure 5.44, the Oct. 25 and July 23 cultures produced 1.61 and 1.38
mg NH;-N/g VSS-h, respectively. The Nov. 29 culture produced negligible amounts of ammeonia nitrogen; the
ammonia nitrogen concentration increased by 1.0 mg NH;-N/L over the 4 hours of the rate study. The

limitations of monitoring ammonia nitrogen production in the bulk liquid were outlined in Section 5.3.2.b.vi.

v) Variation in pH

For a discussion on the effects pH could have on substrate utilization see Section 5.3.2.c.iv.
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Table 5.87 Maximum and Minimum pH of Aerobic Lactalbumin Cultures

Date Temperature (°C) Maximum pH Minimum pH
Oct. 25 20 74 7.1
Nov. 29 20 74 7.1
July 23 20 74 6.6
Apr. 9 14 7.6 7.1
Apr. 13 14 6.77 7.53

Data for Apr. 29 is not available

b) Anoxic

i) Acclimated and Unacclimated Cultures

The terminology used to describe aerobic cultures is aiso applicable to anoxic cultures. As
previously discussed, rate studies examining lactalbumin degradation in the Fall of 1995 used a stock culture
acclimated to casein and albumin but not lactalbumin. Subsequent 20°C rate studies were done using a stock
culture grown on lactalbumin. The SBR reactor generating the anoxic stock culture for these rates was operated
in parallel to the aerobic SBR. The reactor was considered acclimated because of the length of time the reactor
had operated and the high effluent ammonia nitrogen levels suggesting lactalbumin degradation (see Section
5.2.3).

For 14°C rate studies, a different approach was taken to developing a culture capable of using
lactalbumin. An unacclimated stock culture was fed lactalbumin and the degradation of the protein was
followed by periodically monitoring nitrate reduction. The consumption of more than 10 mg NO;-N/L would
indicate active substrate removal. At this point, the exposed culture was capable of metabolizing lactatbumin.
Nitrate reduction using this exposed mixed microbial culture may proceed more slowly than with a fully
acclimated culture, but the rate would give some indication of how easily lactalbumin was degraded.

After the initial rate study of April 9, the sparging with nitrogen gas was continued and the pH of
the culture was maintained at 7.2. During the first 31 h of the study, there was no detectable decrease in the
concentration of nitrate. After a further 16.5 h of exposure, a decrease of 8§ mg NO,-N/L was observed. The
culture began to consume nitrate 3 [-47.5 h after it was fed lactalbumin. Over the next eight hours, the nitrate

was monitored hourly and the rate of denitrification was 0.5 mg NO;-N/(L-h). The rate study with the exposed
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culture began on April 13, 96 h after the culture was fed lactalbumin. The details of the April 9 and April 13
rate study follow.

The second rate study, used a stock culture produced by the SBR on April 26. This stock culture
had been exposed to casein and albumin. As in previous rate studies lactalbumin was added to the culture to a
concentration of approximately 580 mg COD/L. The culture was sparged with nitrogen gas and the pH was
maintained at 7.2 by acid addition. After 21.5 h, there was no detectable decrease in nitrate. When the nitrate
level was measured 44.75 h after the lactalbumin had been added to the culture there was a decrease of 4
mg NO;-N/L. Measurements were taken periodically over the next 26 h. The rate of denitrification was 0.23
mg NO;-N/(L-h). The rate study of April 29th, used a culture exposed to lactalbumin for a period of 72 h. The

data collected for the April 29 rate study is presented below.

i) Nitrate Utilization Rate

Nitrate utilization in the presence of lactalbumin, CAA or LEH at 20°C is shown in Figure 5.45.
The nitrate concentration has been normalized on the adjusted mixed liquor VSS of the appropriate
unacclimated, acclimated or exposed culture. See Section 5.3.2.a.i for details. Addition of CAA to the
unacclimated stock cultures of Oct. 24 and Dec. 7 resulted in denitrification rates of 7.36 and 9.28 mg NOx-N/g
VSS-h. A third unacclimated culture (Dec. 9) was used to determine if lactalbumin could be degraded over a
longer period of time. Lactalbumin was added to the culture and the pH was maintained at 7.2. Figure 5.46
shows that under these conditions only 1.8 mg NO,-N/L was consumed over 27 h. This low rate of nitrate
consumption suggests that little or no lactalbumin was used.

[n the fourth study at 20°C (July 23), lactalbumin and LEH were added to a stock culture that had
been acclimated to lactalbumin. LEH was used and consumed nitrate at a rate of 9.79 mg NO;-N/g VSS-h. This
rate was slightly higher than the denitrification rate realized with other cultures. [n the companion culture,
lactalbumin was degraded and nitrate consumed at a rate of 2.7 mg NO;-N/(g-h). Over the 6 h of the rate period,
17.7 mg NO;-N/L had been consumed. At the end of the rate study, the lactalbumin culture was spiked with
LEH. This produced no detectable change in the rate of denitrification. The results of the four rate studies have

been summarized in Table 5.88.
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Figure 5.45 Anoxic Degradation of Lactalbumin in Comparison to CAA and LEH at 20°C
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Figure 5.46 Anoxic Degradation of Lactalbumin pH=7.2
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Table 5.88 Denitrification Rates for Lactalbumin/PH Cultures (mg NO;-N/gVSS-h) at 20°C

Previous Exposure Lactalbumin Culture Protein Hydrolysate Culture
Date to Lactalbumin Lactalbumin LEH CAA LEH
Oct. 24 No Non-det. 7.36
Dec. 7 No Non-det 9.28
Dec. 9 No Non-det
July 23 Yes 273 273 9.79

Non-det. denotes a non-detectable reduction in nitrate nitrogen

At 14°C, anoxic rate studies were carried out in parallel with aerobic rate studies at this temperature.
LEH was used as the PH in three rate studies shown in Figure 5.47. The rate of denitrification normalized on the
adjusted stock culture VSS was significantly different for the three cultures. In order of the fastest to the slowest
culture, the rates were: Apr. 29 (6.35 mg NO;-N/g VSS h), Apr. 13 (4.87 mg NO;-N/g VSS h) and Apr. 9 (4.21
mg NO;-N/g VSS hj. The two cultures exposed to lactalbumin for three days had the greater rates of
denitrification.

Figure 5.47 shows the response of factalbumin cultures both unacclimated and acclimated to be the
similar. Lactalbumin was not metabolized over the 6 h of the rate study as indicated by NUR. LEH was added

to the acclimated lactalbumin cultures (Apr. 13 and Apr. 29) at the end of the rate study. Both cultures began to
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consume nitrate shortly after LEH addition. LEH was consumed at a rate of 6.03 and 4.60 mg NOx-N/g VSS h
for the Apr. 13 and Apr. 29 cultures, respectively. As seen with the aerobic cultures, the lactalbumin cultures
were capable of responding if given a favourable substrate.

A different perspective on the data was gained by plotting nitrate decay normalized on the basis of
bacteria counts (Figure 5.48). Bacteria counts averaged on the initial and the final cultures were used where
possible. The rate of LEH utilization was significantly different for each of the rate studies. The rate of
utilization was faster for the acclimated cultures than it was for the non-acclimated culture. This was expected
as the cuitures would have been growing on lactalbumin, the polymer analogue of LEH. Addition of LEH to the
Apr. 13 and Apr. 29 cultures resulted in a nitrate consumption rate of 4.11 x 10 and 3.59 x 107"

mg NO;-N/bact -h, respectively. [t appears that the observed rates were comparable upon addition of LEH.

iit) Qbserved Ammonia Nitrogen Production

Figure 5.49 shows that the concentration of ammonia nitrogen increased over time for anoxic 20°C
cultures using PH. The change in ammonia nitrogen concentration over time is referred to as the observed
ammonia nitrogen production rate. For the two CAA cultures, the observed production rate was 4.32 and 5.52
mg NH;-N/(g VSS h). This was higher than the 3.2 mg NH;-N/(gVSS h) realized by the LEH culture.

The unacclimated lactalbumin cultures did not produce ammonia nitrogen. These same cultures did
not denitrify (see Figure 5.47). In contrast, the acclimated lactalbumin culture did produce ammonia nitrogen at
arate of 1.3 mgNH;-N/gVSS-h. This culture did denitrify at a rate of 2.7 mg NO;-N/L-h. I[n general,

denitrifying cultures also produced ammonia nitrogen.

v) Variation in pH

The maximum and minimum pHs for the cultures are listed in Table 5.89. For a discussion on the
effects pH could have on substrate utilization see Section 5.3.3.c.iv.

Table 5.89 Maximum and minimum pH of Anoxic Lactalbumin Cultures

Date Temperature (°C)  Maximum pH Minimum pH
Dec. 7- 20 79 6.1
July 23 20 7.6 6.1
Apr.9 i4 1.5 7.0
Apr. 13 14 8.0 7.0
Apr. 29 14 7.6 7.0
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Figure 5.48 Anoxic Growth on Lactalbumin/LLEI1 at 14°C-Normalized on Bacteria Counts
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5.4.5. Discussion of Experimental Data for Lactalbumin

i) [nitial nse of F i 1t
Cultures fed lactalbumin exhibited a high OUR initially. This behaviour would seem to contradict the
hypothesis that lactalbumin is a protein resistant to degradation. The lactalbumin is a crude protein that may be
contaminated with other milk proteins and sugars. Lactose is one possible contaminant. Lactalbumin dissolved
in the salts media did form visible particulates. Approximately 12% of organic strength was attributable to the
fraction filterable through a 0.45um filter. The filterable fraction may contain impurities or serum albumin, a
constituent protein of lactalbumin. [t was assumed that these contaminants caused the initial increased OUR.
Estimates of the amount of substrate consumed were calculated from the amount of oxygen
consumed. The OUR,, was corrected for the basal respiration rate because some of the oxygen demand would
be associated with non-bacterial consumption to yield a corrected OUR (OUR.). (See Section 5.3.2.i - Oxygen
Utilization Rates for more of a discussion). Plots of OUR versus time were integrated. The amount of oxygen
consumed prior to the respiration rate returning to OURp was between 8-16 mg O,/L. An observed yield of 0.71
(see Table 5.43) was used to calculate the equivalent amount of substrate consumed. For every unit of substrate
COD consumed, 0.71 units was used for cell synthesis and 0.29 units was used for respiration. The oxygen
consumed was therefore equivalent to a substrate COD of 31-57 mg/L (Table 5.90).

Table 5.90 Oxygen/Nitrate Utilization for Lactalbumin Cultures

Date Temperature  Available Substrate  Nitrate Equivalents  Prior Exposure to
°C mg COD/L mg NO;-N/L Lactalbumin
Oct. 25 20 44 3.39 No
Nov. 29 20 3.2 2.40 No
July 23 20 56.7 4.37 Yes
Apr.9 14 120 9.28 No
Apr. 13 14 76.6 591 Yes
Apr. 29 14 91.0 7.03 Yes

[nitial [actalbumin concentration was 464 mg COD/L.
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Using the calculation procedure outlined above for the 20°C cultures, 77 - 120 mg COD/L of
substrate was consumed over 6 h (Table 5.90) by the 14°C cultures. These calculated values were higher than
those at 20°C because the OUR,, did not return to the basal level for acclimated cultures. This would suggest
that the exposed cultures were using the protein. If the portion of the curve prior to the QUR,, reaching a
plateau is considered, the COD consumed was between 44 - 78 mg COD/L which is comparable to the
consumption at 20°C. Consumption of 44 - 78 mg COD/L is approximately [0-15% of the 460 mg COD/L of
lactalbumin. [t is reasonable to expect impurities at this level in a crude protein.

Anoxic cultures did not use detectable amounts of nitrate in the presence of lactalbumin and its
impurities. In this respect, the anoxic cultures were dissimilar to the aerobic cultures using lactalbumin. Using
estimates of impurities levels gained from the response of the aerobic cultures, a theoretical nitrate consumption
was calculated using Equation 5.13 and calculated values of available substrate listed in Table 5.90. At 20°C.
conversion of the impurities present requires 2.72 - 4.95 mg NO;-N/L. At 14°C, 6.69-10.5 mg NO;-N/L would
be required if all the impurities present were consumed. [n Table 5.91 shows the amount of nitrate consumed
for each of the lactalbumin cultures. Decreases of this magnitude would have been detectable suggesting that

the anoxic cultures did not use the contaminants present.

AN 11— Yos Ea. (5.13)
= q' .
AS 2.86
where AN = nitrate consumed (mg NO;-N/L)
AS = biodegradable substrate consumed (mg COD/L)
Y oos = observed yield (mg COD/mg COD)

= 0.77 (mg COD/mg COD) (Table 5.44)

Table 5.91 Nitrate Consumption for Lactalbumin Cultures

Date Temperature Nitrate Consumption
°C) {mg NO;-N/L)
Oct. 24 20 1.8
Dec. 7 20 33
Dec. 9 20 1.8
July 23 20 204
Apr.9 14 1.8
Apr. I3 14 04
Apr. 29 14 0.9
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5.4.6. Closure
a) Relevance of Protein Structure to Hydrolysi

In this research, the uptake and hydrolysis of three model proteins was examined under anoxic and
aerobic conditions. These proteins, by virtue of their high molecular weight would have to be degraded by
exoenzymes before they would be available as growth substrates and thus are defined as slowly biodegradable
substrates. From this study, it appears protein structure is important in determining the rate of uptake and
hydrolysis.

o-Casein and ovalbumin are considered soft proteins because they have minimal cross-linking
between segments of the protein molecule. a-Casein has a number of physiochemical properties that indicate
that the tertiary structure of this protein is more flexible than typical globular proteins (Swaisgood, 1993). The
protein contains domains of rather unstable structure that may result in an appreciable fraction of the molecular
backbone and side chains being exposed to water (Swaisgood, 1982). Ovalbumin is not highly cross-linked
containing only one disulfide bond per molecule (Osuga and Feeney, 1977). As shown previously, uptake and
hydrolysis of these proteins may or may not be rate limiting depending on the experimental conditions. For
example at 14°C under either aerobic or anoxic conditions, there were occasions when the protein was utilized
more quickly than the hydrolysate.

Lactalbumin is a protein mixture consisting of B-lactoglobulin, a-lactalbumin and serum albumin.
Lactalbumin can be thought of as a hard protein because it contains B-lactoglobulin that is cross-linked by two
disulfide bonds. Swasigood (1982) suggested that the presence of a thiol group in B-lactoglobulin limits the
accessibility of a portion of this protein to chemical reagents. Bararquio and Van de Voort (1988) suggestas a
consequence of the manufacturing process, the proteins present in lactalbumin denature resulting in the loss of
solubility.

The cultures receiving lactalbumin exhibited low OUR; and NUR in comparison to the companion
PH culture indicating that uptake and hydrolysis of this protein was very slow. This behaviour was seen with
aerobic and anoxic cuitures at both 20 and 14°C. Acclimated and non-acclimated cultures at 20°C produced

comparable results suggesting that the observed behaviour was not the result of culture conditions.
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Slowly biodegradable organics require: uptake, storage, and enzymatic degradation before being
used as a growth substrate. Uptake and storage occurring prior to hydrolysis is consistent with enzymes being
located within the floc (Boczar et al. (1992), Dold et al. (1991) and Frolund et al. (1995)). Uptake and storage
of substrate are considered to be essentially immediate (Dold er al., 1980) and therefore were excluded from the
list of significant biotransformations described in ASM2. With lactalbumin having limited solubility, uptake and
storage may not be immediate. Lactalbumin may be too large for enmeshment in the floc. If this was the case,
the bacteria would have to colonize the protein or the protein has to come into contact with the floc before
hydrolysis could proceed.

Even if uptake and storage were not rate limiting events, there is experimental evidence suggesting
that hydrolysis of lactalbumin will be proceed more slowly than «-casein and ovalbumin because of enzyme
accessibility dictated by the overall protein structure. Mitchell and Marshall (1989) examined the hydrolysis of
caseins and whey proteins by the heat stable proteases of Pseudomonas fluorescens. Specific activities of the
proteases were significantly higher on caseins (e.g. a, B and k-casein) than on the three whey proteins (e.g. B-
lactoglobulin, a-lactalbumin and bovine serum albumin). The investigators concluded that whey proteins are
generally more resistant to proteolysis by heat stable proteases from Pseudomonas sp. than are caseins. They
further reasoned that the resistance of whey proteins to proteolysis is probably due to their compact tertiary
structure which protects most of the peptide bonds. This study is particularly applicable because Pseudomonas
Sfluorescens could represent from 13-96.8% of a denitrifying culture depending on the carbon source (See Table
2.4).

In summary, hydrolysis does not limit the rate of utilization for all substrates defined as slowly
biodegradable. For the model proteins used in this experimental work, molecular weight does not seem to be the
exclusive governing principal determining the rate of hydrolysis. Uptake and hydrolysis did not limit ovalbumin

utilization but it did lactalbumin. The overall structure seems to be important in defining its rate of hydrolysis.

b) i Pr [ i
Henze et al. (1986) hypothesized that hydrolysis under anoxic conditions proceeds at a much slower

rate than it does under aerobic conditions. The task-group developing ASM2 accepted this hypothesis. When
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a-casein and ovalbumin were used as substrates, hydrolysis was not rate limiting in most cases. In these
particular instances, the rate of protein utilization was limited by the rate of synthesis occurring on peptides and
amino acids derived from the protein. Respiration rates expressed on the basis of oxygen equivalents derived
from approximate repeat runs using PH (Table 5.23 and Table 5.24) indicates that there was no significant
difference in the rate of respiration under aerobic and anoxic conditions at 20°C. However, at 14°C the
respiration rates normalized on either MLVSS or bacteria counts were significantly different. The rate of
respiration under aerobic conditions was approximately 100-500% higher than that under anoxic conditions.
This would suggest that for some conditions synthesis under anoxic conditions proceeds at a much slower rate

than it does under aerobic conditions and not hydrolysis.
5.5. Discussion of Assumptions used in Batch Protocol
Three assumptions were inherent to the batch protocol:

. Monod kinetics are applicable; therefore the rate of nitrate or oxygen utilization is proportional to the

amount of substrate oxidized.

(S

Substrates having equal observed yields would consume the same amount of oxygen or nitrate for every
unit of substrate COD consumed. Comparing the rate of oxygen utilization for two substrates having equal
yields under conditions where Monod kinetics are applicable is the same as comparing their rates of

substrate consumption.

(93]

The protein requires hydrolysis prior to becoming available as a growth substrate while the protein

hydrolysate does not.
These assumptions make it possible to compare the OURs/NURs of the protein/PH pairs and

attribute differences in the respiration rates to substrate uptake and hydrolysis.

5.5.1. Monod Kinetics

In assuming that Monaod kinetics were applicable, the rate of nitrate or oxygen utilization was
proportional to the amount of substrate oxidized. That is, if the NUR or OUR was high, then large amounts of

substrate COD were being oxidized. A cell may accumulate substrate in excess of growth requirements within
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its interior. Examples of such microbial storage products are glycogen and poly-B-hydroxybutyric acid (PHB).
There would be an increase in the amount of cell mass as measured by MLVSS or COD due to the presence of
the storage products. If this was to occur, the rate of measured substrate disappearance would exceed the rate of
oxygen utilization. In the context of the current experimental program, if a significant amount of storage did

occur, the QUR,; would underestimate the rate of substrate uptake and hydrolysis.

5.5.2. Equal Observed Yields

There is no significant difference between the observed yield for the protein and PH utilizing
cultures under either aerobic or anoxic conditions. The 95% CL for the protein utilizing cultures were presented
in Table 5.83. The 95% CL encompass the mean values of the PH cultures outlined in Table 5.45 so there is no

significant difference in the observed yield .

5.5.3. Protein Hydrolysis

When considering substrate transport, it is important to recognize that the bacteria of activated
sludge are predominantly Gram-negative (Hawkes, 1963). The mechanism of substrate transport differs
significantly in Gram-negative and Gram-positive bacteria. Many Gram-negative bacteria exclude hydrophobic,
amphiphilic and hydrophillic molecules above a given size limit although there are exceptions (Hancock, 1991).
A better approach to differentiating between rapidly and slowly biodegradable organics is based on a size
exclusion limit. Porins are water filled protein channels, that allow small hydrophilic molecules to diffuse
through the phospholipid and lipopolysaccharide layers of the cell wall of Gram-negative bacteria. Diffusion
through non-selective porins is generally limited to compounds with sizes less than the porin exclusion limit of
600-1400 Da.

As mentioned previously, slowly biodegradable substrates require hydrolysis before becoming
available growth substrates whereas readily biodegradable substrates can be used directly by the ceil
(Ekama ez al., 1986). The three proteins used in the rate study are slowly biodegradable substrates because of
their large size and high molecular weight (18-45 kd). The protein hydrolysates, CAA and LEH, are a mixture
of dipeptides and oligopeptides. CAA and LEH have MW of 247 and 302 Da, respectively. It was assumed that

hydrolysis of these small protein fragments was not needed before they diffused through the porins of the outer
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membrane of the cell. Use of protein hydrolysates or hydrolysized proteins once inside the cytoplasmic region

of the cell would be described by Monod growth kinetics.
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6. Conclusions and Comments

Conclusions drawn from this research are listed below:

. Forthe SBR, biosolids production under anoxic conditions exceeded that under parallel aerobic
conditions at both 20°C and 14°C. Similarly, the observed yield realized under anoxic conditions was
higher than those under aerobic conditions.

e The economic evaluations of McClintock et al. (1988) and Ip et al. (1987) found carbon
removal under anoxic conditions to be more cost effective than under aerobic conditions. Cost
reductions were recognized principally through decreased biosolids production. The results of
this research are therefore in direct conflict with these earlier findings.

2. A factorial analysis revealed that there were on average, more bacteria in the anoxic reactor than in the
aerobic reactor. A hypothesis that predation is a causative factor was put forth since stalked protozoan
were observed in the aerobic system but not the anoxic system.

e The impact of predation on the bacterial population was not acknowledged in the development
of ASM2. As well, the death and lysis coefficient of ASM2 is invariant with temperature and
SRT. However, the type and number of predators is known to be a function of temperature and
SRT.

e Under conditions of equal specific utilization rates and stoichiometry, a predenitrification
reactor will have fewer cells than a post-denitrification reactor due to the presence of predators.
With a higher number of bacteria in the post-denitrification reactor, there will be a higher
overall rate of removal.

3. The rates of hydrolysis of proteins with molecular weights ranging between 18,000 and 45,000 Da
were not significantly different.

e The rate of hydrolysis of slowly biodegradable proteins is independent of the length of the
protein molecule over this size range. A large molecule does not take longer to degrade than a

small molecule.
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4. The overall protein structure is important in defining the rate of uptake and hydrolysis. Proteins
containing a high degree of cross-linking undergo uptake and hydrolysis very slowly. For proteins
having minimal cross-linking, uptake and hydrolysis may not be the rate limiting step.

o The uptake and hydrolysis of the soluble proteins a-casein and ovalbumin were not rate limiting
at 14°C or under aerobic conditions. Under anoxic conditions at 20°C, uptake and hydrolysis of
a-casein were rate limiting.

»  The characterization protocol of Mamais ez al. (1993) is based on solubility. It
would have incorrectly characterized the soluble proteins of a-casein and ovalbumin
as rapidly biodegradable proteins. Given their high molecular weight, these proteins
require enzymatic degradation before use as a growth substrate and thus are slowly
biodegradable.

« Ekama er al. (1976) suggested a characterization protocol based on metabolic
response. [t would have characterized a-casein and ovalbumin as rapidly
biodegradable proteins at [4°C or under aerobic conditions. Under anoxic
conditions at 20°C, a-casein would have been characterized as slowly
biodegradable. Ovalbumin and «-casein is a slowly biodegradable substrate
regardless of the temperature or terminal electron acceptor. The kinetics of
hydrolysis change in response to these factors. In using Ekama’s protocol the
characterization is confounded with the kinetics of hydrolysis.

« Slow uptake and hydrolysis of lactalbumin, a cross-linked protein forming settleable particles,
were observed regardless of culture conditions. This may be a consequence of the limited
solubility of the protein or the poor accessibility of regions of the protein to hydrolytic
enzymes. If the protein is too large to become enmeshed in the floc, hydrolysis will proceed
only when the protein has become colonized or comes into contact with the floc.

5. An operational definition of slowly biodegradable substrates having a molecular weight of

approximately 1000 Da. For proteins with a molecular weight much greater than 1000 Da, the overall
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7.

8.

protein structure has no impact on whether or not extracellular enzymes are required. For proteins
with a molecular weight near 1000 Da, overall protein structure is important.

AODC is a promising method for enumerating the bacterial populations under both aerobic and
anoxic, mixed culture conditions. Under all conditions tested, it was possible to differentiate between
bacteria and other components of the activated sludge floc.

o Direct counts are not likely to be useful as a measurement for full scale, daily process control.
However, they will be useful over larger time scales and for research on process mechanisms.

There was no significant difference in the normalized respiration rates for aerobic and anoxic
conditions expressed on the basis of oxygen equivalents at 20°C. However at 14°C, the anoxic
respiration rate was much lower than the aerobic rate. Denitrification kinetics were highly temperature
sensitive as indicated by a gy of 1.25 for kinetics determined on the basis of bacteria counts. Carbon
removal under aerobic conditions appeared to be less temperature sensitive as indicated by a value of 8
of 1.03 on the basis of bacterial counts.

e To maintain the same level of denitrification under both winter and summer conditions, higher
SRTs have to be maintained during the winter.

e Henze er al. (1986) hypothesized that hydrolysis under anoxic conditions proceeds at a much
slower rate than it does under aerobic conditions. The task-group developing ASM2 accepted
the hypothesis. At 14°C, a-casein and ovalbumin were used as quickly as the protein
hydrolysate. The experimental data shows that hydrolysis does not proceed more slowly under
anoxic conditions; however, respiration does.

The observed yield under conditions of active substrate utilization for the aerobic and anoxic reactors
was not significantly different from the 0.67 g COD/g COD value used in ASM2. The observed yield
was invariant with temperature for both aerobic and anoxic reactors.

Performance of the aerobic reactor was found to be better than the anoxic reactor at 20°C in terms of
effluent COD and solids. At 14°C equivalent performance was seen with respect to the effluent COD
but the aerobic reactor produced an effluent with higher solids. At either 14 or 20°C, the average

performance of these reactors was acceptable with respect to typical effluent discharge standards.
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10. There was no significant difference at the 95% confidence level between the consumptive ratios at
14°C and 20°C. The consumptive ratios derived at 14°C and 20°C were compared to theoretical values
calculated from a equation proposed by Stensel (1981). There was a significant difference between the

experimental and calculated value at 20°C but not at £4°C.
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7. Recommendations for Future Work

1. AODC should be further pursued as a enumeration technique for activated sludge. A more complete
data base is required for the technique to be fully evaluated. Automated image analysis should be
pursued as this technique is time intensive.

2. Enumeration techniques differentiating the respiring population from the total population should be
evaluated. This may be accomplished with improved current techniques or by using fluorophores.

3. The mechanism for uptake and hydrolysis of large proteins is an important area warranting further
study because proteins account for 28% of the influent strength of raw sewage as measured in terms of
COD (Raunkjer et al.. 1994). Using the data of Hunter and Heuklekian (1965) settleable and
supracolloidal material account for 23.9% and 35.8% of influent COD, respectively. In a typical
activated sludge plant 60% of the solids are removed in the primary clarifier. A primary clarifier
maybe excluded from the treatment train when pre-denitrification is implemented. Approximately
15% of the input would then be settleable and supracolloidal material.

4. Ectoenzymes are in constant communication with the originating bacterium and thus are subject to
feedback. Under conditions of high concentrations of rapidly biodegradable substrate, hydrolysis as
carried out by these enzymes may cease. If these enzymes are responsible for hydrolysis then their
dynamic nature should be reflected by mathematical models such as ASM2.

5. Further study on the uptake mechanism for large particles is required as it is unclear how these
particles come in contact with hydrolytic enzymes and how they are subsequently degraded. ASM2
assumes that substrate uptake and storage is immediate and thus is not an important
biotransformation. This may not be the case. Substrate uptake and storage will be important for
nitrogen removal in the pre-denitrification configuration. When this configuration is implemented,
influent sewage is often added directly to the anoxic basin. Large particles typically removed during
primary clarification are present in the influent sewage .

6. The current experimental program should be carried out at lower temperatures to quantify the impact

of temperature on hydrolysis and denitrification kinetics.
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7. The role of the non-bacterial population warrants further attention especially since most mathematical
models such as ASM2, describe bacterial growth. The loss of cells due to predation and decay is

mathematically described by the lysis coefficient and is proportional to the active bacterial mass.

232



8. References

Albertson NH, Nystrom T, Kjelleberg S (1990) Exoprotease Activity of Two Marine Bacteria during Starvation.
Appl Environ Microbiol 56(1):218-223

Anthonisen AC, Loehr RC, Prakasam TBS, Srinath EG (1976) Inhibition of Nitrification by Ammonia and
Nitrous Acid. Journal WPCF 48(5):835-852

ASTM (1994a) Standard Test Method for Enumeration of Aquatic Bacteria by Epifluorescence Microscopy
Counting Procedure. Annual Book of ASTM Standards, Vol 11.01, D4455-85.

ASTM (1994b) Standard Test Method for Simultaneous Enumeration of Total and Respiring Aquatic Systems
by Microscopy. Annual Book of ASTM Standards, Vol 11.01, D4454-85.

Banks MK, Bryers JD (1990) Cryptic Growth within a Binary Microbial Culture. Applied and Microbial
Biatechnology 33:596-601

Barker PS, Dold PL (1995) COD and Nitrogen Mass Balances in Activated Sludge Systems. Water Res 29:633-
643

Barnard JL (1975) Biological Nutrient Removal Without the Chemicals. Water Res 9:485-490

Barraquio T, van de Voort T (1988) Milk and Soy Proteins: Their Status in Review. Can Inst Food Sci Technol
J21:477-493

Beak Consultants Ltd., Canviro Consultants Ltd. (1988) Review of Aquatic Toxicity and Environmental Impact
of Ontario Sewage Treatment Plant Effluents. Report for the Ministry of the Environment and

Environment Canada.

Beaubien A, Hu Y, Bellahcen D, Urbain V, Chang J (1995) Monitoring Metabolic Activity of Denitrification
Processes Using Gas Production Measurements. Water Res 10:2269-2274

Beccari M, Passino R, Ramadori R, Tandoi V (1983) Kinetics of Dissimilatory Nitrate and Nitrite Reduction in
Suspended Growth Culture. Journal WPCF 55(8):58-64

Benedict AH (1973) Temperature Acclimation in Aerobic Biooxidation Systems. J Wat Pollut Control Fed
45(1):10-14

Benz R (1985) Porin from Bacterial and Mitochondrial Outer Membranes. CRC Crit Rev Biochem 19:145-189

Bergstrom [. Heindnen A, Salonen K (1986) Comparison of Acridine Orange, Acriflavine and Bisbenzimide
Stains for Enumeration of Bacteria in Clear and Humic Waters. Appl Environ Microbiol 51(3):664-667

Bitton G (ed) (1994b) Wastewater Microbiology. Wiley-Liss Inc., New York

Bitton G, Koopman B, Jung K, Voiland G, Kotob M (1993) Modification of the Standard Epifluorescence
Microscopic Method for Total Bacterial Counts in Environmental Samples. Water Res 27:1109-1112

Blaszczyk M, Mycielski R, Jaworowska-Deptuch J, Brozostek K (1983) Effect of Various Sources of Organic

Carbon and High Nitrite and Nitrate Concentrations on the Selection of Denitrifying Bacteria I.
Stationary Cultures. Acta Microbiologica Pol 29:397-406

233



Boczar BA, Begley WM, Larson RJ (1992) Characterization of Enzyme Activity in Activated Sludge Using
Rapid Analyses for Specific Hydrolases. Water Environment Research 64(8):792-797

Box GEP, Hunter WG, Hunter JS (1978) Statistics for Experimenters. John Wiley & Sons, New York

Boylen CW, Ensign JC (1970) Intracellular Susbstrates for Endogenous Metabolism During Long-Term
Starvation of Rod and Spherical Cells of Arthrobacter crystallopoietes. J Bacteriol 103:578-587

Branden C, Tooze J (1991) Introduction to Protein Structure. Garland Publishing Inc., New York

Brown CM (1980) Ammonia Assimilation and Utilization in Bacteria and Fungi. In: Payne JW (ed)
Microorganisms and Nitrogen Sources. John Wiley & Sons Ltd., New York

Burleigh [G, Dawes EA (1967) Studies on the Endogenous Metabolism and Sensence of Starved Sacrina lutea.
Biochem J 102:236-250

Camper AK, LeChevailier MW, Broadaway SC, McFeters GA (1985) Evaluation of Procedures to Desorb
Bacteria from Granular Activated Carbon. JMM 3:187-198

Carillo M, Estrada E, Hazen TC (1985) Survival and Enumeration of the Fecal Indicators Bifido bacterium
adolescentis and Escheria coli in a Tropical Rainforest. Appl Environ Microbiol 50:468-476

Chesbro W, Arbige M, Eifert R (1990) When Nutrient Limitation places Bacteria in the Domains of Slow
Growth: Metabolic, Morphologic and Cell Cycle Behavior. FEMS Mic Ec 74:103-120

Christensen MH, Harremoés P (1977) Biological Denitrification of Sewage: A Literature Review. Prog Water
Technol 8:509-555

Chrést RJ (1991) Environmental Control of the Synthesis and Activity of Aquatic Microbial Ectoenzymes. In:
Chrést RJ (ed) Microbial Enzymes in Aquatic Environment. Springer Verlag, New York

Chrést RJ (1990) Microbial Ectoenzymes in Aquatic Environments. [n: Overbeck J, Chrést RJ (eds) Aquatic
Microbial Ecology Biochemical and Molecular Approaches. Springer-Verlag, Berlin

Clarke PH (1980) The Utilization of Amides by Microorganisms. In: Payne JW (ed) Microorganisms and
Nitrogen Sources. John Wiley & Sons Ltd., New York

Daigger GT, Grady CP (1982) The Dynamics of Microbial Growth on Soluble Substrates: A Unifying Theory.
Water Res 16:365-382

Dawes EA (1976) Endogenous Metabolism and Survival. In: Gray TRG, Postgate JR (eds) The Survival of
Vegatative Microbes. Cambridge University Press, Cambridge

Dawson RN, Murphy KL (1973) Factors Affecting Biological Denitrification of Wastewater. Advances in
Water Pollution Res. 2:671-678

Dold PL, Marais GvR (1986) Evaluation of the General Activated Sludge Model Proposed by the [AWPRC
Task Group. Wat Sci & Technol 18(6):63-89

Doid PL, Fleit E, Han J (1991) Hydrolysis of a(1-4) Glucan Bonds in Activated Sludge Mixed Bacterial
Communities. Environ Technol Lett 12:871-879

Dold PL, Ekama GA, Marais GvR (1980) A General Model for the Activated Sludge Process. Prog Water
Technol 12:47-71

234



Dutton RJ, Bitton G, Koopman B (1983) Malachite Green-INT (MINT) Method for Determining Active
Bacteria in Sewage. Appl Environ Microbiol 46(6):1263-1267

Eaton AD, Clesceri LS, Greenberg AE (eds) (1995) Standard Methods for the Examination of Water and
Wastewater, [9th edn. American Public Health Association, Washington

Egli T, Lendemann NJ, Snozzi M (1993) Kinetics of Microbial Growth with Mixtures of Carbon Sources.
Antonie Leeuwenhoek J Microbiol 63:289-298

Ekama GA, Dold PL, Marais GvR (1986) Procedures for Determining [nfluent COD Fractions and the
Maximum Specific Growth Rate of Heterotrophs in Activated Sludge Systems. War Sci & Technol
18(6):91-114

Ekama GA, van Haandel AC, Marais GvR (1979) The Present status of research on nitrogen removal: a model
for the modified activated sludge process. Presented at: Symposium on Nutrient Removal, Council for
Sceintific and Industrial Research, 17th May.

El-Halaby H (1993) Wastewater Characterization for Activated Sludge Process Modelling. M.Eng. Thesis,
McMaster University, Hamilton.

Everleigh DE, Montenecourt BS (1979) Increasing Yields of Extracellular Enzymes. Adv Appl Micro 25:57-73

Fairbairn DJ, Law BA (1987) The effect of Nitrogen and Carbon Sources on Proteinase production by
Pseudomonas fluorescens. J Appl Bact 62:105-113

Frolund B, Griebe T, Nielsen PH (1995) Enzymatic activity in the Activated-Sludge Floc matrix. 4App/
Microbiol Biotechnol 43:755-761

Freidman AA, Schroeder ED (1972) Temperature effects on Growth and Yield of Activated Sludge. Journal
WPCF 44(7):1433-1442

Gaudy AFJ, Gaudy ET (1971) Biological Concepts for Design and Operation of the Activated Sludge Process.
US Envirornmental Protection Agency Water Pollution Research Series, Report No. 17090, FQJ, 09/71,
US EPA Washington.

Gaudy AF, Yang PY, Obayashi AW (1971) Studies on the Total Oxidation of Activated Sludge with and
without Hyrolytic Pretreatment. Journal WPCF 43(1):40-54

Gerber A, Mostert ES, Winter CT (1987) Interactions between Phosphate, Nitrate and Organic Substrate in
Biological Nutrient Removal Processes. War Sci & Technol 19:183-194

Gibson J, Dold PL (1991) Wastewater Characterization for Activated Sludge Modelling. Presented at the 26th
Canadian Symposium on Water Pollution Research, Burlington, Ontario.

Grady CPL, Lim HC (eds) (1980a) Biological Wastewater Treatment. Marcel Dekker Inc., New York

Grady CPL, Smets BF, Barbeau DS (1996) Variability in Kinetic Parameter Estimates: A Reveis of Possible
Causes and a Proposed Terminology. Water Res 30:742-748

Grady CPL Jr, Gujer W, Henze M, Marais GvR, Matsuo T (1986) A Model for Single-Sludge Wastewater
Treatment Systems. Wat Sci & Technol 18:47-61

235



Griffiths P (1994) Modifications to the [AWPRC Task Group General Activated Sludge Model. Water Res
28:657-664

Gronlund AF, Campbell JJR (1963) Nitrogenous Substrates of Endogenous Respiration in Pseudomonas
Aeruginosa. J Bacteriol 86:58-66

.Giigi B, Orange N, Hellio F, Burini JF, Guillou C, Leriche F, Guespin-Michel JF (1991) Effect of Growth
Temperature on Several Exported Enzyme Activities in the Psychrotrophic Bacterium Pseudomonas
fluorescens. J Bacteriol 173:3814-3820

Gujer W. Henze M, Mino T, Matsuo T, Wentzel MC, Marais G v R (1995) The Activated Sludge Model No. 2:
Biological Phosphorus Removal. War Sci & Technol 31(2):1-11

Halemejko GZ, Chrost RJ (1986) Enzymatic Hydrolysis of Proteinaceous Particulate and Dissolve Material in an
Eutrophic Lake. Arch Hydrobiol 107:1-21

Halme G, Eimhjellen (1981) Low Temperature Removal of Nitrate by Bacterial Denitrification. #ater Res
15:989-998

Hancock RE (1991) Bacterial Outer Membranes: Evolving Concepts. ASM News 57:175-182

Harder W, Veldkamp H (1971) Competition of Marine Psychrophilic Bacteria at Low Temperature. 4ntonie
Leeuwenhoek J Microbiol 37:51-63

Harder W, Veldkamp H (1967) A Continous Culture Study of an Obligately Psychrophilic Pseudomonas
Species. Arch Microbiol 59:123-130

Harrison AP, Lawrence FR (1963) Changes in Starving Cells of Aerobacter Aerogenes. J Bacteriol 85:742-750

Hawkes HA (1963) The Ecology of Activated Sludge. In: Hawkes HA (ed) The Ecology of Wastewater
Treatment. The MacMillian Company, New York

Henninger NM, Bollag JM (1976) Effect of Chemicals Used as Nitrification Inhibitors on the Denitrification
Process. CanJ Microbiol 22:668-672

Henry JG, Jones PH (1972) Variation in Cell Yield. Water Pollut Res Can 7:38-49

Henze M (1992) Characterization of Wastewater for Modelling of Activated Sludge Processes. Wat Sci &
Technol 25(6):1-15

Henze M (1989) The [nfluence of Raw Wastewater Biomass on Activated Sludge Oxygen Respiration Rates and
Denitrification Rates. Wat Sci & Technol 21:603-607

Henze M (1987) Theories for Estimation of the Fraction of Denitrifiers in Combined Nitrifying-Denitrifying
Treatment Plants. Water Res 21:1521-1524

Henze M, Mladenovski C (1991) Hydrolysis of Particulate Substrate by Activated Sludge under Aerobic,
Anoxic and Anaerobic Conditions. Warter Res 25:61-64

Henze M, Kristensen GH, Strube R (1993) Rate-Capacity Characterization of Wastewater for Nutrient Removal
Processes. Wat Sci & Technol 29(7):101-107 (Presented at Population Dynamics, Paris, September)

Henze M, Grady CPL, Gujer W, Marais G v R, Matsuo T (1986) Activated Sludge Model No.1. [AWPRC
Scientific and Technical Report No. 1.

236



Herbert D (1958) Some Principles of Continous Cuiture. In: Tunevall G (ed) Recent Progress in Microbiology:
Symposia Held at the VII International Congress for Microbiology Stockholm 1958. Almqvist &
Wiksell, Stockholm

Herbert RA (1990) Methods for Enumerating Microorganisms and Determining Biomass in Natural
Environments. In: Grigorova R, Norris JR (eds) Methods in Microbiology, vol 22. Academic Press
Limited, New York

Hobbie JE, Daley RJ, Jasper S (1977) Use of Nuclepore Filters for Counting Bacteria by Fluorescence
Microscopy. App! Environ Microbiol 33(6):1225-1228

Hoepker EC, Schroeder ED (1979) The Effect of Loading Rate on Batch Activated Sludge Effluent Quality.
Journal WPCF 51(2) 264-273

Hoover SR. Porges N (1952) Assimilation of Dairy Wastes by Activated Sludge. Sewage and Ind Wastes
24:306-312

[IAWQ Task Group (1995) Activated Sludge Model No. 2, IAWQ Scientific and Technical Report No. 3. [AWQ
Task Group on Mathematical Modelling for Design and Operation of Biological Wastewater Treatment
Processes.

[nniss WE, Ingraham JL (1978) Life at Low Temperatures: Mechanisms. In: Kushner DJ (ed) Microbial Life [n
Extreme Environments. Academic Press, London

[p SY, Bridger JS, Mills NF (1987) Effect of Alternating Aerobic and Anaerobic Conditions on the Economics
of the Activated Sludge System. Wat Sci & Technol 19(5/6):911-918

[ssacs SH, Henze M (1995) Controlled Carbon Source Addition to an Alternating Nitrification-Denitrification
Wastewater Treatment Process Including Biological P Removal. Water Res 29:77-89

Issacs SH, Henze M, Seeberg H, KUmmel M (1994) External Carbon Source Addition as a Means to Control an
Activated Sludge Nutrient Removal Process. Water Res 28:511-520

Jeanteur D, Lakey JH, Pattus F (1994) The Porin Superfamily: Diversity and Common Features. [n: Ghuysen
JM, Hakenbeck R (eds) Bacterial Cell Wall., New York

Jones JG (1971) Factors which I[nfluence the Population and its Activity. J Ecol 59:593-613

Jordan WL (1971) Evaluating Treatability of Selected Industrial Wastes. [n: Proceedings of the 26th Industrial
Waste Conference, Engineering Extension Series No. 140 edn. Purdue University,

Kappeler J, Gujer W (1992) Estimation of Kinetic Parameters of Heterotrophic Biomass under Aerobic
Conditions and Characterization of Wastewater for Activated Sludge. Wat Sci & Technol 25(6):125-
139

Karnovsky ML (1986) Ectoenzymes: their modulation and similiarity to certain enzymes of intracellular
membranes. In: Kreutzberg GW, Reddington M, Zimmermann H (eds) Cellular Biology of
Ectoenzymes. Springer Verlag, Berlin

Kerm-Jespersen JP, Henze M (1993) Biological Phosphorus Uptake Under Anoxic and Aerobic Conditions.
Water Res 27.:617-624

237



Ketchen SL (1994) Temperature Effects on Predenitrification Sequencing Batch Reactors. M. Eng. Thesis,
McMaster, Hamilton.

King RO, Forester CF (1990) Effects of Sonication on Activated Sludge. Enzyme Microb Technol 12:109-115

Kirchman D, Sigda J, Kapuscinski R, Mitchell R (1982) Statistical Analysis of the Direct Count for Enumerating
Bacteria. App! Environ Microbiol 44(2):376-382

Koike [, Hattori A (1975a) Energy Yield of Denitrification: An Estimate from Growth Yield in Continous
Cultures of Pseudomonas denitrificans under Nitrate-, Nitrite- and Nitrous Oxide-Ilimited Conditions.
J Gen Microbiology 88:11-19

Koike I, Hattori A (1975b) Growth Yield of a Denitrifying Bacterium, Pseudomonas denitrificans, under
Aerobic and Denitrifying Conditions. J Gen Microbiology 88:1-10

Kokufuta E, Shimohashi M, Nakamura [ (1986) Immobilization of Paracoccus denitrificans Cells with
Polyelectrotyte Complex & Denitrifying Activity of Immobilized Cells. J Ferment Technol 64:533-538

Kristensen GH, Jorgensen PE, Henze M (1992a) Characterization of Functional Microorganism Groups and
Substrate in Activated Sludge and Wastewater by AUR, NUR and OUR. Wat Sci & Technol 25(6):43-
57

Kristensen GH, Jorgensen PE, Strube R, Henze M (1992b) Combined Pre-precipitation, Biological Sludge
Hydrolysis and Nitrogen Reduction- A Pilot Demonstration of Integrated Nutrient Removal. Wat Sci &
Technol 26(5-6):1057-1066

Kurath G, Morita RY (1983) Starvation Survival of a Marine Pseudomonas sp. Appl Environ Microbiol
25(4):1206-1211

Lappin-Scott HM, Cusack F, MacLeod A, Costerton JW (1981) Starvation and Nutrient Resusciation of
Klebsiella pneumoniae Isolated from Oil Well Waters. J Appl Bacr 64:541-549

Lewandoswki Z (1982) Temperature Dependency of Biological Denitrification with Organic Materials Addition.
Water Res 16:19-22

Lighthart B, Oglesby RT (1969) Bacteriology of an Activated Sludge Wastewater Treatment Plant—A Guide to
Methodology. J Wat Pollut Control Fed 41(8):R267-R281

Lishman LA, Murphy KL (1993) The Significance of Hydrolysis in Microbial Death and Decay. Water Res
28:2417-2419

Litchfield CD, Prescott JM (1976) Regulation of Proteolytic Enzyme Production by deromonas proteolytica.
Can J Microbiol 16:23-27

Little JE, Sjogren RE, Carson GR (1979) Measurement of Proteolysis in Natural Waters. App! Environ
Microbiol 37(5):900-980

Liu D (1983) Resazurin Reduction Method for Activated Sludge Process Control. Environ Sci and Technol
17:407-411

Lopez JM, Koopman B, Bitton G (1986) INT-Dehydrogenase Test for Activated Sludge Process Control.
Biotech Bioeng XXVIII:1080-1085

238



Lopez-Torres AJ, Hazen TC, Toranzos GA (1987) Distribution and [n Situ Suvival and Activity of Klebsiella
pneumoniae and Escheria coli. Curr Microbiol 15:213-218

Lyngd A, Balmér P (1992) Denitrification in a Non-Nitrifying Activated Sludge System. Wat Sci & Technol
26(5-6):1097-1104

MacKinlay AG, Wake RG (1965) Fractionation of s-carboxymethyl-k-casein and characterization of the
components. Biochim Biophys Acta 104:167-180

MacKinlay AG, Wake RG (1964) The heterogeneity of k-Casein. Biochim Biophys Acta 93:378-386

Malmcrona-Friberg K, Tunlid A, Mérden P, Kjelleberg S, Odham G (1986) Chemical Changes in Cell Envelope
and Poly-B-hydroxybutyrate during Short Term Starvation of a Marine Bacterial Isolate. Arch
Microbiol 144:340-345

Mamais D, Jenkins D, Pitt P (1993) A Rapid Physical-Chemical Method for the Determination of Readily
Biodegradable Soiuble COD in Municipal Wastewater. Water Res 27:195-197

Marais G v R, Ekama GA (1976) The Activated Sludge Process Part [-Steady State Behaviour. Water (S Afr)
2(4):163-203

Mirden P, Tunlid A, Malmcrona-Friberg K, Odham G, Kjelleberg S (1985) Physiological and Morphological
Changes during Short-Term Starvation of Marine Bacterial Isolates. Arch Microbiol 142:326-332

Mason CA, Hamer G, Bryers JD (1986) The Death and Lysis of Microorganisms in Environmental Processes.
FEMS Microbiol Rev 39:373-401

Mateju V (1992) Biological Water Denitrification - A Review. Enzyme Micro 14:170-183.

McCarty PL, Beck L, St. Amant P (1969) Biological Denitrification of Wastewaters by Addition of Organic
Materials. In: Proceedings of the 24th Purdue Industrial Waste Conference, Purdue University,
Lafayette, IN., (1271-1285)

McClintock SA, Pattarkine VM, Randall CW (1992) Comparisons of Yields and Decay Rates for a Biological
Nutrient Removal Process and a Conventional Activated Sludge Process. Wat Sci & Technol 26(9-
11):2195-2198

McClintock SA, Sherrard JH, Novak JT, Randall CW (1988) Nitrate versus Oxygen Respiration in the Activated
Sludge Process. Journal WPCF 60(3):342-350

McKinney RE, Ooten RJ (1969) Concepts of Complete Mixing Activated Sludge. Transcripts of the 19th
Engineering Conference, University of Kansas, 32.

McLellan JC, Busch AW (1969) Hydraulic and Process Aspects of Reactor Design II-Response to Variations.
Proceedings of the 24th Industrial Waste Conference, Purdue University 135:493-506

McLoughlin AD, Crombie-Quilty MB (1983) The Kinetics of Protein Removal by Activated Sludge. Water Res
17:161-166

Medronho RA, Russo C (1983) Influence of Temperature on the Kinetic Parameters of the Activated Sludge
Process. Environ Technol Lett 4:1-8

Mennett RH, Nakayama TOM (1971) Influence of Temperature on Substrate and Energy Conversion in
Pseudomonas fluorescens. App! Environ Microbiol 22:772-775

239



Metcalf and Eddy I (1972) Wastewater Engineering: Treatment, Disposal and Reuse, 2nd edn. McGraw-Hill
Inc., New York

Miksch K (1983) The Influence of the Concentration of Dissolved Oxygen on the Determination of the
Dehyrogenase Activity of Activated Sludge Using the Method of TTC Test. Acta hydrochim hvdrobiol
1(11):17-21

Mitchell SL, Marshall RT (1989) Properties of Heat Stable Proteases of Pseudomona fluorescens:
Characterization and Hydrolysis of Milk Proteins. J Dairy Sci 72:864-874

Montagna PA (1982) Sampling Design and Enumeration Statistic for Bacteria Extracted from Marine
Sediments. Appl Environ Microbiol 43(6):1366-1372

Morita RY (1993) Energy Bioavailability and Starvation. In: Kjelleberg S (ed) Starvation in Bacteria. Plenum
Press, New York

Morita RY (1975) Psychrophilic Bacteria. Bact Rev 39:144-167

Moyer CL, Morita R (1989) Effect of Growth Rate and Starvation-~Survival on Cellular DNA, RNA, and Protein
of a Psychrophilic Marine Bacterium. App! Environ Microbiol 55:2710-2715

Muck RE, Grady CPL (1974) Temperature Effects on Microbial Growth in CSTR's. J Environ Eng Div, ASCE
100:1147-1163

Murphy KL, Sutton PM (1975) Pilot Scale Studies on Biological Denitrification. Prog. Water Technol.
8,(4/5):467-481

Mullally M, O'Callaghan DM, FiztGerald RJ, Donnelly WJ, Dalton JP (1994) Proteolytic and Peptidolytic
Activities in Commerical Pancreatic Protease Preparations and Their Relationship to Some Whey
Protein Hydrolysate Characteristics. J Agric Food Chem 42:2973-2981

Mycielski R, Jaworowska-Deptuch H, Blaszczyk M (1985) Quantitative Selection of Denitrifying Bacteria in
Continous Cultures and Requirement for Organic Carbon [. Starch. Acta Microbiologica Pol 3:67-79

Myhara RM, Skura B (1990) Centroid Search Optimization of Cultural Conditions affecting the production of
extracellular proteinase by Pseudomonas fragi ATCC 4973. J App! Bact 69:530-538

Nakajima M, Hayamizu T, Nishimura H (1984) Inhibitory Effect of O, Concentration on Denitrification in
Sludge from an Oxidation Ditch. Water Res 18:339-343

Neidhardt FC, Ingraham JL, Schaechter M (1990) Growth of Cells and Populations. In: Neidhardt FC,
Ingraham JL, Schaechter M (eds) Physiology of the Bacterial Cell: A Molecular Approach. Sinauer
Associates, Sunderland, Masschusetts

Nilsson L, Oliver JD, Kjelleberg S (1991) Resuscitation of Vibrio vulnificus form the Viable but Noncuiturable
State. J Bacteriol 173:5054-5059

Novak L (1995) Comment on "Modifications to the [AWPRC task group general activated sludge model" by P.
Griffiths, Wat. Res. 28, 657-664 (1994). Water Res 29:761-764

Novitsky JA, Morita RY (1977) Survival of Pyschrophilic Marine Vibrio under Long Term Nutrient Starvation.
Appl Environ Microbiol 33:635-641

240



NUS Corporation (1987) Power Plant Laboratory Quality Assurance and Quality Control. NUS Corporation,
Gaithersburg, Maryland

Nybroe O, Jorgensen PE, Henze M (1992) Enzyme Activities in Waste Water and Activated Sludge. Water Res
26:579-584

Oleszkiewicz JA, Berquist SA (1988) Low Temperature Nitrogen Removal in Sequencing Batch Reactors.
Water Res 22:1163-1171

Oliver JD (1993) Formation of Viable but Nonculturable Cells. In: Kjelleberg S (ed) Starvation in Bacteria.
Plenum Press, New York

Orhon D, Gérgiin E. Germirli F, Artan N (1993) Biological Treatability of Dairy Waste. Water Res 27:625-633

Osuga DT, Feeney RE (1977) . In: J.R. Whitaker, SR Tannebaum (eds) Food Proteins. AVI Publishing
Company Inc, Westport, Connecticut

Payne JW (1980a) Energetics of Peptide Transport in Bacteria. [n: Payne JW (ed) Microorganisms and Nitrogen
Sources. John Wiley & Sons, New York

Payne JW (1980b) Transport and Utilization of Peptides by Bacteria. [n: Payne JW (ed) Microorganisms and
Nitrogen Sources, Ist edn, vol 1. John Wiley & Sons, Chichester

Payne WJ (ed) (1981) Denitrification. John Wiley & Sons, Inc., New York
Phelps EB (ed) (1944) Stream Sanitation. John Wiley & Sons, New York

Pirt SJ (1987) The Energetics of Microbes at Slow Growth Rates: Maintenance Energies and Dormant
Organisms. J Ferment Technol 65:173-177

Pirt SJ (1975) Energy and Carbon Requirements. In: Principles of Microbe and Cell Cuitivation. Blackwell
Scientific Publications, Oxford

Pirt S (1965) The maintenance energy of bacteria growing in cultures. Proc R Soc B 163:224

Porges N, Jasewicz L (1959) Aeration of Whey Wastes [I. A COD and Solids Balance. Sewage and [nd Wastes
31:443-445

Postgate JR (1976) Death in Macrobes and Microbes. In: Gray TR, Postgate JR (eds} The Survival of
Vegatative Microbes. Cambridge University Press, Cambridge

Postgate JR, Hunter JR (1962) The Survival of Starved Bacteria. J Gen Microbiology 29:233-263
Priest FG (ed) (1984) Extracellular Enzymes. Van Nostrand Reinhold Co. Ltd., Workingham

Raunkjer K, Hvitved-Jacobsen T, Nielsen P (1994) Measurement of Pools of Protein, Carbohydrate and Lipid in
Domestic Wastewater. Water Res 28:251-262

Rodriguez GG, Phipps D, Ishiguro K, Ridgway HF (1992) Use of Fluorescent Redox Probe for Direct
Visualization of Actively Respiring Bacteria. App! Environ Microbiol 58(6):1801-1808

Rodwell VW (1988) Proteins: Structure & Properties. In: Murrary RK, Granner DK, Mayes PA, Rodwell VW
(eds) Harper's Biochemistry, 21st edn. Appleton & Lange, East Norwalk, Connecticut

241



Roszak DB, Colwell RR (1987) Metabolic Activity of Bacterial Cells Enumerated by Direct Viable Count. App/
Environ Microbiol 48:2889-2893

San Pedro DC, Mino T, Matsuo T (1994) Evaluation of the Rate of Hydrolysis of Slowly Biodegradable COD
(SBCOD) Using Starch as Substrate under Anaerobic, Anoxic and Aerobic Conditions. Wat Sci &
Technol 30(11):191-199

Schmidt DG (1982) Association of casein and casein micelle structure. In: Fox PF (ed) Developments of Dairy
Chemistry - . Proteins. Applied Science Publishers, London

Schroeter WD, Dold PL, Marais GvR (1982} The COD/VSS ratio of the volatile solids in the activated sludge
process. Research Report No. W45, Department of Civil Engineering, University of Cape Town.

Schyff J (1996) Plant Manager Waterloo STP November 15
Sedar AW, Burde RM (1965) The demonistration of the succinic dehydrogenase system in Bacillus subtilis
using Tetranitro-blue Tetrazolium combined with techniques of electron microscopy. Journal of Cell

Biology 27:53-66

Selna MW, Schroeder, ED (1978) Responses of activated sludge processes to organic transients-kinetics.
Journal WPCF, 50:944-956

Shockman GD, Héltje JV (1994) Microbial peptidoglycan(murein) hydrolases. [n: Ghuysen JM, Hakenbeck R
{eds) Bacterial Cell Wall. Elsevier Sciences, London

Siegele DA, Kolter R (1992) Life after Log. J Bacteriol 174:345-348

Siegele D, Almiron M, Kolter R (1993) Approaches to the Study of Survival and Death in Stationary-Phase
Escherichia coli. I[n: Kjelleber S (ed) Starvation in Bacteria. Plenum Press, New York

Snedcor GW, Cochran WG (1967) Statistical Methods, 6th edn. The [owa State University Press, Ames, lowa.

Sollfrank U, Kappeler J, Gujer W (1992) Temperature Effects on Wastewater Characterization and the Release
of Soluble Inert Organic Material. Wat Sci & Technol 25:33-41

Spiro RG (1973) Gycoproteins. Adv Protein Chem 27:349-367
Stevenson L (£978) A Case for Bacterial Dormancy in Aquatic Systems. Microb Ecol 4:127-133

Stevenson R, Silver S (1977) Methylammonium uptake by Escherichia coli: evidence for bacterial NH4+
transport system. Biochem Biophys Res Commun 75:1133-1440

Stouthamer AH, Boogerd FC, van Verseveld HW (1982) The Bioenergetics of Denitrification. Antonie
Leetwwenhoek J Microbiol 48:545-533

Stryer L. (1975b) Biochemistry, 3rd edn. W.H. Freeman and Company, New York
Sundstrom DW, Klei HE (eds) (1979b) Wastewater Engineering. Prentice-Hall Inc., Englewood Cliffs, NJ

Sutton PM (1973) Continous Biological Denitrification of Wastewater. M.Eng Thesis, McMaster University,
Hamilton, Canada.

Sutton PM, Murphy K, Jank BE (1978) Kinetic Studies of Single Sludge Nitrogen Removal Systems. Prog
Water Technol 10:241-253

242



Sutton PM, Murphy KL, Jank BE (1977) Nitrogen Control: A Basis for Design with Activated Sludge Systems.
Prog Water Technol 8:467-481

Sutton PM, Murphy KL, Dawson RN (1975) Low-temperature Biological denitrification of Wastewater. J Wat
Pollut Control Fed 47(1):122-134

Sutton PM, Murphy KL, Dawson RN (1974) Continous Biological Denitrification of Wastewater. Water
Pollution Control Directorate, Burlington, Ontario

Swaisgood DG, Timasheef SN (1968) Association of ag-casein in the Alkaline pH Range. Arch Biochem
Biophys 125:344

Swaisgood HE (1982) Chemistry of Milk Protein. In: Fox PF (ed) Developments in Dairy Chemistry -1.
Proteins. Applied Science Publishers, London

Symth SA (1994) Sludge Production in Aerobic and Anoxic Activated Sludge Systems. M.Eng. Thesis.
McMaster University, Hamilton.

Tam NFY, Wong YS, Leung G (1992a) Effect of Exogenous Carbon Sources on Removal of Inorganic Nutrient
by the Nitrification-Denitrification Process. Water Res 26:1229-1236

Tam NFY, Wong YS, Leung G (1992b) Significance of External Carbon Sources on Simultaneous Removal of
Nutrients from Wastewater. War Sci & Technol 26(5-6):1047-1055

Thom SM, Horobin RW, Seidler E, Barer MR (1993) Factors Affecting the Selection and Use of Tetrazolium
Salts as Cytochemical Indicators of Microbial Viability and Activity. J App! Bact 74:433-443

Tian S, Lishman LA, Murphy KL (1994) Investigations into Excess Activated Sludge Accumulation at Low
Temperatures. Water Res 28:501-509

Timmermans P, Van Haute A (1983) Denitrification with Methanol. Water Res 17:1249-1255
Topiwala H. Sinclair CG (1971) Temperature Relationship in Continous Culture. Biotech Bioeng XIII:795-813

Torrijos M, Cerro RM, Capdeville B, Zeghal S, Payraudeau M, Lesouef A (1994) Sequencing Batch Reactor: A
Tool for Wastewater Characterization for the IAWPRC Model. Wat Sci & Technol 29(7):81-90

Trevors JT (1984) The Measurement of Electron Transport System (ETS) Activity in Freshwater Sediment.
Water Res 18:581-584

Ubukata Y (1992) Kinetics of Polymeric Substrate Removal by Activated Sludge: Hydrolysis of Polymers is the
Rate-Determining Step. Wat Sci & Technol 26(9-11):2457-2460

Urbain V, Pys E, Block JC, Manem J (1993) Composition and Activity of Activated Sludge under Starvation
Conditions. Environ Technol Lett 14:731-740

U.S. Environmental Protection Agency, Office of Research and Development Center for Environmental
Research Information Risk Reduction Engineering Laboratory CO, Office of Water O of WE and
CWDC (eds) (1993) Manual: Nitrogen Control., Washington, DC

Vaccari D, Fagedes T, Longtin J (1985) Calculation of Mean Cell Residence Time for Unsteady-State Activated
Sludge Systems. Biotech Bioeng 27(May):695-703

243



Vadehera DV, Nath KR (1973) Eggs as a Source of Protein. In: CRC Critical Reviews in Food Technology, 4: .
CRC Press Inc., Ardsley, New York

van Haandel AC, Ekama GA, Marais G v R (1981) The Activated Sludge Process-3 Single Sludge
Denitrification. Water Res 15:1135-1152

Wahlgren M, Amebrant T (1991) Protein Adsorption to Solid Surfaces. TIBTECH 9:201-208

Wang JH, Baltzis BC, Lewandowski GA (1995) Fundamental Denitrification Kinetic Studies. Biotech Bioeng
47:26-41

Wanner O, Kappeler J, Gujer W (1992) Calibration of an Activated Siudge Model Based on Human Expertise
and on a Mathematical Optimization Technique-A Comparison. Wat Sci & Technol 25(6):141-148

Waterloo (1996) Personal Communication Region of Waterloo, June

Wheelock J, Sinkinson G (1969) [dentification of 2-Acetamido-2 Deoxy-D-Galactose in Bovine Kappa-Casein.
Biochim Biophys Acta 194:597

Whitehead BA (1980) Heat Transfer in Sewage Collection and Treatment Systems. M.A.Sc. Thesis, University
of Waterloo, Waterloo.

Wrangstadh M, Conway PL, Kjelleberg S (1986) The Production and Release of an Extracellular Polysaccharide
during Starvation of a Marine Pseudomonas sp. and the Effect thereof on Adhesion. Arch Microbiol

145:220-227

Xu S, Hasselblad S (1996) A Simple Biological Method to Estimate the Readily Biodegradable Oraganic Matter
in Wastewater. Water Res 30:1023-1025

Zimmermann R, Iturriaga R, Becker-Birck J (1978) Simultaneous Determination of the Total Number of
Aquatic Bacteria Involved in Respiration. Appl/ Environ Microbiol 36(6):926-935

244



9.

A

a

et
AODC
Ala
ANOVA
AS
Asn
ASMI
ASM2
ASTM
Asp
APase
ATP

b?

BODj
BSA
CAA
CAmp
CL
CoD
CTC
Cys
Da

DAPI
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df
DNA
DO

Dorm

Glossary of Terms

wetted area of 25 mm filter (pml)

the specific maintenance rate (d‘l)

area of net micrometer field (pmz)
acridine orange direct counts

alanine

Analysis of Variance

activated sludge
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[AWPRC Activated Sludge Model No. 1
[AWQ Activated Sludge Model No 2
American Society for Testing and Materials
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alkaline phospatase
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net endogenous respiration coefficient @h
slope of the OUR curve when plotted against time @?h
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5 day biological oxygen demand (mg-L‘l)
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confidence limit

chemical oxygen demand (mg-L‘l)
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dissolved oxygen concentration (mg-L-1)
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PH
PHB

SRT
Std Dev
STP
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TCA
TKN
Tr

TSS

Tween 80
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non-replicating bacteria

nitrate and nitrite utilization rate (mg NOx-N-L"-h")
nitrogen removal

oxygen utilization rate (mg-L']-h'l)

basal oxygen utilization rate (mg-L-1-h~!)

corrected oxygen utilization rate (mg-L-1-h-1)
measured oxygen utilization rate (mg-L~ Lp-h
protein hydrolysate

poly-B-hyroxybutyric acid polymers

effluent volume (L)

wastage volume (L)

correlation coefficient

replicating bacteria

relative standard deviation

ribonucleic acid

concentration of biodegradable carbonaceous material (mg-L'l)
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standard deviation of all values in the sample population
slowly biodegradable organics

sequencing batch reactor

serine

solids retention time (d)

standard deviation

sewage treatmnent plant

temperature (°C)

test criterion for single outliers

trichloroacetic acid soluble protein

total Kjeldahl nitrogen (mg N-L-1)

thrice weekly

total suspended solids (mg -L~1)
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Polyoxyethylene 20 Sorbitan Monoleate

volume
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Val - valine

VFA - volatile fatty acid

VSS - volatile suspended solids (mg-L’l)

VBNC - viable but non-culturable bacteria

w - weekly

X - cell concentration (mg-L" l)

X - mean of the sample population

XD - concentration of denitrifiers (mg COD-L’I)
Xp.v - concentration of viable denitrifiers (mg cop-L-1)
Xy - concentration of heterotrophes (mg COD-L"!)
XHv - concentration of viable heterotrophes (mg COD-L‘I)
Xo - initial microorganism concentration

Xa - largest value in the sample population

Xg - concentration of slowly biodegradable substrate (mg cob-L-h
Y - true cell yield (g COD -g COD"1)

Y obs - biomass net yield (g COD -g COD'l)

a - the growing fraction

u - specific rate of organism growth (d-!)

Hm - maximum specific rate of growth (d-1)

My, - Michaelis Menten maximum velocity (d-!)

0 - modified Arrhenius coefficient

Opn - modified Arrhenius coefficient for denitrification
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Appendix A

A.1 Analytical Protocols

Ammonig Nitrogen

Ammonia nitrogen measurements were done using ion chromatography on a Dionex Ion
Chromatograph equipped with an CS12 column (Dionex, Sunnyvale, CA) and a conductivity cell. A
gradient technique using 23 mM methansulfonic acid and water was designed specifically for this matrix.

The loop size for this analysis was 100 pl with a partial loop injection of 50 pul.

en Utilization Rat

Direct measurement of oxygen is possible using a YSI Model 54 A Membrane Electrode ,
Oxygen (421F) or an alternative (see equipment list). Prior to starting the procedure the dissolved oxygen
meter is calibrated. The mixed liquor is placed in a BOD bottle with a stir bottle and placed on a
Styrofoam insulated stir plate. A dissolved oxygen meter in conjunction with a personal computer is used
to log the dissolved oxygen every 15 s.
Nitrate and Nitrite Nitrogen

Nitrate measurements were done using ion chromatography on a Dionex lon Chromatograph
equipped with an AS4A column (Dionex, Sunnyvale, CA) with UV detection at 214 nm. For the 20°C
work (excluding the Death and Decay study) a 18 mM bicarbonate/carbonate solution was used at 2
mls/min. When the temperature was decreased to 14 °C, the matrix changed and a unidentified species
coeluded with the nitrate. This necessitated changing the eluent to 15 mM sodium chloride (NaCl)
solution. When NaCl was used as an eluant, the column was regenerated with NaOH at the end of each
run.

A calibration curve was done with six standards ranging in concentration from 1 to 40
mg NO;-N/1 and 1-10 mg NO,-N/I. The linear correlation was excellent with correlation coefficients

typically exceeding 0.99. The loop size for this analysis was 100 pl with a partial loop injection of 50 pl.
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pH
Direct measurement with a pH meter assembly

Suspended Solids

Total Suspended Solids Dried at 103-105°C as per Standard Methods (1995) (SM209C)

Volatile Suspended Solids

Fixed and Volatile Suspended Solids Ignited at 550°C as per Stamdard Methods (SM2540D)
TKN

Semi-micro Kjeldahl Method (SM4500C) followed by Ammonia Nitrogen determination as described
above.

Enzyme Assay

API[-Zym - Bio Merieux SA
[. The mixed liquor sample was homogenized using a Poter tube. In view of the absence of growth

during the test, no paticular precaution concerning sterility or incubation need be taken.

I~
.

An incubation tray and lid were setup. Approximately 5 mL of tap water was added to the incubation
tray to provide humid atmosphere during incubation. Remove the API Zym strip from the sealed
envelope and place it in the incubation tray.

With a micropipettor, 65 pl. was added to culture was added to each cupule of the strip.

(")

4. After inoculation, the plastic lid was placed on the tray and incubated for 4 h at 37°C.

After incubation, one drom of ZYM A and one drop of ZYM B reagents were added to the strip.

w

6. The strip was exposed to UV light for approximately 5 minutes.

7. The colours of the strip were compared to a colour strip supplied by the manufacturer

A.2 Sample Preservation

Table A.1 Sample Preservation

Parameter Presevation Preservation Time
COD Refrigerate add H,SO, to pH<2 28d

Ammonia Refrigerate add H,SO, to pH<2 28d

NOx-N Refrigerate add H,SO, to pH<2 28d

TKN Refrigerate add H,SO, to pH<2 28d

Cell Counts Addition of Formaldehyde

Samples for COD, Ammonia, NOx-N and TKN were sometimes frozen to extend the preservation
time.
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Table A.3 Equipment Required for SBR Operation

Manufacturer & Description
Location
pH Controtler Cole-Parmer pH/ORP Controller Model 5656-00
(Chicago, IL)
Cole-Parmer pH/ORP Controller PHCN-36
(Chicago, [L)
pH Electrodes VWR Scientific Baxter/Canlab sealed pH electrodes 34105-023
Sequence Timer Mastercraft Digital Lamp and Appliance Timer Model 32-8851-2
(Canadian Tire)

[nterval Timer
Aeration

Reactor Mixers

Mixer for Feed
Tank

Potter-Brumfield
Rolf C Hagen Inc. Optima Air Pump
{(Montreal, Que.) Air output 500 cc/min-5500 cc/min

Caframo Model R2RT-64, Setting 2.5
(Wiarton, Ont.)

Heldolph Model 50115

(Canliab)

Table A.4 Equipment Required for SBR Characterization and Batch Rate Studies

Type Manufacturer
Acid Delivery Cole Parmer Standard Servodyne 0-300 rpm Cat 4440-30
Pumps 2 Pump Heads Model 7013-52
Centrifuge Sorvall RC5B with SS-34 Rator (Refrigerated)
Sorvall MC12V Microcentrifuge
Ion Chromatograph  Dionex (Sunnydale California)
Microscope Nikon Labophot 2Awith Episcopic-Fluorescence Attachment EF-D
Dissolved Oxygen  Orion Model 810 Dissolved Oxygen Meter
Meters
pH Control New Brunswick Scientific Automatic pH Controller Model pH410
Qmega pH/ORP Controller pHCN-36
YSI Model 57 Oxygen Meter pH/ORP Controller Model pH4 10
pH Meters Corning Model 810 Ion Analyzer 250

Radiometer PHM82 Standard Meter
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A.4 Sequence of Rate Experiments

Table A.1 Sequence of 20 °C Batch Rate Studies

Electron Acceptor Protein Hydrolysate Date
Aerabic Ovalbumin CAA Nov. 7/95
Nov. 27/95
Aerobic a-casein CAA Nov. 2/95
Dec. 6/95
Aerobic Lactalbumin CAA Oct. 25/95
Nov. 29/95
LEH July 23/96
Anoxic Ovalbumin CAA Oct. 20/95
Dec. 4/95
Anoxic a-casein CAA QOct. 30/95
Dec. 1/95
Anoxic Lactalbumin CAA Oct. 24/95
Dec. 7/95
Dec. 9/95
LEH July 23/96
Table A.2 Sequence of 14°C Batch Rate Studies
Electron Acceptor Protein Hydrolysate Date
Aerobic Ovalbumin CAA Apr. 4/96
May 5/9¢
Aerobic «-casein CAA May 7/96
May 9/96
Aerobic Lactalbumin LEH Apr. 9/96
Apr. 29/96
Aerobic LEH Mar. 27/96
CAA
Anoxic Ovalbumin CAA Apr. 4/96
May 5/96
Anoxic a-casein CAA Mar. 29/96
Apr. 24/96
May 9/96
Anoxic Lactalbumin LEH Apr. 9/96
Apr. 29/96
Anoxic LEH Apr. 1/96
CAA
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Appendix B
Oxygen Utilization Data Rate Studies

Nov. 2 /95
Temperature 20 C Proteinz’Casein
PH: CAA
Basal Respiration 0.061 (mg/L.min)
Protein Culture PH Culture
Time OUR Time OUR
(h) (mg/(L min)) (h) {mg/(L min))
0.1 0.26 0.1 267
04 0274 0.6 0277
09 0277 [.0 0.287
1.3 0292 1.6 0.36
1.9 0321 2.1 0.303
24 0.297 26 0.287
28 0344 31 0306
34 0.363 36 0317
3.9 0.368
Nov. 7/95

Temperature 20 C

Basal Respiration

Protein: Ovalbumin
PH: CAA
0.047 (mg/L.mir)

rotein Culture PH Culture
Time OUR Time OUR
(h) (mg/(L min)) (h) (mg/(L min))
0.2 0.22 0.1 0.335
0.4 0.206 0.6 036
0.9 0.213 12 0387
1.4 0.242 1.6 0381
1.9 0.23 2.1 0.396
24 0.246 2.4 0326
34 0.277 2.6 0.452
3.6 0.299 3.1 0.467
3.7 0.277 36 0.427
38 0.493
Oct. 25/95
Temperature 20 C Protein: Lactalbumin

Basal Respiration

PH: CAA
0.117 (mg/L.min}

Protein Culture PH Culwre
Time OUR Time OUR
(h) (mg/(L min)) (h) (mg/(L min))
0.1 0.26 02 0.27
03 0.27 0.7 0316
1.0 0.2 0.9 0.28
1.6 0.149 14 0.3
23 0.138 2.1 0.32
2.8 0.142 2.6 0.32
34 0.12 31 0.33
39 0.13 3.6 03
39 0.33
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Nov. 27 /95
Temperature 20 C Protetn: Ovalbumin
PH: CAA
Basal Respiration 0.059 (mgLl.min)
Protein Culture PH Culture
Time OUR Time OUR
(h)  (mg(L min)) (h)  (mg(L min))
0.1 0.17 0.0 0234
03 0.196 0.6 0.228
08 0212 12 0.248
4 0.226 19 0268
20 0276 23 0275
26 0322 28 0293
3.1 0343 3.1 0262
39 0.341 4.0 0.311
4.1 0289
Dec. 6 /95
Temperature 20 C ProteinyCasein
PH: CAA
Basal Respiration 0.059 (mgL.min)
Protein Culture PH Cultire
Time OUR Time OUR
(h) (mg (L min)) (h) (mg (L min))
0.1 0.253 0.1 0.253
04 0.265 0.6 0.249
08 0309 1.1 0.276
09 0.301 1.6 0.293
14 0.271 2.1 0.299
1.9 0.268 26 0313
23 0.387 3.1 0.328
28 0423 3.6 0317
33 0446 38 0342
38 0479
Nov. 29 /95
Temperature 20 C Protein: -Lactalbumin
PH: CAA
Basal Respiration 0.051 (mgL.min)
Protein Culture PH Culture
Time OUR Time OUR
(h)  (mg(L min)) (h) _ (me(L min))
0.1 0387 0.1 0.399
04 0.133 0.7 0.385
09 0.085 1.2 0.369
1.4 0.072 1.7 0.363
1.9 0.053 22 0.376
2.4 0.059 2.7 0393
29 0.056 32 039
34 0.046 37 0.399
39 0.048 39 0.407




Mar. 27/96

Temperature 14C PH: LEH
PH: CAA
Basal Respiration 0.051 (mg/L.min)
PH Culture-LEH PH Culture-CAA
Time QUR Time OUR
(h) (mg/(L min)) (h) (mg/(L min))
0.1 0304 0.2 0.23
03 0.277 0.7 0.252
1.2 0299 21 0.32
1.7 0.239 26 0.353
3.1 0.341 3.1 0351
36 0361 3.6 0.346
4.1 0.337 4.2 0322
4.6 0.315 46 0.341
5.2 0308 5.1 0318
5.6 0.308 5.4 0345
5.5 0343
5.8 0343
Apr. 13/96
Temperature 14 C Protein: Lactalbumin
PH: LEH
Basal Respiration 0.063 (mg/L-min)
Protein Culture PH Culture
Time OUR Time OUR
(h) (mg/(L min)) (h) (mg/(L min))
03 0.2 0.7 0.237
1.4 0.15 1.1 0.231
21 0.129 1.9 0.254
3 0.125 2.6 0.263
34 0.127 37 0.348
4.5 0.137 4.2 0313
53 a.141 5.0 0.305
56 0.143 59 0.3
7 0317
73 0.307
77 0.336
July 2396
Temperature 20 C Protein: Lactalbumin
PH: LEH
Basal Respiration 0.188 (mg/L min)
Protein Culture PH Culture
Time OLR Time OUR
(h) (mgi(L min)) (h) (mg/(L min))
0.5 0.274 0.2 0412
1.2 0.237 09 0.409
1.9 0.218 1.5 0.553
2.7 0.218 2.2 0.531
3.6 0.211 30 0.628
4.2 0.2 3.8 0.695
49 0.202 45 0.734
5.1 0.2 53 0.719
5.7 0.208 59 0.729
6.2 0.438
6.5 0.451
6.9 0.439

Apr. 9/96
Temperature 14 C Protein: Lactalbumin
PH: LEH
Basal Respiration 0058 (mgLmin)
Protein Culture PH Culure
Time OUR Time OLR

(h) _ (mgAL min)) () (mg(L min))
0.6 0.163 03 0.224
1.2 0.09 13 0.261
2.1 0.075 1.9 0.285
2.8 0.069 2.1 0.271
35 0.094 2.9 0.297
36 0.073 36 0.287
43 0.058 4.4 2301
5.1 0.064 5.2 031
53 0.054

Apr. 29/96

Temperature 14 C Protetn: Lactafbumin

PH: LEH
Basal Respiration 003t (mgL.min)
Protein Culture PH Culture
Time OUR Time OLR

(h)  (mg{(L min)) ) (mg{(L min))
0.7 0.148 0.4 0.169
1.2 o.101 0.9 0.164
1.4 0.095 1.6 0.178
2.1 0.093 1.8 0.179
29 0.094 2.4 0.18
36 0.084 2.6 0.187
39 0.082 31 0.196
4.2 0.079 4.7 0.219
43 0.083 5.6 0.237
5.1 0.076
5.9 0.085
6.2 0.221
6.4 0.203
6.6 0.191
6.8 0.§194
72 0.194
74 0.208
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Apr. 4/96
Temperature 14 C

Protein: Ovalbumin

PH: CAA
Basal Respiration 0.045 (mg/L.min)
Protein Culture PH Culture
Time OUR Time OUR
(h) (mg/(L min)) (h) (mg/(L min))
0.4 0258 0.2 0.206
0.6 0.268 0.6 0.247
1.2 0.299 1.1 0.261
1.6 0.303 1.6 0.267
2.1 0.313 2.5 0.279
2.7 0.317 26 0.273
37 0.296 32 0.279
4.3 0.284 4.1 0.311
52 0.321 4.7 0.276
5.9 0.265 59 0.263
6.1 0.257
May 7/96
Temperature 14 C Protein:y{-Casein
PH: CAA
Basal Respiration 0.072 (mg/L.min)
Protein Culture PH Culture
Time OUR Time OUR
(h) (mg/(L min)) (h) (mg/(L min))
0.3 0.375 0.2 023
0.5 0.257 0.9 0.22
1.1 0.25 1.5 0.238
2.7 0.285 1.9 0.251
34 0.33 2.6 0.256
12 04 32 0.271
4.7 042 34 0.258
54 0.395 4.7 0.283
5.1 0.282
5.3 0.256
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May 5/96
Temperature 14 C Protein: Ovalbumin
PH: CAA
Basal Respiration 0.070 (mg/L.min)
Protein Culture [PH Culture
Time OUR Time OUR
(h) (mg/(L min)) (h) (mg/(L min))
0.2 0.229 02 0.223
04 0.245 04 0.198
1.4 0.298 1.0 0216
2.0 0.323 1.7 0.222
22 0.347 2.5 0.24
2.8 0.382 32 0.247
3.6 0.433 39 0.269
44 0.485 335 0.299
52 0.44 56 0.288
5.9 0.296
May 9/96
Temperature 14 C Protein: Ovalbumin
PH:
Basal Respiration 0.043 (mg/lL.min)
Protein Culture PH Culture
Time OQUR Time OUR
(h) (mg/(L min)) () (mg/(L min))
0.2 0.293 0.1 0.209
0.3 0.27 0.6 0.241
0.9 0.26 1.2 0.231
14 0.284 1.6 0.239
1.9 0.264 2.6 0.264
24 0.288 33 0.248
34 0.334 39 0.239
4.0 0.363 19 0.249
4.7 0.367 35 0.239
5.6 0.312 5.7 0.257
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Oct. 24/95

Temperature 20 C Protein: Lactalbhumin
PI: CAA
Protein Culture PH Culture
Time NOx-N  Linear Regression Time NOx-N  Lincar Regression
(h)  (mgN/L) (h)y  (mgNL)
0.0 26.5 Slope 03 24,0 Slope -5.11
03 25.5 Intercept 0.5 22.4 Intercept 243
0.5 253 R 1.0 188 R? 0.987
1.0 252 F 1.5 152 F 367.6
1.5 24.6 df 2.0 13.7 dr 7
20 245 2.5 11.2
2.5 23.9 Jo 8.8
3.0 244 35 6.5
35 244 4.0 4.7
4.0 24.5
3.3 24.5
Dec. 9/95
Temperature 20 C Protein: Lactalbumin
Protein Culture
Time NOx-N  Linear Regression

(h) (mg N/L}
0.0 26.5 Slope

0.3 25.5 Intercept
0.5 253 R?

1.0 252 F

1.5 24,6 df

2.0 24.5

2.5 239

3.0 244

3.5 244

40 24.

3.3 24.5

Dec. 7/95
Temperature 20 C Protein: Lactalbumin
PH: CAA
Protein Culture PH Culiire
Time NOx-N  Lincar Regression Time NOx-N  Lincar Regression
(h)  (mgN/L) ) (mgN/L)
0 31.4 Slope 0 27.6 Slope -4.64
0.5 313 Intercept 0.5 26,21 Intercept 281
1 30.6 R? 1 23,72 R? 0.998
1.50 310F 1.5 213 F 3726
2 30.9 df 2 18.88 df 7
2.5 28.8 2.3 16.23
3 28.7 k] 14.15
3.5 284 33 11.87
4 28,1 4 9.6
Apr. 4/96
Temperature 14 C Protein: Ovalbumin
PH: CAA
Protein Culture PH Culture
Time NOx-N  Linear Regression Time NOx-N  Linear Regression
(hy (mgN/L) (h)  (mgNL)
0.0 25.5 Slope -3.69 0.0 25.6 Slope 2,83
08 23.7 Intercept 26,7 0.8 23,1 Intercept 28
L5 216 R? 0972 1.5 207 R? 0.992
23 189 F 242.6 23 183 F 938.7
30 16.0 df 7 K 15.4 df 7
38 15.6 38 14
4.5 9.4 4.3 125
3] 6,7 53 9.8
6.0 33 6.0 8.9
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Ammonia Production Data Rate Studies

Nov. 7/95
Temperature 20 C Protein; Ovalbumin
Acrobic PH; CAA
Protein Culture PH Culture
Time NH3-N  Linecar Regression Time NH3-N  Linecar Regression
()] (mg N/L) h) (mg N/L)
0 31.2 Slope 1.87 0 26.7 Slope 1.56
0.25 31.8 Intercept 312 0.25 27.6 Intereep 324
0.5 323 R? 0.995 0.5 28.5 R? 0.993
1 329 F 1103.4 ) 304 F 8209
1.75 34,1 df 6 1.8 336 df 6
2.5 359 2,25 357
325 37.1 3.25 386
4 389 4 40.5
Nov. 27/95
Temperature 20 C Protein: Ovalbumin
Acrobic Pl: CAA
Protein Culture PH Culure
Time NH3.-N  Linear Regression Time NH3-N  Linear Regression
(h)y  (mgN/l) (h) (mgN/L)
0.0 26.6 Slope 2,25 0 27.1 Slope 2,30
0.5 27.3 Imereept 26.) 0.5 28.8 Intercepl 274
1.0 284 R? 0.990 1 299 R? 0.996
LS 293 F 691.1 1.50 309 F 1927.6
20 30.4 df g 2 320 dr 7
2.5 N4 2.5 131
30 28 ki 342
33 34.2 33 ¥.0
4.0 356 4.0 16.5

Nov. 2/95
Temperature 20 C Protein: Casein
Acrobic PH: CAA
Protein Culture PH Culture
Time NH3-N  Lincar Regression Time NH3-N  Lincar Regression
()  (mgN/L) (h)y  (mgN/L)
0 32,5 Slope 236 0 36.4 Slope 247
025 32.8 Intercept 324 0.25 36.9 Intercept 36.5
05 338 R? 0.998 0.5 382 R? 0.993
] J46 F 2573.5 1.00 394 F 901.6
1,75 364 dr 6 1,75 40.6 df 6
2.5 381 2,8 424
325 40 328 44.6
4 42 4 46.6
Dec, 6/95
Temperature 20 C Protcin: Casein
Acrobic PH: CAA
Protein Culture PH Culiure
Time NH3I-N  Linear Regression Time NH3I-N  Lincar Regression
h) (mg N/L) ) (mg N/L.)
0 23.6 Slope 2,76 0 32.0 Slope 22
0.5 27.0 Intercept 25.3 0.5 33.0 Intercept 273
t 279 R? 0,996 l MR 0.995
1.50 292 F 1990.5 1.50 5SS F 1347.5
2 30.8 df 7 2 36.0 df 7
2.8 32.1 2.5 378
3 KK 3 187
s 35.0 3 39.5
4 36.7 4.0 40.7
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Oct. 20/95

‘Temperature 20 C

Protein: Ovalbumin

PH: CAA
Protein Culture PH Culture
Time NH3-N  Lincar Regression Timne NH3I-N  Lincar Regression
) (mg N/L.) (h) (mg N/L.)
0 26.28 Slope 222 0 32.3 Slope 1.9
0.25 27.58 Intercept 26.7 03 37.5 Inercept KL}
1 29.36 R? 0.979 0.55 372 R 0.641
1.50 29.66 F 285 1 JI8F 1249
2 30.3 df 6 20 38.1 df 7
2.5 320 2.5 39.6
K} KX k! 39.5
s 341 1.5 41.5
4.0 36.1 40 41.1
Oct, 30/95
Temperature 20 C Pratein: Casein
PH: CAA
Protein Culture PH Cullure
Time NH3-N  Lincar Regression Time NH3I-N  Lincar Regression
(h)  (mgN/L) (h)  (mgNiL)
0.0 39.0 Slope 3.84 0 44.0 Slope 238
0.5 44.0 Intercept 41.5 | 44.9 lntercept 44.3
1.0 467 R? 0.883 1.5 50.3 R? 0.862
1.5 479 F 45.4 2,00 492 F 377
2,0 51,7 df 6 2.5 51.2.dr 6
2.5 494 K} 50.4
kX] 53.6 35 527
KR 53.5 4 53.5

Dec. 4/95
Temperature 20 C Protein: Ovalbumin
PH: CAA
Protein Culture PUH Culture
Time NI3-N  Lincar Regression Time NI3-N  Lincar Regression
h) (mg N/L) (h) (mg N/L)
0 31.28 Slope 2.84 0 30.1 Slope 1,75
0.5 33.05 Intercept s 0.5 313 Intercept 299
1 3442 R 0.997 1 310 R 0.981
1.5 355 F 1585 1.50 J25 F 364
2 37,2 dr 7 2 336 dr 7
2.5 38.42 25 343
3 40.36 3 348
3s 41.69 3.5 36.2
4 42,42 4.0 kYA
Dec., 1195
Temperature 20 C Protein: Casein
PI: CAA
Protein Culture PH Culture
Time NH3-N  Linear Regression Time NH3-N  Lincar Regression
(h)  (mgN/L) (h)  (mgNL)
| 27.2 Slope 221 0 25.8 Slope 2.76
1.5 25.7 Intercept 234 0.5 28,1 Intercept 24.5
2 26.7 R? 0.871 1 26,0 R} 266
2.50 287 F 34 1.50 269 F 114.6
k) 302 dF b] 2 28,6 df 7
335 2 25 30.1
4 327 k! 34
3.3 37.8
4.0 58
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897

Nov. 2 /95
Temperature 20 C Protein;™-Casein
Reactor; Acrobic Pll: CAA
Time pH
Minimum_ Maximum Maximum Minimum  Average
0.9 0.0 74 7.13 748
0.5 0.7 7.1 6.99 7.07
1.0 1.2 72 7.05 7.13
L5 1.8 7.3 7.13 7.21
2.0 22 7.3 7.15 7.22
2.5 2.7 7.3 7.13 7.2
0 32 7.3 7.11 717
35 3.7 7.2 7.07 7.12
Oct. 25 /95
Temperature 20 C Protein: Lactalbumin
Reactor: Acrobic PH: CAA
Time pH
Minimum  Maximum Maximum Minimum  Average
-1.3 -1.0 7.2 7.37 7.27
-0.3 0.0 7.3 7.29 7.28
0.5 0.8 7.2 7.26 7.25
1.2 1.3 7.2 7.25 7.24
1.3 14 7.2 7.26 7.24
1.8 2.1 7.1 7.15 7.14
2.5 2.7 7.1 7.16 7.15
30 32 7.2 7.7 7.16
3.5 37 7.2 7.16 7.16

pH Data Rate Studies
Nov. 27 /95

Temperature 20 C

Protein; Ovalbumin

Reactor: Acrobic PH. CAA
Time pH
Minimum _ Maximum  Maximum  Minimum  Average
-0.3 0.0 7.16 7.08 7.1
0.53 0.8 7.24 7.18 7.21
1.06 1.3 7.18 7.16 717
1.59 1.9 7.19 7.16 7.17
23 2.5 7.29 7.18 7.25
2.78 30 7.31 7.24 7.28
.32 35 7.32 1.27 7.3
3.59 3.9 7.36 7.26 7.33
Nov, 29/95
Temperature 20 C Protein: Lactalbumin
Reactor: Acrobic PH: CAA
Time pH
Minimum_ Maximum ~ Maximum  Minimum  Average
-1,0 -0.2 7.16 7.08 7.10
0.6 0.8 7.4 7.18 7.21
1.} 1.3 7.18 7.16 717
1.5 1.7 7.19 7.16 717
2.1 2.2 7.29 7.18 7.25
2.6 28 7.3 7.24 7.28
31 33 7.32 7.27 7.30
1.6 kX:] 7.36 7.26 7.33




1L t0'L gL 14 SL'E
L 'L vi'L SL't 1)
UL SO'L beL ¢t Y4
SUL UL 6T'L STt t
44 8l'L te'L £ SLT
144 e 8b'L SL'T 14
St'L 6T'L I+L 14 ST
Le'L 174 BG L A4 [4
¢L XA 69'L 4 SL'l
£9'L 8¢°L RY'L SLl Sl
£€S'L L LS’L ¢l sl
1$°L L 19°L STl l
'L vl £S'L l YA
£l ol'L v'L SL0 S0
6l'L 9l'L YL S0 ST'0
L 6l'L 9T'L 0 0
9L 6l'L S8'L 0 66'1-
070I0AY WNWIUIA  WNWIXG)N]  WNWINS  WnWiui
Hd awy],
VvV ‘Hd DIXOUY :J0I0URY
URUNYEAQD  UI9104] D 07 axmumadwiag,
§6/v "9°d
Si'L e 61°L LYt 't
(YA 1T°L vT'L €L [4A%4
KAV 6l°L L XA €07
LrL 91°L 8l'L tL'l 123
'L I'L L (44 Il
80°L 80°L 60'L ¥8°0 $$°0
e 60'L tlL ¥S'0 $T0
80°L L89 L S0 ¢l
OZUIPAY  WINUNUWIA]  WIRWINGY  WNWIXRR  Wnwiuiy
Hd aung,
VVO Hd 210IDY [10)0UdY

RUEIIR]

D 0z ampadway,

§6/9 9=

vi'o £y Sty 0y Rt
[AW) (AR €9 R'E ¢t
XA 'Y th'y ¢t t't
thY )] $9'9 t'y 0t
99 199 $9'9 0t 8T
9L'9 99 189 8T 194
889 9L'Y §6'Y €T £
969 L8Y sO'L 4 0t
a0L 669 9L 0t 8l
L Lo'L L 81 ¢l
L't 1L LTL ¢l |
L tl'L 9T'L £l 0l
L Sl'L 8T'L 0l 80
1TL t'L 8T'L 80 S0
t'L SO'L 1TL S0 €0
LoL 669 [4WA £0 00
8v'L tl'L 68'L 00 vl-
931I0AYY  WNWIUI WNWIXE WMWIXep  Wwnwiuiy
Hd awy ],
VvV Hd alxouy [10108a}]
urumq Moy U201 D 0z osmusadwa |,
S6/L 9_d
L YT'L L Le St
fANA 1T°L 80°L (A 0t
I'L 9L 920°L LT 194
XA 9¢'L 669 €T 0T
1t'L veL 8T'L Ll 9l
'L L Le'L [A 0l
LE'L 'L ve'L Lo 920
L Sl'L Lo'L 00 (A0
UL 9L 'L Lo 6'0-
29mI0AY  WNWIULA  WRWHXE WNWINE  WniuLy
Hd awy g,
vV 1d INOIIY 110198}

UIUNCRAQ) WIDIOL]

D 0z amwaduta,

S6/L "AON

269



L oL t0'L 09 6s
9I'L 66’9 'L 'S (49
e 80°L bi'L 14 ot
[ANA 60'L sTL o't vt
H{A 66'Y PTL vy 6'¢
Lre 80°L £} 6'¢ Pt
60°L t0'L oT'L v'e 67
e ro'L YL 67 L&A
the SO'L 6T'L v 6l
8L LL 8T°L Gl vl
60°L 10°L 'L ¥l 60
00'L $6'9 80°L 60 vo
86’9 689 Lo'L v'o 1'0-
£6'Y £8'9 £0°L T 90
Gt'L ¥6'9 1L 90 [
080J0AY WNWHUIAL  WNWIXDI  WNWKE  WRBIIEA
nd g,

2 sty uo syuowasnsualy H 1T Hd

IXOUY 1I0IDUY

vVvI Hd J i1 ampesadittag,

96/1 "1dy
S6'L $8'L 0’8 S'L 0L
vt vo'L PRL oL $'9
85'L £5'L £9'L §'9 0’9
85°L 8s'L 65'L 0'9 'S
8¢'L Ls'L 8S'L g's 0’
9L §'L Ls'L 0's S'p
£S°L 1s'L $S'L S’y o
8L PL 15t o St
wL L YL S'E 0't
or'L 66'L e o't ¥4
8E'L 9L 6€'L $'T 0
) ve'L 9¢'L 0 'l
el 6T'L ve'L 'l o'l
LTL sT'L 6T'L o'l 0
tT'L wL ST'L $'0 0’0
L 0L 10t 00 $'0°
0L 00'L 00°L 9'0- I'-

omquo>< E::..:__S_ E:-:_xaz :.::._xﬁ—)— —::—:_::2

Hd aun,

HAT Hd aIxouy 10102

URUNG|EIONTT (UEPI0L ]

2 1 admpmadwia |,
96/£1 "1dy

UNUNG IO 9102

ot'L 0L'L LS'L ¢L 0L
RT'L LT'L oYL (LA 9
sTL vl'L 'L $9 09
st'L SC'L sT'L 09 s'e
rT'L pT'L STL 1Y 0'¢
YL tTL pT'L (VY St
tTL o, tTL [ d 0y
L Tt L op (%3
0T'L ANA Tt St 0t
8L L ol'L ot §C
LrL LrL gL ¢T 0T
8L IAWA ot'L 0 sl
oL 60'L e 0l $'0
o0'L S6'9 tTL S0 00
ums._o>< E:E_:_—Z E:E_xaz E:E_zn_z E_::_—__E
§id aus |,

HA1 ' Hd Ry 1iojouoy

EE:ﬁa_ua._ E_o::a— o] (4} Sz—Eo&Eo.—.

96/6¢ [Wdy
£T'L gL 6T'L 09 (Y
L Lre 8T'L (%Y (1X9
17°L PiL LE'L 0'¢ 19 4
8T'L 81L 6T'L 1 ¢ oy
sCTL |1t 8¢'L oty 't
or'L 9€L ob'L ¢t 0t
ot'L oT'L 9g'L 0t e
1L 9l'L (XA §C 0¢
A cl'L 0c'L 0'C ¢l
ti'L 9L 8l°L sl o'l
LoL 0L tl'L 0l $0
96'9 89°1 SS'L 00 S0
969 96’9 96'9 S0 0l-

ow=3>< :::E___E E:E_xc§ E::__z:—z E:E_EE
Id un g,
HA' Hd JINOUY Jopoun]

D tr1 asmusadwn g,
96/8 "1dy

270



e oL e v's t's
t6'9 LYY bSL v 34
6¥'L byl 869 6¢ LY
Lr'L L4 RS°L St 6c
ShL 'L 6¥'L 9t £
6t'L Le'L L 0c s
beL 1L AN £l 0l
L 8L Le'L ot S0
Ll vT'L 8C'L 'y 00
8T'L L €L 00 €0
91'L Lre 61°L 80 cl-
Lo'L L8'9 SI'L £l Ll
o¥uioAY  WINUNUIAL WINUIREA]  WUNUIXBRN Wiy
Hd aurg,
vV Hd 31Q0IaY [10}08DY
pansustt 81 §jd -oanynd 15T Hd O bl asmusadwia,
96/9T 1B
£E'L L 0E'L g's 44
9L IT°L oL 9v (44
LrL ri'L 8TL 6'¢ )
1L vi'L 9L £'e §'T
Et'L 80°L LL €T 6'1
El'L 80°L 2L 81 sl
e 80°L Si'L €1 0l
vi'L e 8l'L Lo 0
6l'L Bl'L 0T'L 1'o 00
66'9 699 ri'L s0 ot
60'L S8'9 LT'L 0't- Sl
ABRIDAY  WINWINGAL  WRIUIRGN (UNUENE Wiy
Hd sy,
YV Hd GOIAY 10joRaY

ugasea- U240

O b1 ampuiadwing,

96/6 K8

L STl Iv'e X3 vy
9L 1L oL TP Lt
oL 6L or'L gt Lt
1L 6T'L pE'L ve 6T
9T'L RUL 6T'L L TT
6T'L veL £L o'l |
tC'L ITL LTl S0 00
be'L 80°L 9L 00 T
SBVIOAY  WINWIUIA] WInUIXBA] WNWLIXER  Wwininiy
Hd auny,
LT Hd 214012y 11019u3Y
UIUNGIUIONT] (U)ol ] bl ampuadwia],
96/8 1dy
STL Li'L £E'L 0y 8'c
9T'L 81'L LEL Lt S'E
LTL 1L SE'L St £
L L 8L Tt 0¢
9€'L STL TS'L 0'€ 8¢
'L £v'L oL LT 4
£9'L 65'L 99'L $¢T £T
1s'L €L 65'L TT 0T
8€°L £EL £VL 0c 81
€L 8T'L £€°L L' St
6T'L 9T'L L 'l €1
A Le 9T'L Tl 01
1L Lre VoL o't 80
8I'L SI'L 1L Lo 0
prL e 8l'L 0 £0
AN LO'L st o 0D
€L £0'L bL'L 0’0 6'1-
....m_u._u>< -::__:_EE :::Ezc_z :::.:mxcs_ _.:z_:m::)_
Hd awuyg,
vV Tid aiqoIay 110Ny

LUIdSyO- (Ld0I ]

O bt ammmaduro ]

96/L AON

271



99 bL'9 (AW LL's 8T'¢
(ZA Lo oT'L LN v
weL 0T'L kb 8Tv Ly
8b'L 0t'L LS'L [43) 143
89°L 'L 8L te't 16°C
'L 'L SOL 687 LTt
L LI'L 8TL L6l gl
0T'L Si'L vTL Sl o't
1zL tie St 004 6b'0
0t'L sI'L 8T°L 000 ot
£6'9 89 86°'9 P SL(-
SHRIGAY WINUNUNA  WINWINBA WINUIXBN  Wmiuiuny
Hd aung
vV Hd AoIdY i10jondy
UIHING(OAQ UIMOI] O pl ampiaduwiag,
96/ Ao
ST'L LL teL (10 4 8't
9T'L 8l'L Le'L L't St
LT'L e sl ¢'€ t'e
[AN (A2 8€°L Tt 0'e
9L STL [AY) 0t 87
(A eb'L 9L LT §T
€9°L 65°L 99°L 1% €T
I¢L £Vl 65°L (4 0'T
8¢°L €L Eb'L 07 81
€L 8L £e'L Lt |
6T'L 9aT'L L Sl €1
(44 Lre 9T'L Tl 0l
7L [AWA vT'L ot 80
8l°L Si'L TL Lo S0
vi'L tre 8L S0 €0
[AWA Lo'L Sli'L 0 00
£EL 0L bL'L 00 6'l-
um_:u>< wmuiunA :::Exz_z wnmunxep 5:::::2
Hd auny],
VVI IIXOUY 010U
UI9SHD-  [U1D)0I ] O 07 ammxdwa |,
§6/1 '3

(U BN R B[R

4 oL (XA 'S 8C'¢
orL t6'9 0T'L 80°6 427
o0l'L 'L STL Ty €8t
e 9L 81°L (49} tee
AN vrL Li'e [ 88°C
SirL [A2 6lyL tS'T 1TT
0L 16'9 HYL PO'T Lol
6’9 06'9 869 L se'l
68'9 bL9 6y 80°1 90
LS9 Lv9 9’9 wir 0s'0"
(XA 859 OT'L 890~ 88°0-

[ oFmaAy wnwnmy umixepy UMUINGy WA
Hd g,

vV Hd 2QoIdY 10)auay

WUMQERAQ W04 2 i ammadiua g,

96/b 1dy
089 789 089 0oy L't
89 b8'9 6L'9 SL'E 0s'c
89 €89 08'9 0¢'¢ AN
189 89 6L'Y STt 00¢
989 88’9 89 00't SL'T
68’9 680 89 SL'T 0T
¥8°'9 $8'9 t89 08’ TT
£8°9 $89 89 §T'T 00'C
189 89 089 00t SL'1
089 189 6L'9 YA 0s'l
089 089 6L'9 0s'l et
089 189 oL'9 YA 00'1
089 89 oL'9 001 SL'0
6L'9 089 e SL'O 0s°0
6L'9 089 8L9 0s'0 §T'0
LLY 8L9 SL'9 sTo 000
SL'9 8L'9 w9 000 80°(-

adoPAY  WIMNUA WNUIXBN WNWINe Wiy
Hd awyp,

vV l1d JIXOUY 010Ny

2 0z amuadwia ],
$6/0€ N0

272



LY L9 89 0'S 1]
L9 9'9 LY ¢S 0¢
Ly 9'9 Ly 0s S'h
8L9 89'0 L9 194 op
w9 899 t8'9 ot <t
tLY 89'9 6LY 't 0t
LLo iy {89 0t §'T
189 LY 989 ST 07
£8'9 8L9 $6'9 0T Sl
$8'9 8L9 t6'Y Sl 01
bL9 999 189 0l S0
bL'9 999 08'Y S0 00
(89 £L'9 889 vo- 6'0r
10°L 89 t'L 60 AS
aJ0I0AV  WINWIUA  WINWIXD)N  WNWING WUy
Hd awy],
VVD ‘Hd JINOUY 101000y
uas) (Uil | D i amuixdwd ],
96/6 AL
L6'9 £6'9 669 1'9 9°¢
$6'9 16’9 So'L 9'¢ I's
69 98'9 669 Y 9t
06'9 ¢8'9 $6'9 9’y 't
989 189 06'9 I'v 9t
£8'9 6L9 889 [ I'E
v8'9 08'9 889 0t st
L8 89 £6'9 ST 0¢
66’9 689 Si'L 0T Sl
89°L ov'L £8'L 0t ¢0
81°L 99'9 8t'L S0 00
JUIAY  WNWILIAL  WNWINDAL  WNWINAy Wmuiuny
Hd awyg,
VVI ld JNOUY 110}oUY

UIINGRAQ UI1DJ04]

O b1 aamesadua g,

96/ Ae]|

'y Ly 99 09 §'S
{99 L {9 £9'9 S's 0's
SS9 169 8S'Y 0s 't
tLY 09 RL'Y 94 ov
bLY 0Ly 14 Y] 0y ¢t
889 0Ly 96'Y St 0t
8’9 08’9 06’9 0t 14
(4 189 669 14 0T
68’9 PR'Y 66'9 07 Sl
689 (89 969 Sl 0l
689 8 86'9 0l S0
9L'9 899 ¥89 S0 00
LY v9'9 L8'Y 1'0- S0
169 Ly [4 A S0 01
oduIaAyY  WINWIUIA] WNRINBA] WINWINBJ WUl
Bd aun g,
VVO ‘Hd 2INOUY 1101083y
U1as8Y) [UI0L| O vl amesadwag,
96/6T 1T
v8'9 9L9 16'9 86'S 0s's
89'9 659 99 8Y'S 00°¢
It'o IR be'L 86V 0s'ty
L'l 809 859 8’y 00ty
99°L 6t'L tL'L 86't 0s't
LS'L [¢L 19°L 8b'e 00't
L 6¢'L 0s'L 86T 0t
0f'L [eL 6L 8h'T 00'C
e 66'Y 0t'L 861 0S'1
069 P89 66'9 81 00l
¢S89 6L'Y 16'9 860 00
89 kL9 169 00" 0s'0°
669 189 8t'L 50 00'1-
AdNIOAY  WINWINIA] WNIXUA] WS WmUuA]
Hd awyg,
vV 1id aINoUy :1019udY|

URLNGERAQ) 10|

O b1 amsadwiaf,

96/t 1dy

273



¥LT

July 23/96 July 23/96

Temperature 14 C Protein: Lactalbumin Temperature 14 C Protein: Lactalbumin

Reactor: Anoxic PH: LEH Reactor; Acrobic PH: LEH
Time pH Time pH

Minimum Maximum  Maximum Minimum  Average Minimum  Maximum  Maximum  Minimum Average

-0.6 -0.1 7.4 6.8 7.0 -1.6 0.0 735 6.59 7.17
20 24 7.2 7.0 7.1 0.0 0.3 7.14 7.02 7.12
24 29 74 7.2 73 1.4 1.8 7.19 7.10 7.15
2.9 34 7.5 74 74 2.0 2.5 7.13 7.02 7.09
34 39 7.6 1.5 7.6 29 34 7.21 7.12 7.18
39 14 7.5 7.6 1.7 37 4.0 7.20 7.11 7.17
44 4.9 2.7 6.1 7.3 4.4 4.8 7.24 7.03 721
49 54 6.6 6.2 6.4 5.2 5.5 7.18 7.10 7.20
5.4 5.9 6.8 6.6 6.7 5.8 6.1 7.24 7.17 7.21
5.9 6.4 6.9 6.8 6.8 6.4 6.4 7.23 7.20 7.20
6.9 7.4 6.9 6.7 6.9 6.5 6.7 7.20 7.18 7.21
7.4 7.9 7.0 6.9 6.9
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SBR Data - Sept. 21 - Dec, 10/95

Sewnge
Sumple Starting  Ending  JTotal COD (mg COD/L) Filtered COD (mpg CODAL) Tota) TKN (mg N/L) | Filtered TKN } NI;-N Nitrate
Date Date Viall  Vial2  Vial 3  Average [ Viol 1 Vial 2 Vial 3 Average |Vial 1 Vial2 Avg (mg N/L) J(mg N/L)] (mg N/L)
] 21-Sep  22-Sep 2364 2191 2659 240.5] 86.t 837 985 89.4 - ND
2 23-Sep  24-Sep 2364 2191 2659 240.5] 86.1 83.7 985 89.4 ND
3 25-Sep 26-Sep 139.8 1448 1033 129.3 90 1029 100.1 97.7 ND
4 27-Sep  29-Sep 2335 23064 2394 23644 959 24.9  96.1 95.6 ND
5 30-Sep 1-Oct 74 81.3 81.3 7801 56.3 492 492 516 ND
6 2-Oct 3-Oct 714 81.3 81.3 78.0] 56.3 49.2 492 516 ND
7 4-Oct  6-Qct 170 1656 1964 177.3] 894 91.5 852 88.7 3153 IND
8 7-Oct 8-Oct 1994 2259 2363 220.5 64 66.5 616 64.0 339 IND
9 9-Oct  10-Oct 1083 1108  120.6 113.2] 542 64 66.5 61.6 215 IND
10 11-0ct 13-Oct 1699 1748 1699 171.5] 116.5 946 94.6 101.9
1 14-Oct  15-Oct 159.1 1616 1741 1649] 77.1 771 771 771 40,1 IND
12 16-Oct  17-Oct 72,1 1143 96.9 94.4] 696 622 64.5 65.4
13 18-Oct  20-Oct 1542 1716  164.1 163.34 1069 1094 1119 1094 36.2 36.2 338] 343 IND
14 21-0ct  22-Oc¢t 96.8 97 1019 98.64 1094 1069 1193 111.9 39 39 3121 354 ND
15 23-0ct  24-O¢t 99.5 1094 144.2 117.7 92 944 945 91.6] 24.5 24.5 314] 309 IND
16 25-0ct 27-O¢l 2487 2387 2412 24291 19.6 87 94.5 87.0] 46.9 46.9 3311 29.1 §ND
17 28-Oct  29-Oct 2412 2511 2636 2520] 1044 1219 995 108.6] 45.3 453 331] 3122 IND
18 30-Oct  31-0ct 1LY 1243 1169 771 1169 124.3 1206 48.2 48.2 50.9] 356 IND
19 I-Nov  3-Nov 2859 2934 2909 2901} 1218 1318 1268 126.8 3231 282 IND
20 4-Nov  5-Nov 256.1  196.5 2089 220,50 995 1989 141.7 146,7] 388 363 3755 28.3] 278 IND
21 6-Nov  7-Nov 256.1 196.5 2089 220.51 99.5 1989 141.7 146,74 388 36.3 37.55 28.3] 278 (ND
22 8-Nov  10-Nov 256.1 2263 2412 241.21 1517 1513 1193 140.8 302 IND
23 11-Nov  {2-Nov 169.1  141.7 1367 149.2 87 796 1218 96,1 30 ND
24 25-Nov  26-Nov 1782 1729  164.1 17,71 74.5 82.5 984 85.1 20.7 0.18
25  27-Nov 28-Nov 1622 1755  230.7 1v..50 69.1 1037 1011 LA 299 3l 35 2191 2315 IND
20 29-Nov  1-Dec 276.,6 1729 2075 21900 1144 1258 1037 114.6 28 28.0 16,6} 19.5 0,18
27 2-Dee e 1091 1329 1356 1259 MY 212 372 30,1 246 253 250 2311 191 |ND
28 4-xc  5-Dec 66.5 558 58.5 onf 817 638 505 67.3 16,2 IND
29 O-Dec  B-Dec 2128 2181 2234 218.1] 824 93.1 1037 93.1] 377 314 376 25.7 IND
30 9Dec  1-Dec 154.3 1569 1462 152.5] 586 691 718 66.5
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Anoxic Reactor

Acid  Nitrate  Concentration  Total Feed
Sample Starting  Ending Effluent (ml.) Wastage (ml.) Addition  Addition of Nitrate Stock  Volume
Date Date Day 1 Day2 Day3 Total [JDay] Day 2 Day 3 Total (ml.) {mL) (mg NOy-N/mL) (ml)
] 21-Sep  22-Sep 7360 6965 14325 1000 875 1875 132 106.4 13.000 15961
2 23-Sep  24-Sep 14550 14550 2000 2000 363 108 13.000 16079
3 258ep  26-Sep 7460 7460 14920 1250 1000 2250 679 78.9 13.000 16412
4  27-Sep  29-Sep 6900 7140 6920 20960 1000 1025 875 2900 224 162.2 13.900 23474
5 30-Sep 1-Oct 14100 14100 2100 2100 103 88.) 13.900 16009
6 2-Oct 3-Oct 7000 7535 14535 1000 935 1935 123 83.7 13.900 16264
7 4-Oct 6-0Oct 14210 7030 21240 2025 1000 3025 481 132.1 13.900 23652
8 7-Oct 8-Oct 14085 14085 1965 1965 200 85.4 13.900 15764
9 9-Oct 10-Oct 7070 7080 14150 1000 910 1910 249 98.8 13.900 15712
10 11-0ct  13-Oct 13760 7095 20855 1940 9260 2900 335 152.7 12.650 23267
11 14-Oct  15-Oct 7040 6880 13920 950 960 1910 91.1 12,650 15739
12 16-0Oct  17-Oct 6895 6345 13240 1000 775 1775 239 97.3 12.650 14679
13 18-Oct  20-Oct 7180 7150 7140 21470 980 980 975 2935 122 135.9 13.250 24147
14  21-0ct  22-Oct 14080 14080 1970 1970 48 90.9 13.250 15911
15  23-Oct  24-Oct 12775 12775 1000 1125 2125 99 874 13.250 14714
16 25-Oct 27-Oct 6850 6895 6870 20615 1150 1035 1000 3185 128 127.5 12495 23544
17 28-Oct  29-Oct 6770 6430 1 3200J 1000 975 1975 121 838 12495 14970
I8 30-0ct  31-Oct 13830 13830 1050 1000 20501 117 87.1 12495 15676
19 1-Nov 3-Nov 6950) 7010 6660 20620 930 910 1025 2865 117 137.9 12,830 23230
20 4-Nov 5-Nov 13685 13685 2000 2000 109 90.2 12.830 15486
2] 6-Nov 7-Nov 6610 6610 13220 1075 940 2015 119 87.9 12.830 15029
22 8-Nov  10-Nov 14340 6920 21260 875 475 1050 2400 184 132.6 12,550 23343
23 1l-Nov  12-Nov 13160 13160 1257 1257 2514 91 82 12,550 15501
24 25-Nov  26-Nov 0915 6915 13830 1033 1000 2013 97.2 12,305 15766
25  27-Nov  28-Nov 0825 6825 13650 1000 1085 2085 97.2 12305 15638
26 29-Nov 1-Dec 7040 7040 5400 19480 1008 1007 870 2885 108 149.3 11830 22108
27 2-Dec 3-Dec 6830 0830 13660 1013 1012 2025 68 100.5 11.830 15516
28 4-Dec 5-Dec 6555 6555 1311 1075 1015 2090 89 97.9 11.830 15013
29 0-1ec 8-Dec 6400 6400 6795 19595 1055 1025 1050 3090 130 149.5 12,305 22406
kIi} 9-Dec 10-Dec 0855 6855 13710 895 1025 1920 149.7 102.2 12.305 15378
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Synthetic Feed

Sample  Starting  Ending  |Total COD (mg COD/L) Filtered COD (mg COD/L) Total TKN (mg N/L) Filtered TKN
Date Date Vial 1 Vial2  Vial3 Average |Viall  Vial2 Vial3 Average |Vial 1  Vial2 Avg, (mg N/L)

1 4-Mar 5-Mar] 7074 7348 691 711 573.6 5572 581.8 570.9

2 6-Mar 8-Mar] 6719 6829 666.5 673.8] 4534 4835 5026 479.8

3 9-Mar  10-Mar] 4944 4916 5053 497.1 437 4043 4234 421.6

4 11-Mar  12-Mar}] 4944 4916 5053 497.1 437 4043 4234 4216

5 13-Mar  15-Mar] 4234 385.1 37 39521 286.8 2595 2649 270.4

6 16-Mar 17-Mar}] 4534 519 4725 481.6) 3742 379.7 3715 3751

7 18-Mar 19-Mar] 4534 519 4725 481.6] 37142 3797 3715 375.1

8 20-Mar 22-Mar] 5463 5424 538.1 54231 4179 4316 4288 426.1

9 23-Mar  24-Mar
10 25-Mar  26-Mar
11 27-Mar  29-Mar] 3945 4082 3991 400.6 317 2988 31438 3102 486 476 48.1 26,2
12 30-Mar  31-Mar] 5724 5542 5588 561.8] 456.1 4539 440.2 450.1 63.1 63,1 474
13 1-Apr 2-Apr] 4835 4789 4812 481.2] 3329 330.7 3512 3383 63.1 63.1 47.4
14 3-Apr 5-Apr] 4926  490.3  488.) 490.3] 3558 3558 3512 3543 532 525 52,9 36.9
15 6-Apr 7-Apr] 4584 4493 4493 452,31 3854 3809 3809 3824 743 723 73.3 61.9
16 8-Apr 9-Apr] 4584 4493 4493 452.3] 3854 3809 3809 3824 743 723 733 61.9
17 10-Apr  12-Apr} 460.7 4789 4926 4774} 3512 3512 3535 3520 713 604 65.9 41.1
18 13-Apr  14-Apr] 4493 4379 4492 44551 3284 3421 342,10 337.5 587 565 57.6 419
19  15-Apr  16-Apr|] 4059 4082 3968 403.6] 3284 3238 3147 3223 502 44,1 47.2 45.5
20 17-Apr  19-Apr} 4956 4737 481 483.4] 4248 4273 4297 4273 62.9 54 58.5 334
21 20-Apr  21-Apr] 4419 4395 4395 44031 368.7 3809 3809 376.8 552 547 55,0 46,2
22 22-Apr 23-Apr] 4419 4395 4395 44031 3687 3809 3809 3768 552 547 55.0 46.2
23 24-Apr  26-Apr] 5494 5445 5078 53391 4102 4297 4517 430.5 668 744 70.6 52,6
24 27-Apr 28-Apr 433.0 353.0
25 29-Apr  30-Apr 433.0 353.0
26 1-May 3-May] 456.6 459 4517 455.8) 4199 4102 4028 411.0 624 602 61.3
27 4-May 5-May] 454.1 4639  415.1 44441 4053 13785 3785 1874
28 6-May 7-May] 454.1 4639 4151 44448 4053 3785 3785 1874
29 §-May 9-May] 4858 4883  537.i 503.7] 3442 3491 2638 3190 724 69.5 71.0
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Aerobic Reactor

L8T

Organic Removal
Acid Volume of {Based on Based on
Sample Starting  Ending EfMuent (ml.) Wastage (mL) Addition Feed  ITot. Efffuent  Filt, EMluent
Date Date Dayl Day2 Day3 Total Dayl Day2 Day3 Total (ml) (ml) (mg/d) (mg/d)
1 4-Mar 5-Mar} 6440 6440 12880 187 855 1042 13922 3166 3218
2 6-Mar 8-Marf 6572 6572 6430 19573 929 947 971 2847 22420 3399 3467
3 9-Mar  10-Mar] 6540 6540 13080  968.5 968.5 1937 15017 2773 2773
4 11-Mar  12-Mar} 636} 6361 12721 975 977 1952 14673 2746 2709
5 13-Mar  I5-Moar] 6582 6582 6693 19857 893 957 955 2805 22662 2921 2921
6 16-Mar  17-Mar] 6484 6484 12967 775 775 1550} 14517 2690 2695
7 18-Mar  19-Mar] 6183 6782 12965 935 931 1866 14831 2634 2688
8  20-Mar  22-Mar] 6729 6490 7000 20219 923 985 1908 22127 2430 2570
9 23-Mar  24-Mar 0 600 600 1200 1200
10 25-Mar  26-Mar] 6489 6489 12978 927 975 1902 14880

It 27-Mar  29-Mar] G850 6850 6850 20550 955 885 1021 2861 23411 1690 2201
12 30-Mar  31-Mar] 6825 6825 13650 875 875 1750 15400 2687 3232
13 1-Apr 2-Apr] 6772 6772 13544 875 875 1750 15294 2089 2712
14 3-Apr S5-Aprf 6693 6693 6690 20075 891 1010 1040 2941 23016 2012 2701
15 6-Apr 7-Apr 6060 6060 12120 1058 1058 2116.67 14237 1844 2369
16 8-Apr 9-Apr] 5630 5630 11260 1058 1190 2248 13508 1716 1988
17 10-Apr  12-Aprf 6625 6625 6886 20136 1000 1038 1059 3097 23233 2438 2848
18 13-Apr 14-Apr] 6595 6595 13190 1068 1069 2137 15327 2156 2614
19 15-Apr 16-Apr] 6580 6580 13160 870 1024 1894 15054 2138 2361
20 17-Apr 19-Apr] 7395 7395 7220 22010 700 727 727 2154 24164 2141 2521
21" 20-Apr  21-Apr] 7250 7250 14500 1027 1028 2055 16555 1909 2273
22 22-Apr 23-Apr] 7090 7090 14180 1081 650 1731 15911 1805 2126
23 24-Apr 2G-Aprp 7003 7003 6250 20285) 1031 1103 1050 184 23439 2758 3064
24 27-Apr  28-Apr} G900 6900 13800] 1026.5 10265 2053 15853 2498 2749
25 29-Apr 3O-Apry 6365 6365 12730 972 972 13702 2067 2480
26 1-May 3-Muyl 7270 7270 7270 21810 1045 800 923 2768 24578 2577 2731
27 4-Muy 5-Muy] 7270 7190 14460 1053 870 1923 16383 1831 2684
28 6-May 7-Muy 7090 7090 14180 988 1030 2018 16198 1678 204]
29 8-May  9-Mayl 6975 6975 13950 1027 1090 2117 16067 2296 2577
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Aerobic Reactor- 20 C

Mixed Liquor Effluent
Average Average Averag
Day Date Wastage TSS1 TSS2 TSS3 TSS VSS1 VSS2 VSS3 VSS Effluent TSS1 TSS2 TSS3 TSS
(mL) {mgiL) (mgfL) | (mL) (mglL)
0 21-Sep 950 670 730 740 710 620 620 610 620] 7020 6 5 6 6
1 22-Sep 925 820 890 870 860 720 800 790 770} 8390 15 19 17 17
2 23-Sep 917 780 730 700 740 670 640 620 640] 7590 1 6 4 4
3 24-Sep 917 780 730 700 740 670 640 620 6401 7590 1 6 4 4
4 25-Sep 1125 750 760 700 740 710 720 660 700} 7300 6 8 5 6
5 26-Sep 875 7€0 700 720 730 720 660 700 690| 7300 5 5 6 5
6 27-Sep 955 690 720 710 710 640 650 650 650} 7525 6 13 10
7 28-Sep 875 760 750 630 710 650 650 590 630] 7380 10
8 29-Sep 1035 770 770 720 750 650 690 630 660} 7230 11 12 6 10
9 30-Sep 988 780 820 810 800 710 720 730 720} 7525 " 0 12 8
10 1-Oct 988 780 820 810 800 710 720 730 720} 7525 1" 0 12 8
11 2-Oct 865 790 840 740 790 720 790 740 750] 7280 4 7 3 5
12 3-Oct 815 750 710 700 720 610 550 600 590] 7280 2 15 8 8
13 4-Oct 933 830 810 820 730 760 750 7501 7240 4 9 6 6
14 5-Oct 933 830 810 820 730 760 750 750] 7240 4 9 6 6
15 6-Oct 875 800 860 780 810 710 770 690 720] 7100 8 12 13 11
16 7-Oct 938 930 930 900 920 820 830 790 810] 6858 12 15 12 13
17 8-Oct 938 930 930 900 920 820 830 790 810} 6858 12 15 12 13
18 9-Oct 935 890 910 840 880 830 790 720 780} 7000 8 16 7 10
19 10-Oct 910 830 830 750 750) 6870 4 2 4 3
20 11-Oct 790 880 910 850 880 810 860 790 820| 7017 15 13 9 12
21 12-Oct 790 880 910 850 880 810 860 790 820 7017 15 13 9 12
22 13-Oct 795 860 830 850 850 780 750 780 770] 6980 12 8 7 8
23 14-Oct 800 850 890 890 880 770 780 760 770] 7335 12 12 9 11
24 15-Oct 795 870 860 870 780 800 790} 7200 12 8 7 9
25 16-Oct 860 1010 950 1010 990 920 880 920 910} 6735 7 13 12 1"
26 17-Oct 835 1080 1050 1100 1080 1020 980 1000 1000} 6280 8 4 9 7
27 18-Oct 990 880 830 860 860 810 710 780 7701 7330 5 4 3 4
28 19-Oct 980 790 810 780 790 690 720 660 690] 7270 5 9 6 7
29 20-Oct 1000 910 850 830 860 790 780 770 780] 7210 5 15 8 9
30 21-Oct] 9925 720 730 750 730 650 680 700 660§ 6920 1 6 4 4
Kh| 22-Octf 992,56 720 730 750 730 650 680 700 680] 6620 1 6 4 4
32 23-Oct} 9775 770 800 730 770 700 730 700 710] 6600 15 3 3 7
33 24-Oct] 9775 770 800 790 700 730 7201 6600 15 3 3 7
34 25-Oct 920 810 820 790 810 750 730 710 7301 6900 4 6 4 5
35 26-Oct 925 780 790 760 780 730 730 730 7301 6980 5 5 9 6
36 27-Oct 1000 720 650 620 660 680 580 580 6101 6770 5 5 13 8
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Mixed Liquor Effluent
uw Average Average Average
Day Date aslag TSS1 TSS2 TSS3 TSS VSS1 VSS2 VSS3 VSS Effluen TSS1 TSS2 TSS3 TSS
(mY) (mg/L) (mg/L) J(mL) (mg/L)

32 23-Oct] 1000 1030 970 1030 1010 850 790 890 840] 6387.5 9 8 1 ]
33 24-Oct 1125 960 920 920 930 870 870 870 870] 6387.5 9 8 1 6
34 25-Oct 1150 950 940 940 940 820 810 820 820] 6850 1 4 1 2
35 26-Oct 1035 830 890 800 840 770 790 710 760] 6895 27 1 6 1
36 27-Oct 1000 870 850 830 850 810 760 750 770] 6870 7 4 8 6
37 28-Oct 1000 840 810 910 850 780 760 810 780] 6770 1 5 3 3
38 29-Oct 975 890 920 850 890 830 860 790 830] 6430 1 5 5 4
39 30-Oct 1050 770 750 780 770 690 680 700 690] 6915 3 1 11 8
40 31-Oct 1000 720 710 720 650 710 680} 6915 3 11 1 8
41 1-Nov 930 770 760 780 770 720 720 660 7001 6900 1 1 1 1
42 2-Nov 910 660 660 740 680 660 570 690 640} 7010 45 3 24 33
43 3-Nov 1025 690 710 730 710 680 660 650 660] 6660 96 98 110 101
44 4-Nov|] 1000 640 680 700 670 600 580 640 610] 6843 32 23 24 26
45 5-Nov 1000 640 680 700 670 600 580 640 610] 6843 32 23 24 26
46 6-Nov 1075 700 580 580 620 560 480 520 5201 6610 82 96 76 85
47 7-Nov 940 800 790 770 790 740 780 730 750] 7200 38 48 39 42
48 8-Nov 875 760 710 770 750 700 640 680 670} 7170 32 31 28 30
49 9-Nov 475 760 720 710 730 690 660 660 670} 7170 32 K 28 30
50  10-Nov 1050 740 790 860 800 740 780 670 7301 6920 62 64 64 63
65  25-Nov] 1032.5 560 500 530 560 560 560] 6915 3 12 12 9
66  26-Nov 1000 640 660 480 590 540 600 440 630] 6915 3 12 12 9
67  27-Nov 1000 640 660 480 690 640 600 440 630] 6825 9 15 15 13
68  28-Nov 1085 640 660 480 580 540 600 440 530} 6825 9 15 15 13
69  29-Nov] 1007.5 800 580 690 500 720 610] 7040 12 12 34 19
70 30-NovL 1007.5 800 580 690 500 720 610] 7040 12 12 34 19
71 1-Dec 870 700 700 660 690 600 580 580 680] 5400 16 11 15 14
72 2-Decy 1012.5 800 750 680 740 720 660 580 650] 6830 1 9 7 6
73 3-Dec] 10125 800 750 880 740 720 680 580 650] 6830 1 9 7 6
74 4-Dec 1075 680 630 660 590 580 500) 6555 37 37
75 5-Dec 1015 630 680 670 660 570 600 630 600} 6555 37 37
78 68-Dec 1015 890 700 740 710 600 560 680 620] 6400 42 32 a3 36

Bolded Values are estimated
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Mixed Liquor

Wastage TSS1 TSS2 TSS3 Averag VSS 1 VSS 2 VSS 3 Averag

(mL)
1058
1190
1000
1038
1059
1069
1069

870
1024
700
727
727
1028
1028
1081
650
1031
1103
1050
1026.5
1026.5
0
g72
1045
800
923
1053
870
988
1030
1027
1090

560
610
530
510
490
460
460
430
410
410
390
390
410
410
370
280
510
470
480
450
450
410
410
600
510
440
440
280
520
550
560
500

620
650
550
570
480
410
410
430
370
400
400
400
450
450
340
290
500
430
440
410
410
380
380
620
540
460
460
400
490
560
560
500

600
670
520
550
470

420

350
390
390
420
420
340
200

450
430
380
380

690
540
410
410
400
470
580
730
530

(mgi)
590
640
530
540
480
440
440
430
390
390
390
390
430
430
350
260
510
450
450
410
410
400
400
640
530
440
440
360
490

560

620
510

510
580
450
460
430
420
420
380
370
360
340
340
390
390
300
270
470
440
440
450
450
370
370
580
470
360
360
270
480
460
510
440

570
600
520
500
380
350
350
370
330
360
350
350
400
400
310
290
490
390
420
370
370
320
320
590

330
440
530
560
450

560
600
490
500
410
420
420
360
290
340
370
370
370
370
290
240
480
430
390
320
320

650

330
410
540
540
500

(mgiL)
550
590
490
490
410
400
400
370
330
350
350
350
390
390
300
270
480
420
420
380
380
350
350
610
470
360
360
310
440
510
540
460

Effuen TSS1 TSS TSS3 Average

Effiluent
(mL)

5630 42
5630 42
6625 46
6625 46
6886 48
6595 27
6595 27
6580 25
6580 25
7395 30
7395 30
7220 38
7250 32
7250 32
7090 34
7080 34
7003 33
7003 33
6250 50
6900 58
6900 58
6365 52
6365 62
7270 24
7270 24
7270
7270
7190 8
7090 9
7090 9
6975 12
6975 12

60
60
38
38
54
34
34
30
30
36
36
34
37
37
32
32
36
36
47
52
52
60
60
44
44

32
32
12
12

52
52
42
42
50
26
26
15
15
28
28
40
37
37
23
23
40
40
50
60
60
58
58
45
45

48
30
30
16
16

(mgiL.)

51
51
42
42
51
29
29
23
23
31
31
37
35
35
30
30
36
36
49
57
57
57
57
38
38
21
21
19
24
24
13
13

Bolded Values are Estimates
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Anoxic Reactor -14 C

Mixed Liquor Effiuent

Day Date [Wastage TSS1 TSS2 TSS3 Averag VSS1 VSS2 VSS 3 Average TSS1 TSS2 TSS3 Averag
(mL) (mglL.) (mg/L) { (mL) (mglL)

0 4-Mar 995 630 610 670 640 560 560 590 570 6440 26 26 26 26
1 5-Mar 845 850 720 690 750 B30 650 650 710] 6440 260 26 26 26
2 6-Mar 885 620 630 640 630 6560 540 580 560§ 6701.5 32 32 32 32
3 7-Mar 895 650 600 620 620 570 520 530 540} 6701.5 32 32 32 32
4 8-Mar 301 680 640 620 650 630 580 570 600y 6612 16 24 30 23
5 O9-Mar|] 8875 580 610 600 600 560 590 580 580] 6640 34 34 30 33
6 10-Mar] 887.5 590 610 600 600 560 590 580 580] 6640 34 34 30 33
7 11-Mar 903 630 570 660 620 580 6560 610 580] 6360.5 42 38 40 40
8 12-Mar 803 630 570 660 620 580 560 610 580] 6360.5 42 38 40 40
9 13-Mar 891 610 630 650 630 590 560 600 580] 6582 26 16 6 16
10 14-Mar 907 620 600 600 610 520 540 540 530§ 6582 2 16 6 16
11 15-Mar 935 600 570 570 580 500 540 500 510] 6794 64 68 62 65
12 16-Mar| 758.5 540 500 600 550 460 480 520 490] 6541 24 30 30 28
13 17-Mar| 758.5 540 500 600 550 460 480 520 490] 6541 24 30 30 28
14 18-Mar 857 560 560  §60 560 500 500 490 500] 6230 48 50 S0 49
15 19-Mar 921 630 590 600 610 540 520 520 530] 6810 64 52 &8 58
16 20-Mar 907 590 630 550 590 540 600 540 560] 6718 64 56 60 60
17 21-Mar 960 510 490 450 480 460 420 400 4301 6685 48 48 52 49
18 22-Mar 900 660 620} 6605 42 42 44 43
19 23-Mar 930 640 690 650 660 610 580 560 580] 6850 16 20 18 18
20 24-Mar 930 640 690 650 660 610 580 6560 5801 6850 16 20 18 18
21 25-Mar 935 620 610 640 620 550 540 600 560] 6586 32 28 48 36
22 26-Mar 875 600 610 750 650 540 530 570 550] 6586 32 28 48 36
23 27-Mar 875 570 620 630 610 530 530 560 5401 6850 74 80 68 74
24 28-Mar 875 570 620 630 610 530 530 560 540] 8850 74 80 68 74
25 29-Mar 970 580 640 610 610 550 600 590 580] 6850 88 76 78 81
26 30-Mar 875 620 640 640 630 600 630 620 620] 6850 40 30 26 32
27 31-Mar 875 620 640 640 630 60 630 620 620] 6850 40 30 26 32
28 1-Apr 970 800 670 720 730 660 610 580 620 6772 80 72 74 75
29  2-Apr 875 660 670 690 670 630 620 650 630] 6767 32 32 28 31
30 3-Apr 782 780 840 770 800 750 760 740 750] 6834 30 32 34 32
31 4-Apr 980 750 760 720 740 690 700 690 690) 6834 30 32 34 32
32 5-Apr 835 720 740 720 730 680 680 700 690) 6890 40 64 44 49
33 6-Apr 1225 720 740 740 730 680 720 700 7001 6348 30 28 22 27
34 7-Apr 1225 720 740 740 730 680 720 700 700] 6348 30 28 22 27
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Mixed Liquor Effluent

Day Date [Wastage TSS1 TSS2 TSS3 Averag VSS1 VSS2 VSS 3 Average TSS1 TSS2 TSS3 Averag
(mL) (ma/L) (mg/L) | (mL) (mglL.)

35 8-Apr 1225 860 860 880 870 820 820 760 800} 5850 20 34 16 23
36 9-Apr 1240 860 860 880 870 820 820 760 800F 5850 20 34 16 23
37 10-Apr 1000 800 880 900 860 780 760 860 800] 6845 16 20 16 17
38 11-Apr 1026 840 820 880 850 740 740 740 740F 6845 16 20 16 17
39 12-Apr 1049 880 900 880 890 8OO 840 810 820 6847 38 32 30 33
40 13-Apr] 1166.5 800 790 800 640 580 610} 6660 15 17 20 17
41 14-Apr] 1166.5 800 790 800 640 580 610] 6660 %5 17 20 17
42 15-Apr 887 740 810 720 760 720 700 680 700] 6640 19 25 26 23
43 16-Apr 1106 680 740 840 750 640 680 700 670] 6640 19 25 26 23
44 17-Apr 800 860 660 790 770 790 720 700 740} 6995 4 18 10 11
45 18-Apr 1035 860 780 820 820 780 720 720 740] 6995 4 18 10 11
46 19-Apr 1035 860 780 820 820 780 720 720 740 7020 12 24 12 16
47 20-Apr 1017 780 720 840 780 700 700 780 7301 7240 5 5 5 5
48 21-Apr 1017 780 720 840 780 700 700 780 730f 7240 5 5 5 5
49 22-Apr 990 700 780 740 740 660 680 680 670y 7250 16 24 13 18
50 23-Apr 930 840 880 760 830 760 740 720 7401 7250 16 24 13 18
51 24-Apr 1000 760 700 800 750 720 740 760 740} 7075 14 18 15 16
52 25-Apr 1000 760 760 740 750 700 780 680 7201 7075 14 18 15 16
53 26-Apr 960 900 900 960 920 780 840 880 830] 6550 3 18 17 13
54 27-Apr] 1026.5 680 820 800 770 600 780 700 690] 7025 4 10 14 9
55 28-Apr} 1026.5 680 820 800 770 600 780 700 690] 7025 4 10 14 9
56 29-Apr 0 810 760] 6550 8 4 12 8
57 30-Apr 972 940 900 900 910 840 840 800 830] 6550 8 4 12 8
58 1-May 1050 800 820 840 820 760 720 740} 7390 20 22 16 19
59 2-May 835 800 860 800 820 660 700 680] 7390 20 22 16 19
60 3-May 923 1100 830 800 910 830] 7140 20
61 4-May 923 1100 830 800 910 830] 7140 20
62 5-May 1000 800 820 860 830 800 780 820 800} 7190 24 20 22
63 6-May 392 760 940 850 760 940 "30] 7050 36 45 32 38
64 7-May 960 900 880 880 890 860 920 920 g00] 7050 36 45 32 38
65 8-May 1092 660 940 1060 890 900 940 700 850} 6745 2 20 23
66 9-May 990 700 760 800 750 680 720 800 730] 67456 26 20 23
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Cell Counts 1UC -~ Exoormmple Decvec

Calculations
Flitration Area

1000x Magnification
Filter Diameter 20 15 mm Micrometer Area Gnds per
Filler Area 318 89 mm2 6 40E+03 um2 Filter
3 19E+08 um?2 49826 457

|Date Election [Reactor |Replicate|Cosrection Dilution Number of Final Vol ~ Squares [Fleld1 Fleld2 Fleld3 Fleld4 Fleld5 Fleld6 Fleld7 Fleld8 Fleld9 Flald 10

Acceptor Factor Factor Dllutions of Dilution Counted
27-Mar|Aeicbic  |RB 1 1 10 3 10 20 52 63 51 52 a3 49 34
27-MarjAerobic  |[RB 2 1 10 3 10 20 35 38 52 28 50 64 36 53 28 34
4-Apr[Aerobic  JRB 3 1 10 4 10 100 18 24 25 14 15 32 24 20 25 10
4.AprjAerobic  |RB 4 1 10 3 10 30 65 61 62 97 73 a7 43 51 46 73
4-AprjAerobic  [SB 1 1 10 3 9 30 22 21 13 18 21 19 9 14 15 19
4-AprjAerobic  |SB 2 1 10 3 9 30 18 10 2 15 27 " 18 19 15 16
9-AprjAerobic  [R1 1 08 10 3 10 40 47 50 48 35 53 48 50 60 42 §1
9-AprjAerobic  |R1 1 08 10 3 10 410 49 30 41 26 51 62 48 40 57 53
9-Apt]Aerobic  |RB 1 1 10 3 9 30 65 49 51 61 46 57 69 44 63 57
9.Apr{Aerobic  {RB 2 1 10 3 9 30 21 26 21 43 28 41 65 45 39 25
9-Apr{Anoxic RB SJ 1 10 3 10 30 48 26 AN 29 k2] 8 54 49 54 41
9-Apr]Anoxic RB 4 1 10 3 10 30 48 20 39 49 ) 43 53 52 34 42
10-AprjAerobic  JRB 1 1 10 3 10 20 43 31 35 a1 48 49 46 39 56 41
10-AptjAerobic  |RB 1 1 10 3 10 20 45 35 50 40 a8 44 45 34 3 42
13-Apr{Aerobic  |R1 1 08 10 3 9 30 30 45 60 50 51 58 53 58 29 57
13-AprjAerobic  [R1 1 08 10 3 9 30 47 51 49 25 42 42 60 49 49 43
13-AprjAeiobic  |RB 1 1 10 4 10 100 20 1 24 14 10 20 25 16 " 19
13-AprjAerobic  |RB 1 1 10 3 9 20 25 25 19 ¥ 46 2 24 18 40 20
13-AprjAerobic  |SB 1 ] 10 3 9 40 37 48 44 41 50 49 50 44 81
13-Apr|Aercbic  |SB 1 1 10 3 9 40 57 61 52 50 50 48 23 58 66 4
24-AprjAerobic  |SB 1 1 10 4 10 40 23 35 26 18 35 17 1 21 41 25
24-Apr{Aerobic  |SB 2 h) 10 4 10 40 20 21 12 17 17 29 28 49 32 26
26-ApiJAerobic R 1 o8 10 3 10 20 k] 23 28 24 2 29 28 41 31 43
26-AprjAerabic  {R1 2 08 10 4 10 100 41 45 40 36 30 60 52 45 47 26
26-Apr|Aerobic  |R1 3 08 10 4 10 100 24 35 24 29 28 N 39 32 39 k)]
26-Apr|Aerobic  |R1 4 08 10 4 10 100 36 32 41 32 27 29 47 47 12 18
29-AprjAerobic  |RB 1 1 10 3 9 100 28 74 66 85 40 45 43 49 34 50
29-AprjAerobic  |RB 2 1 10 3 10 20 59 47 14 8 26 26 18 23 29 38
29-Apr|Aerobic  |[RB k} 1 10 3 10 20 44 k) 45 20 29 26 0 44 i 29
29.AnslAgiobic  |SB 1 1 10 3 9 50 18 23 21 8 27 22 49 38 24 22
29-A.. fAerobic  |SB 2 1 10 k] 10 30 26 29 27 26 16 N 23 26 29 60,
28-AprfAerobic  |SB 3 1 10 3 10 30 43 Kx} 39 53 23 N 35 53 34 22
20-AprjAerobic  |SB 4 1 10 k] 10 30 20 57 24 35 49 40 35 25 29 45
5-tayjAerobic  |R1 1 08 10 3 9 30 25 29 k1] 25 35 i a7 34 2 28
5.May|Aerobic  |RY 2 08 10 3 9 30 28 26 27 2 34 15 30 28 A 30
5.May|Aerobic  |RB 2 1 10 3 ] 30 27 26 27 3| 36 28 26 29 kY] 24
5-MayjAerobic  |RB 2 1 10 3 9 30 43 24 32 25 k1) k1) 35 17 kX] 28,
5.May|Aerobic  |SB 1 1 10 3 g 30 42 38 N 46 36 34 b3l 40 45 R
5.May|Aerobic  {SB 1 1 10 3 U] 30 21 ri4 42 24 47 53 83 24 42 52
7-MayjAerobic  [R1 1 08 10 3 2] 30 52 48 3 416 44 21 58 55 2 28
1-MaylAeiobic  |R1 1 08 10 3 1] 30 48 25 21 19 24 38 40 3 3 A
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Date

Electron

Reactor fﬂepucale Correction Dllution Number of Final Vol Squares FFleld 1 Fleld2 Fieldd Field4 Field5 Fleldé Fleld7 Field8 Field9 Fleld 10
Acceptor Factoy Factor Dilutions of Dilution Counted

7-May|Aerobic  |RB 1 1 10 3 10 30 44 81 60 60 KK] 3 42 43 47 69
7-May{Aerobic  [RB 1 1 10 3 10 30 40 a4 45 43 38 k) 59 49

7-May|Aerobic 1SB 1 1 10 3 9 40 26 24 23 3 25 32 24 28 23 26
9-May|Aerobic  [R1 1 08 10 3 9 30 58 54 45 89 53 61 17 15 2 65
9-May[Aerobic  [R1 2 (] 10 3 9 30 28 14 44 56 42 15 56 47 49 55
9-May|Aerabic  |RB S 1 10 3 9 30 35 26 53 27 18 21 38 30 18 21
9-May|Aerobic  |RB 2 1 10 3 9 30 41 39 54 53 29 46 19 38 57 44
9-May|Aerobic  |SB 1 1 10 3 9 30 24 KL} 18 42 4 41 44 15 0 27
9-May|Aerobic  |SB 2 1 10 3 9 30 22 28 23 25 29 30 21 27 21 24




Appendix C

Statistical Analysis of Biosolids Production Rates at 20°C

Deviations from Regression F Foos
df Sum of Squares Regression Mean
Square Error
Within
Aerobic 34 8.738E4
Anoxic 34 1.795E6
Sum 68 2.608E6 38363

Pooled 69 6.200E7

Difference 1 2.570E6 2.570E6 1620 4.00
For more details of the analysis see Snedcor and Cochran (1967)
Statistical Analysis of Biosolids Production Rates at 14°C
Deviations from Regression F Foos
df Sum of Squares Regression Mean
Square Error
Within
Aerobic 33 3.879E6
Anoxic 33 6.127E6
Sum 66 1.00E7 1.5160E5

Pooled 67 8.99E7

Difference 1 7.99E7 527.1 4.00

Factorial Analysis of Biosoids Composition

For Details of the Analysis see Box er al. (1978)

Data Table
Reactor Temp (°C) Mean Std. Deviation n
Aerobic 20 19.6 16.1 3
Anoxic 20 18.5 7.94 3
Aerobic 14 14.8 747 6
Anoxic 14 24.9 8.64 8
Pooled Variance =90.4 Experimental Levels: Reactor Aerobic (-) Anoxic (+)
Variance (Effect) = 18.1 Temperature 14°C(-) 20°C (+)
Std. Dev. (Effect) =3.45
ANOVA Table - See Table 5.13
Factorial Analysis Number of Cells Present
Reactor Temp (°C) Mean Std. Deviation n
Aerobic 20 5.93 1.57 2
Anoxic 20 11.0 4.60 3
Aerobic 14 6.43 2.94 6
Anoxic 14 18.3 447 8
Pooled Variance =15.2 Experimental Levels: Reactor Aerobic (-} Anoxic (+)
Variance (Effect) =3.19 Temperature 14°C(-) 20°C (+)

Std. Dev. (Effect) =1.78
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ANOVA Table - See Table 5.13
Faciorial Analysis of Respiration Rates Normalized on MLVSS

Reactor Temp (°C) Mean Std. Deviation n
Aerobic 20 34.4 10.7 6
Anoxic 20 329 5.92 5
Aerobic 14 28.9 8.20 6
Anoxic 4 15.4 3.87 6
Pooled Variance =59.1 Experimental Levels: Reactor Aerobic (-) Anoxic (+)
Variance (Effect) =9.86 Temperature 14°C(-) 20°C (+)

Std. Dev. (Effect) =3.14

ANOVA Table - See Table 5.44

Factorial Analysis of Respiration Rates Normalized on Cell Counts

Reactor Temp (°C) Mean Std. Deviation n
Aerobic 20 22.8 1.2 6
Anoxic 20 19.1 4.39 5
Aerobic 14 16.1 3.70 6
Anoxic 14 4.26 0.61 6
Pooled Variance =27.5 Experimental Levels: Reactor Aerobic (-) Anoxic (+)
Variance (Effect) =4.06 Temperature [4°C(-) 20°C (+)

Std. Dev. (Effect) =2.02

ANOVA Table - See Table 545

Factorial Analysis of Ammonia Production Normalized on MLVSS

Reactor Temp (°C) Mean Std. Deviation n
Aerobic 20 5.88 1.41 6
Anoxic 20 4.49 2.05 5
Aerobic 14 6.42 113 6
Anoxic 14 4.25 0.765 5
Pooled Variance = 2.42 Experimental Levels: Reactor Aerobic (-} Anoxic (+)
Variance (Effect) = 0.439 Temperature 14°C(-) 20°C (+)

Std. Dev. (Effect) = 0.663

ANOVA Table - See Table 5.47

Factorial Analysis of Ammonia Production Normalized on Cell Counts

Reactor Temp (°C) Mean x10™° Std. Deviation x 107~ n
Aerobic 20 3.76 1.88 2
Anoxic 20 1.71 0.67 2
Aerobic 14 3.85 1.62 5
Anoxic 14 1.09 0.24 5
Pooled Variance =1.46 x10% Experimental Levels: Reactor Aerobic (-) Anoxic (+)
Variance (Effect) =0.41 x10°% Temperature 14°C(-) 20°C (+)

Std. Dev. (Effect) =0.64 x10™">
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ANOVA Tatle - See Table 5.47
Statistical Analysis of Nitrate Utilization Data

ANOVA Table - Oct. 20

No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 10 -4.514 8 0.602 0.075
Rapidly Biodegradable 10 -3.390 3 1.958 0.245
16 2.560 0.160
Pooled 19 -4.951 17 9.355 0.550
Difference between Slopes | 6.795
Comparison of Slopes F 424 (1,16) Sig
Foos 449
ANOVA Table - Dec. 4
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 -3.261 7 5.02 0.718
Rapidly Biodegradable 9 -6.529 7 1.81 0.259
14 6.83 0.488
Pooled 17 -4.895 15 86.9 35.79
Difference between Slopes 1 80.1
Comparison of Slopes F 164 (1,14) Sig
Foos 4.60
ANOVA Table - Oct. 30
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Rapidly Biodegradable 11 -4.48 9 0.640 0.071
Slowly Biodegradable 11 4.71 9 2.31 0.257
18 295 0.164
Pooled 21 -4.59 19 3.50 0.184
Difference between Slopes 1 0.542
Comparison of Slopes F 3.30 (1,18) N. Sig
Fo.0s 4.41
ANOVA Table - Dec. 1
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 -6.79 7 3.83 0.548
Rapidly Biodegradable 9 -6.34 7 247 0.353
14 6.30 0.450
Pooled 17 -6.57 15 7.81 0.521
Difference between Slopes 1 1.51
Comparison of Slopes F 3.35(1,14) N. Sig
Foos 4.60
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ANOVA Table - Apr. 4

No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 -3.690 7 13.3 1.90
Rapidly Biodegradable 9 -2.834 7 2.02 0.289
14 15.3 1.10
Pooled 17 -3.263 15 277 1.84
Difference between Slopes 1 12.4
Comparison of Slopes F 1.3 (1,14) Sig
Foos 4.60
ANOVA Table - May. 5
No.of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 4.73 7 0.859
Rapidly Biodegradable 9 -3.21 7 549
14 6.35 0.454
Pooled -3.96 15 454
Difference between Slopes 1 39.1
Comparison of Slopes F (1,14) 86.1 Sig
Foos 4.60
ANOVA Table - Mar. 29
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 -1.82 7 440 0.628
Rapidly Biodegradable 9 -2.20 7 4.87 0.695
14 9.26 0.662
Pooled 17 -2.01 15 11.73 0.782
Difference between Slopes l 2.46
Comparison of Slopes F 3.72 (1,14) N. Sig.
Foaos 4.60
ANOVA - Apr. 24
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 -5.20 7 6.08 0.868
Rapidly Biodegradable 9 -2.14 7 3.29 0.470
14 9.37 0.669
Pooled 17 -3.67 15 161 10.7
Difference between Siopes 1 152
Comparison of Slopes F 226 (1,14) Sig
Foos 4.60
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ANOVA - May 9

No. of Obs Reg. Coef. Deviations from Regression

Within d.f. S.S. M.S
Slowly Biodegradable 9 -3.875 7 5.14 0.734
Rapidly Biodegradable 9 -4.141 7 11.9 1.70
14 17.0 1.22
Pooled 17 -4.008 5 18.2 1.21
Difference between Slopes 1 .14
Comparison of Slopes F 0.94 (1,14) N.Sig
Fogs 4.60
Statistical Analysis of Ammonia Production Data - Anoxic Cuitures
ANOVA -QOct. 20
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 222 7 1.66 0.238
Rapidly Biodegradable 9 1.90 7 34.95 4.99
14 36.6 2.62
Pooled 17 2.05 15 37.5 2.50
Difference between Slopes 1 0878
Comparison of Slopes F 0.34 (1,12) N.Sig
Foos 4.75
ANOVA Table - Dec. 4
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 1.75 7 0.881 0.126
Rapidly Biodegradable 9 2.84 7 0.535 0.076
14 1.42 0.101
Pooled 17 230 15 10.4 0.694
Difference between Slopes I 8.993
Comparison of Slopes F 88.9 (1,13) Sig
Foos 4.67
ANOVA Table - Oct. 30
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 8 3.843 6 204 3.42
Rapidly Biodegradable 8 2.383 6 11.2 1.88
12 31.8 2.65
Pooled 15 3.050 13 439 3.38
Difference between Slopes | 12.1
Comparison of Slopes F 4.59 (1,12) N.Sig
Foos 4.75
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ANOVA Table - Dec. |

No. of Obs Reg. Coef. Deviations from Regression

Within d.f. S.S. M.S
Slowly Biodegradable 7 222 5 5.05 1.01
Rapidly Biodegradable 9 2.77 7 30.1 431
16 12 352 2.94
Pooled 15 2.59 13 36.7 2.82
Difference between Slopes 1 1.44
Comparison of Slopes F 0.49 (1,12) N. Sig
Foos 4.75

ANOVA Table - Apr. 4

No. of Obs Reg. Coef. Deviations from Regression
Within df. S.S. M.S
Slowly Biodegradable 9 1.76 7 17.4 2.49
Rapidly Biodegradable 8 2.14 6 13.50 225
13 30.9 238
Pooled 17 1.91 14 329 2.35
Difference between Slopes 1 2.03
Comparison of Slopes F 0.85 (1,13) N.Sig.
F 005 4.66

ANOVA Table - May 5

No. of Obs Reg. Coef. Deviations from Regression

Within df. S.S. M.S
Slowly Biodegradable 1.83 7 16.2 232
Rapidly Biodegradable 271 6 4.17 0.695
] 20.38 1.57
Pooled 14 311 222
Difference between Slopes 1 10.8
Comparison of Slopes F 6.86 (1,13) Sig
Foos 4.67
ANOVA Table - Mar. 29
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 0.721 7 0.307
Rapidly Biodegradable 9 1.623 7 5.43
14 5.74 0.410
Pooled 18 [.17t 15 19.5 1.30
Difference between Slopes 1 13.7
Comparison of Slopes F 33.5(1,14) Sig
F .05 4.60
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ANOVA Table - May 9

No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 2.027 7 13.2 1.89
Rapidly Biodegradablie 9 3.218 7 26.1 3.73
14 39.4 2.81
Pooled () 2468 13 49.5 3.81
Difference between Slopes 1 10.1
Comparison of Slopes F 3.59 (1,14) N. Sig
Foos 4.60
Statistical Analysis of Ammonia Production Data - Anoxic Cultures
ANOVA -Nov. 7
No.of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 8 1.87 6 0.288 0.048
Rapidly Biodegradable 8 3.56 6 1.38 0.230
12 1.67 0.139
Pooled 16 271 13 234 1.80
Difference between Slopes 1 21.7
Comparison of Slopes F 155.9 (1,12) Sig
Foos 4.74
ANOVA - Nov. 27
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 225 7 0.770 0.110
Rapidly Biodegradable 9 230 7 0.287 0.0410
14 1.06 0.0755
Pooled 18 227 ts 1.07 0.0715
Difference between Slopes 1 00155
Comparison of Slopes F 0.205 (1,14) N.S.
Fg0s 4.60
ANOVA - Nov. 2
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 8 2.36 6 0.198
Rapidly Biodegradable 8 2.47 6 0.619
12 0.817 0.0680
Pooled
Difference between Slopes 1 0.0928
Comparison of Slopes F 136 (1,14) N.S.
Foos 4.60
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ANOVA - Dec. 6

Within
Slowly Biodegradable

Rapidly Biodegradable

Pooled

No. of Obs Reg. Coef. Deviations from Regression

9
9

18
Difference between Slopes

Comparison of Slopes

2.76

2.

20

d.f S.S.
7 0.041
7 0.376
14 0.417
15 3.15
l 2.73
91.7 (1,14) Sig
4.60

M.S
0.006
0.054
0.030
0.210

ANOVA - Apr. 4

No. of Obs Reg. Coef. Deviations from Regression

Within d.f. S.S. M.S
Slowly Biodegradable 9 3.39 7 9.19 .31
Rapidly Biodegradable 7 237 5 5.44 1.09
12 14.6 [.22
Pooled ] 3.026 13 284 2.18
Difference between Slopes 1 13.7
Comparison of Slopes F 11.3 (1,12) Sig
Fu.os 4.75
ANOVA - May 5
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 8 3.03 6 364 6.07
Rapidly Biodegradable 8 2.36 6 0.965 0.161
12 37.4 3.1
Pooled 13 43.2 3.32
Difference between Slopes 1 5.86
Comparison of Slopes F 1.88 (1,12) N. Sig.
Foos 4.75
ANOVA -May 7
No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 3.64 7 8.75 1.25
Rapidly Biodegradable 7 3.11 5 2.38 0.477
12 1.1 0.928
Paoled 16 342 13 15.1 1.163
Difference between Slopes 1 3.98
Comparison of Slopes F 4.29 (1,12) N.S.
Foos 4.75
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ANOVA - May 9

No. of Obs Reg. Coef. Deviations from Regression
Within d.f. S.S. M.S
Slowly Biodegradable 9 2.03 7 13.2 1.89
Rapidly Biodegradable 9 322 7 26.1 3.73
14 394 2.81
Pooled 15 247 I3 49.5 3.81
Difference between Slopes 1 10.1
Comparison of Slopes F 3.59 (1,14) N. Sig
Foos 4.60

Factorial Analysis of Ammonia Production using Proteins - Normalized on MLVSS

Reactor Temp (°C) Protein Mean Variance n

Anoxic 20 ovalbumin 4.73 3.43 2

Anoxic 20 o-casein 5.84 2.59 2

Anoxic 14 ovalbumin 2.98 0.026 2

Anoxic 14 x-casein 2.50 1.805 2

Aerobic 20 ovalbumin 4.50 0.387 2

Aerobic 20 a-casein 6.54 0.744 2

Aerobic 14 ovalbumin 9.82 10.39 2

Aerobic 14 a-casein 9.19 0.530 2

Pooled Variance = 2.49 Experimental Levels: Reactor: Aerobic (-) Anoxic (+)
Variance (Effect) = 0.622 Temperature: 14°C(-) 20°C (+)
Std. Dev. (Effect) =0.789 Protein: «-casein (-) ovalbumin (+)

ANOVA Table - See Table 5.77

Factorial Analysis of Ammonia Production using Proteins - Normalized on Bacterial Counts

Reactor Temp (°C) Protein Mean x 107° Variance x 107

n
Anoxic 20 ovalbumin 24.9 1
Anoxic 20 «-casein 23.1 l
Anoxic 14 ovalbumin 9.24 2
Anoxic 14 o-casein 9.60 51.9 2
Aerobic 20 ovalbumin 28.8 1
Aerobic 20 o-casein 86.2 1
Aerobic 14 ovalbumin 86.7 1285.2 2
Aerobic 14 a-casein 84.1 26.5 2
Pooled Variance = 404 x 10 Experimental Levels: Reactor: Aerobic (-) Anoxic (+)
Variance (Effect) = 134.6 x 107 Temperature: 14°C(-) 20°C (+)
Std. Dev. (Effect)=11.6 x 10" Protein: a-casein (-) ovalbumin (+)

ANOVA Table - See Table 5.77
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Appendix D

D.1 Dynamic Sludge Age

Presented in this section is the method of computing the DSA. For a complete derivation and
further instructions the reader is referred to Vaccari et al. (1985). To compute the DSA. W. the average
wastage rate since the last time the DSA was calculated is required. In addition. you need to know the
DSA the last time you computed it DSA,. Also required is the previous solids concentration (M,). and the
time in days (t) since the DSA was lasted computed. To use the equations. first compute the net growth

rate, K, and the production rate. P, averaged over the period of calculation

K M-Mo) / t
P = K+W)

One of four possibilities may arise, and one question is selected based on the case which

occurs to compute the new DSA:

Case 1) W =0: No sludge wasted or lost over the period t.
DSA = (DSAs+ )Mo/ M + (1= Mo/ M)t /2 Eqn. (D.1)
Case 2) K = 0; There was no net sludge production (W = P).
DSA = (DSAo+ Mo ! W)™ Eqn. (D.2)
Case 3) W = 2P: Twice as much sludge is wasted as producsd.
DSA = DSA(M | Mo) = (T + Mo/ K)In(M / Ma) Eqn. (D.3)

Case 4) If none of the above conditions hold use this equation:

DSA=(DSAo— Mo/ (P + K))M ! M) ™+ M /(P +K) Equ®+
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D.2 Mass Balance Calculation Procedure

where: VS
TS

"PEEEE

Total Kjedahl Nitrogen In = Total Kjedahl Nitrogen Out

{1 V| | I I S T |

VsTs+ VpTp = VETg + V' Tw

Volume of sewage added to the reactor (L)

Total Kjedahl Nitrogen of sewage (mg N/L)

Volume of protein feed added to the reactor (L)

Total Kjedahl Nitrogen of Protein Feed (mg N/L)
Effluent Volume (L)

Total Kjedahl Nitrogen of Efftuent (mg N/L)

Volume of Waste Mixed Liquor (L)

Total Kjedahl Nitrogen of Waste Mixed Liquor (mg N/L)
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