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Abstract 

Previous evaluations have indicated that savings in operating cos& of greater than 25% can 

bê realized if denitrification is added to a systern aiready achieving nitrification Energy requirernents are 

reduced b u s e  organics are conswned under both aerobic and anoxic conditions- Reduced e.xpenditures 

for energy, and Iower sludge handIing and disposai costs due to decreased biosolids production make 

nitrogen renzoval an economicaîly attractive proposition, A number of recent articles in the literature 

suggest nitrogen removal is not as well understood as it once was b e l i d  Conflicting reports of sludge 

production rates for nitrogen removal systems and systems operating under low temperatures are 

particularly i n t e r h g  because they cail into question the current economic waluations of nitrogen 

This research evamined the influence of substrate and temperature on biologicai niuogen 

removal. Proteins were chosen as mode1 substrates because they account for appro.kteIy 28% of the 

COD in raw sewage. In this stdy, sequencing batch reactors (SBRs) achieving aerobic carbon removal 

and anoxic carbon rernovai were run in paralle1 to assess and compare the ovedi efficacy of the IWO 

processes. Areas of process performance considered were f luen t  quality and biosolids production. 

It !vas found that aerobic and anoxic systems produceci an emuent of acceptable quality. 

Biosolids production under anoxic conditions was found to be 23% and 32% higher than the aerobic 

reactors when operating at temperatures of 20 and 14 OC, respectively. Batch rate studies using cultures 

generated fiom the SBR examineci the &éct of using cornpiex substrates. Proteins because of their high 

molecuIar weight require enzymatic degradation More the ce11 can use the substrate for gmrvth. Batch 

testing proceeded with: one haü of a stock culture sample king fed a protein hydrolysate (PH) whiie the 

rernaining portion was fed a whole protein. Ovalbumin, a-casein and lactaibumin were chosen for m e r  

study on the basis of th& molecular weight and physical properîies, 

Results show ovaibumin and aasein 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 



aerobic and anoxic conditions and at temperatures of 14 and 20°C. The rnolecular weight of lactalbumin 

(1 8kd) is comparable to a-casein (22-25 kd) and is less than that of ovalbumin (45 kd). 

Based on the results of this study it is proposed that the overaft structure of the protein may be 

important in defming the rate of uptake and hydrolysis. Proteins containkg a Iarge number of cross-links 

may undergo uptake and hydrolysis very slowiy while proteins with minimal cross-linking appear to be 

utilized more rapidly. The overall structure of the protein will play a role in deterrnining the protein's 

solubility . Lactalburnin, an example of a cross-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, ,' urven 

past requirements, wiIl 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 Canvuo Consultants Ltd., 1988). Due to this toxicity, it may becorne mandatory to include nitrification 

in the treatment train. The cost of the necessary upgrades was estimated at $1.4 billion by the Ontario Minisuy 

of the Envuonment and Energy ( 1 992%). 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 defme the efficacy of the overall process. 

The environmental benefits of achieving nitrogen removal cannot be disputed. Nitrogen discharged 

to receiving waters, either as arnmonia 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 (Le., commonly referred to as "blue baby syndrome") and carcinogenesis (US. EPA, 

1993). The U.S. Environmental Protection Agency (EPA) interim drinking standard for nitrate is I O  mg/L as 

NO, -N (Bitton, 1994)- In Ontario, contamination of drinking water is a secondary concem since many of the 

STP s 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 carrïed out by 

autotrophs that convert arnrnonia 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 et ai., 1988; Ip et al.. 

1987). Reduced expenditures for energy, and lower sludge handling and disposa1 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 disposa1 method. 

In Southern Ontario, many municipalities (e.g. Hamilton, Burlington and Toronto) have to landfill or incinerate 

their stabiiized 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 f m e d .  Sludge haulage accounts for 20% of the treatrnent 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 nurnber of recent articles in the literature suggest that nitrogen removaI is not as well understood 

as it was once believed. Conflicting reports of sludge production rates for nitrogen removal systerns and 

systems operating under low temperatures are noteworthy (Oleszkiewicz and Berquist, 1988; Ketchen, 1994; 

McCIintock et al., 1988; Syrnth, 1994) because they cal1 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 Mode1 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 wideiy debated in the literature but it is used extensively in the fieId of 

wastewater treatrnent. The model can describe organic removal under either aerobic or anoxic (Le. 

denitrification) conditions, nitrification, and biological phosphorus removal. Within the conceptual h e w o r k  

of A S m ,  heterotrophic metabolism includes: hydrolysis (enzymatic degradation of substrate outside of the 



cell), growth (oxidation of substrate and concurrent genetation of new microorganisms) and ce11 lysis (loss of 

rnetabolic activity, lysis of the ce11 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 unlikeIy that nitrogen rernoval will be implemented in Ontario unless it is economicatly 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. 

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 paralle1 

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 

To quanti& and compare biosolids production rates for sequencing batch reactors (SBRs) achieving carbon 

removal under aerobic or alternately anoxic conditions as a h c t i o n  of temperature. 

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

both 14°C or 20 OC. Determine if the rate of hydrolysis is dependent on the molecular weight of the protein 

or its overall structure. 

Evaluate acridine orange direct counts (AODC) as a method of enumerating the number of bacteria in a 

mixed microbial population. Using this technique, the hct ion 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 

determ ined. 

5. 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 quaIity of two different carbon removal systems (aerobic and anoxic) in the areas of 

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

1.3. Cornmentary 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 M e r  study for a number of reasons: 

a) Proteins contribute 28% of the total COD of nw sewage (Raunkjer et al., 1994). 

b) Most ptoteins are slowly biodegradable substrates by virtue of their high molecular weight. 

c) Overall protein as well as molecular weight could play a role in determinhg how they are metabolized. 

d) Studying carbohydrate rnetabolism is less desirable because many carbohydrates such as cellulose are 

resistant to bacteria1 degradation and Ketchen (1 994) and San Pedro et al. (1 994) have aiready looked at 

aspects of carbohydrâte metabolism using starch. 

e) Lipids are extremely dificult 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 denitriQing 

system, process performance was measured in terms of effluent quatity, 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 

denitriQing reactor to provide a basis of cornparison in the areas of effluent quality and biosolids production. 

Substrate uptake and hydrolysis and the kinetics and stoichiomeûy of growth will have an impact on biosolids 

production. 



A denitrieing system was chosen in preference to a nitrogen removal system because its ecology is 

simpler and fewer biotransformations are occurring, A nitrogen removal system witl have a mked microbial 

population composed of heterotrophic organisms, which may be either facuftative or obligate aerobes and 

autotrophic orgmisms. 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 ofthe possible interactions 

bebveen autotrophs and heterotrophs and within the heterotrophic population itself. With a denitrifying system 

is possible to quanti@ biosolids production and examine aspects of heterotrophic metabotkm concurrently. 

SBRs operating under aerobic and anoxic conditions were used to quanti@ biosolids production and 

provided conditioned mixed liquor needed subsequently for batch rate experiments. The SB& were fed a 

sewage and protein mixture in a 1 :2 volume ratio on a daily bais. Sewage was included in the daily feed to 

ensure that a diverse microbial population existed since using proteins as a sole substrate wouId have resuited in 

an enriched culture. 

Substrate uptake and hydrolysis were chosen as biotransformations warranting m e r  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 al1 substrates require hydrolysis. If a biodemdable substrate is sufficiently simple, it does not 

have to be degraded into srnalIer fragments before its use as a gowth substrate. These substrates are referred to 

as rapidly biodegradable wh ile those requiring hydrolysis are classified as  slowly biodegradable (Henze, 1992). 

White 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 et al., 1986; Marnais et al., 1993). 

Before proteins could be selected for this phase of the experimental prograrn, an operational 

definition of a slowly biodegradable substrates was required. ARer 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 experirnental program evolved, this hypothesis was discounted- It becarne clear that even within the 

slowly biodegradable category, proteins required M e r  classification. The dependency of hydrolysis on the 

overall shape and solubility of the protein was therefore hvestigated. 

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 ce11 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 accurnulating within the floc. 

The observed yield under conditions of active substrate removal was investigased because of the 

possible impact on biosolids production. Under conditions of active substrate removal, the obsewed yield will 

approach the tme 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, 198 1). If this was the only consideration 

and al1 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 al1 individual species of microorganisms present. 

1 -3 -3. Biomass Measurements 

AODC 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 soi1 microbiology. AODC for enumerating the 

bacterial population of activated sludge has been rarely used. En 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 foms  (e.g. protozoa, rotifers, and metazoa) and bacteria will be present in activated shdge. Rate data 

normalized to the total number of bacteria may be preferable to that normalized on MLVSS as it allows 

cornparisons 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 opention, 

active rnetabolism during the rate studies and declining growth. 

The integration of the data and ideas derived through the experimentat program and the litenture 

review will provide insight into the effect of temperature on reaction rates, the extent of biosolids production; 

and the impact of substrate cornplexity on process performance as measured by substrate and nitrate removal- 

The knowledge gained fiom this work wiIl aIso 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 Intemationai Association on Water Pollution and Conuol Research 

(later renamed IAWQ) developed an activated sludge model, Activated Sludge Mode1 1 (ASM 1). This model 

mathematically d e s c r i i  nitrification. denitrification. substrate removal and biornass growth. According to 

Gujer et al. (19951, the model was brought forth because a good understanding of nitrif~cation and 

denitrification esisted. but a comprehensive model describing these processes did not. Because the mode1 was 

intemationally recognized, it became widely used by both researchers and practicing engineers. As time 

progressed, biological phosphorous removal became more nidely implemented. This led to Activated SIudge 

Modei No. 2 (ASM2). which  vas based largely on ASMl, but incorporated biological phosphorous removal 

(Gujer et al.. 1995). 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 ASMl have been e.xtensively 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 comrnunity. Some of the ideas integral to the model are the focus of on- 

going research since they stand now nithout rigorous proof. 

Real gains in understanding the ciifferences in biosolids production rates in activated sludge 

systerns. particuiarly under anosic conditions and low temperatures can be made only if the 'black box' is 

opened and the underlying biotransformations are esamineci. Those biotransformations are mathernatically 

dcscribed in ASM2. Discussing the findings of b i s  research using the language and concepts of ASM2 wiIl 

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 \vil1 be stated, The second portion of the 



Literature Review e-uamines more closely the biology of the biotransformations depicted by ASM2. The last 

segment of this W e w  w e y s  the literature dealing specincaily with nitrogen removal. 

2.2. Activated Sludge Mode1 No. 2 -A Conceptual Framework 

ASM2 can mathernatidy descrii heterotrophic growth under aerobic, ano'cic and anaerobic 

conditions as well as the growth of autotrophs, Anoxic within the conte.xt of ASM2 refers to the absence of 

oxygen and the presence of nitrate. ASMl has been used extensively because the interactions between various 

types of heterotrophic organisms and between heterotrophic and autotrophic organisrns can be seen, Within the 

model's framework, the biotransformations mediateci by heterotrophic organisms include: hydrolysis 

(enzymatic degradation of substrate outside of the ceil by exoenzymes), growth (oxidation of substrate and an 

increased mas of rnicroorganisms), fermentation and Iysis. Worthy of particular note is the exclusion of 

substrate riptake and storage in the list of significant biotfansformations. ln the discussions leading up to the 

formulation of ASMI, it was believed that this process was essentially irnmediate and non-energy consudng; 

therefore, this process did not merit inclusion in the mode1 @old et al.. 1980). Phosphorous-accumulating 

organisms, in addition to the above biotransformations, can take up phosphorus and internaily store 

polyhydro'cyalkanotes and polyhydro.uybutyrates. 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 mode1 (IAWQ Task Group, 1995). ASM2 \vil1 simulate activated sludge systems with solids 

retention times of up to approximately 30 d. It does not descn'be sxondary 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 stmctured rnodel. Further restrictions and Limitations placed on individual processes will be stated as the 

individual processes are descrii The IAWQ Task group has identined two areas where there is the greatest 

need for research: fermentation and anaerobic hydrolysis. 



2.2.1. Distinguishing Features of ASM2 

a) Treatment of Carbonaceous and Nitro~enous Materiai 

Reactions mediateci by microbes are oxidcttion-reduction reactions that involve the transfer of 

electrons from a donor, which is generally the substrate k i n g  osidized. to an acceptor (Grady and Lim 1980). 

In reacîions occuning under aerobic and ano'ric conditions, the electron acceptors are O-ygen and nitrate. 

respectively. Of the several methods available to quantifi, the amount of carbonaceous substrate present, the use 

of chernid oxygen demand (COD) is preferable. COD is the only Link between electron quivalents in the 

organic substrate. with those of the biomass and the electron acceptor (Gaudy and Gaudy, 1971). Without this 

link, mathematicalfy describing the behaviour of a process possibly e'iisting under altemating aerobic, anoxic 

and anaerobic conditions would k diacult. 

Carbonaceous material found in the influent can be classifieci 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- 

bidegradable cartionaceous material depending on its physical properties will be either present in the reactor 

eflluent or accumulate as biologically inert materiai within the reactor (IAWQ Task Group, 1995). In ASM2, 

biodegradable organics are defined by their fate. Non-biodegradable organics in the effluent are refend to as 

soluble. Those accumulateci in the floc are referred to as particdate regardless of whether they are particdate 

or soluble organics adsorbed ont0 the floc. 

In ASM1, biodegradable carbon kvas classifieci as either readily or slowly biodegradable 

(Ekam et al., 1986). Slowly biodegradable substrates require degradation by enzymes extenial to the celi (Le.. 

hydrolysis) before becoming available g r o ~ t h  substrates, whereas mdily biodegradable substrates can be used 

directiy by the cell. In ASM2, readily biodegradabIe substrates are further characterized as fermentable readily 

bidegradable 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 

materiais. For stoichiometric computations, fermentation products are considered to be acetate even though a 

whole spectrum of fermentation products is possible. 



Fermentable readiiy 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 either the 

fermentable readiiy biodegradable substrate or the fermentation products. 

Muent organic nitrogen measured as total Kjeldahl nitrogen (TKN), cm be classiiïed as either 

biodegradab1e or non-biodegradable depending on whether it is associated with a bidegradable or non- 

biodegradabIe carbonaceous species (DoId and Marais, 1986). As shown in Figure 2.1. the four types of 

organic nitrogen correspond with: fermentable readily biodegradable, slowly bidegradable. particdate 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 IJtiIization 

Within the framework of ASM2. fermentable readily biodegradable COD. and fermentation 

products are the ody  growth substrates avaiIable for heterotrophic growth under either aerobic or anoxic 

conditions. Slowly bidegradabte organics are not available growth substrates before hydrolysis. Readily 

biodegradable fermentable COD rnay be present initially in the wastewater or generated through the hydrolysis 

of slowly biodegradable organics. Fermentation products considered to be acetate are genera ted by fementing 

fermentable readily biodegradable COD. 

c) Death-reeeneration 

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 (DoId et al.. 1980). Prior to the formulation of ASMl, there was much debate on which of hvo 

theories should be uicotporated into the model. Incorporated in ASMl and its successor ASM2 is the death- 

regeneraîion approach. Because it is an important and disunguishing feature of ASMl and ASM2. the two 

approaches will be discussed in further detail. 
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in the presence of an extemai substrate. a portion of the substrate is oxidized to iWTi1 maintenance 

energy requirements. In the absence of an externat substrate. a hction of the viable organism m a s  is used 

directiy as an energy source to sati* 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 h e  organisms (Le. rep1icating and non-replicating organisrns). Under zero nibstrate 

conditions. the rate of change in iive mass due to endogenous respiration is proportional to the rate of o'cygen 

or nitrate utilization. 

To ailow the energy to be used by the respiring biomass. an exogenous electron acceptor such as 

o.xygen or nitrate rnust 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. E.xperimentally, it has b e n  found that effluents discharged from an anaerobic reactor to 

a foliowing anoxic or aerobic reactor causes a higher than e.vpected oqgen or nitrate demand. The traditionai 

endogenous respiration approach fails to eauplain this (Ekarna et al.. 1979). 

An alternative to the endogenous respiration is the death-regeneration cycle as incorporated in 

ASMl (Henze et al., 1986). In ASM1, death is referred to as the loss of organisms due to autolysis. In ASW. 

death was replaced with Lysis which includes al1 processes that lead to a loss of microorganisms including: 

predation, autolysis, and loss of ce11 \val1 integrity. The lAWQ Task Group (IAWQ Task Group. 1995) in their 

discussion of ASM2 do not note any clifferences 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 b i o m s  lyses to produce endogenous 

particdate products (McK~M~)' and Ooten, 1969) and slowly biodegradable COD. Endogenous partieulate 

products formed are degraded at a sufficiently slow rate so that may Se considered inert at sludge retention 

times normaily encountered (Grady et al., 1986). The slowly biodegradable COD generated is degraded by 

hydrolysis and used in the qmthesis of new rnicroorganisms. The rate of hydrolysis and subsequent synthesis 

depends on the type and quantity of electron acceptor present. The regenerated mass will be l e s  than the 

initial mass due to energy losses i n c d  during synthesis and the formation of endogenous products. 



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 king 

negiigiiIe (Le. hydrolysis or synthesis is not rate Lirniting) (Doid et al.. 1980)- Lhder ano'oc and anaerobic 

conditions, the response characteristics become dissimilar @old and Marais. 1986). 

2.2.2. Heterotrophic Metabolkm in the context of ASM2 

Within the model's m e w o r k  heterotrophic processes occuning under aerobic and anosic 

conditions, as shown in Figure 2.2. are: hydrolysis. growth. and ce11 lysis. A brief discussion of each of the 

processes is to foilow with the equations governing these processes ouilined in Table 2.1. 

Figure 2.2 Overview of the Processes occuning in Heterotrophic Metabolisni 
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b) Growth of Heterotrophs 

There are several different types of heterotrophs in the activated sludge population. Obligate 

aerobes; aerobes with denitr@hg capabilities: aerobes with the capacity to ferment subsvate under anaerobic 

conditions, but incapable of denitrifjing: and anaerobes rnay al1 be present. Heterotrophs as defined in ASM2 

can grow under aerobic, ano'iic 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 specfied electron accepter. 

Bafanced growth is often d e s c n i  by Monod kinetics. The Monod kinetics incorporated in ASM2 

are only applicable when sufncient nitrogen. phosphorus and other micronuirients are present. 

i) Aerobic Growth of Heterotro~hs 

In activated sludge systems, the growth of heterotrophs under aerobic conditions is responsibIe for 

the majority of &n removd. Within the conte-xt of ASM2. oniy forms of readily biodegradable COD can be 

used as a growth substrate. For each unit of readily biodegradable COD metabolized, Y uni& of 

microorganisms are produced with the remainder of the COD (1-Y) k i n g  oxidized. The rate of gr0wt.h is 

eqressed as Monod kinetics and is proportional to the rate of o.uygen utilization, The rate of growth is 

gwerned by the concentration of readily biodegradable COD and O-uygen. 

A microbial population can be cIassified into four physiological groups: replicating. non- 

replicating, dormant or dead (Mason et ni., 1986). Replicating bacteria are respinng 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 organism under the nirrent growth conditions. Dormant 

rnicroorganisms are capable of becoming either actively respiring microbes or undergoing death and subsequent 

lysis depending on subsequent substrate availability. Dead bactena are intact organisms devoid of any 

metabolic acrivity. 

In ASM2, the organisms carrying out substrate  orm mations are referred to as "active" 

organisms- The mode1 does not define the active microbial popuiation. It will be assurned for this research that 

the active mass would include the actively rq i r ing  popdation which includes replicating and non-replicating 



bactena. The possible presence of a dormant popuIation has not been mentioned at any stage of the 

development of ASMl or ASM2. 

ii) Anoxic Growth of Heterotro~hs 

Anoxie growth within the conte-ut of ASM2 refers to growth o c a m h g  in the presence of nitrate. 

As with the aerobic growth of heterotrophs. the rate of anoxic growth is e-upressed in tenns 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 mode1 suggests that the yield of 

denitrifLing organisms is the same as that of aerobic heterotrophs on an electron quivalent basis. Only a 

fiaction of the entire heterotrophic population is capable of denitrification As previously stated, substrate 

transformations are camîed out by active organisms. 

c) Hvdrolysis 

Slowly biodegradable organics require: uptake. storage and enzymatic degradation (Le. hydrolysis) 

before k i n g  used as a growth substrate. Neither uptake and storage of slowly biodegradable organics nor 

hydrolysis is considered an energy consuming process @old et al., 1980). The amount of substrate stored 

within the floc is restricted by the active mass concentration @old et al.. 1980). 

As storage and uptake occur rapidly (Gujer (1980) as cited by Grady et 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 meditateci reaction: thus 

the rate e-upression is "Monod-like" in form and dependent on the ratio of slowly biodegradable organics to 

active organisms. 

van Haandel et al. (1981) hypothesized that hydroIysis under anoxic conditions proceeds at a much 

slower rate than it does under aerobic conditions. Esperimentally, the observed rate of nitrate removal (as 

equivaIent oxygen) in anoxic reactors using siowly biodegradable substrates was not as rapid as the simulated 

oxygen utiiization rate. This suggested that the rate of utilization of partidate slowly biodegradable substrate 

in the ano'cic environment is lower. The task group developing ASM2 accepteci this hypothesis. They go on to 



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 slowty 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 hydroIy sis. 

d) CeII Lvsis and Subsequent Use of Decay Pmducts 

Within the framework of the death-regeneration approach. the rate of Ioss 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 eIectron acceptor. Cell lysis results in endogenous residue and slowly biodegradable organics. Organic 

nitrogen produced by lysis is distriiuted berneen the endogenous residue and the slowly biodegradable 

organics. 

2.3. Heterotrophic Meta bolism 

Microbial growth under nutrient lirnited conditions is d&ed as chronic starvation (Chesbro et al., 

1990). Men necessary growth nutrïents are e.xhausted. the rnicrobid population is placed in a starvation state 

(Siegele et al., 1993: Chesbro et al.. 1990). Bacteria of the conventional activated sludge systern are 

chronically starved because they e'iist 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 ficheria coii NF16 1 became starved within 30 minutes of a tecycling fermentor king shut off as 

indicated by a 30% decrease in viable counts. Approsimately 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 me for most aquatic systems. When Pseudomonm sp.. an aquatic 

bacterium, was placed under starvation conditions the population of actively respiring cells was 10 times the 



number of culturable ceus. It took the culture appro'umately 15-18 days before a number of rneasures of 

metabolic activity became reiatively constant (Kurath and Morita I983). The existence of a signifïcant 

population of actively tespiring non-culturable microorganisms has been noted for cultures of E coli and 

Sulrnonelfu enterifidis under starvation conditions (Roszak and Colwell, L987). 

in a conventionai activateci sludge plant there is a Iirnited supply of biodegradable organics. 

Kinetic coefficients representative of an activated sludge system are: k 4 . 5 5  h*I. &=120 mg B O D A  (Jordan. 

1971). Using an muent  5 chy biochemical oqgen demand (BOD5) of 5 mg/L . Np,,, is 4%. The bacterial 

population is most Iikely in a state of chronic starvation. A Literature Review of the metabolic changes 

occurrhg under starvation conditions will show the importance of considering the growth -te when 

interpreting data fiom tbis system. 

2.3.1. Growth 

a) Aerobic Growth 

Substrate utilization, for reasons of simplicity, is typicaily descn'bed using an empirical Monod 

expression (Table 2.1. Eqn 34) .  Diauvic growth is seen under batch conditions and in the presence of high 

concentrations of different carbon substrates suitable for growth. With diau?uc growth, the better substrate (i.e. 

capable of supporthg the highest maximum specific growth rate) is consumeci preferentiaily. Diauuc growth 

is not normally seen with activated sludge systems. 

Under arbon limited conditions, simultaneous use of multiple carbon-energy sources occurs (Egfi 

et al., 1993). E. coli B, grown under nutrient 6 c i e n t  conditions in a minimal medium containing glucose. 

lactose and L-tryptopfian was capable of metabolizing only glucose. The ability to use multiple carbon 

substrates simultaneously is advantageous when carbon is lirniting as it is under conditions of chronic 

starvation or starvation. 

The effect of temperature on the constants describing biological reactions, can be descr i i  in the 

form proposed by Phelps (1944) (Eq. 2.1) to be applicable over moderate temperature ranges (040°C) (Grady 

and Lim, 1980). 



Eq. (2.1) 

where k l  = temperature dependent rate coefficient at T 

k2 
- - temperature dependent rate coefficient at T2 

8 - - rnodified Arrhenius coefficient 

TI& = temperature (OC) 

CeU yieId measurements vary with growzh rate. This has been e-xplained by incorporating the 

concept of maintenance energy. Maintenance energy is the energy required for specifïc fiinctions such as: 

continual degradation and repair of ce11 components. maintenance of concentration gradients behveen the ce11 

and its exterior, and cell motility (Ph.. 1975). Energy denved fiom substrate oxidation is used for both 

maintenance functions and growth. if maintenance energy requirements are negligible or zero, the achieved 

yieId will be the true growth yield. Under conditions where this is not me ,  the achieved yield is refend to as 

the observed yield. 

The maintenance energy demand (MED) as a fraction of the cellular energy flui; is dependent on 

the growth state of the bacterium (McCarty et al., 1969). Under nutritionaliy mcient conditions, the MED 

will be minimal. Under chronic starvation. the MED can account for 50% of the cell's energy flux. Starvation 

will becorne more severe once interna1 energy reserves are depleted Under these conditions the MED wiU 

account for 75% of the energy flus (Chesbro et al., 1990). 

In the absence of an extemal substrate. a fraction of the viable organism mass is used direce as an 

energy source to satisfy the maintenance requirements of the remaining living organisrns (Herbert, 1958). 

m e n  refemed to as endogenous respiration it is rnathematidy describeci as: 

Eq. (2.2) 

a -  where - rate of rnicrwrganism growth (rng-d.l.~-I) 

CI 
- - specific rate of growth (ci- l )  

a - - specific maintenance rate (d-l) 

X - - ce11 concentration (mgLoL) 

Pirt (1987) extendeci the concept of endogenous respiration to systems growing at rates less than 

10% of the maximum specific growth rate. Activated sludge systems can be considered slow growing as 

defined by Pirt (1987) because the growth rate is typically 4Yo of the maximum obtainable. The slow growth 



rate is due to the lack of available substrate. Pirt htpothesized th. in slow growing systems. a fraction of the 

ceil population differentiates into a "dormant state". This state is characterized by the cessation of growth and 

Nbstrate uptake for growth and maintenance. The differentiating microorganisms derive energy through 

endogenous metaboiism resuiting in a l o s  of biomass. It is assumed that the rnicroorganism's uptake for 

growth and maintenance ceases once it becomes dormant, When the differentiating fraction is srnall. then the 

growth of heterotrophic organisms can be describeci as: 

Eq. (2.3) 

where W d t  = rate of microorganism growth (mgd-l - L - ~ )  
X - - ce11 concentration ( m g ~ - l )  
a - - the growing fiaction 

Cr 
- - the specific rate of growth (d-l) 

For pure cultures, yieId 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, 197 1 ; Mennett and Nakayama. 197 1 ; Harder and Vedkamp. 

1967). 

Muck and Grady (1974) grew a mkd population under carbon limiteci conditions. The maximum 

tnie yield of 0.6 g COD/g COD was obtained at a temperature of appro'ùmately 20 OC. At temperatures of 

10 and 40 OC, the yield was 0.45 g COD/g COD and 0.48 g COD/g COD, respectiveiy. Mecironho and Russo 

(1983) found the sensitivity of yield to temperature to be dependent on the COD concentration. YieId increased 

wiîh higher temperatures with the arnount of increase depending cn the substrate concentration. 

Tian et al. (1994) found an increased observeci yield at lower temperatures regardes of the 

influent volatile suspended solids concentration for an activateci sludge culture (Table 2.2). Idluent VSS was 

considered important because it wodd include nonbiodegradable organics which wouid accumulate in the 

reactor. The study made use of two SBRs run in paralle1 but at different temperatures (8 and 20°C). In the 

phase of the experiment, concentrateci sewage ivas used as a substrate. In the second phase, sewage 

supplemented with nutrient broth was used. 



Table 2.2 Observeci Yields for a Carbon Removal Reactor (Tian et al.. 1994 

I phase muent vss 20 OC 8 OC I 
(mg VSSA) (gAVSS/gACOD) (gAVSS/gACOD) 

1 69 0.253 0.309 

With a mi& rnicrobial population, changes in the observai yield codd reflect changes in the 

microbial population. At low temperatures bot& pyschrophiles and psychrotrophic bacteria will be present. 

@schrophiIes have an optimum temperature for growth of 15OC 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 (Monta. 1975). Microbial cornpetition at temperatures less than 10 OC will favour psychrophiles over 

psychrotrophic bacteria when al1 growth factors are in excess. Under conditions of carbon and energy 

limitations (Le. starvation). it was suggested that the halfvelocity coefficient (Ey plays a role in defining 

dominance (Harder and Veldkamp. 197 1). 

i) Microbiolow of Denitrif~cation 

Many carnrnon sewage bacteria are capable of denitrification (Table 2.3). The denitnfylng 

popuiation 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 i 6 c i e n t  to 

complete denitrification, an exogenous carbon source can be used. However, use of a particuiar cart>on source 

may cause seiective e ~ c h t n e n t  of certain d e n i w n g  species. 

Table 2.3 D e n i m n g  Bacteria Abundant in Sewage (after Christensen and Harremoës (1977)) 

-4 chromo bacter 
-4 ero bacter 
A Icaligenes 

FIavobacterium 
,iMicrococcus 

Proteus 
Pseudornonas 

Transformation Performed 



The concept of selective enrichment was uivestigated by Blaszczyk et al. ( 1983)- They examineci 

the effect of nitrites or nitrates in conjunction with a number of exogenous substrates on a d e n i w n g  

population- The d e n i w i n g  bacteria. initially isolateci fiom a wastewater holding tank near a ferulizer plant. 

were grown in Winogradsly's medium supplemented with the carbon source mentioned- D e n i w n g  bacteria 

accounted for 5-100% of the total bacterial population as  indicated by plate counts depending on the carbon 

source. The resuits of Table 2.4 a~ after 6 ciays of incubation at 26°C. 

Table 2.4 Dominant DenitriQing Bacteria Isolated afier Culture in Noted Media 
(after BIaszczyk et al. ( 1983)) 

Carbon Source 

Methanol 

E thanol 

Acetic Acid 

Glucose 

Form c 
Nitrite Nitrogen 

% Deni-ng Composition of 
Bacteria Denitrifiers %' 

71 P. fluorescens (78.9) 
P. mendocina (5.3) 

Others (15.8) 
96 P. mendocina (96.8) 

P. fluorescens (2.1) 
P. aeruginosa ( 1.1 ) 

100 P. ffuorescens (92.8) 
P. mendocina (2.4) 

Others (4.8) 

Nitrogen 
Nitrate Nitrogen 

% Deni-ng Composition of 
Bacteria Denitrifiers %' 

36 P. fluorescens(9 1.2) 
P. aeruginosa (5.6) 

Others (3.2) 
100 P. mendocina (88.9) 

P. aeruginosa ( 11.1 ) 

42 P. aeruginosa (78.3) 
P. fluorescens ( 1 3 .O) 

P. sfutzeri (4.4) 
Others (4.4) 

84 -4. faecalis ( 100.0) 

Mycielski et ai. ( 1985) investigated the selection of denitnfjing bacteria on a quantitative basis 

5 -4. faecalis (100.0) 

when starch was used as a subsuate. In this instance. the cultures were grown in a chemostat at temperatures 

ranging from 18-22°C yielding a population of obligate and facultative pyschophiles. Even though the mised 

liquor composition changed with the starch to nitrate-nitrogen ratio, -4icaZigenes faecalis. Paracoccus 

denitrtjicans and Pseudomonas mendocina consistentty predominated. This is surprising considering these 

bactena are unable to hydrolyze starch. The investigators niggested that these bactena may be using either the 

products of starch hydroly sis or carbohydrate fermentation products generated by other members of the 

microbial population. 

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



In the absence oFo.xvgen, the speciflc rate of deniMication is dependent on the concentration of 

biodegradable carbnaceous materiai and nitrate as seen in Table 2.1. Eqn. 5-6. The rate e-qression applies 

under anoxic conditions and pHs between 6.0-8.0 (US. EPA, 1993). 

üi) Yield of Denitrification 

The growth yield of heterotrophic microorganisms using nitrate as a terminal electron acceptor is 

e-vpected to be 77% or Iess of that realized under aerobic conditions because of electron transport chah 

considerations (Payne. 198 1). Table 2.5 shows that the d i z e d  yield under ano'ric conditions in cornparison to 

aerobic conditions is variable depending on the substrate. The yieid published by Koike and Hattori (1975) is 

suspect because the yield on a COD basïs must be less than 1. 

Table 2.5 Yield of Denitdiers 

Culture Anoxic Anoxic Yield Ternp Carbon tnvestigator 
Aerobic g COD (OC) Source 

g COD 
Theoretical 0.77 Payne ( 1 98 L ) 

Paracoccus denitr13cans 0.65 Various Stouthamer et al. (1982) 
Pseudomonas denitrrjicans 0.4 0.64 20 Glutamate Koike and Katton ( 1975) 
Pseudonronas denitr~jkans 1.01 20 Glutamate Koike and Hatton ( 1975) 

[ Pseudornonas denitrijcans 0.64 20 E thanol Wang et al. ( 1995) 1 

d) Summarv 

1. Under carbon lirnited conditions. simultaneous use of multiple carbon energy sources o c m .  Under 

conditions where the culture is in a state ofeither chronic starvation or starvation conditions, diausic 

growth should not be seen. Diauxic growth occurs only at high substrate concentrations and thus will only 

be seen during batch gro~vth, It will not be seen under the carbon Limited conditions ~pically seen in 

activated sludge systerns. 

2. Yield is thought to be a fiinction of temperature. For a pure d tu re .  energy requirements for a certain rate 

of growth become greater with large deviations aivay from the optimum gro~vth temperature. For a mised 

culture, changes in the observai yield rnay reflect changes in the microbial population. Microbial 



cornpetition at temperatures of less than 10°C will favou. psychrophiles over psychmtrophic bacteria when 

al1 growth factors are in excess. Under conditions of carbon and energy limitations this may not be me.  

3. Often an exogenous carbon source is used when denitrification occurs under c&n Limitations. Selective 

enrichment of a particular denitrifjing species maq' occur if a exogenous carbon source is used 

4. When the eIectron transport chain is considered. the growth field of heterotrophic microorganisms 

achieved using nitrate as a terminal electron acceptor is e x - e d  to be less than 77% of that obtained under 

aerobic conditions. A number of studies cornparïng yïeId under anoxic conditions in cornparison to aerobic 

conditions found it to be variable depending on the substrate. 

2.3.2. Hydrolysis 

a) Introduction 

Hydrolysis of proteins involves the cleavage of a peptide bond and the subsequent incorporation of 

water (SQer, 1975). When complex proteins are the growth substrate, hydrolysis is necessary before a 

rnicroorganisrn can derive any benefit fiom the protein- Within the context of activateci sludge systems, 

hydroIysis is the one of the most poorly understood growth associateci processes. The ideas incorporateci in the 

ASM2 as detailed by Gujer et a1,(1995), represent our current understanding of the prwess and are 

summarized below: 

1. There exists a number of protocols for differentiating between readily and siowly biodegradable 

substrate. Their existence implies that hydrolysis is a rate limiting sep. 

2. Hydrolysis occurs even in the presence of high concentrations of rapidly biodegradable substrate. 

3. The rate of hydrolysis is e?rpected to be different under aerobic, ano'ric and anaerobic conditions. 

Enzyme types, concentrations and specifrc activities play an important role in determining the 

overali rate of hydrolysis. The rate of protein hydrolysis also can be influenced by temperature and the 

presence of cornpetitive and non~ompetitive inhibitors. 

E ~ e s  extemal to the ceil, exoenzymes, can be M e r  classified as either ectoenzymes or 

e.vtracellular enzymes. Ectoenzymes are secreted across the cytopIasmic membrane and remain in 

communication with their producing ce11 (Karnovsïq, 1986). These inducible enzymes react with polymeric 



or enzymes produced by ce11 lysis. Causes for cell lysis would include autolysis and predation They may be 

dissolved in water or adsortmi to solid surfaces (Chrost, 1990). if hydrolysis is a rate limiting process. then 

identifFing the dominant enzyme type may be important because ectoenzymes and e.vtracelluIar enzymes are 

produced and their activity is modulateci in Merent ways. Studies determinhg whether either ectoenzymes or 

e.vtrace1lular enzymes are dominant in activated sludge systems are Iacking, The Literature Review will show 

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

b) Enzvme Location and Twe 

The location and type of enzymes carrying out hydrolysis have not been addresseci by many 

researchers working with activated sludge. if the bacteria secrete enzymes outside the ce11 during starvation 

conditions. then ectoenzymes or e.vtracelIular enzymes (Le. ectoenzymes no longer associated with their 

producer) may cary out hydrolysis. Ifthis is not so, then the enzymes mediating hydrolysis are produced due 

to ce11 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 emnzymes can degrade plyrneric organic materid and make use of the 

products. This gives them a signrf?cant competitive advantage when easy to metabolize energy and nutrient 

sources becorne Iimiting. Direct secretion ofenzqmes by Gram-negative bacteria is not as frequent as for 

Gram-positive bacteria (Chrost. 199 1). The microorganisms most frequentiy known to be proteolytic are 

members of the genera: Pseudomonas. Ffuvobacrerium, ,Yanthonronus, ,4eromonas. Pïbrio. =Icinetobacter, 

Cytphaga. Baciifus and Enterobacter (Jones, 197 1 ) .  LighthaR and Oglesby (1969) determined the presence of 

bacteria of the following genera: Pseudomonas, Fhobactcriurn, Aeromonas and iïbrio in raw wastewater. 

These bacteria are dl Gram-negative and less Iikely to secrete enzymes directiy. 

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) e.uamined proteinase production by Pseudornon~s 

/luorescens NCDO 2085. Proteinase production occurred during in the e .~nent ia l  phase of growth when the 

culture !vas grown on protein substrates. but not und the early s t a t i o w  phase during growth on amino acids. 

Gügi et ai. ( 199 1 )  obtauied similar results using P. jluorescens M F 0  cultured in a minimal salts media 



culture was grown on protein substrates, but not until the early stationary phase during gr0wt.h on amino aci&. 

Gügi et al- (199 1) obtained similar results using P. Juorescens MF0 cultureci in a minimal saïts media 

augmenteci with IO% skim m i k  Myhara and Skura (1990) found that proteinase production in Pseudomonas 

fiagi commences during the late IogariUimic and early stationary phases of growth. 

A study by Albertson et ai. (1990) e.uamined e.vtraceUular protease production during different 

stages of starvation of Pseudomonas S9 and ?,?brio SI4  Hide powder azure (HPA), a non-toxic insoluble dye- 

labded 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 25 h of 

starvation, Pseudomonas sp. continued to degrade the HPA at a similar rate, The Uivestigators questioned 

whether increases in activity with starvation were the result of increased ectoenqme production or e.vtraceiiular 

enzymes generated by ce11 lysis. This was addressed by washing the starved cells and subdividing them into 

two. One portion of the culture sewed as a conuol while the other received chloroamphenicol. a chemicai 

suppressing de novo protein synthesis. After 10 h of additional starvation, the treated cuiture exhibited no 

exoprotease activi ty suggesting that ectoenzyme production was responsible for e.vtraceIlular protease activity. 

The detection of exoenzyrnes in activated sludge systerns is difiicult due to the flocculent nature of 

the microorganisms. Ex-tracellular enzymes rnay be producd but not detected in the bulk liquid due to 

diffusionai limitations or reactions within the sludge floc. In a study of bovine serum albumin (MA) 

degradation by acclimated activated sludge. McLoughiin and Crombie-Quilty < 1983) found proteolytic enzymes 

in the supernatant during BSA degradation. During the investigation, there \vas never a rise in the ievels of 

trichloroacetic acid (TCA) soluble protein in the ce11 free supematant; therefore. protein degradation 

byproducts did not accumulate in the supematant. 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 matnu. in this case, the 

resulting degradation products would not be released into the supernatant. The rate of proteolytic activity !vas 

found to be correlateci with the O-xygen utilization rate. 

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

in the supematant. Analysis of homogenized mked Iiquor samples detected the foliowing enzymes in 



significant quantities: aikaline phosphatase (APase), smino peptidase (protein hydrolysis) and giucosyl 

hydrolase (carbohydrate hydrolysis). APase catalyzes the hydrolysis of phosphate esters hcluding the esters of 

primary and secondary alcohols. sugar alcohols. cyclic aicohoIs. phenols. and polyphosphates. The enzymes 

detected in the mi~ed Iiquor would include: secreted enzymes, enzymes associated with dead cells. and possibly 

intrace1lula.r enzymes whose substrates would pas  through the ceil membrane. Dold et al. (199 1) using a 

starch substrate, studied the rate of hydrolysis for a-l,4 giucan bonds. in this instance, the enzymes were 

associated with the microbial floc and no enzymatic activity was observed in the buik solution. 

Frolund er al. (1995) compared Ml sludge enzyme activity to that of a batch gram culture. The 

e.vtracellular polymeric substance @PS)  vas extractecl h m  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 augmentai with yeast extract, The activity of the activated sludge bacteria was 32 and 18 

tirnes greater for esterase and Ieucine aminopeptidase activity normalized on a per ceIl basis. respectivvely. when 

compared to a d t u r e  of sludge bacteria. The investigaton suggested that perhaps the role of EPS is not only to 

combine the activated sludge cornponents. but also to act as a sink for immobilized exoenzymes. 

The bacteria present in activaied sludge are either a slow growing (Le. stationary growth pfiase) or 

a chronically starved culture. Tt is under these conditions that ectoenqme production has been noted in pure 

cultures (Albertson et a[. . 1990; Skura. 1990; Fairbaini and Law. 1987). Some of the bacteria present in 

activated sludge have the ability to produce ectoenzymes (Jones. 197 1). Ai1 investigators. except for 

McLoughlin and Crombie-Quilty (1983). have mggesteci that enzymes are present within the activated sludge 

floc since their absence has been noted in the bulk Iiquid. The enzymes present in the ff oc may be either 

e.vtracellular enzymes or ectoenzymes. As ectoenzymes may play a role in hydrolysis. it is important to 

understand their production and factors goveming the overaIl enzyme activity. 

c) Ectoenzvme 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. inducers stimulate ectoenqme production and 



already e-upressed (Priest. 1984). The action of the end product wïli depend on the particular end product, its 

concentration and the bacterial species. 

An indepth study by Fairbaim and Law (1987) sought to detennine if nutritional factors in milk 

serve to induce or repress proteinase production by Pseudontonas/luorscens. A s  part of this investigation. the 

effect of 22 different amino acids on proteinase production was e-uamined, Amino acids and peptides are 

produceci by proteinases and therefore amino acids may induce or suppress enzyme production. Pro teinase 

production was determined by e.Yamining HPA degradation by ce11 Erce samples. The amino acids were either 

the sole carbon source. the sole niuogen source or provided both &n and organic nitrogen, Sodium 

pynivate and ammonium sulphate provided the non-amino acid source of carbon and nitrogen respectively. 

when appropriate. From the resuits of their studies (Table 2.6). the investigators concluded proteinase 

production is a balance between induction by low concentrations of low molecirlar weight degradation products 

and sensitivity to end products. They further suggested that the iùnction of proteinases is to ensure a suppiy of 

carbon rather than amino acids for protein synthesis. Lfsuflicient organic &n is available. the ceIl can 

synthesize the needed amino acids. A number of studies e.uamining the role of suppressors and inducers in 

ectoenqme production for cuItures of bacteria indigenous to sewage are summarized in Table 2.7. 

TabIe 2.6 Amino acids inducing proteinase production in Pseudontonasj7uorescens after 96 h of 
growth at 20°C in minimal medium supplemented as a sole carbon nitrogen or c a h n  and nitrogen 
source (after Fairbaini and Law (1987)) 

As c&n source As nitrogen source As carbodnitrogen source 
Isoleucine (Ile) Alanine (Ma) Isoleucine (Ile) 
Proline (Pro) Valine (Val) TVPtophm (Tm 

T ~ p t o p h m  (TV) Csoleucine ([le) Asparagine ( A m  
Phenylalanine (Phe) Methionine (Met) Glutamine (Gln) 
Asparagine (Am) T r ~ ~ t o ~ h a n  (Trp) Arginine (Arg) 
Glutamine (GIn) Asparagine (Aspl Aspartic acid (Asp) 
Tyrosine (Tyr) Glutamine (Gln) Glutamic acid (Glu) 

Aspartic acid (Asp) Arginine (Arg) 
Glutarnic acid (Glu) Histidine (His) 

Ornithine 
Aspartic acid (Asp) 





Modification of existing enzymes has been reporteci by (Halemejko and Chrost, 1986). The 

kinetics of amino-peptidase and endopeptidase as modified in the presence of proteins were considerd 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 cornpetitive inhiiitor of amino-peptidase activity. BSA was also 

inhibitory to amino-peptidase, but the mechanism of inhiibition  vas unclex The addition of BSA resulted in 

lowered Michaelis Menten maximum veiocity (w and higher Michaelis Menten half saturation coefficients 

(KIM) values for amino-peptidase, Albumin was a non-competitive inhibitor of endopeptidase activity. This 

e-xperimental study seems to indicate that the roIe of amino acids and proteins on enzyme activity is specific to 

the substrateenzyme system. 

Chrost ( 199 1) as part of a study on aquatic systems esamineci the modulation of already e-xpressed 

alMine phosphatase (APase) and P-glucosidase due to the presence of a number of different end products. 

P-glucosidase cataipes the hydrolysis of fl-linked dissaccharides of glucose. celluhexose and 

~.xymethylceIluiose. The efféct of these is Summanzed in Table 2 -8. This study also e-Yamined moduiation 

of leucine aminopeptidase after the addition of the end products. S-c enzyme activity. bacterial production 

and the apparent Khi were observed at 4.20 and 44 h for leucine aminopeptidase. in the presence of acetate. 

glucose and amino acids (Figures 2.3 -3.5). Addition of amino acids to the culture precipitated the fastest 

change with lower specifk activity, higher bacterial production and slightly higher Michaelis constants 

occurring within 4 hours. Atter 15 h incubation amino acids and acetate supplemented cultures gave 

comparable growth rates while the gr0wt.h rate of the glucose augmenteci culture was U-55% higher. At this 

time, the speciflc activity of the enzyme normalized on the nurnber of celis \vas appro'rimateIy 10% of the 

control culture after 44 h of incubation, For the control cuiture. and those cultures supplemented with acetate 

and glucose. the Michaelis remaineci relative- constant, The culture supplemented with amino acids f i e r  U h 

of incubation had a Michaelis Menten constant approximately double that of the controi culture. 



Table 2.8 Spenflc actitities and Michaelis constants of APase and P-glucosidase in water 
supplemented nith various organic compounds (after Chrost (199 1)) 

Substance Added APase 
Acrivity (fmol-tell-'-VI) K, (pol-~") 

CAMP Increased Decreased 
ATP Increased Decreased 

Glucose-6-P Increased Decreased 
Glucose Decreased Decreased 

CeIlobiose Decreased Decreased 
Amino acids Decreased Decreased 

Activi- (fmol-cel1-' -h-' ) M, (pmol-~' '  ) 

No Change Increased 
No Change Increased 
No Change Increased 
Decreased Increased 
Increased Decreased 
Decreased Increased 

Figure 2.3 Effect of the Addition of Low M W  Substrates on Specific Activity of Leu-Amp (aller 
Chfist (1991)) 
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Figure 2.4 Bacteriai ce11 Production and Growvth Rates in Water Samples Supplemented with Readily 
Utilizable Substrates (after Chrost ( 199 1)) 

Contrai 1\1 Glucose 

Acetate Amino acids 

incubation time (hours) 

Figure 2.5 Michaelis constants (Km) of Bacterial Leu-amp in Water Samples Supplemented with 
Readily UtilizabIe Substrates (after Chrost (199 1)) 

1-1 Control Glucose 

Amino 1 Acetate acids 

I 
incubation time (hours) 



Further investigation of this enzyme system with Leu-Leu, Aia-Ser. and albumin showed the 

&ects 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 cornparison to the control samples. 

In control samples. specific (per ceII) activity slightiy increased after 24 and 48 h of incubation. Addition of 

albumin (molecuiar weight (MW) approx. 66.000) to samples resulted in an accelerated rate of growth and 

rapid induction of Ieu-arnp q-nthesis. The navly formed enzymes had Iower Khi. The investigator concludeci 

enzyme production and modulation is controlied by different mechanism. Chr6st (1991) cited other research 

that shows that in general the presence of readily utilizable substrates or amino acids represses enzyme activity. 

in con- the research of DaatseIaar and Harder ( 1974), Litchfleld and Prescott (1 976) and Chrost (1 99 1) 

show amino acids, peptides and proteins induce aminopeptidase synthesis in some bactena. 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 Hvdrolvsis 

Use of a particulate biodegradabIe substrate requires (1) uptake and storage. (2) e.vtracellular 

enzymatic breakdown of the complex organic and (3) synthesis by the organisrn @old et al.. 1980). Soluble. 

slowly biodegradable substrates may also require these processes for utilization. Uptake and storage of 

substrate are considered to be essentiaUy immediate @old et al., 1980). E q m a t i c  breakdown of the complex 

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

investigators. 

where W d t  = 

KH = 

x, = 

x, = 

Kx = 

rate of hydrolysis of slowly biodegradable substrate (mg COD-L-I -d-I) 

mximum specifc rate of hydrolysis (d-l) 

concentration of slowly biodegradable substrate (mg COD-L-I) 

concentration of heterotrophs (mg COD-L-I) 

half velocity coenicient for hydrolysis (mg COD-L-~) 

Eq. (2.4) 



The coefficients are unique for hydrolysis under aerobic, anoxic. and anaerobic conditions. Given 

the dynamic nature of enzyme systems. it seems ceasonable that enzyme activity. and thus the rate of 

hydrolysis, would change in îhe presence of ciacrent electron acceptors. 

Kappeler and Gujer (1992) utdized batch tests with iterative curve fitting to c a l d a t e  KH of 

Equation 2.4 and quant* the amount of sIowly biodegradabie substrate present. M e r  inhibiting nitrification 

the O-qgen utilktion rate was measured as a îûnction of time. The O-xygen utilization rate indicates the rate of 

hydrolysis oniy if growth is limited by the concentration of readily biodegradable substrate. At 14 OC a value 

for KH of 4 d-1 was determineci. The accuracy of the determination is dependent on having amuate values for 

the dath and decay coefficients, and the heterotrophic yield 

Cornparisons can be made between the work of Kappeler and Gujer (1992) and Wanner et al- 

(1992). The latter investigators used mathematical optirnization and 25 sets of time series data of oxygen 

utilization rates to determine the rate of hydrolysis. Initial estimates were updated using predictnie-corrective 

techniques. E.uperiments were divided into hvo groups: those having a sludge age between 7.3 and 1 1.1 days: 

and a second group where sludge a g a  ranged bebveen 1.8 - 2.8 days. Comparing KH values aven by 

Wanner et ai. (1992) to those derïved by Kappeler and Gujer (1992) produces estimates that m e r  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 

(Le. the inverse ratio). Comparable overall hydrolysis rates were obtained fiom these two studies. 

One of the few studies to specifidy look at the rate of hydrolysis used activated sludge (AS), 

acciirnated to the polymer, peptone or de~tnn,  to investigate the role of hydrolysis at 20°C (Ubukata. 1992). 

The polymer-acclimateci AS was fed the corresponding monomer, amino acids or glucose, as a part of rate 

testing. The rate of removal was detennined by meamring the conœntration 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- 

acclimateci AS was higher than that of the polymers. The o d y  ciifference bebveen the polymer and the 

monomer is the existence of a glycosidlc or peptide bond. Ubukata suggested that the rate of hydrolysis of 

polymer to monomer was the rate Iirniting step. 



In a second slightiy more Limited study, the hydrolysis of a- 1.4 glycosidic bonds (Le., the bond 

predominantly found in starches) by activated sludge was e.camined @old et al.. 199 1). The activated sludge 

was taken from a fhil s a l e  treatment plant achiwing aerobic carbon removal. In this investigation the rate of 

hydrolysis was sigrilncantly altered by the availability of an electron acceptor (O-xygen or nitrate). At 20°C. the 

rate under anoxic conditions (Le., in the presence of nitrate and absence of dissolved O-xygen) was more than 

double that observed under aerobic conditions. In this instance, hydrolysis under anoxic conditions may be 

carrieci out by both the obligate aerobes and the d e n i t m g  organisms present in the mi.& liquor. The m i .  

liquor had never ken elcposed to anoxic conditions before testing. The type of enzymes initially present and 

their overall activity wouId be characteristic of an aerobic culture and not an anoxie culture. Use of an anoxic 

culture may lead to very different results. 

e) Hvdrol~sis of Nitro~enous Com~ounds 

Henze and MIadenovski (199 1) used ammonia production rates to indicate the rate of hydrolysis of 

nitrogenous compounds by activated sludge. Raw sewage having the follorving characteristics: 

450-600 mg CODIL, 40-60 mg TKNL and 3040 mg NH3-N/L was added to the MLVSS to give a final 

concentration of 1900 mg VSSfL. The MLVSS and sewage were taken from the same plant so acclimation \vas 

not considered a problem. Nitrification was inhibited so ammonia niîrogen was not further metabolized by 

autotrophs. Tests were carried out at temperatures of 12.3. 15 and 20 OC. 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 NH3-Nlmg TKNh rvhile in the presence of 

nitrate the rate was 1-25 g N H D m g  TKN-h. The investigators found that the ratio between the hydrolysis 

rates under aerobic and anoxic conditions was sirnilar to the respiration rates e.upressed in terrns electron 

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 seerns to be species and subsuate 

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



Studies of pure cultures and aquatic systems have show that ectoenzymes are present, The presence or 

absence of ectoenzymes bas not &en investigated in activated sludge systerns. It has k e n  suggested that 

the activated sludge floc matrix most Iikely imrnobilizes and accumulates large arnounts of enzymes. in 

this instance, the role of the e.utracellular polymer is not only to combine the activated sludge components, 

but a h  to act as a sink for immobilized exoenzymes. 

Temperature. pH, oxygen concentration. and ionic strength d l  are environmental parameters known to 

influence the production levels of ectoenqmes. The production and specif?c 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. 

Hydrolysis as carrieci out by the microorganisms of activated sludge is poorly understood, Withh the 

framework of ASM2, the rate of hydrolysis is independent of the concentration of readily biodegadable 

substrate men under conditions when the level of readily biodegradable subsuates far esceeds that required 

for growth. ifectoenqmes are responsible for hydrolysis then this hypothesis wouid be conuadictory to the 

curent understanding of these enzyme systems gained by e-uaminuig other systems. ife.utracellular 

enzymes produced by ceIl lysis are responsible for hydrolysis, then culture conditions such as the presence 

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

2.3 -3. Celi Lysis and Subsequent Use of Decay Products 

a) introduction 

Microbial death results from irreversible damage to the deoxyribonucleic acid @NA). If sufficient 

damage is incurred by the ceIl ivalVmernbrane. then both death and lysis occur. Agents precipitating microbiai 

death include: cell age, chernical damage (including antibiotics), low ternperat~re~ and freezing. Autolysins 

can cause the loss of ceIl walVmembrane integrity. 

Autolysins play an important role in ce11 hction as they are respnsible for: daughter ceU 

sepration, protein turnover, morphological differentiation, and e~~ans ion  of celi waiI polymers (Mason et al., 

1986). These are the constructive roles they play. In general, if the synthesis of autolysuis is prevented because 



of either nutritional iimitations or the presence of antiiiotics then lysis of bacterial ceiis d l  be observed 

(Shockman and Holtje, 1994). The capacity of bacterium to autolyse is at a ma.rnum or near maximum 

during the exponential growth phase (Shockman and Holtje. 1994). There are many reports that cells do not 

lyse during starvation (Harrison and Lawrence. 1963: Gronlund and Campbell. 1963: Novitdq and Morita. 

1977). 

b) Crinitic Growth 

Cryptic growth refers to the use of organics that have leaked fiom a ctying bacterium as a growth 

substrate (Postgate, 1976). A more inclusive definition would include substrate generated through lysis of 

microorganisms as weU as substrate generated by ce11 leakage. It should be noted that cqptic gro~vth does not 

appear to occur during the starvation sunival process. Kurath and Monta (1983) came to this conclusion afler 

observing the endogenous respiration rate of a Pseudomonas sp. culture transferred fiom 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 frorn the non-viable cells is not a major factor in the s&al of the other cells. It was not 

ascertainai whether tbis was due to minimal lysis or if the bioplymers generated through lysis were in a form 

that Iimited their use as a growth substrate. Groniund and Campbell (1963) found increases in the ultraviolet 

absorbing material, largely RNA degradation products. as starvation proceeded with pure cultures of 

Pseudornonas aeruginosa. 

Gaudy et al. (1 97 1) used sonicated siudge to simulate cryptic growth in an activated sludge system 

at 16 O C .  A 50% reduction in the COD of the supernatant was evident in the first 15 minutes with an over 

90% reduction occumng after 25 hours. The sonicate \vas composed of 5-I5% carbohydrate and 40-65% 

protein on a COD basis. King and Forester ( 1990) have show that sonication power influences the 

concentrations of both soluble &hydrate and protein, Even though Gaudy et al. (197 1) used lower power 

levek over longer periods of tirne, the results of King and Forester would suggest that sorne degradation of long 

chah organics did occur. 

Banks and Bxyers (1990) extended the studies on cryptic gronth using pure cultures of 

Pseudomonas putida and Hyphomicrobium sp. The pure cultures of P. putida and Hyphornicrobium sp. were 



grown on cl4 labeled giucose and methanol to produce radiolabellad ceU debris which could be sonicated and 

used as a su&u-ate- The growth of P. putida and lfvphornicrobium sp. on the sonicated ceII debris was followed 

by monitoring the radioactivity of soluble (~0.22 pm) and particulate material; and by performing 

epifluorescent ceU counts. P. putida metabolized 30-60% of the soluble organic material released by sonication 

of the radiolabekd ceiis whereas Kvphornicrobium sp. could metabùlize only 20-30% of the soluble organic 

matend released regardles of its origin. 

Use of the particulate debris (X.2 pm) remaining after sonication as a growth substrate for either 

species produced no noticeable increase in epifiuorescence ceii counts. No signifïcant increase in soluble 

organic carbon labeled with was observed. The investigators believe that hydrolysis of labeled cell debris 

did not occur. As mentioned above, sonicating cells can Iead to the degradation of long chah 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 

biodegradabiIity of the growth substrate derived from ceil Lysis seems to be dependent on the microorganism 

carrying out the degradation. The acmracy of most of the curent information is suspect because the sonication 

used to lyse the cell can degrade proteins and carbohydrates. 

c) Endopenous Respiration 

ln the absence of an extemal source of substrate, the ce11 has to make changes to its metabolic 

bctions to ensure continued sumival. Energy needed to sustain maintenance fictions is derived through 

endogenous metabolism. Endogenous metabolism is the summation of al1 metabolic reactions that occur when 

a cel  is deprived of compounds which can serve as a nrbstrate. 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 rnarine 

Vibrio) (Novitdq and Monta, 1977). 

Under carbon starvation, energy is derived Born the consurnption of carbon reserves (e-g. 

polyglucaas, poly-p-hyroxybutyric acid polymers (PHB), and polyvolutins). In the case of fibrio S 14, the 

depletion of PHB reserves developed during growth could be followed as starvation progresseci (Rodriguez et 



al., 1992). Malmcrona-Fnirg et al. (1986) noted PHB reserves were depleted 3 hours afler the onset of &n 

starvation in an unidentineci marine species. In E. coli, depletion of glycogen reserves occuned within IO 

hotus of king placed under conditions of chronic starvation (Chesbro et al.. 1990). High levels of reserve 

materiais do not necessanly guarantee a bacterium's SUMval. One having a lower content of reserde material 

may have an quai chance of SUMval depending on the rate of endogenous metabohm (Dawes. L976). 

The degradation of nlbosomal ribonucieic acid (RNA) can be retardeci by the presence of 

intracellular carbon reserves or ex-tracellular products such as polysaccharides. It has been reportai that under 

prolonged starvation up to 85% of the net RNA reserves wiil be consurned 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 e.xmple, the DNA levels of Ant-300 cells decreased rapidly during the first 14 dayç of 

starvation and then deciined only slightIy over the rest of the study period (Novitsky and Monta 1977: Moyer 

and Morita, 1989). 

Activated siudge systems exist as chronically starved systems. Starvation causes si@cant 

changes in the ceIl's metabolic khaviour. A number of the starvation-induced changes discussed above are 

signifiant to the general understanding of activated sludge systerns. For instance, a substantial portion of the 

microbid population may exist in a donnant state brought on by stanration. Under nutrient sdEcient 

conditions, the dormant bactena will again becorne actively repliwting and respiring bactena. If the number of 

dormant bacteria was si@cant, then the existence of dormant population shouid be incorporateci in a revised 

conceptual model. 

A number of researchers have suggested that cslptic growth does not occur under m - a t i o n  

conditions. If this was true, the death-regeneration approach would not be valid under starvation conditions 

such as those found under batch digestion (Novi* and Monta 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 survivai tactic employed by microorganisms. Dxlines in the O-qgen utilization 

rate (OUR) were seen during the transition between chronic starvation, starvation and dormancy. The rate of 

deche is not a good measure of the rate of heterotrophic death and decay under chronically starved conditions. 



This is çontrary to the suggestions of Marais and Ekama (1976). A better understanding of energy 

requirements under starvation conditions does cast doubt on the current conceptuai model. Declines in OUR 

with tirne 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 

2.4.1. Introduction 

Biological nitrogen removal is a two step process. In this process, nitrification is foiîowed by 

denitrification. Duruig 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 

produœ gaseous molecular nitrogen (dinitrogen) in a process called denitrification or dissimilatory nitrate 

reduction. Based on the e-uperimental work of McCarty et al. (1969) when methanol is used as a growth 

substrate, denitrincation proceeds as foliows: 

NO3- + 1.08 C%OH + K + 0.065 C5H,02N + 0.47 N2 + 2.44 %O + 0.76Co2 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 growthfnitnfication with 

nitrate k i n g  recycled back to the anozric reactor. The stability of the process depends on sufficient nitrate king 

recycled back to the anoxic reactor. With p s t  denitrikation, denitrification follows nitrification. This process 

has the a h t a g e  of increased process stability: however, additional costs are incurred in providing an 

exogenous source of d n .  Organics are added in excess of stoichiometrïc requirements to ensure complete 

denitrikation. Residual organic substrate WU always be present in the plant effluent unies additional carbon 

removaï facilities are avaiiable. ln the case of low organic strength wastes or if denitrification proceeds under 

hydrolysis limiteâ conditions, use of a supplementary carbon source is required for both predenitrification and 

postdenitrification configurations. 



2.4.2. Carbon Limited Growth 

For most systems achiwing denitnfication. the organic carbon to nitrogen ratio is a critical 

variable. LlgA and Baimér (1992) suggest that for CODN ratios above 15. nitrate removal is complete or 

close to complete. At CODIN ratios below 15, nitrate removal is highiy variable. There are t h r ~  possible 

sources of soluble biodegradable organics: the influent wastewater. the products of endogenous respiration and 

exogenous cabon sources (e.g. methanol, fermented primary sludge and brewel wastewater). 

in a study using influent wastewater as a cart>on source for denitrification. van Haandel et al. 

( 198 1) reported the occurrence of nvo distinct phases with characteristic rates when activated sludge was mixe. 

with influent wastewater under batch conditions. The initial phase proceeds mtiI the rapidly biodegradabIe 

COD present in the influent is depleted, During this phase, the rate of deniuification is relatively fast. During 

the second phase, slowly biodegradable organics are hydrolysized and conswned in denitdication. The rate of 

denitrification proceeds at a much slower rate than that realized during the initial phase. The rate of 

denitrification realized under these conditions was similar to those produced by postdenitrifïcation plug flow 

systerns. This is consistent with the findings of Barnard ( 1975) who found ùiree 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 becarne signifïcant. 

Henze et al. (1993) proposed the existence of three distinct fractions for biodegradable substrates 

present in wastewater: directly- metabolizable, easily degradable and slowly degradable, An esample of a 

directly metabolizable substrate is acetic acid. Higher volatile fatty acids. lower alcohols. lower amino acids 

and simple carbohydrates are al considered e-uamples of easily degradable substrates. Most slowly degradable 

substrates are complex organics having a higher molecular weight. Directly metabo lizable substrates do no t 

require the participation of exoeqmes. Easily degradable and slowly degradabte 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. 



Table 2.9 Denitrification Rates at 20°C for Various fiactions of COD in Municipal Wastenater 
(Henze et al. (1993)) 

Fraction Deaitritication Rate (mg N/(g VSS-h)) 
Directiy metabolizable 10-20 

Easily degradable 2-4 
Slow ly degradable 0.2-0.5 

Dif5erent rates of denihification are reaiized for denitrif_wig and biological phosphorous removaï 

systems during phase bvo as describeci by van Haandel et al. ( 198 1). Griffths (1994) suggested the presence of 

hvo distinct groups of anoxic heterotrophs in nitrogen removal systems. The first group has a cornpetitive 

advantage as thcy are able to utilize rapidiy biodegradable o r g d c s  ano 'udy:  however. they are unable to 

hydrolyse slowly biodegradable organics (SBCOD) anosicaIly. The second group is capable of hydrolysing 

SBCOD under ano'uc conditions. This group retains and utilizes the hydrc-sis products. Nomk (1995) in a 

comment on GrifRhs proposal niggested that the profile described by van Haandei et al. (198 1) and Barnard 

(1975) involves four phases. They consist of the elimination of: directiy metabolizable. easily degradable. 

slowly biodegradable and organics denved by ce11 lysis. The breakpoints bets~cm phase one and phase tsvo 

may or may not be visibIe depending on the substrate quaiity. He hrther e-xplains it rnight be dficult to 

distinguish behveen the end of phase three and the beginning of phase four. The diaculty results fiom the 

wide range of molecular weights of slowly biodegradable organics that probably translates into different rates of 

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

comprehensive listing of studies on various esogenous substrates has k e n  cornpiled by Mateju et al. (1992). 

2.4.3. Effect of Temperature on Nitrogen Removal Kinetics 

The efficacy of nitrogen removal at low temperatures is a concem for wastewater treatment plants 

in Southem Ontario as weIl 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 Prome Waterloo STP (after Whitehead (1980)). 

Month Average Temperature OC Month Average Temperature OC 
J ~ w  13.2 May 15.3 
Februaxy 13.2 June 19.6 
Marc h 12.6 J ~ Y  20.4 

I Ap ri1 12.8 August 22.1 



Overall process performance is a fiuiction of organic c=arbon source. temperature and the groivth 

kinetics of denitriQing organisms (Lewandoswki. 1982). van Haandel et al. (198 1) found denitrification rate 

coefficients (mg NO3-N/(g active organisrns h)) to be independent of siudge age. influent COD. sludge 

concentration and recycle ratios over the temperature range of 14-20 OC. 

OIeszkieivicz and Berquist (1988) have shown nitrogen removal to be a viable process dowvn to 

temperatures as Iow as 2 OC. in this study, SBRs were fed raw sewage augrnented with a high strength 

pharmaceutical wastewater. The resulting influent had a C0D:TK.N ratio varying beoveen 2.3-2.7. To achieve 

denitrification and uitimately nitrogen removal in a SBR aeration \vas turned off for a portion of the react 

cycle. The investigators fomd denitriflcation codd 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 denitrifmtion \vas comparable for the hvo 

cycles in the 7-lS°C range. higher eficiencies where reaiized with a 8 h cycle when the temperature where in 

the 2-7 OC range. The rate of change of denitrincation rvith temperature was discontinuous at 7 OC. 

Temperature correction factors for the unit rate of denitnfication (g  N03-N/ (gVSS-h)) were discontinuous. 

Over the 7-15 O C  range. the modifed Arrenhius coefficient for denitrification ( ~ D N )  \vas 1.06. Over the 1-7OC 

range. ~ D N  is 1.30. The discontinuity mentioned at 7 OC may reflect a change in the mechanism controlling 

denitrification. 

Barnard (1975) studied biological nitrogen removal over a more moderate range of 17-25 OC. Four 

reactors under altemating anosic and aerobic conditions were m in series. Raw sewage (C0D:TKN ratio of 

approsimately 10- 13) entered the first basin and contacted with the mised Iiquor from the second basin which 

 vas recycled at a rate of three to four times the average flow rate. Almost complete denitrification occurred in 

the fh basin where 70-80% of the nitrogen removal occurred. Total nitrogen removals of 94% were achieved. 

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

respectively. The corresponding 8 values were 1-09 and 1.20, respectively over the temperature range of 

17-25 O C .  

van Haandel et al. (198 1) determined the temperature sensitivity of each of the thtee rate 

coefficients using a plug flow reactor at temperatures between 14-20 OC. The coefficients for phases one. hvo 



and three were 1.20. 1 .O8 and 1-03, respectively. The data showed wide variation (e5%) uith values k ing  

either emrnely high or extremely low. The investigators rationalized the fluctuations as k i n g  batch to batch 

variation in the composition of the wastewater. 

The effect of temperame on rnicrobiai iinetics is dficult 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 et a/. (1978) performed one of the f m  studies where both raw scwage 

and methanol were independentiy used as substrates under sirnilar environmentai conditions. ï h e  organics 

present in raw sewage producecl comparable denitrification rates when cornpareci to methanol, Although 

generalizations cannot be made, two recent studies suggest appreciable gains in the rate of denitrifkation can 

be made when methanol is substituted for raw sewage (Tarn et ai., 1992a: 1992b). 

Use of methano1 as a substrate Ied to the development of modifïed Arrhenius coeEcients for sludge 

ages of 3. and 6 days (Sutton et al.. 1974). Pooling of data derived fiom batch and continuous testing led to 

modified Arrenhius coefficients of 1.093 and 1.097 for sIudge ages of 3 and 6 days, respectively. At a 

temperature of 7 OC and an anoxic SRT of 7 6 the unit rate of denitrification where raw sewage \vas the carbon 

source (0.026 mg N03-N+N02-N/( mg MLVSS- d)) was comparable to that derived using methanol 

(0.023 mg N03-N+N02-NI( mg MLVSS- d) ). suggesting sirnilar low temperature performance when either 

pre-denitrification or p o ~ t d e n i t ~ c a t i o n  configurations are used. 

Lewandonvki (1982) evaluared the performance of denitrification using: acetic acid acetone. 

endogenous sources and methanol. The investigator reported a linear rate behveen 5-35 OC. Cher 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 

ciifferences in the rnodified Arrhenius coefficient denved for each of the substrates was noted. 

H a h o  and Eimhjellen (1981) considered the efficiency of two denitrifjing sludges enriched at 5 

and 20 O C  using methanol as an organic carbon source. The investigators wanted to develop culturcs with 

distinctive psychrophilic and mesophilic character. From batch studies over the temperature range 0-8 OC. the 

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



At the higher temperatures (18-20 OC), the rate of denitrincation of the predominantly psychrophilic sludge was 

comparable to that of the sludge grown at warm temperatures. The maximum rate of denitrfication for this 

sludge was obtained at a temperature of appro'omately 13 OC. 

Continuous culture eqxxhents produceci some une.xpected results. The high temperature sludge 

operating at 22 OC gave 96-98% nitrate removal down at a HRT of 2 hours. Comparable performance \vas 

a c h i d  with the low temperature sludge at 2 OC and a KRT of 3 hours. Exposure to temperature changes of 

up to 10 OC did not seem to influence the denitrification characteristics of any of the sludge 'rpcs. The low 

temperature sludge kvas e'cposed to 17 OC for some time. Once the temperature kvas restored to 2 OC. the 

behaviour reverted to n o d .  After 4 weeks of maintainhg the culture at 2 OC. there waas a signficant loss of 

denitdication capacity. Further testing wiîh a three-stage process evaluated the feasibility of biologicai 

nitrogen removal at 5 O C .  When complete nitrification was achieved. 93-97% of influent inorganic nitrogen 

was removed. The investigators made no attempt to characterize the temperature response of the biologicai 

nitrogen estem. 

2.4.4. Biomass Productioii in Nitrogen Removal Systems 

As indicated above. veld under ano.uic conditions has been found to be significantly less than that 

realized under aerobic conditions for pure cultures of denitrifien. The behaviour of the rnised microbial 

population present in activated sludge rnay deviate markediy from pure cultures. A number of investigations 

comparing siudge production of deniuifjhg, and nitrogen removai systems to that of aerobic carbon removai 

systerns have been done and are SUmmanzed in Table 2. IL. 

Table 2.1 1 Biornass Production in Nitrogen Removal Systems 

SRT Ano'ric Predenit Temperature Carbon Source [nvestigator 
(dl Aerobic Aerobic (Oc) 

(dg) 
<10 0.6-0.7 23-26 Nutrient Broth McClintock et. al. (1992) 
8-12 =l  20 Prirnary Effluent Synth (1994) 

0.85-0.89 6-20 Glucose Ketchen ( 1994) 
0.70 20 Glucose/Starc h Ketchen ( 1994) 
0.69 13 GlucosefS tarch Ketchen ( 1994) 
0.92 6 Glucose/S tarch Ketchen 1994) 



The goal of e-uperimental studies carrieci out by S-vmth ( 1494) was to observe and compare sludge 

production and COD removal efficiensf in aerobic and ano'iic systems under steady-state conditions. The 

e-xperimental program used primary effluent from Mid Haiton STP as a feed source for a number of fed batch 

reactors operated at 20°C. The study concluded that sludge production fiom an anoxic system is v e q  similar to 

that produced by an quivalent aerobic system and may even be higher. Sludge production did not seem to v a q  

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 appro'iimately 40% l a s  for anoxic conditions in comparison to aerobic 

conditions at sludge ages of 10 days or Iess. Reductions in sludge production were attributed to lower tnie 

yields and endogenous rate coefficients and higher maximum substrate utilization rates. Further analysis by 

Sm@ suggested that the accumulation of endogenous p~oducts might account for Merences in the results. 

She further suggested that no reliable comparison between the aerobic and anosic activated sludge parameters 

could occur und a more e.xtemive data base was available. 

Ketchen ( 1994) considered biomass production of nitrogen removd systems in comparison to those 

achieving carbon rernovaYnitriflcation. Two SBRs were operateci in paraIlel 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 temperatwes. This same general trend of increasing 

sludge production with decreasing temperatures has been reporteci for both carbon (Tian et al.. 1994: Sollfrank 

et al., 1992) and nitrogen removal systems (Oleszkiewicz and Berquist, i 988). The predenitrification reactor 

generally had a lower observeci yield than the one achieving stnctly carbon removal. This is in stark contrast 

with the findings of Symth (1994). 

2.4.5. Surnrnary 

The following key points can be summarized fiom the Literature review of nitrogen removal: 

1. There are conflicting reports of sludge production under aerobic. anosic or alteruating anosidaerobic 

conditions for activated sludge systems. Some researchers suggest equal sludge production under ano'iic 

and aerobic conditions, but this is not in keeping wïth pure culture and theoretical considerations 



2. The overall rate of denitrification is dependent on the type of organic substrate present. Much higher rates 

of denitrification are realized when rapidIy biodegradable organics are used instead of sIowly 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 nispended solids 

making the rate of rernoval a fiinction of sludge composition Unless similar carbon Ioadings and sIudge 

are maintaineci; the results of one study are not directiy comparable to the results of another. The best way 

to overcome this is through the use of enmeration techniques that wili define the underlyîng microbiai 

popdation, Another alternative is to use a mathematicai mode1 to estimate the growth kinetics (b &). In 

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

Wastewater Characterization 

3.1  -1, Introduction 

Within the conte.ut of Activated Sludge Model 1 (ASMI) and Activated Sludge Model 2 (ASM2). 

slowly biodegradable substrates require degradation by enzymes eslemal to the ce11 (Le., hydrolysis) before 

becoming available growth substrates. Readily biodegradable substrates can be used directly by the celI 

(Ekama et al., 1986). The conceptual distinction beb~een rapitiiy and slowly biodegradable substrate is simple: 

howwer, developing an operational protocol capable of distinguishing between the two is not Many protocols 

characterizing the wastewaters into sIowly and rapidly biodegradable Eractions assume that hydrolysis controis 

the overali 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 nurnber of conditions such as growîh phase, temperature. 

and the presence of substrates which induce or repress enzyme production 

A characterization protocol based on metabolic response has a number of dïsadvantages. 

Ekam et al. (1986) suggested that characterization of an influent codd be achieved by monitoring the OUR of 

the influent wastewater combined with an appropriate quantity of rnicroorganisms in a batch reactor. With a 

suitable initial substrate to microorganism ratio, the OUR should rernain constant for 1-3 hours. then 

precipitously decrease. Ekama et al. (1986) hypothesized that the initial high OUR results from the 

rnetabolism of rapidly degradable organics while the second lower plateau can be attributed to the slowly 

biodegradable organics which remains relatively constant untii these latter organics are e'diausted. 

Wastewaters of identical composition may be charactenzed differently using this protocol because of variability 

in metabolic response which rnay have been induced by factors other than substrate complesity. A protocol 

based on physical characteristics is desirable because it allows the character of tvastewaters of différent ongins 

to be easily compared. 



An alternative protocol e-vists based on the premise that removal of the colIoidal (0.00 1 - 1 pn) and 

supra colloida1 (1-IOOpm) matenal will yieid a solution principally composeci of soluble organics 

m s  et al., 1993). The COD exertd by these organics is believed to represent the rapidly biodegradable 

COD present, In reality. it overestimates the rapidy biodegradable COD. Soluble long chain organics 

requiring hydrolysis will be erroneously included in this measurement- 

3.1 -2. A New Operational Defkition 
None of the previous protocols have considered the mechanisni of substrate uansport thfough the 

cell wall. When considering substrate transport. it is important to recognize that the bactena of activated 

sludge are predominantly Gram-negative (Hawkes, 1963). The mechanism of substrate transport diffen 

~ i g ~ c a n t l y  in Gram-negative and Gram-positive bacteria. Many Gram-negative bacteria exclude rnany 

hydrophobie- amphiphilic and hvdrophilic molecules above a given size Iimit (Hancock 199 1 ). 

Gram-negative bacteria possess water nIled protein channels. porins. that allow srnaIl hydrophiIic 

m o l d e s  to diffuse through the phospholipid and lipopolysaccharide layers of the ce11 wall (Figure 3.1). Most 

porins are non-selective which distinguishes them fiom many other uanspon processes. DSision through 

non-selective porins is generally limited to compounds with sizes less than the porin esclusion Iirnit of 

600-1400 Da (Jeanteur et al.. 1994). Factors affecting substrate pemeability include size (chain length and 

steric factors). shape. hydrophobicity and electricai charge. 

Selective porins permit the diaision of specrfied growth factors larger than the porin exclusion 

limi t. Seteetive porins have been noted for: maltose and maltode.utnns. Vitamin B 1 2. and at least four proteins 

specïfic for iron uptake (Benz. 1985). E'rpression of some of the highly selective porins is often regulated by 

environmental conditions such as osmolarity. phosphate concentration and temperature (Bem 1985). 

Considering the physiology of Gram-negative bacteria this study proposes using a MW of 1000 Da to 

operationally distinguish bcnveen rapidly and slowly biodegrailable 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 CeII Ent-elope of a Gram-negative bacteriurn (afier Neidhardt et al., 1990) 
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3.2. Enurneration of the Microbial Population 

3 -2.1. Enurneration Techniques 

a) Plate Counts 

Plate counts substantially underestimate the total number of bactena present in environmental 

samples (Oliver. 1993). This is to be anticipated since there is no single universal medium capable of 

nipporting the growth of al1 organisms. Thus. a portion of the population may esist in a viable but non- 

culturable (VBNC) state. Viable bactena would include replicating. and dormant organisms. The four 

physiological states that a bacteria may have was defined pre~iomly in Section 22.b.i. VBNC bacteria are 

metabolically active. while k ing incapable of undergoing the nistained cellular division required for growh in 

or on a medium nonnally supporting gronth (Oliver. 1993: Nilsson et nt.. 199 1). 

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

aeration. temperature. cell washing and the physiological agc of the culture (Nilsson et al.. 1991; Oliver. 1993). 



Ofparticular interest is the response to temperature reductions. Nilsson et al- (199 1) found that Cïbrio 

vufnificus would respond to a temperature do~mshift fiom 20°C to 5 OC by assuming a VBNC state. An upshift 

in temperature (5 to 20°C) resuscitated the cells giMng plate counts comparable to those prior to the 

temperature change. The response to subsequent repeated temperature shifts was identicai. T-ypicaily activated 

sludge cuitures are oider cultures that have been subjected to repeated temperature shifts. These conditions 

would promote the existence of bacteria in a VBNC state. 

b) Electron Transport Activitv 

The activity of the electron transport system (ETS) or the quanti& of energy produced as adenosine 

triphosphate levels, is often used as an indicator of rnicrobiai activity. The ETS is mediated by the action of 

several dehydrogenase enzymes and thus. measurement of dehydmgenase actibity is a reliable indication of 

ETS activity. Dehydrogenase activity can be indirectly assessed using redox dyes (e-g. methylene blue. 

resumin) or tetrazolium salts. 

The respiring population would include replicating, non-replicating and dormant organisms. In 

these organisms. tetrazotiurn saits compete with asygen for elecuons with the resulting reduced salts forming 

insohble formazan compounds. Reduction of the tetrazolium salts occurs at the inner surface of the 

cytoplasrnic membrane (Sedar and Bwde. 1965). Salts commonIy used include 2.3.5-uiphenyltetrazoliurn 

chlonde (TTC), S£yano-2,3ditolyl tetrazolium chloride (CTC), and 2-(piodopheny1)-3-(p-niUopheny1)d- 

phenyItetrazoliurn chloride (INT). After incubation wvith the tetrazolium salt, the cells are disrupted and the 

formazan solubiized. After centrifuging, the spectral absorbance rneasurements of the supernatant are made- 

This method requires an active ETS with a minimum Ievel of acti~lty. 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 teuazoliurn salt king  

used. Not ail bacteriai species are capable of tetrazoliwn salt reduction; thus. the b e l  of total bacterial activity 

may be underestimated (Trevors, 1981). When stains were applied to a wide variety of microorganisrns under 

comparable conditions, methyIthiazoIydiphenyltetrazolium 0 and ïNT were raken up by a wider range of 

organisms than NBT (nitroblue) (Thorn et al.. 1993). It has also been noted that d c i e n t l y  high 



concentrations of the sdts may suppress the ETS (Lopez et al.. 1986: Trevors. 1984). Further inaccuracks 

result fiom dissolved O-uygen competing wïth the chosen salt as an electron acceptor (Miksch 1983). Despite 

these possiible limitations. lNT reduction has shown good correlation with the OUR an independent 

measurement of culture metabolic activity. by a number of investigators (Tmors. 1984: Urbain et al.. 1993). 

c) Total Direct Counts 

The use of acridine orange direct counts (AODC) to enurnerate aquatic bacteria is well established. 

For this technique. cells are counted on a polycarbonate filter after the filtration of a known sarnple volume. 

The celis are stained using acridine orange which stains nucleic acids. Stained DNA fluoresces green while 

RNA fluoresces orange (Hobbie et al.. 1977: ASTM 1994; Bitton et al., 1993). [t has been suggested that 

orange cells could be deemed viable due to the excess of RNA da t ive  to DNA resulting from active 

metabolkm whereas dead cells fluoresce green (Canllo et al.. 1985; Lopez-Torres et al.. 1987). Differentiation 

between active and inactive bacterium by colour is inappropriate because the moisture content of the filter \vil1 

influence the colour of fluorescence (Bitton et al.. 1993). A number of stains can be substituted for acrïdine 

orange; these include ethidiurrr bromide, 4.6-diamidino-2-phenyl indole (DAPI). acriflavïne. and bisbenUrnide 

(Bergstrijm et al. , 1986). 

d) Determination of Total and Res~irinp Bacteria 

The number of total and respiring bacteria can be enwnerated by using the AODC protocol in 

conjunction with the use of tetrazolium salts and microscopic esamination. In the ASTM protocol for aquatic 

bacteria, Method 4454-85 (ASTM. 1994). the sample is incubated with MT prior to king stained with acridine 

orange. Tetrazolium salts üke CNT are reduced by an active electron transport system to form an insoluble 

formazan crystal- There are two patterns of formazan deposition either combined exmcellular and celi- 

associateci deposits or exclusively cell-associateci deposits. Mked deposits were observed with M T ï  and INT. 

whereas NBT and N T  produced e.uc1usiveIy cell-associateci deposits (Thcm et al.. 1993). 

if DJT is used. the crystal produced can be identifieci under direct bright field microscopic 

examination as a bright red spot. The sites of dehydrogenase and INT-formazan deposits may not be 

n d l y  identical. Ni' seems to coalesce aLter its reduction to form a typical larger formazan deposits in the 



cytoplasm (Zimmermann et al., 1978)- Bacteria lacking formazan spots maybe in a statc of activiiy which is 

below the level of detection (Zimmermann et al., 1978). Recognition of formazan deposits as a bright-field 

image is dficult  with bactena less than 0.4 pn in diameter (Zimmermann et al., 1978). 

Although incubation with INT and later microscopic e-uamination is considerabiy more accurate 

than either plate counts or activi- measurements under some conditions, the technique may significantly 

underestimate the nwnber of respiring cells. Whereas only 3% of the cells e-shibited detectable INT-formazan 

deposits, 100% of these same celis were platable foIlowïng room temperature resuscitation (Nilsson et al., 

199 1). 

e) A~plicabilitv to Field of Wastewater Treatment 

As shown in Table 3. L. the population enumerated will depend on the technique employed. None 

of the conventionally employed techniques can enumerate the respiring bacterial population. Mason ( 1986) 

after a literature review suggests of the techniques evaiuated incubation with Ni' and fiirther microscopic 

eauamination 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 Iimited 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 technique showed it was 

difficult to see the ïNT deposits so oniy AODC counts were done. AODC were used estensively in the 

eqerimental program and the protoc01 for this enumeration technique is found in the following section. The 

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

a) Homo~enization and DiIution 

Counting the nurnber of bacteria present in environmental sarnptes is challenging in part because 

of the high concentrations of particulates. The bacteria are oflen colonizing the surface of these particulates 

making it difficult to visualize the bactena. Even when the bactena are distodged fiom the surface of the 

particles, the particles may land on the membrane surface during liftration and cover free suspended bacteria 

and other particles. With activated sludge. the majority of the bacteria are contained within the sludge floc. 





Thus, the number of bacteria counted are representative of the total population only when the floc 

is dismpted and aIi fluorescïng cells are viaved Preliminary work undertaken in this research using acridine 

orange on intact floc showed individually fluorescing cells wïthin the floc. The fioc structure appeared to be 

open enough to aiiow for diflùsion of the dye through the matri. 

AODC enurnerates bacterial hatlng stainable DNA and RNA. Theoretically. this wodd include 

repiicating, non-replicating. dormant and dead bacteria. Sub-lethal injury to the bacteria caused by shear or 

heat are not important. The counts i d 1  be altered onty if the DNA and RNA of the bacteria are no longer 

intact or if the DNA and RNA are denatureci in a way which changes their interaction with the dye. Plate 

counts or measurements e-uamining electron transport activity couid be aff'ected by sub-tethal injury. 

M i d  liquor samples augmented with Tween 80. a &actant, were homogenized using a Waring 

blender. it was believed that Tween 80 would lirnit the restabilization of particles after homogenization had 

been completed Camper et al. (1985) found homogenization using a Waring blender at 16 000 rpm to bc the 

best way to desorb bacteria from grandar activated carbon. The investigators reported that the blender 

produced a rapid temperature increase; the final temperature t vas approsimately 30°C aller 3 minutes of 

blending. Heterotrophic plate counts of Escheria coli did not decrease because of blending until a temperature 

of 4S°C was excedecl, but some injury did result. Injury is descn'bed as the percent ciifference behveen counts 

on two different types of media. 

Samples were previously preserved by adding 37% formaldehyde (Sigma Chernical. St. Louis, Mo.. 

F-1268) for a final concentration of O. 1 W 1 0  mL. Samples were homogenized using the following protocol. 

The hi& celi 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 a 0.1% solution of T~veen 80 (Polyo~yethylene 20 Sorbitan Monooleate) was added to 50 mL of 

the mixed liquor, surfactant was obtained from Fisher ScientSc Company. Fairtoivn, USA. The stock 

solution was filtered using a 0.2 pn syringe filter pnor to use to remove any bacteria that may have grown 

in the solution. 

2. The solution was placeci in the Waring Blender where it was homogenized for 45 S. 



3. The mixed liquor ivas left for 5 minutes to allow the surfactant time to diffuse through the floc after which 

the mixeci liquor was blended for an additional 3 minutes. 

Direct microscopie e-Yamination of samples stained with acridine orange (See below for staining 

procedure) showed very few floc particles under 125 s and 500 x rnagnification. Under 1250s magnifiatioa 

some smaii flocs were seen, 

Duplicate 1 mL samples were taken of the hornogenate and diluted in 9 mL of filtered sterilized 

water. The dilution water was prepared with Milli-Q water fdtered through a 0.2 pm fiter (Sartorius, 

Mississauga, Cat No. SM-2007). Two or three sampIes of the MLVSS were taken through the dilution 

staining and counting procedure independently of each other. Samples were diluted so that berneen 20 and 200 

cells were seen in the square of the eyepiece micrometer. Aembic samples typically required 103 dilution while 

the anoxic samples required a 104 dilution. 

b) Staining 

1. Acridine Orange Stain 

10 mg of Acridine Orange (3.6 bis pirnethyl-arninoJacridine) (Sigma Chernical, St. Louis. Cat. No. A- 

60 14) was dissolveci in 100 mL of Milfi-Q rvater- Approsimately 40 mL of the stain was filtered using a 

sterile 0.2 pn ceiluIose acetate syringe fiIter (Coming, Coming W. Cat. No, 2 1052-25) and syringe. The 

solution \vas stored in a sterile amber glass via1 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 outiined below. if bactena were detected in the ragent blank then 

either the dilution water or the stain rvas contaminated. Bacterial contamination would bias the results of 

the enurneration. 

2. An autoclaved ~ucleopore@ (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. SM163061 

was used for collecting the bacteria fiom the stained sample. 



3. To the final sample dihtion. 1 mL of acridine orange stain was a d d d  The volume of the finaI dilution 

may be 9 or 10 mL depending on which dilution in the series was used The fmd concentration of acridine 

orange was 9- 10 pgIrnL. 

4 M e r  a minimum of 3 minutes. the contents of the test tube were a d d d  to the filter tower. incubation 

times slightly longer than this did not affect the enumeration numkr. 

5. The vacuum was turned on and the contents of the filter toiver were filtered. With the vacuum on, the 

sides of the filter tower rvere rinsed with filter sterilized water. 

6 .  The membrane was removed from the membrane filter suppon and aliowed to air dry. 

7. After drying the membrane \vas placed on a cIean microscope slide to rvhich had b e n  added 2 drops of 

Cargiiie Type FF immersion oil (CargilIe Lab, Cedar Grove NJ* Cat. No. 162 12). Another drop of 

immersion oïl was pIaced on top of the membrane and the cover slip was applied. 

8. The nIter tower was reassembled. To reestablish sterility it \vas rinsed initially with 95% ethano1 and then 

Iater with filter sterilized water. 

c) Viewine and Counting 

Filters were Mewed using a Nikon Microscope with Episcopic-Ruorscent Amchment EF-D. The 

filter cube used had a 100 - 440 nm excitation wavelength and a barrier filter with a lower cut off of 470 nrn. A 

eyepiece micrometer with a 1 Ox 10 square \vas used for counting cells. This micrometer ivas dibrated for this 

specifïc microscope using a stage micrometer. AI1 counts were done at approximately 1 25Ox mamcation. At 

this magnGcation, the eyepiece micrometer measured 60~'. Fields for counting were chosen From dinerent 

areas of the filter. To eliminate the na-1 tendency of choosing those fields with high concentrations of cells. 

the fieId of view was chasen with the shutter closed. The same segment of the graticule  vas consistently used 

for counts on a singie filter. 

The precision of the count rnay depend on both the number of fields counted and the counts per 

fieId. Herbert (1990) stated that most investigators have found bacteria on membrane filters to be represented 

by a Poisson distriiution. With this distribution the precision of the count depends on the number of bactena 

counted and not the number of fields. Most researchers count at l e s t  300 bacteria per fiIter. 



With samples corning fiom natural environments, a Iack of homogeneity is often a problem. 

Montagna (1982) e.Yafnined replication of counts as detennined by borehole core. filter and microscope field. 

The redis of his anaiysis suggest the more reliabte redts are detemïned by counting fke fields of at Ieast 30 

bacteria on four replicate filters rather than by counting 20 fields on one filter. Kirchman et. al (1982) in a 

sunilar study with water, recommended counting 25 bacteria per field and two replicate filters. 

Both of these studies underlined the need for counts on replicate Nters. In this exqerimental 

program, IO fields containing at teast 20 bacteria were counted for at Ieast two repticate filters. The total 

number of bacteria counted per unit volume is caiculated using: 

Eq. (3.1) 

Nb - - number of bacteria per mL 
A - - wetted area of 25-mm filter (pmim') 
n - - average nurnber of bacteria per net micrometer field; cells per 100 squares 
D - - dilution factor 

k = area of the net micrometer field (640 pm2) 
v - - volume of sample (mi.) 

d) Limitations of AODC 

The AODC protocol can only detect bacteria larger than 0 . 2 ~  the size of the pores in the 

polycarhnate membrane. Increases in AODC for cultures actively metabolizing substrate are due to 

replication or by bactena increasing to a size larger than 0.2pm 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 

e) Anatysis of Results 

An Analysis of Variance (ANOVA) was done to determine if the counts for replicate filters were 

signincantiy different at the 95% confidence tevel. Prior to analysis. the number of bacteria per unit volume 

was log vandormed If the ANOVA suggested that there was no significani ditference between the fùters. the 

data was p l & .  ApproGmate upper and loater 95% confidence limits on the ce11 counts were developed fiom 

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 independenlly. 
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4, Materials and Methods 

4.1. Overview 

The experimental prograni was undertaken in two distinctive phases: Phase 1 (Sept. 1995-May 

1996) and Phase 2 (My 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, Iactaibumin was substituted for these two proteins. With a cuiture 

acclimateci to lactalbumin, it \vas possible to repeat some of the eiiperiments of Phase 1 to determine if the 

underlying cause of the observed behaviour  vas related to culture conditions. It should k noted that at the end 

of Phase 1. the culture was discarded Phase 2 began with a new inoculunz of miseci iiquor from the aeration 

tanks of Waterloo STP. 

4.2. Phase 1 

4.2.1 . Sequencing Batch Reactors 

a) Introduction 

This laboratory study emptoyed two rG3CtOK run in parallel. Operation of the reactors were 

identical in al1 respects with the exception of the electron acceptor. One reactor was nin under aerobic 

conditions while the second reactor denitrifhi. Use of SBRs ailowed for a more precise COD measurements as 

the problem of accounting for daily changes in the clarifier solids inventoxy was etiminated. 

Temperature levels of 14 and 20 OC were chosen because of the historical data of the Waterloo STP 

presented in Table 2-10. The lower temperature is approzcimately. the average of the monthly temperames for 

J a n w  - May. The average for July and Aiigust is 2 1°C. A slightly lower temperature than this was chosen 

because most studies reported in the iiterature were done at 20°C. Batch testing was conducted concurrently 

wi th on-going SBR esperiments. 



Each 10 L reactor was fed 8 Wd of substrate resulting in a HRT of 1.25 ci. The opemting cycle of 

the reactor is outliaed in Table 4.1. The cycle began with feed king added to 2 L of agitated mi.~ed liquor. 

The react portion of the cycle began after 12 h of feeding. During the wastage portion of the q d e ,  l/ 10th of 

the reactor contents were \vasteci resulting in a target SRT of 10 d. The d i z e d  SRT calculatecl using Eq. 4.1 

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

SRT = 
vx 

QX. + Qux 
where SRT = sotids retention time (d) 

v - - reactor volume (L) 

ch = muent volume (L) 
E, - - effluent soIids concentration (mg VSSL) 
Qw 

- - wastage volume (L) 
X - - reactor mixeci liquor concentration (mg VSSL) 

Table 4.1 Sequencing batch reactor (SBR) operating cycle 

Operation Hom Voiume (L) Time of initiation 
Fill 12 2.0-10 11:OO a.m. 

React 10.25 tO 1 1 :O0 p.m. 
Waste O 10-9 930 am.  
Settle 1.25 9 9:15 a.m. 
Draw 0.25 2 .O t0:30 &m. 
Idle 0.25 2 .O IO:45 a.m. 

Eq. (4. 1) 

b) Substrate Selection 

Selection of substrates for use in the SBR e-xperiments 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 \vas to be addresseci specifically in batch studies 

using refined proteins with a narrow rno1ecuIa.r weight distribution. These rehed proteins are e-upensive and 

thus unsuitable for use on a large sale  so crude proteins containing the protein of interest were used. Use of 

the cmde proteins as a daily feedstock for the SBRs eosured that the biosolids generated were acclimated to the 

reEined proteins. With casein and lactdbumin king 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. 



Table 4.2 Protein Selection Criteria 

Cnteria 
Purifieci M e d  Protein orsasein ova[bwnin lactaibumin 

1 Protein MoIecular Weight 22.000-25.000 45,000 NA 
Cost of Purifieci Protein $26/g S8/g NA 

Bulk Form BuIk Protein casein albumin lactalbumin 
Cost of Buk Protein E2Okg %39/kg % 18kg 
Level of Purity 90% protein. 54% ovalbumin 80% protein 

0.2% lactose 4% lactose 
Contaminants Present P-casein, K-casein avidin, conalbumin, 

milk sugars lysozyme, ovornucoid 

Technicd grade casein fiom bovine milk contains 90% protein and 0.2% lactose. Whole mik at 

pH 4.6 and 20°C has two protein fractions, casein which precipitates and whey proteins which are soluble. 

Whole casein is cornposeci of a-,B-.y-casein in the following proportions of 75% 22% and 3% respectively. 

Caseins are considered to have several unique structural characterïstics, low molecular weight phosphoproteins 

( 1 5-26 kilocialtons), phosphate esters covalently bonded to serine and threonine. negIigile sulphydry 1 groups 

and minimal structural dependence upon dimifide bonding (Barraquio and van de Voort, 1988). 

The second feed protein. albumin. is derived from dried chicken egg whites. Egg white in its 

naturai state is 88% water. 1 1.0% protein and 0.5% lipid. Egg whites may contain as many as 40 different 

proteins but more thm half of these are minor components. Ovaibumin, the protein used in this study. accounts 

for 54% of the egg albumin (Table 4.3). The manufacturer places the ovalburnin content at 60-80% of the totai 

protein, Lysozyme wtiich is present as 3.5% of the total solids is of particuiar interest because it is an enzyme 

capable of dimpting certain bacteria by cleaving the polysaccharide cornponent of their ce11 walls (Stryer, 

1975). A number of other enzymes have b e n  also detected in mal1 quantities. Some of these include 

a-mannosidase, f3-galactosidase, B-glucuronidase, j3-N-acetylgIucosaminidase, catalase? and mono- and 

diphosp hoesterase, 



Table 4.3 Chernical Composition of Egg Aibumin (after Vaderia and Nath, 1973) 

Protein % Solids 
Ovalbiunin 54.0 
Ovotransfiemn 
Ovomucoid 
Ovomucin 
Globulins 
Ovoinhibitor 

c) F'eed 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 4OC. 

Che of the goais of this phase of the e-qerimental program was to quantifi. 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 ciifferences in production rates. For this reason the raw sewage was filtered through giass 

wool. This reduced both the total COD and the VSS of the sewage. if bacteria are associateci with the 

particdate matter. then there also would be a reduction in the total number of bacteria, Filtered raw sewage 

was used in preference to the primary enluent because Waterloo STP directs it waste mked Iiquor 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 ~vastewater is outiined in Table 4.4. The composition of the 

synthetic feed was made to appro.xhate medium strength domestic wastewater. One of the goals of this phase 

of the e'iperimentai work is to quantifi, 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 C O D L  Prior to changing the temperature to M°C. it was decided that 



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 (Le-. sewage and wthetic substrate) for the 14OC study was aiso appro'ùmately 

500 mg CODL 

Table 1.4 Typical Characteristics of Domestic Wastewater ( a e r  Metcalf and Eddy (199 1)) 

1 Concentration ( m a l  1 
Parame ter Strong Medium Weak 

COD 1000 500 220 
Organic Nitrogen 35 15 8 

NHyN 50 25 12 
Total N 85 40 20 
Total P 15 8 4 

Total Solids 1.200 720 3 50 
Suspendai Solids 350 220 100 
Dissolved Solids 850 500 250 

The proteins in the feed were technical grade casein fiorn bovine milk (Sigma Chemical. St. Louis. 

MO.. C-7078) and albumin Grade ïII Crude (Sigma Chernical. St. Louis. MO.. A-5253). The protein feed was 

added to a minerai salts media made up in deionized water (Table 4.5). Sodium bicarbonate (NaHCO3) and 

potassium dihydrogen phosphate (KH2P04) was added to deionized water to increase the ionic strength of the 

solution. Using these two salts, the dissolved soli& in the feed were appro?amately 400 rng/L. When 

nitrification inhiiitor 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, Aikaiinity produceci 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 soli& in the protein feed was used as a precautionary measure. ff 

protein addition occurred independent of sewage due to mechanical failure, the dissolved solids would 

minimize the osmotic shock e.uperienced by the bactena. The addition of saits dso facilitated the dissolution of 

proteins in deionized water. Aithough the proteins and the sewage containeci phosphorus, the addition of 

phosphate e m e d  that this macro nutrient was not growth limiting. 



Table 4.5 Composition of the Synthetic Feed and Resulting Reactor Concentration-Phase 1 

Component Feed Concentration Reactor Concentration 
KH2m (mg PL) 95 50 

NaHCa (mg CaCOfi) 69 3 1 
Hach Nitrification Inhibitor (mg/L) 530 300 

Dissolved Solids 500 
Sodium Nitrate* (mg Na-N/L) 82.5 

Weight % Albumin in Protein Feed 26-29% 
* Note: This was added to the anoxic reactor oniy; 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 escess of 20 mg$ will &'bit 

Nitrobacter sp- (Anthonisen et al.. 1976). Under these same conditions, inhiïition of Nitrosontonas sp. will 

occu. when ammonia and ammonium nitrogen concentrations exceed 1000 mg/L (Anthonisen et al., 1976). 

Ammonium nitrogen was initially present fiom the wastewater and subsequently denved fiom the deamination 

of the proteins. Concentrations of total ammonium nitrogen in the reactor effluent were well in escess of 

20 rng/L. Ln the presence of high concentrations of ammonia nitrogen, ammonia nitrogen would be used as a 

nitrogen source for ce11 spthesis in preference to nitrate. 

As an added precaution Hach Nitrification Inhiibitor Formula 2533 (Hach Loveland Co-) was 

added to the reactors on a daily basis. N-Serve (2-chloro-6-(trichIoromethyt)-pyridine), the active i n m e n t  is 

less than 5% of the total rnass of the nitrification inhibitor based on data given in the productTs material safeQ 

data sheet. The reactor concentration was approxknately 15 mg/L of N-Serve. Henninger and BolIag (1976) 

have shown that concentrations of less than 25 mg& of N-Serve do not a f k t  denitrincation in pure culture 

studies of Pseudomonas sp.. 

To maintain comparable conditions in the two reactors, nitrate was added only to the anosic 

reactor. The presence of approximately 30 mg NO3-N/L in the anoxic reactor wouid have had only a modest 

impact on the ionic strength of the reactor contents; whereas, the additional 82.5 mg NO3-NIL in the aerobic 

reactor wodd have changed the ionic strength to a much larger extent. A stock solution of appro'iimately 

13.2 g NaN03-N /L was added to the ano'uc reactor at a rate of 45-50 ml, per &y to maintain a fInsl reactor 

concentration of 10-30 mg NO3-NL 



Proteins in the feed are converted to peptides or amino acids which undergo either oxïdative 

(Eq. 4.2) or reductive deamination (Eq. 4 -3) (Bitton 1994). High concentrations of amnonia nitrogen in 

equilibrium with distilleci water wili produce a solution with a pH of 9.2. Thus the production of arnmonia mil1 

tend to increase the pH of the reactor. Denitrifkation will also increase the pH because bicarbonate alkaiinity is 

produceci and carbonic acid concentrations are reduced- For every mg of nitrate nitrogen reduced to nitrogen 

gas 3.57 mg CaC03 of alkalinity is produced (US EPA 1993). To maintain the pH at 7.2. the optimum for 

denitrification, pH control was implemented (US. E P 4  1993). 

R-CH(NHt>-COOH + 0.5 Oz+ 2K + R-CO-COOH + JW.a- Eq. (4.2) 

R-CH(NH3-COOH + 2W + R-CHyCOOH + NE&' Eq. (1.3) 

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 atid to maintain the pH at 7.2. Appro'cimately 100-200 mL of the acid 

was added to the reactors daily. 

d) Eauipment Requirements and Operation 

A general description of the e.xperirnental setup is aven here with details of the equipment in 

Appendiv A. The reactors and their au?iila;uv equipment (Figure 4.1) were set up under controlled temperature 

conditions in hvo separate environmental chambers. The first chamber contained the reactors. various purnps, 

control equipment (Le. timers and pH controllers) and reservoirs containing atid 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 maintainecl at 4 OC. Feed lines were run through pipe chases placed in tke 

cornmon waü. Waste and e£fiuent containers were p l a d  in the 4 OC chamber with lines k i n g  run in a similar 

fashion. 



Figure 4. l Experimental Setup 

Wastage Pump -1 

Controller 



The temperature in the environmental room was monitored over 3.5 d and found to ~ a r y  behveen 

12.9 and 14.5 O C .  During the 14OC esperirnents. the aerobic SBR \vas followed over a 22 h feed and react 

-de. The temperature remained tMthin the range of 13.6-L4.4 OC. In a sirniiar experirnent done ~ i t h  a 

setpoint of 20°C. the rnasimum and minimum temperature of the encironmental chamber was 20.7 and 18.4"C. 

respectively. The SBR temperame ranged behveen 20.2 and 18. I°C with an average temperature of 19A°C. 

The lower temperatures were seen during the fi11 portion of the reactor cycle. 

Each reactor consisted of a 20 cm ID flanged acqlic column complete with a lid and a total Iiquid 

volume of 14 L (Figure 4.2). Mi-xing was accomplished using a motor dnven miser 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 bIades wvith each blade rneasuring 1.8 cm \vide 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 5.5 cm long wvith a pitch of 15". The lic! of the reactor contained fittings for connecting the flesible 

tubing for the \vaste, effluent and feed lines to their stainless steel reactor counterparts. 

Tygonm 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 Tygonm 

tubing was used as a surrogate fine bubble diffuser. Air was nrpplied by an aquarium purnp which drew air 

fiom tvithin the enviromentai chamber. To minimize evaporative eEects. the air \vas humidified using a gas 

washing bottle filled nith deionized water. Feed for the reacton m s  draun from two well mised 10 L high 

densis. polyethylene tanks, One tank contained the protein substrate while the other contained filtered ratv 

sewage. 

The rate of nibstrate addition \vas 4-44 mUh and 22 1 mWh for the protein and setvage. 

respectiveS. Substrate addition over such a long p e n d  (1 2 hours) and small delive5 volumes required these 

pumps to operate at low speeds with small diameter tubing. The sewage contained particulates which codd 

settle out and clog the tubing. To minimize the risk of this occumng. the velocity through the tubing tvas 

increased by cycling the feed pumps off and on eye- 5 min using an interval timer. This permitted them to 

operate at hvice the original speed 



Figure 4.2 Reactor Configuration 

Aad Addition 
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To eliminate any negative effect high nitrate concentrations may have had on the aerobic culture. 

the aerobic culture was not e.xposed to nitrate. A separate nitrate pump \vas used to add nitrate to the anosic 

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

e) Reactor and Auxiliarv Eauiprnent Maintenance 

When continuousl~ running an aerobic rnised culture under carbon limitations. there is a risk of 

the d tu re  being overtaken by filaments. Conditions in the feed, effluent arid wane lines are ideal for the 

growth of filaments. To minirnize the number of filaments introduced into the reactor. these Iines were cleaned 

on a regu1a.r basis. Feed lines were autoclaved on a twice per week basis and effluent and waste l i n s  were 

autoclaved weekly. The ~ a s t e r f l e s ~  pump head tubing used in the feed pump was flushed hvke weekly and 

discarded after a week. The ~ a s t e f f l e s ~  pump head tubing in the other pumps was flushed and discarded as 



necesary. Growth on the waIis of the reactors was scraped off daily using a rubber spatula and retumed to the 

bulk lïquid, 

The sewage f& tank was emptied and the d l  growth was removed on a rveekiy b a i s  for the 

same reason- The tanks were rïnsed with hot water but not washed. The protein feed tank was cleaned on a 

weekly basis in a sirnilar fashion. 

pH meters were cleaned with 0.1 N HCI sotution on a weekly bais to remove any microbiai growîh 

and calibrated with pH 7 and 5 bufFers at this time. The pH meters were checked with pH 7 buffer once during 

the week and inspected daily when the wall growth \vas removeci. The aeration stone was cleaned with 0- 15 N 

HCl at this tirne as well. 

f )  Reactor Charactemation 

i) Solids Production 

To detennine the solids production rate and defme the sludge age of the reactors. the quantity of 

solids produced had to be quantifiai. During most of the monitoring period, the total suspended soiids (TSS) 

and VSS concentrations of the mived liquor and effluent were rneasured daiiy; however, during the rate study 

period, mived liquor and effluent sarnpks 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 rnixed liquor wasted on a daily basis was measured using a 250 mL graduate cylinder. Effluent volumes 

were detennined by meamring the weight of muent  and assuming the density of the f l uen t  was the sarne as 

water. 

To chiuacterize the VSS of the filtered raw sewage, a number of VSS measurements were done on 

the nItered sewage. Total and filtered COD were also measured on these same samples. Rathet than 

measuring the VSS of the sewage on a continuous basis, it was estimateci using the average particulate 

CODNSS ratio and the measured particulate COD. 



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 detennined by a rneasuring 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 endhg of the composite 

p e r i d  During the 20°C phase. acid consumption was detennined in an similar fashion. Listed in Table 1.6 is 

the sample frequency duruig the non-rate study perîod while in Table 4.7 is the sample fiequency during a rate 

study pend Increased amipis was done during the rate study p e n d  so that the culture could be better 

characterimi. Details of sarnple preservation and analysis are found in Appendk A. 

Table 4.6 SampIing Schedule Conventionai Parameters - Non-Rate Study Period 

Sample Point Total COD Filterd COD NO,-N 
Filtered Primary Enluent Tr Tr Tr 

Syuthetic Feed Tr Tr 
Mixed Liquor 

Reactor Effluent Tr Tr Tr 
Nitrate Stock W 

Table 4.7 Sampling Schedule Conventionai Parameters - Rate Study Period 

1 Sample Point Total Filtered Total Filtered NH3-N NO,-N ( 
1 : COD COD TKN TKN 

Fiitered Primary Effluent Tr Tr Tr Tr Tr Tr 
Synthetic Feed Tr Tr Tr Tr Tr 
Mixed Liquor Tr Tr 

Reactor muent  Tr Tr Tr Tr Tr Tr 
Nitrate Stock W 

Tr-Thnce Weekiy W-Weekiy 
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 appropnate testing phases of the 

SBR studies and represented a replicated (2 x 212 factorial design. Replicated expiments were not carried out 

simultaneously because one rate study required essentially al1 the d u e d  liquor produced each &y. At 20°C 

only one of the either aerobic or the anoxie studies was performed per day because of the demanding sampling 



schedule- At 14OC, a Iess demanding samphg scheduie and some additional help allowed many aerobic and 

Table 4.8 Experimental Levels for Batch Studies 

1 Growth Conditions Substrate Pair Temperature 
(OC) 

Aerobic, Anolac a+xseinM-Z Amine A(CAA) 20 and 14 
Aerobic, Anoxic ovaIbumin/ N-Z Amine A(CAA) 20 and 14 
Aerobic. Ano'cic lactalbumid N-Z Amine A(CAA) 20 and 14 

iactalbumin/lactalbumin enzymatic 20 and 14 
hydrolysate(LEH) 

The substrate pairs were made up of a slowly and rapidiy biodegradable substrate. The slowIy 

biodegradable subçtrate was a protein. The rapidly biodegradabte substrate was the protein hydrolysate(PH) of 

either casein or lactaibumin, 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 a-casein and 

ovalbumin are not commercialiy available. An enzymatic hydrolysate of aibumin can be purchased from Sigma 

Chemical but its molecular weight distribution has riot been characterized. The enzymatic hydrolysates of 

lactalbumin ( L m  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 unafkted by batch studies. Wastage occurred 10 h a e r  feeding 

was stopped which aiio~ved 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 a minimum amount 

of enmeshed slowly biodegradable substrate. 

The mived liquor was a h  composed of microorganisms, endogenous particles. accumulateci non- 

biodegradable particulates. The rnicrobial population of the aerobic biomass consisted of both bacterial and 

other microorganisms (e.g. protozoa and rotifiers); whereas, the ano'cic biomass  vas principaliy composed of 

bacteria. Non-bacterial microorganisms require dissolved o-xygen which was present in excess in the aerobic 

reactor. 



i) Introduction 

Proteins were chosen on the basis of their MW and characteristics of their overail structure. It was 

assumai that overail structure would influence how a protein is taken up into the floc and degraded by 

extraceilutar enzymes. Protein solubility may influence whether or not the protein is adsortmi ont0 the surface 

of the floc or enmeshed into the floc. Table 4.9 details a classification systems for proteins based on their 

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

Classification C haracte ristics 
AIbwnins Soluble in water and salt solutions. No distinctive amino acids 
GIobulins Sparingly soluble in water but soluble in salt solutions. No distinctive amho acids. 
Prolwmines Soluble 70-80% ethanol but insoluble in water and absolute ethanol. Arginine-rich- 
Histones Soluble in salt solutions. 
ScIero~roteins Insoluble in water or salt solutions, Rich in Glv. Ala and Pro. 

Proteins maybe classifieci as one of two types depending on their axial ratio (ratio of length to 

breadth). Globular proteins generdy have an aual ratio of 3 4  and are characterized as compactiy folded and 

coiled polypeptide chains (Rodwell, 1988). E.uamples are insulin, plasma aIbumins 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). E-xamples are keratin 

myosin, miiagen and fibrin. 

A disulfide bond between 2 cysteine residues is an e.uample of covalent bond linking two portions 

of a polypeptide chah The disulfide bond is strong and is resistant to the usual conditions which cause protein 

denaturation (RodwelI, 1988). Branden and Tooze (199 1) suggest the presence of a disuifide bridge as a way to 

increase protein stability. They W e r  suggest that inclusion of the bridges in a manner which maxïmizes the 

length of the loop between cysteine residues inmeases the stability of the protein. The overall shape could 

innuence the mechanism of substrate uptake into the floc and the accessiiility of the interior of the protein to 

exoenzyrnes. The physical properties of the selected proteins are outlined in Table 4-10. 



Table 4.10 Selected Proteins and Hydrolysates 

Protein Average MW @a) Solubility Catalogue No. 
Lactalbumin 2 1.000 Scleroprotein L-7252 
$-Lactoglobulin 
a-lacîaibumin 
a-Casein 22.000 Globulins C-789 1 
Ovalbumin 45,000 Globulins A-5378 
LEH 302 L-0375 
CAA 217 C-0626 
Note: AU proteins and PH were purchased from Sigma Chernical, S t  Louis, Mo. 

ü) Globulins and Their Hvdrolvsates 

a-casein is composai of two major components: asi=asein and K-casein. The a-casein used in the 

batch experiments was a Iyophilized pontder containing 10-20% NaCl .60% a e i n  as detennined by 

electrophoresis and the balance primariiy B-casein and K-casein. 

Like most of the other caseins, as-casein has strongly hydrophobic and charged residues that are 

not unifonnly distriiuted dong the polypeptide chah (Swaisgood, 1982). This investigator went on to suggest 

that the protein contains domains of rather unstable structure, particdarly the polar domain which approach 

random coil behaviour. The protein's margind stabiiity and amphipathic nature gives rise to mo1ecuIa.r 

dimensions that are sensitive to ionic strength (Swaisgood and Timasheec 1968). For this reason Swaisgood 

went on to state that this structural instability means that at any instant an appreciable fraction of the rnolecular 

backbone and side chains will be e.uposed to water. 

~ a i n  is a glycoprotein (Wheelock and Sinkinson, 1969) containing disuiphide bonds 

(MacKinlay and Wake. 1965) and accounts for appro.uimately 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 distributeci K-casein moIecules Iinked by Cas(PO& clusters to form 

micelles. 



N-Z Amine A (CAAL 

N-Z Amine A is a mixture of çmall peptides and amino acids derived enqmatically fiom casein It 

is produced using a proprietaxy process of Sheffield Ltd. so details of the process are lacking. The amho acid 

and peptide molecular weight distribution ranges fiom 100-1000 Da with the average moiecuIar weight king 

247 Da (personal co~~~aunication; Sigma). 

Ovaibumin 

The ovaibumin used was appro-uimately 95% pure. OvaIbumin is a monomenc, nearly sphericai 

globular phosphoglycoprotein that e.uists in three distinct forms ciifferhg only in phosphorous content (Osuga 

and Feeney, 1977). A glycoprotein is a protein to which a carbohydrate is covaiently attacheci (Spiro, 1973). In 

this instance, the carbohydrate chah is a single branched chah carbohydrate composeci of D-manriose and N- 

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

iii) Scleroproteins and Their Hydrolvsates 

acetyl glucosamine (Osuga and Feeney, 1977). Ovalburnin is not a very highly cross linked protein as it 

mufacture of lact 

Lacialbumin 

Lactalbumin, the whole protein of whey. is n o d y  produced during the m ose 

fiom cheese whey or casein whey. It is a mixture of proteins produced by adjusting the pH of skirn rnilk 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 resdting in a loss of their solubility and related 

hctionality. P-Iactoglobulin is the miik protein most susceptiible to denaturation. 

The major components of lactalbumin are: 50% P-lactogiobulin (MW 18,000), 12% a-lactalbumin 

(MW 16,000) and 5% serum albumin (MW 65,000) (Bamquio and van de Vwrt, 1988). B-lactoglobulin is a 

dimer (approx. 36,000 Da) cross-liaked by hvo disulfide bonds with each monomer having a intramolecular 

disuifide 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 structurai region which limits its 



accessiiility to reagents (Swaisgood. 1982). At the pH of milk and at room temperature the protein will have a 

axbi ratio of 2. 

a-lactalbumin is a compact, nearly spherical single chain ghbulin wiîh no sulfhydryl groups. The 

disuifides of a-lactdbumin (4 per monomer) are not involveci in bndging or cross Linking between the strands. 

The hydrodynamic properties of a-lactaibumin indicate that it is a nearly spherkal. very compact giobular 

protein (Swaisgood, 1982). 

Lactabumin Enzvmatic Hvdrolvsate (Lm 
LactaIbumin enqmatic hydrolysate (EH) is prepared fiom lactalbumin using a pancreatic e.vtract 

to hydrolyze the protein followed by heat inactivation. The residual colour of the solution is removed by the 

addition of charcoal. No m e r  details were available because this is a propietaxy process owned by Sheffield 

Ltd. 

The LEH is a mi.xture of smi i  peptides and amino acids. The MW distribution ranges fiom 100- 

1000 Da with the average k ing  302 Da (Sigma, personal communication). The arnino 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 arnino acids found in the hydrolysate. Mullally et al. (1994) 

e.uamined six different pancreatic protease preparations of Iactalbumin. AU of the hydrolsates, with the 

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

c) Substrate Preparatioo 

Many factors normal1y important when working with a synthetic feed could be ignored because 

sewage was part of the original culture media, Trace micro-nutrients (Le. Üon, zinc, and maganese) needed for 

growth did not have to be included in the media because of their presence in the sewage. The baering 

capacity of the media was negiected because of the smalI volume of media king introduced and the 

implementation of pH control. 

Proteins and protein hydrolysates (PH) were dissolveci in a sait solution. The composition of the 

sait solution is outlined in Table 4.1 1. The final concentration of the proteins and hydrolysates was 200 

mg/lOOmL. 



Table 4.1 1 Composition of Salt Solution - Batch Studies 

Component Concentration in Units Specified 
Na2HP04 (mg PL) 52 
m2m4 (mg P/L) 45 

NaHCG (mg CaCOJL) 3 1 
Dissolved Solids ( m a )  470 

d) Eaui~ment Details and Experimental P rotocol 

i) E-xperimentaI Protocol for Casein/OvaIburnin 

Biosolids generated by the SBR were sptit into two equal portions and f d  whole protein or 

altemately PH (see Appendiv A3 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 C O D 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 (Gïbson and Doid, 199 1: Henze et al., 1986). At the initial subsüate level used in these 

experiments, it was anticipated that zero order growth kinetics wouid be applicable initiaily. DBerences in the 

rate of consumption of the terminal electron accepter, either oxygen or nitrate as appropriate, between the 

protein and the hydrolysate would be attribut& to substrate uptake and hydrolysis. Eqeriments done using 

each protein-hydrolysate pair were replicated (see Appendk Ad). 

Under normal operating conditions. \vaste mixed tiquor \vas sent to the environmental room 

maintained at 4OC. On the day of a batch study, the nraste mised liquor was kept within the reactor 

environmentai chamber to avoid temperature shock. Of the appro'iirnateIy 1000 mL of m e  mi.,ued liquor, 

100 mL was used for both solids measurements and AODC. The remaining 800 rnL 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 IactaIbumin rate studies performed on ApriI26t.h-April29th (See 

Section 4.2.4 b ii ), the temperature of the aerobic culture was monitored over a 7 h penod, The culture had 

been aerated for approximately 2 d when temperature monitoring began so the systern was at thermal 

equiliibrium. The equiIiirium temperature of the culture was 15.0 O C .  In a more typical batch study where the 

biosolids were king generated at a temperature of 13.6-14.4 O C ,  the culture was at a temperature of 13.6-15°C. 



M n g  wastage. the anoxic cuIhue was e-uposed to air and the aerobic culhm rnay have 

experiençed oxygen limitations. Prior to using these cuItures, it was neçessary to return to them to their initial 

environmental conditions. The M e r s  were sparged with humidified air or nitrogen as appropriate for a 

minimum of 30 min More making any measurements. Sparging the ano'uc culture with nitfogen was 

continued for the duration of the rate study. The gas was drawn fiom a cylinder in the environmentai room and 

bubbled through distilled water equilibrated to the test temperature to minimize evaporative losses. Air was 

supplied by an aquarium pump drawing air fiom with within the environmental chamber. These efforts were 

taken to minimize heat trader. 

Gas sparging dso caused the pH to rise weil beyond 7.2 in the absence of pH control. With the 

optimal rate of denitrification occurrhg at pH 7.2 (ü.S. EPA, 1993) it was necessary to implement pH control. 

As only one pH controiier was available for hvo esperiments. 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 equai 

amount of acid was added to the culture augmentai wiùi hydrolysate and (3) the pH of the this culture was 

morùtored and logged. Detaiis of the pH controllers. pH meters and other equipment are available in Appendix 

A-Table 2. 

Prior to adding the protein, one halfof the split aerobic culture was transferred to a BOD bottle and 

the OüR was determined. This \vas repeated with the second portion of the aerobic culture. To keep the mimi 

liquor in suspension the bottle was placed on a Styrofoam insulateci stir plate. The average OUR for the two 

samples was defined as the basal OUR (OU&), since at this point. the culture \vas in a stanted condition. The 

basai OUR is considered to be the sum of the o'rygen demands of the non-bacterial population (e.g. protozoa 

and rotifers) and the bacteriai population. 

The OUR of the bacterial population includes respiration associateci with maintenance energy 

demands and utîIization of enmeshed slowly biodegradable substrate. Utilization of enmeshed slowly 

biodegradable substrate was e-vpected to account for a small portion of the OUR demand. First, the biosolids 

were produceci at a time when enmeshed slowly biodegradable substrate \vas e-vpected to be a minimum. 

Second, if the slowly biodegradable substrate was not clornpletely degraded over the previous 10-22 h, then it 

king co~lsumed very slowly. 



The nitrate concentration at the beginning of the rate study had to be sufiïciently high that nitrate 

did not tKcome rate Lunithg over the course of the e.uperiment A Literature survey by U.S. EPA (1993) 

reported values for the haif saturation constant for nitrate to be 0.1-0.2 mg NO3-N/L. They further sugest at 

concentrations greater rhan 1-2 mg bQ - N L  nitrate should not Iimit the rate of denitrification. Emaplolating 

the rate of nitrate utilization (NR), the starting mixed liquor nitrate concentration had to be in escess of 30 

mg Na -NIL. 

The slowly biodegradable protein solution (100 mL) was added at ihis time to the M e r  and the 

pH monitored Appro.ïrimately 30 4 5  minutes Iater, the rapidly biodegradable subsuate was added to the second 

beaker which was subject to pH control. Appro.ximately eight sarnples were taken over the 4 or 6 h period after 

feeding at 20°C or 14OC, respectively. For the aerobic and anoxie cultures 20 and 25 m .  of the mi~ed liquor 

were removed per sample, respectively. M e r  centrifuging at 35,540 .u g at 8OC for 17 min, the supernatant was 

filtered through 0.35 pm surfactant fiee cellulose acetate filters using a syringe filter (Nalgene, Rochester NY), 

Subsamples of the original samples were preserved as specified in Appendk A and Iater analped for ammonia 

aitrogen and COD. if the sample was anoxie. an additional sample was placed in a via1 and analyzed for 

nitrate, nitrite, and ammonia nitrogen. Details of the analysis procedures are found in Appendiv A. At the end 

of the rate study, the cultures were preserved for ce11 counts. 

With the aerobic reactors, the OUR kvas detennined concurrently with sampling for chernical 

analysis. Both dissolved oqgen meters and pH meters/controllers were caiîîrated prior to initiating the batch 

experiments. A single dissolved O-vgen meter (Orion Mode1 8 10 Dissolved 0.xygen Meter) was used for both 

the slowly and rapidly biodegradable culture. The dissolved O-ygen meter in conjunction with a personal 

cornputer was used to log the dissolved o.ygen @O) every 15 S. 

On those occasions when enzyme assays were done, the intact mi,~ed iiquor was taken fiom the 

batch reactors 75 minutes after substrate addition. The nk~ed Iiquor was homogenized using a hand driven 

Porter tissue homogenizer. Details of the enzyme assay are found in Appendix A. 



ü) Variances on Ovaibumin/Casein Protocol for Lacraibumin 

After completing the initial set of rate studies at 20°C, it became clear that the bacterial respanse to 

1actaIbumin was much stower than for casein and albumin. The possibility existeci that the chronidy starveci 

bacteria of the SBRs did not have su8ticient energy for tactalbumin hydrolysis. 

This possiile limitation was taken into account when the second set of rate studies using 

lactabumin were performed at 14°C. Anoxic and aerobic rate e.uperhents nin in parallei were initiateci on 

Aprit 8, 1996. The e-uperimental protocol outlined above was used in this case with the following exceptions: 

The culture using hydrolysate was augmented with LEH and not CAA. LEH was chosen in preference to 

CAA for two reasons. The m e  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 arnino acids and 

peptides derived fiom lactalbumin, then this wodd become evident by choosing LEH. 

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 cultrite using lactalbumin. The 510 rnL volume for the culture augmentai with 

lactalbumin was Iater used in two rate studies. The fïrst rate study occurred on the day the biosolids were 

generated. A second rate study using this culture was done after severaï days of eqosure to iactaiburnin. 

With the aerobic culture, a minimum of 300 mL of augrnented culture was required on both days because 

the dissolved okygen was measured using a dissolved o.xygen probe in a BOD bottle. The anoxic culture 

was treated in an identical manner to the aerobic culture 70 and 140 rnL of substrate was added to the 

cultures using LEH and lactaibumin, respectively. The miss loadings of protein were unchangeci fiom 

those in Section 4.2.2.d.i. 

With the aerobic culture, 300 mL of the culture was heid in reserve so continued dissolved o'rygen 

measurements could be made. For this reason, only 1-2 mL of muCed liquor was taken per sample h r  both 

the aerobic and anoxic cultures instead of the typicai volumes of 20-25 mL. Appro.vimately 10 samples 

were required over the 6 hour study period. The samples were centrifugeci using a Sorvall Microcentrifuge 

at 10,000 r.p.m. for 2 min to remove the majority of biosolids and later q-ringe filtered through a 0.2 p 



syringe üiter (Nalgene. Rochester NY), Filter sterilizing the samples with the 0.2 pm filter ensured h t  

microbial degradation did not occur prior to analysis. 

If the samples were not anaiysed immediately. 20 pi of formaldehyde was added to the sample. The 

presence of formaldehyde affecteci the ammonia nitrogen determination so this analysis was not done with 

these samples. The formaidehyde did not affect the accuracy of the nitrate and nitrite nitrogen 

determination. The smaller sample volumes meant ùiat the COD of the bulk Liquid could not be 

determined. Earlier e-qerirnents showed that the COD of the bulk liquid fell to the lower detection level of 

the test (25 mg CODIL) very early in the esperiment (approximately 1 h) and thereby provided little usehl 

information, 

5.  At the end of the rate study, the cuitures augmented with Iactalbumin were rnaintained Rrith pH control and 

gas sparging. This culture was allowed to acclimate to the lactalbumin for four days before testing was 

resumed. 

On April 13 th, the above procedure was repated on the culture acclimated to Iactaiburnin. At the 

end of the rate mdy, the lactaibumin culture \vas spiked with LEH and a number of measurements were made. 

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

4.3. Phase 2 

4.3.1. Sequencing Batch Reactor Operation 

Two reactors were operated at 20°C. One tvas operating under aerobic conditions and the other 

under ano?oc conditions. The operation of these reactors has been previousty detailed for Phase 1 in Section 

4.2. I(b) with some modifications. The working volume of the reactors ivas 5 L rather than 10 L as used in 

Phase 1. With reduced volumes the pwnps used previously were no longer suitable. The volumes required were 

s d  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. 1110th of the reactor contents were wasted daily resulting in a target SRT of 

10 d. As before the reaiized SRT calculatecl using Eq. 4.1 was Iess than 10 d due to unintentional solids losses 

in the muent. 



Table 4- 12 SBR operating cycle 

Operation Hours Volume (L) 
Fil1 O 1.0-5.0 

React 22.25 5.0 
Waste O 5.045 
Settie 1.25 4.5 
Draw 0.25 3.5-1.0 
Idle 0.25 1 .O 

In both Phase 1 and 2, the reactors were operated as SBRs: however. the feeding regime differed 

signincanüy. In Phase 2, the f& was added to the reactors at the begianing of the cycle; whereas. in Phase 1 

feed was introduced into the reactor over a 12 h period- The objective in this phase \vas to determine whether 

or not lactalburnin 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 fiom Waterloo STP filtered through 

glas wool and stored at 3°C. The protein substrate was made up in deionized water and its composition is 

outlined in Table 4.13. Feed concentrations are different fiom those in Table 4.5 because they were caiculated 

on the totaï feed volume rather than on the volume of the synthetic substrate. A small quanti& of Hach 

Nitrification InIu'bitor 2533 (Hach. Loveland CO) ivas added to both the aerobic and anoxic reactors. The 

inhibitor was added to prevent nitrification in the aerobic reactor. To ensure nitrate tvas in escess in the ano'uc 

reactor approximately 25 W d  of a sodium nitrate stock solution (13.2 g NO3-N/L) was added. 

Table 4-13 Composition of the Synthetic Feed and Resulting Reactor Concentration-Phase 2 

Component Feed Concentration Reactor Concentration 
Na2P04 (mg PL)* 330 270 

Na HC03 (mg CaCOa)  43 35 
Hach Nitrification Inhibitor (mg/L) 375 305 
% Lactalbumin in Supplemented 100% 

Protein 

The sampling schedule for this phase of the e-uperimental program is outlined in TabIe 4.5. Details 

of sample preservation and analytical procedures can be found in Appendk A. 



Table 4-14 Samphg Schedule SBR-Phase 2 

Source Parameter Sampling Frequency 
Reactor Mi'red Liquor Total Suspended Solids Daily 

Volatile Suspended Soiids DaiIy 
EBauent Total Suspended Solids Daily 

Volatile Suspendeci Solids Dai- 
COD DaiIy 

Muent COD Composite of Two Days 

4.3.2. Batch Rate Studies 

The goals of this portion of the e'rperimental program were the same as batch study as d e s c n i  

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 

biosoiids were generated using lactalburnin as the principle protein substrate rather than a mixture of albumin 

and casein. The 1actaIbumin-lactalbumin enqmatic hydrolysate  vas the protein pair which was evaluated at 

20°C under aerobic and anoxic conditions. The experirnental protocol followed was the one of Apnl 13. 1996 

(Section 4.2.2.d.ii). 



Results and Discussion 

5.1. Introduction 

The results of this experimental program are discussed under the headings of: Sequencing Batch 

=wes Reactor Operation, Crowth Kinetics and Stoichiometry, and Substrate Uptake and Hydrolysis (see Fi, 

1.1 and 1.2 for a pictonaf 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. It was during this phase, that long term performance data at 14 and 30°C were obtaiued. 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 lacialbumin which could be used in rate studies. 

Performance data From the reactors confmed 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 quanti@ 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 cornparison 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 sanie general 

format. After a brief introduction, a presentation of results folIows, In each of the sections, the pertinent aspects 

of the 20°C data is given foliowed by the 14°C data. For instance for SBR operation, trends in the foIIowing are 



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 1 and 2, SBRs were rua using a sewage-protein feedstock. ln 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 

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

5.2.1. Phase 1 - Casein and Aibumin Proteins 

a) Introductioq 

The expenmental work of Phase 1 was carried out to meef the following objectives: 

a) To quanti@ and compare solids production rates for SBlis achieving carbon removal under aerobic or 

alternately anoxic conditions as a fiinction of temperature. 

b) To evaluate acridine orange direct counts (AODC) as a method of enumerating the number of bacteria in a 

mixed microbial poputation. 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 systerns (aerobic and anoxic) in the areas 

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

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

a well-defined history. 

Aerobic and anoxic systems were operated in parallei to facilitate cornparisons 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 

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

in Section 5.2.1 .b-Solids Retention Time, they operated under diRerent SRTs because of unintentional biornass 



losses caused by differences in settling pnor 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 

defme the overall process efficacy. 

Much of the feed's organic strength resulted from the protein mixture. ln domestic wastewater 

treatment, protein degradation rnay 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 o f  Exuerimental ResuIQ 

i) 20°C Cultures 

Introduction 

Before the monitoring phase began at 20°C, the culture was acclimated for 4 rnonths. On Nov. 12, 

a feed purnp 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 Ioss of biosolids but a change 

in the physiological state of the bacteria could have occucred. Higher than normal substrate loadings may place 

the bacteria in a different growth state. A ten day period wov. 13 - Nov. 24) was allowed for the system to 

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

Feed Streneth and Corn~osition 

Figure 5.1 illustrates the variability in feed strength and composition over the eighty day Phase 1 

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 particdate fraction on these 

days. Only the filtered COD of the sewage was available on Oct. 2 1 - 22 and Nov. I - 2. 

Much of the feed's organic strength was derived fiom the synthetic protein substrate. Fluctuations 

in the organic strength of the sewage were not easily seen fiom the figure because of its Limited contribution to 

the feed. [t is reasonable to expect that the microbial population in sewage will change with influent strength 



and season. Sewage with a lorv orsanic strength will rninirnally affect the organic loading; however it couid 

have a very signifcant impact on the numbers and species of microorganisrns in the reactor. 

The average total COD for the 80 day period \vas approxirnately 38 1 m g L  ivith a standard 

deviation of 30 mg COD/L. However. there appears ro be a genenl trend toward reduced COD with time. The 

average feed strength prior to Oct. 19 was 393 mgL; this was not considered to be a substantial difference. 

Figure 5.1 Influent Feed Concentration and Composition - ZOaC 
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MLVSS Profile 

At 20°C. sirnilar trends were seen in the rnixed liquor voiatile solids (MLVSS) profiles for the 

aerobic and anoxic reactors (Figure 5.2). The data were scanered but fairly consistent. For the first 35 days of 

the period, the iMLVSS nnged benveen 700-800 mg VSSiL and rhen declined to the 500-600 mg V S S L  range. 

During the period of Oct. 19 - Nov. 1, the influent feed strength was lorver possib[y causing the 

decreases in the MLVSS seen for both the aerobic and anoxic reactors as of Oct. 26th. With a SRT approaching 

ten dap ,  decreases in feed strengh would take sorne time before they would be reflected as a decreased 

MLVSS. This concept was supponed 5y decreases in MLVSS occurring in both aerobic and anoxic reactors. 



Figure 5.2 Reactor MLVSS - 20°C 
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Bacteria count data were available for the culnires dunnp the later part of the 20°C period (Table 

5.1 ). The confidence limits for the ceIl counts were derived in the rnanner specified in Section 3.2.2.d . The 

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 measuremenü. Time and resource constraints made it impossible to 

perform bacteria counts for the entire period. lnstead samples were taken kom the aerobic and anoxic reactor 

over the same ten day period. 

There was insufficient data at ZODC to detemine if statistically a correlation existed behveen the 

bacteria counu and the reactor MLVSS concentration: however, visual inspection of the data indicated. no 

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

allowed for more complete analysis. 



Table 5.1 Bactena Counts and Reactor MLVSS for SBR at 20°C 

Reactor Date Bacteria Count Data (ce11 /L)x IO" Reactor MLVSS Bacteria per MLVSS 
Mean Upper 95% Lower 95% (mg VSS/L) (Ce1VMLVSS)x 10' 

CL CL 
Aerobic Nov. 27 7.04 8.58 5-78 570 l2.4 
Aerobic Nov. 29 23.2 25.1 21-5 6 10 38.0 
Aerobic Dec. 6 4.82 5.8 1 4.00 580 8-3 1 

, Anoxic Dec. 1 13.3 15.3 11-5 590 22.5 
' 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 

Figue 5.3 shows both the total and filtered effluent COD for the aerobic and anoxic reactors and 

influent strength. Genenlly, good COD removal was obtained for both reactors regardless of the influent COD 

concentration. 

The filtered emuent concentration was typically J O  - 50 mg C O D L  The organics included in the 

filtered effluent COD could have been soluble non-biodegradable organics present in the sewage, soluble 

refractot-y organics generated during the process and possibly undegraded biodegradable organics. With 

municipal wastewaters, rehctory orgmics can account for 50% of the emuent 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. 3 1 - Nov. 1 O for both 

aerobic and anoxic reactors. ïhis corresponds to a period of decreasing MLVSS due to biosolids Iost in the 

effluent (Figure 5.2). Total effluent concentrations of the aerobic reactor were exceptionally high (1 50-200 

mg CODL) for Nov. 39 - Dec. 3 suggesting reduced settability. ïh is  is consistent with the marked decrease in 

the MLVSS in the aerobic reactor for this sarne period (Figure 5.2). Microscopic examination of the samples 

fkom early Decernber showed the presence of filamentous growth. When these are present in excess arnounts, 

the result is sludge separation problems known as bulking and fciarning ofien occur. 



Fioure 5.3 Influent and Effluent CODs - 20°C 
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If nihate concentrations are greater than 1-2 mg NO; -ML, then nitrate should not limit the rate of 

denitrification (U.S. EPA, 1993). Nihate determinations were done on acidified samples so nitrate cannot be 

differentiated from nitrite. NOs will be used to desisnate nitrate determined on acidified samples. The median 

effluent nitrate concentration was 14.8 mg NOx-N/L suggesting denitrification proceeded under carbon limited 

conditions. 

Figure 5.4 illustrates the amount of organic subsmte and nitrate consumed per day over the eighty 

day period. The amount of denitrification realized shouid closely follow the amount of organic consumed. As 

seen fFom 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 consurnption if substrate had not accumulated within the floc or the reactor was at 

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

to organic substrate consumption is presented in Section 5.2.2.b-Consumotive Ratio. The amount of nitrate 
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nitrogen consurned was 400-600 mg NOrN/d or altemately 40-60 mg NOarN/L. During the penod From 

Sept. 21 to Oct  2 1, 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 - îO°C 
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The degradation of influent biode-gadable TKN produces ammonia nitrogen which can be used in 
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of the requirements of ce11 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 behveen the actual TKN and amrnonia nitrosen is only 1 -  mg N/L, then the 

measured TKN may be less than the arnmonia nitrogen because of the mors incurred in the digestion step of the 

TKN determination. These measurernents are presented for the SBRs at ZO°C in Figure 5.5. For a nurnber of 



days, the ammonia nitrogen value exceed the measured TKN. As s h o w  by the figure effluent arnmonia 

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 Nitrosen - 20°C 
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Effluent ammonia nitrogen is related to the organic strength of the feed and the amount of ammonia 

nitrosen present in the sewage. Nitrification was inhibited so ammonia nitrogen was consumed only for ceII 

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 ( K m  Data- Appendix B). The t value of 2.4 1 

with I O  degrees of freedom (df) was compared to a t,, ,, of 2.32. 

Further anaiysis was done to determine if this was a consequence of higher MLVSS concentrations 

or a higher TKN/MLVSS ratio. An accumulation of panially degraded proteins in the mixed liquor would have 

resulted in a higher TKNIMLVSS ratio. Differences in this ratio for the aerobic and anoxic reactor would 

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



of Table 5.3 showed that was no significant difference between the TKNMLVSS ratios of aerobic and anoxic 

reactors, A t-value of -0.286 on 10 df was less than the critical vahe, b,,, of 2.Z. 

i i) 14OC Cultures 

Feed Strenoth and Composition 

The average influent strength for the 14°C period was 386.0 mg CODL (Figure 5.6). This is 

compmble to the influent strength of the 20°C period of 382.9 mg CODL (Figure 5.1). The standard deviation 

for the 14°C period was 48.5 mg C O D L  while for the 20°C period it was 30.7 mg C O D L  The influent 

stren,oth at 14°C was more variable than it was at 20°C. The influent feed for Mar. 4 - 8 had a much higher 

organic stren,oth 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 Iost after the glas sarnple 

container cracked in the Freezer. The strength of the feed was generally higher in the first third of the 

experimental period. in the 1st 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. 

MLVSS Profiles 

The temperature of the reactors was lowered to 14°C on lanuary 30, 1996. Pclfonitoring of reactor 

performance began on Mar. 4. Two events that occurred during the interim are noteworthy. On Feb. ]?th, the 

anoxic reactor's pH controller failed leading to the addition of excess acid. The pH was as low a s  2 for a period 

of approxirnately fifieen 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 hi& as 23°C. 





Fisure 5.6 Influent Feed Concentration and Composition - 14'C 

600.0 

Three sludge ages are generally considered to be a sufficiently long tirne for acclimation ro occur 

(Benedict and Carlson, 1973). With a target sludge age of ten days, thirty days of acclimation tirne should be 

sufficient based on three sludge ases criteria. An acclirnated culture should have been produced by Mar. 16. 

The data suggests that this rnay not have been the case given the MLVSS profiles s h o w  in Figure 5.7. In the 

early part of the monitoring period, the aerobic reactor had a higher MLVSS than the anoxic reactor. By the end 

of the period, the converse \vas true. As a result, only the Apr. 5 - hiay 9 data will be considered to be 

acclimated and at pseudo-steady state. 

m o u n t s  

Bacteria counts for the SBRs at 14°C were detemined 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 tirne constraints made this impossible. On some occasions, 

the samples were taken nvo or three days apart. 



Table 5.4 shows that the anoxic reactor consinently had more bacteria chan the aerobic reactor. The 

ce11 counts in the aembic reactor range From 4-58 - 12.1 x 10" bactR rvhile the counts of the anoxic reactor 

range benveen 13.5 - 15.0 x 10 " b a c a .  A significant linear correlation does not exist benveen bacteria counts 

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

vaIue at the 95% CL with 4 df was 0.8 1 1. For the anoxic reactor, the MLVSS was correlated with the bacteria 

counts. The calculated r value \vas 0.8 1 1 while the critical value at the 95% CL was 0.707 with 6 df, 

Figure 5.7 Reactor iMLVSS - ILFOC 

Date 

Effluent COD 

Figure 5.8 shows that excellent substrate rernoval occurred with the filtered emuent remaining 

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

changes in the MLVSS. There was no apparent correlation between the influent and effluent filtered COD. 

From Mar. 4 - 24, the anoxic reactor has total CODs that ranged benveen 50 - 130 mg CODL and filtered CODs 

of mg COD/L or les .  This would suses t  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 



period. Microscopic examination ofthe aerobic mked 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)X I O  " MLVSS MLVSS 

Mean Upper Lower (mg VSSL)  (Bact/MLVSS)x 10' 
95%CL 95%CL 

Aerobic Apr. 9 4-58 5.08 4. 13 590 7-76 
Aerobic Apr. 12 6.83 7.68 6.06 4 10 16.7 
Aerobic Apr. 26 12.1 14.1 10.4 420 28.8 
Aerobic May 5 4.09 4.54 3 -69 3 10 13.1 
Aerobic May 7 5.08 5.94 4.34 5 10 9.96 
Aerobic May 9 5.90 7.43 4.69 460 12.8 
Anoxic Mar. 29 25.0 28 -5 22.0 580 43.1 
Anoxic Apr. 9 13.5 14.9 12.3 800 
Anoxic Apr. 12 13.9 16.0 122 820 
Anoxic Apr. 24 3 1 .O 23.5 18.8 740 
Anoxic Apr. 26 19.3 21.8 17.0 820 
Anoxic Apt. 39 16.0 19.6 13.1 760 
Anoxic May 5 23.3 25.9 20.9 800 
Anoxic May 9 14.5 18.3 11.5 73 0 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 arnount 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 consurned it ofien is not. The consumptive 

ratio will be calculated later in this section. Excluding the data from Mar. 4 - Mar. 24,400 - 700 mg NOxN/d 

were consumed. The equivalent conversion on a volume basis would be 50 - 87 mg NO,_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. 



Figure 5.8 Influent and Emuent COD for SBRs - 14°C 
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Figure 5.9 Orgmic and Nitrate Consumption for Anoxic SBR- 14°C 
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EMuent Ninrgen 

Effiuent iiltered ammonia levels were affected principally by the concentration of proteins in the 

feed. Figure 5.10 shows the same generaf trend as does the feed strength (Figure 5.6). Filtered ïKNs and 

emuent amrnonia nitrogen range fiom 28 - 42 mg NIL over the period of Mar. 50 to May 10 (Figure 5.10). For 

the same reasons as discussed previousfy, there are occasions when the rneasured ammonia nitrosen exceeds the 

filtered TKN. By visual inspection, the filtered TKN and ammonia nitrosen concentration appears to be highest 

for the aerobic reactor. 

Table 5.5 presents the influent, effluent total TKN, and mixed liquor 1XN for a number of 

composite sarnples (Raw data - m e n d i x  B). The mixed liquor TKN values for the ancxic reactors is 

signi ficantly 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, b,, \vas 2-16, These sarne trends were seen for the 20°C cultures. 

Figure 5.10 Effluent Filtered TKN and Ammonia Nitrogen 
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The rnived 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 Student7s t-test cornparing the nitmgen content in the 

MLVSS showed no significant difference between the aerobic and the anoxic reactors. The t-value was 1.02 

while the cntical value, b,,, was 2.18 with 12 df. Higher mixed liquor TKNs for the anoxic reactor were the 

direct result of higher MLVSS concentrations. 

c) Discussion of Exnerimental 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 ce11 lysis. The traditionally used solids retention tirne 

(SRT) as expressed in Equation 5.1 was derived fiom 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 defmition 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 Iarge amounts of 

MLVSS are Iost from the system, the SRT wilI become very short. Various averaging strategies have been 

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

SRT = 
m 

QXc + QX 
Eq. (5.1) 

where SRT - - solids retention time (d) 

v - - reactor volume (L) 

Qc 
- - discharge volume (L) 

X e  - - discharge solids concentration (mg VSSiL) 
Qw 

- - wastage volume (L) 
X - - reactor MLVSS concentration at the t h e  of wastage (mg VSSL) 

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 emuent, will fiuther reduce the SRT. The 



SRT calculations do not take in10 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 5.1 1 shows the SRT for the system at 20°C. The Iines on the figure represent the mean SRT 

for a particular time perïod. At ZO°C, the aerobic reactor had hvo of sixv eight data points outside the range of 

O - 15 days. They have been excluded from funher calculations. The scale of the graph was Iimited to this 

range for easy cornparison of the aerobic and anotcic reacton. 

Figure 5.1 i Solids Retention Time (SRT) - 20°C 
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In general, the aerobic SRT is less consistent than the anoxic reactor. At 20aC, 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 calculatrd for days six& five to eighy. The standard deviations for the aerobic and anoxic reacton 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 

30°C (Figure 5.12). There was a gradua1 decrease in the SRT of the aerobic reactor over the fint thirty days of 



period. The SRT of the anoxic reactor increased slowly over this sarne 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. 
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i i) D-mamic Sludoe Aze 

The dynamic sludge age (DSA) was proposed by Vaccari et al. (1985) as an alternative way of 

calculating sludge age. The DSA, the mean of the biomass aSe distribution. is applicable to non-steady state 

systerns. Wastage is assumed to occur From each age distribution in proportion to its contribution to the total 

biomass. If 95% of the reactor biornass was wasted, the mean of the age distribution remains unchanged. 

Akhough the amount of biomass has decreased dramaticalIy, the age distribution is not affected because losses 

from each age group occur in propodon to its connibution to the total biornass. The DSA examines the 

production of biomass taking into account increases and decreases in the soiid inventory. If there is no net 

production of biomass, a culture wiil age one day per day regardless of how rnuch wastage occurs. The DSA 



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}. Similady for the anoxic reactor at ZO°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. 

Fisure 5.13 Dynamic Solids Age (DSA) - 20°C 
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Over the first 3 1 days of the 14°C period, the DSA for the aerobic and anoxic reactors decreases 

because ofreductions 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 5.1 1 and 5.12. 

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

(Figure 5-12} but it were more evident in the DSA (Figure 5.  If). The DSA takes changes in solids inventory 



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. Durhg this 

sarne period, the SRT was relatively constant; however there were three days where the SRT ranged benveen 

3 and 6 days (Figure 5.1 1). 

2. The DSA was generally loiver than the SRT. The DSA cm only increase one day per day regardless of the 

arnount of wastage chat has occurred because the age distribution remains unchanged. A large influx of 

organic material will decrease the DSA because rnicroorganisrns 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 usehl in estimathp the accurnulated i n e ~  and solid levels in the reactor because it was denved from a mass 

balance. The DSA bener characterizes the age distribution of the bactenal culture because it is a mie residence 

time distribution. Both concepts are helpful in characterizing the operatinp conditions of the anoxic and aerobic 

reactors, 

Figure 5.14 Dynamic Solids Age (DSA) - 14°C 
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iii) Biosolids Production 

Biosolids production was investigated for carbon rernoval under anoxic and aerobic conditions 

using reactors run in parallel. Biosolids production refers to the rnass of organic matter produced through either 

intentional wastage or solids 1ost in the effluent. To ensure the aerobic and anoxic reactors received the same 

qua1ity 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 reacton 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 emuent, were not equal at either 20°C or 14°C. For an equitable cornparison 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 va1ues 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 so1id losses through wastage and carry over in the effluent. The 

accumulated production was calcuIated using Eq. 5.2. The accumuIated production was calculated for each day 

and is plotted in Figure 5.15 - 5.16. 

where P - - 
- 

Qci - 
Xe., = 

Qw.t = 

x = 

accumulated production (mg VSS) 
effluent discharge rate on the ith day (L/d) 

effluent soMs concentration (mg VSS/L) 

wastage discharge rate on the ith day (L/d) 

reactor MLVSS at tirne of wastage on ith day (mg VSSIL) 

Eq. (5.2) 



Figure 5-15 AccurnuIated BiosoIids Production - 20°C 
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Figure 5-16 Accurnulated Biosolids Production - 14°C 
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Figures 5.15 - 5.16 show that the accumulated soiids production was highly Iinear and increased 

with tirne. 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. 

Regession Iines 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 Iines are unique at the 95% confidence Ievel 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 Ievel at both 14 and 20°C (Table 5.7). Details of the statistical analysis 

are found in 

Table 5.7 Analysis of Average Daily SoIids Production Rates as a function of Reactor 

Temperature (OC) Degrees of Freedom F Fo.gs 
20 (1,68) 1620 3.99 

Changes in the initial and fuial 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 < L %  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 

m a ,  approximately 3 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 cornparison to the biosolids production accurnulated over 35 days. If the changes in the sotids 

inventory were included in the calculations, then solids production rates for the aerobic reactor would be lower. 

TabIe 5.8 Changes in Solids Inventory as % of Accumulated Solids 

1 Temperature Reactor Initial MLVSS Final MLVSS Change in MLVSS % of 
Tc) (mg VSS/L) (mg VSS/L) (mg VSS) Accumulated VSS 
20 Aerobic 73 0 620 - 1100 4 
20 Anoxic 780 
14 Aerobic 580 
14 Anoxic 690 



iv) Observed Yield 

Observed yield is the mass of bacteria formed per mass of COD rernoved 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 calcuiated 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. 

where Y,,, 
Qci 
x. 1 

Qw. t 

x 
s; 
Se. f 
AMLVSS 

observed yield (mg VSS/mg COD) 
discharge rate on the ith day (Wd) 

discharge solids concentration (mg VSS/L) 

wastage flow rate on the ith day (L/d) 

reactor solids on ith day (mg VSS/L) 

influent COD concentration on ith day (mg COD/L) 

discharge filtered COD concentration on ith day (mg CODIL) 
change in reactor MLVSS inventory (mg VSS) 

Eq. (5.3) 

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 cakulated 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 V S S 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 sarne 

conclusion as before. Observed yieIds were higher for the anoxic reactors than they were For the aerobic 

reactors. The observed yieId for the aerobic reactor decrease by 4% with decreasing temperature. In contrast, 

the anoxic yield increased by 8% with decreasing temperature. 



Table 5-9 Obsewed Yield 

[ Temperature OC Reactor Influent VSS Observed Y ie1d 
(gAVSS/gACOD) 

20 Aerobic 7 0258 

Anoxic 

Aerobic 

Anoxic 

The observed yields of this experirnental smdy are compared to those of Tian et al. ( 1994). The 

experimental yield of this study was comparable to the vaIue of 0.258 @VSS/ghCOD given by Tian es al. 

(1994) for an influent VSS of 69 mg VSSL In contrast to the work of Tian et ai. (1994), the observed yield for 

the aerobic reactor of this experimental smdy does not increase with decreasing temperature. The temperature 

difference of this study, 6OC, may not be sufflcient to see the same trends as seen with a 13OC difference. 

v) Bacterial Population and MLVSS Com~osition 

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 inftuencing the composition of the rnixed 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. It was 300400% 

higher than the other hvo values at this temperature. With these data points excluded, the analysis was repeated 

and is presented in Table 5.10. The anatysis shows, that on average, there were significantly more bacteria in 

the anoxic reactors than there were in the aerobic reactors. 



Table 5.10 Factorial AnaIysis of MLVSS Composition and Number of Bacteria 

Bacteria per MLVSS x 10" Bacteria Counts x 10" 
E ffect Estirnated Effect t value Estimated Effect t vahe 
EAS 235 O. 124 4.23 2.37 
Temp. -0.400 -0.022 -0 -265 1.10 
€AS x T e m ~ .  -2.80 O. 154 - 1.70 0.955 

MLVSS effects - 14 df and b.,, of 2-14  
Bacteria Count effects - 13 df and b.,, of 2.16. 
BoIded 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 microscopie 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 1 to 4°C. The number of bacteria present in the reactor 

decreased rapidIy when the reactors were operated at temperatures between 5 and 18°C. The investigators felt 

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 evahating 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 pnrnary 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 : L  This configuration wouId 

rninimize oxygen ingress. This in part may explain the differences in the yield of this study and that reported by 

Symth. 



vi) Emuent Ouaiitv 

An anoxic reactor must have performance comparable to an aerobic reactor in several key areas if 

denitrification is going to be implemented. Effluent organic stren=gh (Le. typically specified in terms of BOD,) 

and solids requirements are usually specified in a treatment plant's operating permit. During the experirnental 

program, the effluent solids and COD were tracked. These numbers will be higher than the BOD5 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 caIcuIated. This information is used to calculate 

the arnount of supplementary organic substrate required if post-denitrification was irnplemented. 

The effluent quality of the two reactors can be evaIuated in two different ways. Average values 

indicate typical perfarmance while probabiiity plots are useful in determinhg the likelihood of exceeding a 

specified limit. Average values for the effluent quality duruig the pseudo-steady state penods of Sept. 2 1 - 

Oct. 27 and .Apt-. 5 - May 5 are presented in Table S. 1 1. A paired t test data found a significant difference 

between reactors for 20°C filtered effluent COD values at the 95% confidence levei. 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 m e .  Both temperature and the reactor has 

an impact on effluent quality. 

Table 5.1 1 Average Effluent COD and TSS Concentrations 

1 Parameter Temperature Aerobic Anoxic Degrees of t-value b,, 1 
(Oc) Freedom 

Filtered COD (mfl) 20 32.7 39.6 16 -2.52 2.12 
Filtered COD (mg/L) 14 48.4 46.9 13 +0.46 2.16 
Effluent Solids (mg TSSL) 20 8 -- 37 30 -3.92 2.04 
Effluent Solids (mg TSSL) 14 37 20 34 tS.12 2.03 

The effluent solids for the aerobic reactor increased fiom 8 to 37 mg TSSL as the temperature was 

decreased fiom 20 to 14°C. Statistically, this is a significant difference as indicated by a t value of 12. i on 37 

df. The critical value, b.9s, is 2.02. M i l e  this is a large increase in effiuent solids, the quality of the effluent is 

comparable to other experimental systerns. 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 TSSL 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 reponed for systems 



operating with feed strengths of 200 - 1600 rngL measured as ultimate BOD. The aerobic reactor at 14°C had a 

loading of 325 - 500 mg C O D L  If it is assumed that al1 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 notas good as that at 20°C but it is comparable to values 

derived with other experimental systems. 

vii) Consumutive R a t i ~  

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 tirne. The ratios have been calculated using composited influent and 

effluent samples. Organic consumption was calculated as the total COD of the influent less the fikered effiuent 

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 m a s  of 

nitrate Iost 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). 

TabIe 5.12 Consumptive Ratios 

1 Temperature Mean Standard Deviation t value t0.95 

( O c >  (mg CODtmg NO,-N) (mg CODImg NOrN) 
20 5.46 0.38 - 1.45 2.10 
14 6.08 2.40 1 

Note: The t-value has 18 df associated with it. 

Stensel(1981) as reported by U.S. EPA (1993) developed Equation 5.4 to defme the required COD 

to nitrogen ratio for any organic substrate. Using the observed yield reported in Table 5.9, the consurnptive 

ratios at 20°C and 14°C are 4.74 and 4.86 mg COD/mg NOx-N, respectively. At 20aC there is a significant 



difference betrveen the value calculated Crorn Equation 5.4 and the experimental value. nie t-value is 7.57 with 

15 df; the critical value at the 95% confidence level is 2-13. At 14 OC, there is no significant difference beoveen 

the nvo 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 

N 1-M34Y 

where CODN = required COD to nitrogen ratio 

Y - - biomass net yield based on COD, g VSSig COD removed 

Figure 5.17 Required Organic Substrate to Nitrogen Ratio 

Eq. (5.4) 
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viii) Mass Balances 
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consurned cm be calculated if the following are known: amount of oxygen supptied, and oxygen concentration 

in the off-;as and liquid emuent. 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 ni~ogen. It was 

assurned that, in the presence of high concentrations of arnmonia nitrogen, nitrate would not be used in ce11 

biosynthesis. Under these conditions, it would be used only as a terminal electron accepter. The baIances 

assumed that the systems were in pseudo-steady state over the short t h e  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 Amendix D. 

The balances for the reactors are presented in Tables 5.13 and 5.14. For the cument experimental 

system, the average closure on the aerobic reactor was 99% with individual balances ranging from 86 - t 16%. 

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 dosure 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 at a 10 d SRT. The anoxic system, operating at a 9.6 d sIudge age, had a 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). At a 

sludge age of 8 days, the closure on nitrogen was 100.2% and 97.5% For systems nrn at 14 and 20°C, 

respectively. With the current experimental system, nitrogen balances at 14°C resuited in average closure of 

94% with a standard deviation of 10% whereas the closure at 30°C was 99% with a standard deviation of 10%. 

The balances do not show any temperature dependency and are comparable to literature values. 



Table 5.13 Balances on Total Kjeldahl Nitrogen for Reactors at ZO°C 

Starting Date Ending Date Closure (%) CIosure (%) 
on Aerobic Reactor on Anoxic Reactor 

Oct. 18 Oct, 20 1 16 93 
Oct. 21 Oct. 23 IO1 95 
Oct. 23 Oct, 24 102 99 
Oct. 25 Oct. 27 86 8 8 
Oct. 28 Oct. 29 95 99 
Oct. 30 Oct- 3 1 90 IO1 
Nov. 4 Nov. 5 86 90 

Nov. 37 Nov. 28 99 87 
Nov. 29 Dec. 1 115 8 8 
Dec. 2 Dec. 3 110 103 
Dec. 6 Dec. 8 92 93 

Tabte 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. 3 1 96 92 
Apr. 1 Apr.2 98 90 
Apr. 3 Apr. 5 117 1 06 
Apr. 6 Apr. 7 83 89 
Apr. 8 Apr. 9 87 10 1 

Apr. 10 Apr. 12 94 93 
Apr. 13 Apr. 14 96 1 09 
Apr. 15 Apr. 16 1 07 93 
Apr. 17 Apr. 19 92 95 
Apr. 20 Apr. 2 1 80 8 1 
Apr. 22 Apr.23 92 98 
Apr. 24 Apr. 26 9 1 92 
May 1 May 2 IO0 91 
May 7 May 9 97 

5.2.2. Phase 2 - Lactalbumin 

a) Introduction 

Lactalburnin 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 Iactalbumin became apparent. At this t h e ,  there was some questions regarding the 

biodegradabiiity of lactalbumin. 

The goals of this work were as follows: 

a) Determine whettier 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 sîudy examining lactalbumin degradation. 

This culture wouId also be used as the starting culture for death and decay studies. 



b) Presen tation of Exlierimental Results 

i) Influent Strenoth and MLVSS Profile 

The feed was composed ofsewase to Iactalbumin in a 1 2  volume ratio. The total feed strength 

varied benveen 500 - 950 mg CODL because different quantiries of lactalbumin had been inadvertently added 

to the feed (Figure 5.18). The sewage srrength remained relatively constant at 200 - 250 mg CODIL. Thé 

LMLVSS profiles of the reacton reflect the variability in the feed strength. The reacton were not at pseudo- 

steady state because of the variation in reactor LMLVSS but it was not required to prove biodegradabiliry or 

generate the biosolids needed for rate studies. 

Figure 5.18 Influent COD and Reactor MLVSS for Cuftures using tactalbumin at 20QC 

I a Anoxic MLVSS 
I ! O Influent COD 

Date 

ii) Amrnonia Nitrouen Production 

Figure 5.19 shows that the emuent ammonia nitrogen ranged benveen 30 - 60 mg N/L. In general, 

the effluent amrnonia concentration of the aerobic reactor exceeded that of the anoxie reactor. During the period 

of July 1 1 - July 19, effluent ammonia nitrogen values declined for both the aerobic and anoxic reactor. After 



July 19, the effluent ammonia nitrogen concentration continued to decline for the aerobic reactor while values 

for the anoxic reactor remained relatively constant. From JuIy 9 to July 15 the organic strength of the influent is 

very high (750 - 925 mg CODL) while fiom JuIy 17 to JuIy 25 the strength is much Iower. Decreases in 

effluent strength would explain the declining effluent ammonia nitrogen concentrations. It appearç the anoxic 

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

c) Discussion of Experimental ResulQ 

i) Biode~radabilitv of Lactalbumin 

Lactalbumin is the whole protein of whey. The preferred treatment option for whey wastewaters is 

anaerobic treatrnent due to the high organic stren,oth of the waste, Porges and Jasewicz (1959) exarnined the 

treatrnent of whey wastewaters by extended aeration at 30°C. A mass balance was done on the system over the 

6 1 days of its operation. On average 77% of the influent whey COD was oxidized, The reactor emuent 

accounted for a further 19% of the influent COD. increases in the reactor mixed Iiquor 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 1 126 mgR. was used to define the degradation kinetics. Values for p,,,, K, were 3.1 d-' and 

100 mg COD/L, respectively, were detemined. 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 tacking 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 lactdbumin contain nitrogen in excess of growth requirements. Their deamination 

and utilization results in a net production of arnmonia niîrogen. Monitoring the production of ammonia nitrogen 

was chosen as an easy way of determining the biodegradability oFIactalbumin. Amrnonia 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 TabIes 5.4 and 5.7 suggest a range of influent TKNs of 25.0 - 

46.9 mg N/L. in the feed, sewage would contribute between 8.3 - 15.6 mg N/L. The Iowest effluent ammonia 



nitrogen reported in Figure 5.19 for the aerobic and anoxic reactor is 20.4 and 32.3 mg N 5 ,  respectively. This 

would sugg,est that sorne amrnonia nitrogen war oripinatinp fiom lactalburnin degradation. 

Figure 5.19 Effluent Ammonia Nitrogen for Cultures usinp Lactalburnin at 20°C 
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i i) Solids Retention Tirne 

Using Equation 5.1, the solids retention time (SRT) for the reactor was calculated for the aerobic 

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

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

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

the SRT was the result of daiIy differences in the unintentional losses in the emuent. 



Figure 5.20 Solids Retention Tirne for Reactors Ushg Lactalbumin 
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i) Phase 1 

Biosolids Production 

1. Carbon removal under anoxic conditions produced more biosolids that under aerobic conditions. The 

increase was 24 and 33% for temperatures of 20 and 14"C, respectively. 

2. The observed yield Follows this sarne trend with higher yields being associated with the anoxic reactors. 

The obsemed yield for the aerobic reactor decreased by 4% with decreasing temperature; whereas, the 

anoxic yield increased by 8% with a tempenture decrease of6"C. 

3. If feed proteins had accumutated in the reactor, this may have been reflected in higher TKNMLVSS ratios. 

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

behveen the ratio of the aerobic and anoxic reactors at either temperature. 



Use of AODC as an enurneration technique shouId 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 biosoiids composed of bacteria. 

A second factoriaf 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 Oranpe Direct Coune 

1. AODC produced ce11 counts with narrow confidence lh i ts  which suggested a high Ievel 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 Iack of correlation with the aerobic MLVSS. 

Performance of Carbon Removal under Aerobic and Anoxic Conditions 

1. At SOT, the aerobic reactor on avenge outperformed the anoxic reactor in both terms of eMuent COD and 

emuent suspended so1ids concentrations. 

2. At I4OC, the aerobic reactor had an average effluent COD that was not significantly different From the 

anoxic reactor. The aerobic reactor on avenge produced more effluent so1ids. 

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) Phaqe 2 

1. Lactalbumin is biodegradable as indicated by the effluent amrnonia nitrogen concentration. 



Growth Kinetics and Stoichiometry 

5.3.1. 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 rernoval 

under aerobic and anoxic conditions. Three specific areas were addressed; growth kinetics, stoichiometry, and 

subsmte uptake and hydrolysis. The testing protocol proceeded with: one half of a stock culture being fed a 

protein hydroIysate (PH) while the remaining portion was fed a whole protein. Proteins are slowly 

biodegradable organics that require: uptake, storage and enzymatic degradation (Le. hydrolysis) before being 

used as a growth substrate @oId 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 substxare utilization rates for cultures using proteins and 

those using PH would deterrnine if hydrolysis was rate Iimiting. 

A number of different proteins were used to detemine if the rate hydrolysis is dependent on the 

molecuiar 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 experirnents 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 

fiom batch rate studies using PH as substrates. These experiments also allowed acridine orange direct counts 

(AODC) to be further evaluated as an enmeration technique under conditions oFactive substrate metabolism. 

The specific objectives of these experiments are outlined below: 

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

temperatures of 14 and 20 OC when proteins are used as a mode1 substrate. Determine if the rate of substrate 



uptake and hydrolysis is dependent on the moIecuIar weight of the protein or  its overall structure and 

solubility. 

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

Determine if there are any sipificant 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 wiIl 

be determined. 

Determine if there are significant differences in the observed yield for aerobic and anoxic cultures under 

conditions of paraIlel active substrate removal. 

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

Reactor Operation. InitialIy, the oxygen utilization rate (OUR), ammonia nitrogen, filtered COD, MLVSS and 

bactena 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 surnmary statements are made. 

5.3 2. Presentation of Experimental Data 

a) Aerobic Cultures 

i> lncreases in Biomass and Bacteria Counp 

This experirnental program was unique because the bacterial population was enumerated in addition 

to the traditionally measured MLVSS. MLVSS quantifies the mass of al1 the organic components found in the 

activated sludge floc. Traditionally rate data (e.g. OUR, WR, observed amrnonia nitrogen production, soluble 

COD uptake) has been normalized on MLVSS concentration to facilitate cornparisons between similar 

experiments. 

In this experimental program, only the initial MLVSS concentration was considered for two 

reasons. MLVSS rneasurernents are not very precise as indicated by a standard deviation of 5-50 mg& for 

replicate analysis. For most PH cultures, the soluble COD concentration decreased by approximately 300 mg,&. 

Using a yield of 0.625 mg C O D h g  COD derived by Hoover and Porges (1952) for growth on casein, the 



maximum increase in bactena would be 188 mg CODL Using the value of 1.42 g COD/g MLVSS suggested 

by Marais and Ekama (1976), ce11 growth would increase the MLVSS concentration by 140 mg V S S L  With 

the given Ievel 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 rneasured, partially degraded organics and non- 

b i ~ d e ~ d a b l e  organics. PH addition to the stock culture resulted in an inmediate uptake of substrate. As will 

be s h o w  in Table 5.23, uptake varied fiom 16.3-73.3 mg CODL Differences in the iMLVSS of the initial and 

final culture would overestimate the yield of celb by 12-5 1 mg VSSL Thus only initial MLVSS data were 

used and these are reported in Table 5.15- 

Initial 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 lirnits were presented in preference to a mean and standard 

deviation. Bacteria counts were treated as a log normat distribution. The standard deviation of a log normal 

distribution cannot be log transformed back to a normat distribution. The average of the initial and final bacteria 

count data that was used to normalize rate data unless otherwise noted. For 20°C cultures, 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 rernaining 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 srnaller than 0.2 pm are not enurnerated by AODC because 

it uses a polycarbonate membrane with 0 2  prn diameter pores- A srna11 hct ion of the bacterial population of 

activated sludge present in the initial culture may be smaller than 0 2  Fm in the initial culture. They may 

become detectable by AODC in the final culture because of increases in size. 



Whether bactena increase in ske  or replicate will depend on the initial culture conditions. One of 

the factors to be considered is the initial substrate to rnicroorganism ratios ( S A ) .  For aerobic batch studies. 

this ratio was I or less (see Table 524). Chudoba (1992) States when SdX, is Iess than 2-4, depending on 

culture history, no ce11 multiplication takes place during exogenous substrate rernovai. Under these conditions, a 

biomass increase is rnostty due to the synthesis ofstorage polymers. 

The bacteria of the stock culture genented by the SBR were either chronically starved or starved. 

After the addition of PH or protein to the SBR stock culture, increases in ce11 size may have to occur before 

replication is initiated. For a starved Vibrio S 14 it was found that DNA replication was initiated at a ce11 volume 

corresponding to approximately two tirnes the theoretical minimal ce11 volume at al1 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 sorne very srnall flocs. Generally, these were only seen at the highest magnification 1250; the 

magnification at which the counting was done. If the field selected for counting contained a floc, then the 

number of bacteria would be too nurnerous 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 cornparison of this filter 

with repeated samples would then show a significant difference between filters. If this was the case, additional 

filters were done after firrther 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 i) Oxvgen Utilization Rate 

The aerobic culture was not composed exclusively of bacteria as higher organisms would also be 

present. The presence of protozoa was confmed by rnicroscopic examination of the culture. The measured 

OUR would therefore include the oxygen dernands of the higher organisms as weIl as those of the bacterial 

population. Prior to adding substrate, an OüR test was doue on each half of the stock culture and averaged. 

This was defmed as the basal OUR (OURB). I t  was the sum of the oxygen dernands of the non-bacterial 

population and the endogenous respiration requirements of the bacteria. 
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The basa1 rate was measured at the end of a SBR cycle. The end of the cycle occurred eleven hours 

afler feeding was complete. At this time, it is argued that the bacteria were respinng at an endogerxus level with 

very little respiration due to substrate removal. In contrast, the respiration associated with higher life forms was 

assumed to remain reIative1y constant over the 4-6 h of the rate experiment- The OURs was subtracted fiom the 

OUR measured during active substrate removal ( O W J  resulting in a corrected OUR (0%). The oxygen 

requirements of the bacteria during active substrate removal were better estimated using OU&. 

In Tables 5.16-5.17, average basa1 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 (NüS Corporation, 

1987) was used within data sets. In 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 (WD) were 8.2 mg O& VSS-h) and 

47%, respectively. With the May 5 value excluded fiom the data set, the mem and RSD were 6.97 

mg 02/(g VSS-h) and 25%. respectively. 

Eq. (5.5) 

where T, - - test criterion for single outliers 
X = mean of al1 "n" values 

SX 
- - standard deviation of ail values in the sample population 

X" 
- - the Iargest value in the sample population arranged in X,<X21X31 ...a, 

The numbers are highly variable regardles of the normalizing factor used as shown by Iarge RSD. 

This is expected to be due in part to changing conditions within the stock culture as discussed previousty 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 diIuted by 20% by the addition of substrate. The upper and lower confidence 

lirnits of the basal respiration at 20°C and 14°C overlap suggesting that there was no significant difference 

between the rates. 



Table 5.16 Basal Respiration Rates for 20°C Aerobic Culture 

Date MLVSS Bactena Count OUR, Norrnaiized OUR, Normalized OUR, 
(mg V S S L )  @act/L) x IO" (mg O f i  h) (mg O& VSS-hl) (mg Ofiact h) x 1 O-'' 

25-0ct 585 7.0 12.0 

RSD 27.9% 
U P P ~ ~  95% CL 12.0 
Lower 95% CL 7.06 

Table 5. 17 Basal Respiration Rates for 14°C Aerobic Cultures 

Date MLVSS Ce11 Counts OUR5 Normalized OUR, Normalized OUR, 

(mg VSS/L) (bact/L) x 10'' (mg O JL h) (mg Od(g VSS h)) (mg OJbact h) x 10-" 

2 /-Mar 300 3.06 6.1 1 
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 350 3.27 4.22 16.9 12.9 
7-May 420 4.06 4.3 1 10.3 10.6 
9-May 370 4.72 3.56 6.9 1 5.42 
9-Apr 460 3.66 3.75 8.15 10.2 

Mean 6.97 
F - F - p p  p 

RSD 25% 33% 
Upper 95% CL 8.58 
Lower 95% CL 5.37 

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

The OUR, of PH cultures e-xhibited several different temporal patterns (Figures 5.2 1 - 5.24). A 

Iinear regression was fined to al1 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 al1 the data sets, a mean OURc was used. Listed in Tables 5.18 and 5.19 are the 

mean OURc values. 

1. Within minutes of either CAA or LEH addition, the culture attained a new OUR++ The OURbf exhibited by 

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

metabolized. 



2, At 20 OC, the OURS were either relatively constant or increased sIow1y with time. In four of the five 

experiments, there was very littte variabitity within a sinzle rate experiment. 

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

4. CuItures fed LEH at 14°C showed different responses depending on the culture. Some of the responses 

were seen previously with the C M  cultures. The variability in responses was due to the extent of 

acciimarion. The cultures of  Mar. 27 and Apr. 9 used the stock culture which was fed sewage, casein and 

albumin, Lactatbumin, the polymer anaIogue of LEH, was not part of the daily feed. The Apr. 13 and 

Apr. 29 culmrzs were allowed to acclimate to lactalbumin for a number of days prior to the rate study and as 

a result, the OURS were higher. 

5. The OURS ranged from approximately 20 - 60 mg O& VSS-h) for both 14 and 20°C cultures. 

Figure 5.2 1 Oxygen Utilization for Cultures using CAA at 20°C - Oct. 25 - Nov.7 

Symbol Date Slope lntercept 
---e-- Od.25 1.13 17.2 0.468 

Nov. 2 2-1 9 38 .O 0.823 

Time (h) 



Fijure 5-22 Ozcygen UtiIization for Cultures using CAA at 20°C - Nov. 27 - Dec. 6 

Slope lntercept R' 
2.55 21 -9 0.831 1 

Time (h) 

Figure 5.23 Oxysen Utilizarion for Cultures using CAA at I.I°C - Apr. 4 - May 9 

Symbol Date Slope lntercept R~ 
- - -es -  - .  Apr. 4 0.782 27.1 0.21 8 - 4- - May 5 3.89 31.4 0.932 - May 7 1.42 22.0 0.71 6 .-*--- May 9 0.684 30.1 0.329, 
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Figure 5.24 Oxygen Utiliztttion for Cultures using CAA and LEH at 14°C 
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iii) Enzyme Assavs 

The results of enzyme assays done on intact mixed liquor 75 minutes afier the initiation of a rate 

O 
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-@ --.- --------i--- h- -- œ - - u- - ---g-=---  -----c-- * - - - - 

o A L  , * o_ , xuc - - PX- 
3 

study are Iisted in Table 5.20. E n m e  production was not chemically supressed so the enqme  levels in the 

-- 

-- 

table refkct the dynamic nature of the process. Enzymes consistently present in concentrations greater than 30 

nanomoles in at least hvo of the three cultures were: phosphatase aikaline, esterase (C4), esterase (CS). 

O a m 
-06-O 

Syrn bol 
- - - O - - - -  - --dm-- - --*-- 

- . - .  

phosphatase acids and phosphoarnidase. 

Date ~ u b s t h t e  Slope lntercept R~ 
Mar.27 CAA 1 -9 25.7 0.554 
Mar. 27 LEH 31 .O 
Apr. 9 LEH 1.97 23.6 0.809 
Apr. 13 LEH 1 -74 22.3 0.607 
Apr. 29 LEH 1 -72 19.3 0,958 

Phosphatase alkaline and phosphatase acids belong to a family of estenses that catalyze the 

hydrolysis of mono-phosphatase esters. ADP, ATP and AMP, examples of mono-phosphatase esters, are 

UivoIved in energy transfer. Tle  enzymes are classified on the ba is  of their optimum pH as either acid or  

alkaline phosphatase. Estemes are a larze s o u p  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 Iiquor are involved in 

ester hydrolysis. The low leveis of trypsin and chymotrypsin are surprising because both of these enqmes  



hydrolyze protein and peptide bonds. Trypsin preferentially cleaves Arg and Lys bonds while chymorrypsin 

preferentially cleaves residues containhg Tyr, Trp, Phe and Leu. 

Table 5.20 Enzyme Assays for Aerobic Cultures at 20°C 

Enqme  Oct. 25 Nov. 2 Nov. 7 Enzyme Oct. 25 Nov. 2 Nov. 7 
Phosphatase aikaline 5' 5 5 Phosphatase acids 5 3 5 
Esterase (C4) 4 1 4 Phosphoamidase 5 1 5 
Esterase (C8) 4 1 4 a-galactasidase O O 1 
Lipase (C 14) O O 1 P-galactasidase 1 1 1 
Leucine arlymidase I - 7 2 P-glucuronidase O O O 
Valine arlymidase 3 1 2 a- glucosidase 1 1 1 
Cystine arlymidase 1 1 1 P-glucosidase 1 1 1 
Trypsin 7 1 2 N-acetyl-beta- 3 1 3 

glucosaminidase 
Chyrnotrypsin 3 O 2 a-mannoisdase O O 1 

a-fùcosidase O 1 4 
l Moles of test-strip submate hydrolysed 
1 - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles. 4 - 30 nanomoles, 5 - 240 nanomoles 

iv) Observed Arnmonia Nitropen Production 

Typically, ammonia nitrogen is genented in wastewater by the degradation of urea, through the 

decay and lysis of cells and as a byproduct of protein degradation. Urea is cornrnonly found in wastewatcr 

because it is the end-product of hurnan nitrogen metabolism. This amide is broken down to carbon dioxide and 

ammonia by the enzyme urease (Payne, 1980). Lysis of intact cells will increase the concentration of amrnonia 

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 curent experiments, nitrification was suppressed so it was possible to rnonitor the net 

ammonia nitrogen production. Low concentrations of suppressor could be used because Nitrosornonus 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 ofcomparing the hydrolysis 

and utilization of a protein to the rate of PH utilization. Figure 5.25 shows the observed arnmonia 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 sarne pattern was seen for al1 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 5.2 1 and 



5-22. The averages for amrnonia production at 14 and 7O0C are within one standard deviation of each other 

suggesting production is invariant with temperature. This conclusion Kises from data normalized on MLVSS or 

bacteria counts. 

Figure 5.25 Ammonia Nimgen Production for Aembic Cultures usinn CAA 

L 

Symbol Date Protein Slope lntercept R~ 
r 

I .- - - Q -  - - - Nov, 7 20°C 7-75 58.5 0.993 - Nov, 27 20°C 5-05 60.3 
.-A-. - 0.996 

I- Apr. 4 14°C 5.27 61 .ô 0,953 
.-+- May 9 14°C 5.98 û4.6 0.983 

I i 1 1 
I 1 I 1 E 

O 1 2 3 4 5 6 
TÏme (h) 

v> Soluble COD Untake 

Figure 5.16 illustrates soluble COD uptake profiles for four expenments using CAA at 20 and 14'C. 

Shortly afier the PH was added to the solution, some of it was taken up into the floc. The higher ofthe initial 

values shorvn in Figure 5.26 was basrd on a COD balance. The m a s  of PH added was known as well as its 

equivalent COD value. The filtered COD of the stock culture was the filtered emuent COD of the SBR 

composite adjusted for dilution. The lower of the initial points was the COD concentration mrasured after the 

stock culture was mixed with the PH. Afier the initial COD uptake occurred, COD disappearance was linear 

with respect to time for the remainder of the rate study. TabIe 5.23 lis& the initial COD concentntion derived 

h m  a m a s  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. 





Uptake values in Table 5.23 range from -42 mg CODL to 73 mg C O D L  In most cases, the 

immediate uptake of soluble substrate was indicated. This is consistent with the immediate increase in OUR 

noted previousIy in this section. 

The calculated values of Oct. 25 and Nov. 7 were higher than the initial COD. The analq-tical 

protocol for determinhg COD h a  a standard deviation of 17 mg/L (Standard Methods, 1995). Differences of 

up to 34 mg CODL would not be significant as they would fa11 rvithin two standard deviations. This is the case 

for both Oct. 25 and Nov. 7. Nesative 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 nomaiized on 

MLVSS was 0.052 and O. 138 mg COD/mg VSS for 20 and 14"C, respectively. 

Figure 5-25 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 Initial CalcuIated Uptake in Initial COD 
COD COD COD MLVSS Uptake 

("cl ( m a )  ( m a )  (mg COD/L) (mg V S S L )  (mg C O D h g  VSS) 
20 Oct. 25 458.1 500.1 -42 585 

Nov. 2 
Nov. 7 
Nov. 27 
Nov. 29 
Dec. 6 
Mar. 27 
Apr. 4 
May 5 
May 7 
May 9 

Effluent COD of stock culture has been estimated. 

vi) Initial Substrate to Microor~anism Ratio 

The initia1 subsmte to biomass ratio (S&) as an important experimental variable because of its 

influence on kinetic parameters (Grady et al.. 1996). S n o  ratios were derived from the initiai substrate 

concentrations, MLVSS concentrations and bacteria counts (Table 5.24). The filtered COD of the stock culture 

was not taken into consideration in these calcuIations because it was generated by the SBR eleven hows afier the 

end of feeding. Most of the fikered COD consisted of non-biodegradable organics present initially in the 

sewage and refractory organics generated during bacterial growth. 

Approximately the sarne initial concentration of CAA was used for al1 of the rate studies; however, 

the MLVSS concentration was variable. S a  ratios range between 0.74 and 1.97 mg COD/mg VSS. For the 

majority of the cultures, the S,,/Xo ratio is ciose to 1. S a o  ratios were not appropriate for LEH cultures because 

many of these cultures had lactalburnin present in addition to LEH. The presence of both substrates was due to 

the acclimation pmcedure. S f l o  based on bacteria counts ranged from 3.28 to 12.5 x 10"* mg CODhacteria. 

This is a much wider range than is seen when the ratio is determined on the ba is  of MLVSS. 



Table 5.24 Approximate SdX, Ratios for Aerobic Cultures using CAA 

I~ern~eratw-e Date MLVSS Bacteria Count COD s6x, s6x, 
(Oc) mg VSS bact x IO" 

( m a )  mgCOD mgCOD 
L L mg VSS Bact x 10-'O 

20 Oct. 25 585 43 7.4 0.747 
Nov. 2 
Nov. 7 
Nov. 27 
Nov. 39 
Dec. 6 
Mar. 27 
Apr. 4 
May 5 
May 7 

l 14 May 9 370 5.4 1 477.6 1.29 8.82 
Bacteria counts in bold are based on numbers fiom finai culture. 

b) Anoxic Cultures 

i) ïncreases in Biomass 

One of the objectives of this ponion 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 C o u n ~ .  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 diflerence, the mean increased by 38-94%. The results provided by AODC 

counts are reasonable. Ce11 replication may not have occurred in al1 cases because the cells have to obtain a 

minimum size before replication occurs. 

i i) Nitrate Util ization Rate 

The anoxie culture was assumed to be composed of bactena only. The absence of non-bacterial 

species such as protozoa was confirmed by rnicroscopic examination. The absence of higher order 

microorganisrns is reasonable given the oxygen limitations of the reactor. 





The endogenous respiration rate is more dificult to determine for anoxic cultures than for aerobic 

cultures because the rates are quite low- van Haandei et al. (198 1) determined denitrification rates under bvo 

different reactor configurations at temperatures of 14-20°C; pre-denitrification and post-denitrification. The 

rate oFpre-denitrification using an easily metabolizable substrate \vas 30 mg N/(s MLVSS-h). In contmt. the 

rate using a post deninification configuration, where endogenous respiration supplied the energy needed. \vas 5 

mg N/(g LMLVSS-h). For a different system operatinp at 15'C and an anoxic sludge age of 6 d. the rate of 

endogenous nitrate respiration was 0.83 mg N/(g iL1LVSS.h). The denitrification rates cited were not corrected 

for the endogenous respiration rate because of rneasurement dificulties. 

Nitrate and nitrite nitrogen were measured in the batch rate experirnents of this research. The 

concentration of ninite. an intermediate of nitrate reduction, was always less than 2 mg NR. For convenience, 

nitrate will refer to the surn of nitrate nitrogen and niaite nitrogen in the remainder of this chapter. Nitrate 

consumption for cultures using CAA and LEH at 20 and 14°C \vas constant over t h e  (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 sumrnarized in Tables 5-26 and 5.27. 

Figure 5.27 Nitrate Utilintion for Anoxic Cultures using C M  at 20 and 14°C 

Syrnbol Date Temp Slope lntercept R' 
- . - - 0- - - Oct. 30 20°C -8.14 72.1 0.998 

Dec. 4 20°C -1 3.8 68.4 0.997 
14°C -7.01 36.4 0.998 - - +-.- May 5 14°C -5.01 51 .S 0,994- 

O 1 2 3 4 5 6 

Time (h) 



'i'riblc 5-26 NO, Iliilizriiion for CAA Ciiliirres i i t  20°C - Noriiinlizcd oii MLVSS and Dricicrin Coiiiits 

flnic M LVSS 13acicriu Coiiiii NU R NUR N U R  
(iiig VSSIL) (bectll.) x l O' ' (mg NO,-NIL 11) (riig NO,-Nlg VSS 11) (iiig NO,-Nlbiict l i )  x l O"' 

20-OC t 650 5.39 8.39 
24-0ct 695 5.1 1 7.35 
30-0ct 550 4.47 8.13 
1 -Dec 470 12.6 6.34 13.5 5.03 
4-Dcc 470 13.8 6.53 13.9 4.73 
7- Dec 500 6.53 4.64 9.28 7.13 

Menii IO.  1 5.63 
RSD 38.4% 23% 

Tnblc 5.27 NO, Uiilizaiiori for 1'1.1 Ciilturc at l4OC - N o r r i i i i l i ~ ~ d  oii MLVSS and 13iicteriii Coiiiits 

Subsirntc Di~k MLVSS Biictcriii Coiiiit NUI( NUK N U R  
(mg VSSIL) (haci/L) x 1 O" (iiig NOn-Nl(L Ii)) (mg NOn-Nl(g VSS II)) (iiig NO,-Nl(bnct II)) x IO'" 

CAA 29-Mar 465 16.8 2.20 4.73 1 J O  
CAA 1 -Apr 495 22.7 3.45 6.96 1.52 
CAA 4-Apr 570 21.2 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 .O2 1.71 
CAA 9-May 585 13.6 4.14 7.07 3.04 
LE14 1 -Apr 495 14.5 3.89 7.86 2.68 
LEI4 9-Apr 640 17.5 3 .O3 4.73 1.73 
LE 1-1 13-Apr 740 8.9 3 -60 4.86 
LEI1 29-Apr 64 5 13.9 4.10 6.36 2.95 

CAA M m i  5.39 1.49 
RSD 35.1 % 12% 

LEI I Menii 5.89 2.46 
RSD 23.1% 26% 

Note: Underlined datiiiii lins bccii found ail oullicr using Eq. 5.5 



iii) zvme Assav~ 

The results of enzyme assays done on intact mixed Iiquor 75 minutes d e r  substrate addition are 

listed in Table 5.28. Enzymes present in concentrations Ui excess of 30 nanomoles or higher in at Ieast two of 

the three cultures were: phosphatase alkaline, esterase (C4), leucine arlymidase, phosphatase acids, and 

phosphoamidase. With the exception of Ieucine arlymidase and esterase (CS), 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 art yarn ides. Leucine ml yrnidase would specificalIy hydrolyze leucine ary Iamides. Esterase (C8) was 

seen at high Ievels only in the aerobic cultures, in 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) - 7 4 4 P hosp hoamidase 4 5 O 
Esterase (C8) - 7 4 O a-galactasidase O 1 1 
Lipase (C 14) O O 5 P-galactasidase 1 2 O 
Leucine arlymidase 5 5 1 P-glucuronidase O O 1 
Val ine arlymidase 1 1 O a-glucosidase O - 7 O 
Cystine arfymidase O O i P-glucosidase O 1 3 
Trypsin 1 1 1 N-acetyl-beta- 3 2 O 

glucosaminidase 
Chyrnotrypsin 1 1 4 a-mannoisdase O O - 3 

a-hcosidase 1 1 O 
' Moles of test-strip substrate hydrolyzed 

1 - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles, 4 - 30 nanomoles, 5 - 240 nanomoles 

iv) Qbserved Arnmonia Nitropen Production 

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. 



Figure 5-28 Ammonia Nitrogn Production for Anoxic Cultures usuig CAA at 10 and 14OC 

Symbol Date Tem p Slope fntercept F12 
.- û- - - Od, 30 - 20°C 4.33 80-5 0.863 

Time (h) 
Table 5.29 Ammonia Nitrogen Production for an Anoxic Culture at 20°C using CAA 

t ~ a t e  NU,-N Production NH,-N Production NH3-N Production 

(mg NH,-N/(L h)) (mg NH3-N/(g VSS h)) (mg NH,-Nhact h) x IO-" 

Oct. 20 1 .90 2.92 
Oct. 24 3.0 1 4.33 
Oct. 30 2.3 8 4.3 3 
Dec. 1 2.76 5.87 2.19 
Dec. 4 1.75 3.72 1 2 7  
Dec. 7 2.87 5.74 +JQ 

L 

Mean 4.49 1.73 
RSD 25.2% 38% 

Note: Underlined datum has been found an outIier usins Eq. 5.5 

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

1 Date N H ,-N Production NH,-N Production NH,-N Production 

(mg NH ,-N/(L h)) (mg NH,-N/g VSS h)  (mg NH j-N/bact h) x 1 O-'' 
Mar. 29 J -43 0.97 
Apr. 1 2.1 1 4.26 0.93 
Apr. 4 2. 14 3.75 1-01 
May 5 2.72 4.25 1-35 
May 9 3 -22 5.50 2.37 

Mean 4-23 1 .O9 
RSD 18% 22% 

Note: Samples of Apr. 34 have been excluded because the samples were preserved with formatdehyde which 
affected the results. 



Soluble COD U~take 

Figure 5.29 illustrates soluble COD uptake profiles for four experiments using CAA at 20 and 14°C. 

Shortly after the PH was added to the solution, some of it was taken up into the floc. The higher of the initia1 

values shown in Figure 5 2 9  was based on a COD balance. The material balance determination was carrîed out 

in the same fashion as was the determination for the aerobic culture. Table 5.3 1 Iists the initial COD 

concentration derived fkom 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 corn this data. In general, the COD 

uptake of the anoxic cutture was much higher than it was for the aerobic cutture. In ten of the eleven rate 

studies, the COD uptake exceeds the lower detection limit of 20 mgL.  For anoxic cultures values of O. 146 and 

3.108 mg COD/mg VSS were obtained for 20 and 14"C, respectively. 

- 

- 

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

Table 5.3 1 COD Uptake and Storage for Anoxic Cultures using CAA 

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

(Oc) ( m e )  (mgL) (m&) (mg V S S L )  (mg CODfmg VSS) 
20 Oct. 20 506.4 3 89.9 116.6 650 0.179 

Oct. 24 
Oct. 30 
Dec. 1 
Dec. 4 
Dec. 7 
Mar. 29 
Apr. 1 
Apt. 4 
Apr. 24 
May 5 
May 9 

vi) Initial Substrate to Microor~anism Ratios 

Table 5.32 Iists SdX, ratios for anoxic cultures at 20 and 14°C. These ratios have been calculated 

in the sarne way as they were for aerobic cultures. The S& 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 .O4 



mg COD/mg VSS. Later analysis will use the S n o  ratio to determine if a correlation exists between it and the 

normalized OURS and WRs. 

Figure 5-29 COD Uptake for Anoxic Cultures using CAA at 20 and 14'C 

Time (h) 

Table 5.32 Approximate S n ,  Ratios for Anoxic Culfures using CAA 

Ternp. Date Initial Bacteria Count COD S d x o  sdxo 
MLVSS 
mg VSS ce11 (rng/L) mg COD mg COD 

L x 10" L rnz VSS Cell x 10-'O 

20 Oct.24 695 479.3 0.689 
20 Oct. 20 550 489.0 0.889 
20 Dec. 1 470 10.6 487.6 1 .O4 4.6 
20 Dec. 4 470 12.0 487.2 1 .O4 4.06 
20 Dec. 7 500 6.5 482.9 0.966 7.43 
14 Mar. 29 465 16.0 478.3 1 .O3 7.99 
14 Apr. 1 495 
14 Apr. 4 570 
14 Apr. 24 590 
14 May 5 640 14.9 526.9 0.823 3 -53 
14 May9 555 9.3 477.7 0.5 17 5.13 
1. Bacteria counts in bold were based on the final culture. 



5.3 -3. Andysis and Discussion of Experirnental Data 

a) lmmediate increases bevond the basal respiration rate of the aerobic cultur- 

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 tirnes higher than the corresponding basal 

respiration nte. The almost irnmediate 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 h a  

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 rnauimum obtainable. This 

may explain in part the linear increase in OUEZ seen with sorne of the PH cultures. Selna and Schroeder (1 978) 

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, .4nt-300 cells responded to the addition of 

glucose immediately and mukiplication of the cells occurred (Novitsky and Morita, 1977). Morita (1993) 

suggested that this response is necessary for the ce11 to obtain energy during starvation-survival. Non- 

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

b) Cornparison of Nitrate Utiiization rates with Literature 

Most of the literature nitrate utilization data has been derived for combined sludge systems where 

the biomass is exposed to altemating aerobic and anoxic conditions (Sutton et al., 1977; Halrno and Eimhjellen, 

198 1 ; Oleszkiewicz and Berquist, 1988). Only a fraction of the active heteromophic biornass in such cases will 

be capable of denitrification. In the anoxic experimental systern of this research, there was little dissolved 

oxygen, no alternating aerobicfanoxic operation and excess nitrate available. Some non-denitrifiers will 

continualIy enter the reactors with the sewage but unfavorable conditions will Iimit their growth. Thus it was 



assurned that most of the active heterotrophs were denitrifiers- The current expenmentd system most closely 

parallels a separate sIudge 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 

6-8-93 mg NOrN/(g VSS-h) were reported for operation at 20°C. Using the data of Table 5.26, the lower and 

upper 95% confidence lirnit 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 cornparison 

is appropriate because for both systerns, the mixed Iiquor was expected to have a hi& proportion of denitrifiers. 

The single sludge system of Murphy and Sunon received a ctarified emuent frorn an upstream aeration basin 

supplemented with methanol and nitrate. Under these conditions there was very Iittle opportunity for the growth 

of obligate aerobes. 

van Haandel et al. (198 1) reported the occurrence of three distinct phases with characteristic rates 

when activated sludge was rnixed 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 was fast. This situation would be comparable to growth on CAA. van Haandel et al. (198 1 )  

caIculated the rate kinetics fiom nurnerous nitrate profiles over a range of sludge ages (10-20 d), temperatures 

(14-30°C) and influent CODs (300-800 mg COD&). 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 wouId be expected to be higher than the values presented in this 

work and by Murphy and Sutton. The investigators comrnented that even though the standard deviation 

associated with the mean was srnaIl there was a wide variation (+35%) 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 fnction 

used as substrate. Rapidly biodegradable substrates as defined in the context of ASMl were tùrther partitioned 

into directly and easily degradabte substrates (Ekama et al., 1986). Table 5.33 gives exarnptes of substrates 

belonging to the directly and easily degradable fractions, and the rate denitrification reatized when these 

fractions are used at 20°C. The CAA used in the current experirnents would belong to the easily degradable 



category. The rate of 7-09 - 13.1 mg NO,-N/(g VSS-h) is much higher than the value cited by Henze et al. 

(1993). 

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

1 Fraction Substrates Rate of Denitrification 1 
mg N/(g VSS-h) 

Direct1 y degradable Acetic acid, lower vo latiIe fatty acids 1 O / Easily degradable Higher voIatiIe fatty acids, lower amino 
acids and s im~le  carbohvdrates 

c) Tem~erature Deeendencv of Denitrification 

Changes in temperature can cause changes in the MLVSS composition, ecoiogy and cellular growth 

kinetics. Consequently, the relative proportions of slowly biodegradabie 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 (eDN) 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 

experirnental systems reported in the literature: the value of 8,, ranges between 1.05- 1 -30. A value for eDN was 

derived for rate data presented in Tables 5.26 - 5.27 with the use of a program deterrniriing non-Iinear least 

squares. For rate data normalized on MLVSS, eDN was 1.09. It 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 

rnethanol as a carbon source. 

A value of 1.25 was determined for eDN using data normalized on bacteria counts. This is much 

higher than any of the Iiterature 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 system at a SRT of 4 d, ODN was 1-17. With shorter SRTs, a greater 

proportion of the MLVSS will be active denitrifiers. The increased sensitivity of €ID, could reflect changes in 

the underlying population as well as changes in the growth kinetics. O,, of 1.25 is not unreasonable given the 



value was calculated on a the number of bacteria and the culture conditions precluded the growth of many non- 

denitriQing organisms. 

d) Temperature Deyendencv for Aerobic Cultures 

AS with the anoxic cultures, changes in temperature can cause changes in the MLVSS composition, 

ecology and cellular growth kinetics of the bacteria present in the aerobic reactor. Temperature effects may be 

more or less pronounced under aerobic conditions because it is expected that the non-bacterial population would 

make up a Iarger 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 1 

and 1.03 were found for data norrnalized on MLVSS and bacteria counts, respectively. 

Freidman and Schroeder (1972) quantified the temperature effects on growth in activated sludge 

systems using a continuous-fiow stirred tank reactor. Reactor and effluent biosoiids concentrations and the 

effluent flow were monitored frequently over approximately 6 hours. A unit growth rate was caIcuIated as the 

ratio of the mass of soIids in the effiuent to the mass of soli& in the reactor. The unit growth rate was corrected 

to account for different starting MLVSS concentrations. Over the temperature range of 3.7 to 20°C, the 

modified Arrhenius coefficient for the unit growth rate was 1.046. 





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) Variabilitv in OUR or NWR data for Repeated Exrierimena 

OUR and NUR data obtained under similar conditions of PH loading, EAS and temperature was 

variable (Tables 5.18,5.19,5.26 and 537). The variance in the OUR data presented in Tables 5.18 and 5.19 

was exaggerated because the OUR, was used in preference to OUh,. The correction reduced the mean value 

while the standard deviation of the data set remained unchanged. 

Due to tirne limitations and the amount of stock culture produced, it was impossible to do several 

experiments at once. Both the 14 and 20 O 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 bais specifically to maintain a diverse population. 

Grady et al. (1996) suggested that cuIture history (the type of environmental conditions imposed 

and the duration of their imposition) was the major factor contributhg to measured differences in kinetic 

parameters descnbing 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 bacteriurn can selectively 

express enzyme systems with differing substrate affinities. When grown under relatively steady ambient 

conditions, bacteria may alter their rnacromoIecular composition to optimize growth. The authors concluded 

that the initial S a o  ratio used in the experiment is particularly important because it influences the kinetics. 

In this research, repeated experiments were c h e d  out at differing S& ratios. This was the 

consequence of the stock culture having vwing MLVSS concentrations while the amount of substrate remained 

relatively constant, In theory, S f l o  ratios calculated on bacteria counts should be more precise because AODC 

enurnerates the total bacterial population whereas MLVSS is a surrogate measurement. 



Sufficient data were available to determine if the variation in normalized OURS and M I R S  was the 

result of varying S a  ratios. The analysis was done using S& defined on MLVSS concentration and bacteria 

counts. The S& ratios calculated in Tables 534 and 5.32 and the rate data sumrnarized 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 normaIized on either MLVSS or bactena counts were correlated to S G , .  Only for those 

data sets having a correIation coefficient (r) greater than the critical value was the correlation considered 

significant. The values o f r  and the corresponding critical vaIues at the 95% and 90% confidence level are Iisted 

in Table 5.35. 

Table 5.35 Correlation Coefficients for Oxygen and Nitrate Utilization 

Normalizuig Temperature EAS Degrees of r 0.95 r 0.90 

Factor (Oc) Freedom 
MLVSS 30 Aerobic 4 0.527 0.81 1 0.729 

20 Anoxic 4 0.849 0.81 1 0.729 
14 Aerobic 3 0.769 0.878 0.805 
14 Anoxic 4 0.151 0.811 0.729 

Bacteria 20 Aerobic 1 0,974 0.997 0.988 
Counts 20 Anoxic t 0.999 0.997 0.988 

14 Aero bic 3 0.974 0.878 0.805 
14 Anoxic 4 0.881 0.81 1 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& The residual error rernaining 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 al1 constituents of the activated sludge floc. In theory, there should be greater reproducibility with data 

normaiized 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 



three samples in the data set and the presence of filaments was noted in the SBR during the earIy part of 

December. The morphology of filaments makes it dificult to count the number of individual bacteria. 

Filaments were noted in the Dec. 6 sarnple. 

f) Relative Rates of Oxvven and Nitrate Utilization 

The rate ofnitrate and oxygen utilization can be related to each other using the half reactions 

Table 5.36 Revised Estimates of Relative Standard Deviations for Repeated Experirnents 

presented (Eq. 5-6 and 5.7). Based on these equations 1 mg NO,-N is equal to 2.86 mg O1. The reader 

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

EAS Temperature Nonnalized on MLVSS Normalized on Bactena Counts 
(OC) 

Aerobic 20 3 1% 49% 
Aerobic 14 1 8% 9% 
Anoxic 20 17% 1% 
Anoxic 14 25% 18% 

1 6 1 3 
e+:N0,+3H*+-N2+3H20 > 10 Eq. (5.6) 

i 

Eq. (5.7) 

Using a cornmon basis allows for easier comparison of oxygen and nitrate respiration rates. ï h e  

utilization rate of either oxygen or nitrate expressed in tems of oxygen equivalents is (1-Y) times the rate of 

substi-ate utilization. The tme yield, Y, is the observed yield in the absence of maintenance energy requirements. 

It will be shown Iater 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 OC, substrate utilization proceeds at a comparable rate For both aerobic and anoxic 

cultures when normalized on MLVSS concentration. At 14OC, 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 levef. At the 14°C. substrate utilization occurs more 

slowly under anoxic conditions. 



Table 5.37 PH Utilization in Oxygen Equivalents-NorrnaIized on MLVSS 

EAS Teqerature Utilization of Oxygen or Nitrate (mg O& VSS 

(Oc) Mean Approximate Upper Approximate Lower 
95% CL 95% CL 

Aero bic 20 34.4 45.6 23.1 
Aerobic 14 32.9 40.3 25.6 
Anoxic 20 28.9 37.5 20.3 
Anoxic 14 15.4 19.5 11.4 
Raw data are found in TabIe 5-18, S. 19, 5.26 and 5.27 

Table 5.38 PH Utilization in Oxygen Equivalents -Yormalized on Bactena Counts 

EAS Ternperahire Utilization of Oxygen or Nitrate (mg x  IO-^' 
(Oc) Mean Approxhate Upper Approxirnate Lower 

95% Confidence Limit 95% Confidence Limit 
Aerobic 20 22.8 50.6 -4.9 
Aerobic 14 19.1 24.6 13 -7 
Anoxic 20 16.1 25.4 6.8 1 
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 

my interaction between them on normalized respiration rates. A standard deviation for the effects is estimated 

from the variance between repeated rus .  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 IeveI, 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 sarne problern was examined using data normalized on ce11 

counts, the EAS was significant. On average, respiration rates were highest under aerobic conditions. 

Table 5.39 Analysis of Respiration Rates NormaIized on MLVSS 

Normalized on MLVSS 
(mg e'/g VSS h) 

E ffect Estimated Effect Calculated t 
Main Effects EAS -5.75 1.83 

Temperature 3.75 1.19 
Interaction EAS x 3 .O0 0.955 

Temperature 
Effects have associated with them 19 df and a critical value, t, ,,, of 2-09. 
Bolded effects are significant at the 95% CL. 



Table 5.40 Analysis of Respiration Rates Normalized on Bacteria Counts 

Normalized on Bacteria Counts 
(mg e-/ceIl h) . 10-12 

Effect Estirnated Effect Calculated t 
Main Effects EAS -5.39 2.67 

Temperature 3 -89 1.93 
Interaction EAS x 2-03 1 .O0 

Temperature 
Effects have associated with them 13 df and a critical value, t,,,,, of 2.16. 
Botded effects are significant at the 95% CL. 

g) Ammonia Nitro~en Production 

Ammonia production data was analysed to see if the rate conelated with the rate of oxygen or 

nitrate utilization expressed in tems of oxygen equivaients (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 cuIture 

at 14°C. 

Table 5.4 1 Correlation between NH3-N Production and Consurnption of Oxygen or Nitrate 

EAS Ternp. Degrees of Correlation 0.9s r0.90 
(Oc) Freedom Coeficient (r) 

Aerobic 20 4 0.853 0.8 1 1 0.729 
Aerobic 14 3 0.607 0.878 0.805 
Anoxic 20 4 -0.4 14 0.8 1 1 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 fonn 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 proteinaceo-s weight substrates (Clarke, 1980). 

Chymotrypsin, papain and pepsin are ail enzymes noted for their ability to hydrotyze 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 benzoylgIycinearnide 

(Clarke, 1980). 

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

acid. Glutamate is a key building biock in organic synthesis. With proteins, often the amount of amrnonia 



nitrogen needed for bacteria synthesis is less than that produced by peptide deamination resulthg in a net 

production of mmonia nitrogen. 

In sorne instances, there was a lack of correlation between the obsewed rate of ammonia nitrogen 

production and the rate of respiration. Some possible reasons are as follows: 

1. The nitrogen requirements of the ceIl may Vary with the growth regime. The ceIl makes a transition from a 

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

2. With a solution of amino acids and peptides, selective adsorption on the ce11 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 amrnonia nitrogen to the pool. 

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

reported that three strains of Escherichia coli concentrated methylammonia, an ammonium analogue. some 

100-fold intraceilularIy. Depending on the bacteria present and the startins conditions of the culture. this 

could be a sink for some of the produced amrnonia 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' factonal design with EAS 

(aerobic/anoxic) and temperature (14 and 20°C) as factors. The analysis was done in the marner described in 

the previous section using data in Tables 5.2 1, 5.22, 5.29, and 5.30. Results are surnmarized in Table 5.42. 

Regardless of the normalizing factor, the EAS had a significant effect on the rate of production. Arnrnonia 

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 IO-' Normalized on Bacteria Counts x IO-" 
Estimated Effect T value Estimated Effect T value .. 

EAS -1.78 2.68 2.4 1 3 -76 
Temperature. -0.0 15 0.226 -0.265 0.4 14 
EAS x Temp. 0.390 0.588 0.355 0.554 
MLVSS-Effects have associated with them 18 df and a critical value, T,.,,, of 2.10. 
Bacteria Counts -Effects have associated with them 12 df and a criticai value, T0.95, of 2.18. 

Bolded effects are significant at the 95% CL. 



h) Su bstrate U ~ t a k e  

Uptake mechanisms and kinetics are difficult to determine because once the protein is incorporated 

into the floc it is not easily differentiated corn the ffoc itself. Monitoring the disappearance of the protein from 

the buIk 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. [nfomation 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 c m  be used as a 

subsrrate. These may include: transport to the floc surface and adsorption ont0 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). If the 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 mechan ism. 

The initial substrate uptakes were summarized in Tables 5.23 and 5.3 1 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. in the case of the aerobic culture, initial subsmte values vary FTom 3 14.5 to 502 mg CODIL. 

There is Less variation in the values of the anoxic culture where values range from 432.3 to 5 1 1.7 mg CODIL. 

The initial uptake normalized on the initial MLVSS concentration show a great deal of scatter. The 

average uptake normalized on MLVSS for the aerobic cultures was 0.05 1 and 0.138 mg COD/mg VSS for 

temperatures of 20 and I4OC, respectively. For anoxic cultures values of 0.145 and 0. IO8 mg COD/mg VSS 

were obtained for 20 and 14"C, respectively. There is no cIear trend with respect to either EAS or temperature. 

ifsubstrate 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 ai. (1994) examined the uptake and utilization of a soluble fraction of wastewater (i.e. 

size less <O. 1 pm). At the beginning of the culture, the rate of disappearance ofsubstrate was higher than the 



rate of oxygen consumption. Physical adsorption on the fiocs 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 chose ofadsorption. Afier this occurred, the rate of 

uptake was much slower and linear with respect to time. 

PotentialIy 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 emeshrnent of the substrate into the floc or 

physical adsorption of the substrate ont0 the floc. The rate OF substrate disappearance would be greater than the 

OUR or NUR. The second phase begins once the al1 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 Iimited. 

For both aerobic and anoxic cultures studied in this research, soluble substrate uptake was initially 

irnmediate 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 McLoughIin and Crombie-Quilty and 

would correspond to phases one and two. The experiments were not carried out long enough to reach phase 

three. 

i) Observeci Y ield 

The observed yield measured under conditions of active substrate metabolism differs frorn the 

observed yield calculated for the SBR. The observed yield for the SBR, a chronicaily starved systern, 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 calcutated 

observed yield. In this instance, the obsewed yield quantifies the effect of al1 îhese processes. Under conditions 



of active substrate metabolism, the observed yield quantifies the stoichiorneûy of growth. [t is calculated using 

the ratio of the respiration rate to the rate of substrate utilization. 

The observed yield is always Iess than the true yietd. 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 wilI be 1-Y(l+f). in terms of oxygen consumption this can be thought as: 

Eq. (5.8) 

Eq. (5.9) 

where OURToIJ, = total oxygen utilization rate (mg 02/L.h) 
OURT = oxygen utilization rate associated with ce11 growth (mg O&-h) 
OURE = oxygen utilization rate associated with endogenous respiration (mg O1/Lh) 
Y - - m e  yieid (mg COD/mg COD) 
dS - - - 
dt rate of substrate consumption (mg COD&-h) 

f - - fmction of the cell mass directed towards endogenous respiration 

The measured OUR prior to substrate addition was defined is the basal respiration rate. OUR,. 

When growth proceeds under substrate Iimitations, OUR, is the sum of the oxygen demands of the non-bacterial 

population and endogenous respiration requirements of the bacterial population (OURE). Very little of the 

oxygen demand is due to substrate degradation. 

The basal respiration rate (OUR,) was subtracted fiom the OUR measured during active substrate 

removat (OUR,,) to produce a corrected OUR(OURc). It was assumed ba t  addition of substrate did not affect 

the oxygen demand of the non-bacterial population over the 4-6 h of the rate sntdy. Maintenance energy 

requirements and hence endogenous respiration can be affected by the growth regime so OURE may be under- 

estirnated during active substrate removal. 

OUR, was used in Equation 5.1 1. Oxygen consumption was not constant over the duration of the 

rate experiment (Fig 5.23 and 5.24). ArithmeticaIly avenging OURc gives each measurement equal weight; 

however, the actual measurements were made over different lengths of time. Time-weighted averages of OURc 

and substituting the average into Equation 5.1 1 was deemed appropriate. 



In rate studies done under aerobic conditions, some soluble substrate was taken up into the floc 

shortIy after substrate was added. Continued substrate uptake followed at a constant rate over the remainder of 

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

Eq. (S. 1 1) 

where d O o t  = the rate of oxygen consumption (mg o ~ - L " - ~ ' ~ )  
dS/dt = the rate of biodegradable substrate disappearance (mg COD.L-'-h-') 

- 
Yoh - observed yield (mg CODImg COD) 

With the anoxic cultures, the rate of nitrate consumption was constant over time for PH and protein 

utilizing cultures (Figure 5.29 and 5.39). After the initia1 rapid uptake of substrate, disappearance of substrate 

corn the bulk Iiquid was finear with respect to time. The constant utilization rates ofsubstrate and nitrate are 

illustrated in Figure 5-29 and 5.3 1 for PH cultures. Nitrate consumption rates were not corrected for endogenous 

*. * requirements because of the dificulties outlined in Section 5.3.2.b.tr - Nitrate Utilization. The rate of subsuate 

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

Eq. (5.13) 

where dSNoj/dt = the rate of nitrate consurnption (mg NO,-N-L-~-~-')  
dS/dt = the rate of biodegradable substrate disappearance (mg COD.L-'-h-') 

- 
Y ~ b ~  - observed yield (mg CODImg COD) 

Yield data derived fiorn CAA cultures were grouped according to temperature (Tables 5-43 and 

5.44) and are surnmarized in Table 5.45. When the rate of growth is a maximum, the observed yield is thought 

to be cIosest to the m e  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 chronicalty starved rnay underestimate the requirements under 

active growth. No estimate of maintenance energy was made for the anoxic culture. 



Table 5.43 Yield Data fiom Aerobic CuItures using CAA 

Date 
25-Oc1 
2-Nov 
7-NOV 

27-NoV 
29-Nov 

6-Dec 
27-Mar 

4-Apr 
5-May 
7-May 
9-May 

Yield Coefficient 
ng COD/mg COD 

0-67 
0.67 
0.39 
0.62 
0.80 
0.82 
0.66 
0.77 
0.70 
0.74 
0.73 

Table 5.44 Yield Data from Anoxic Cultures using CAA 

Date 

7-Dec 
20-Oct 
24-0ct 
30-Oct 
1 -Dec 
4-Dec 
29-Mar 
1 -Apr 
4-Apr 
5-May 

Yield Coefficient 

mg COD/rng COD 

0.82 
0.77 
0.63 
0.77 
0.73 
0.70 
0.85 
0.78 
0.84 
0.79 

Surnrnaries of literature values for true yield under anoxic and aerobic conditions are presented in 

Tables 5.46 and 5-47, for general cornparisons of various bacterial species, substrates and growth conditions. 

Table 5.45 Yield on CAA under Different Culture Conditions 

Culture Starting Final Date Average Y ield Median Std. Dev 
Date mg COD/rng COD Y 

Aerobic 20°C Oct. 25 Dec. 6 0.67 0.67 O. 16 
Aerobic 14°C Mar. 27 May 9 0.73 0.72 0.04 
Anoxic 20°C Oct. 20 Dec. 7 0.72 0.7 1 0.072 
Anoxic 14°C Mar. 29 May 5 0.79 0.79 0.039 



Table 5-46 True Yield of Aerobic Growth of Various Organisms on Glucose in Minimal Media 
(after Grady and Lim (1 980) 

Organism Y, (g COD/g C O D  removed) 1 
( Aerobacter aerogenes 0.54 1 

.4 erobacter cloacae 
Arthrobacter globifomis 
Bacferium Hl? 
Escherichia coli 
Pseuciornonas aemginosa 

( Pseudornonas fluorscens 0.5 1 
Note. g of cells have been converted to g ceIl COD by multiplying by 1.42 (Marais and Ekama 1976) 

Table 5.47 Literature Values For Yield under Anoxic Conditions 

lpure Culture Substrate Yield Study 1 
(g COD/g COD) 

Pseudomonas denitrijicans E thano 1 0.68 Wang et al. ( 1995) 
Pseudornonas denitrtjkans Glutamate 1 .O 1 ~0i.k; and &on( 1975a) 
Psdomonas denitr$cam Glutamate 0.64 Koike and Hattori ( 1975b) 

A true yield value oC0.67 mg C O D h g  COD has been used as the default value in ASMl and 

ASM2 for both aerobic and anoxic growth (IAWQ Tak Group, 1995; Henze et al., 1986). The default value is a 

me yields obtained when mixed populations were grown on domestic sewage. The growth environment, 

including media cornplexity, pH, and temperature can al1 affect the true yield (Grady and Lim, 1977). The 

average observed yieId 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. 

TabIe 5.48 Sumrnary of Statistics Tests Comparing Observed Yields 

Hypothesis df t b.95 

Aerobic yield equal to 0.67 g COD/g COD 10 0.553 2.23 
Anoxic yield equal to 0.67  COD/^ 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 2.45 
Yield at 20°C eaual to vield at 14°C for CAA (anoxicl 8 2.13 2.3 1 

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. 



2. The observed yield for CAA cultures under aerobic conditions was not statistically diflerent ftom that 

realized under anoxic conditions. 

5.3.4. Sumrnary S tatements 

Kinetics and Stoichiometrv 

Addition of PH to the stock culture resulted in an immediate increase in the OUR by 205-6 12%. It was 

concluded that CAA and LEH could be rapidly metabolized. This behaviour is consistent with the response 

of wastewater treatment plants 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 al1 overlapped, It was concluded that the rate of respiration under these conditions were not 

significantly different. The ratr 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 normaIized on MLVSS or 

bacteria counts. 

Nitrate utilization rates normalized on ce11 counts showed a greater temperature sensitivity with a eDN of 

1.25 as a opposed to 1 .O9 for data normalized on MLVSS. ïhe modified Arrhenius coeficient for data 

normalized on MLVSS was consistent with literature values. 

Oxygen utilization rates were less temperature sensitive than nitrate utilization rates. Values of 1 .O 1 and 

1.03 were found for the modified Arrhenius coefficient for data nomalized on MLVSS and bacteria counts. 

respectively. 

The initial substrate to microorganisms ratio, S&,,. calculated on the basis of bacterial counts was 

correlated with respiration rates under the foIIowing conditions: aerobic 14°C; anoxic 30°C and anoxic 

14°C. When the ratio was calculated using MLVSS a correlation onty existed for the anoxic 20°C culture. 

Average observed arnmonia production rates normalized on cell counts was highest under aerobic 

conditions. 



7. Signifïcant correlations between observed ammonia nitrogen production and either OüR or NUR existeci 

under some conditions. As correlations did not exkt under ali euperimentai conditions. ammonia 

production c m  not be directly correlateci to respiration, 

8. The observed yield under conditions of active substrate removd is not significantiy different fiom 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 anosic 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 cornparison to the initial culture. Ceii growth c m  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 signiscant correlation between S a  e.qressed on the basis of 

bacteria counts and the rate of respiration. Revised standard deviations for repeated eirperiments show data 

nonnalized on AODCs to have better reproducibili ty . 

c) Enzvme Assavs 

1. Enzyme assays for aerobic cultures showed high IeveIs of phosphatase alkaline, phosphatase acids. 

phosphoamidase. esterase (Ca), esterase (CS). 

2. Similar enzyme titers were observai 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 Iower levels by the 

anoxic culture. 



5.4.1. Introduction 

The primary objective of this portion of the experimental program was to detennine 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 helpfùl in rationalking biosolids production. 

In this section, various attributes of protein cultures are compared to cultures using protein 

hydrolysates. Protein hydrolysates are simple substrates not requiring hydrolysis. Cultures using cr-casein or 

ovalbumin behaved much differently than did lactabumin utilizing cultures. For this reason the behaviour of 

cultures using a-casein and ovalbumin will be discussed below while a presentation on the lactalbumin cultures 

5 - 4 2  Presentation of Results for a-casein and Ovalbumin Rate Studies 

a) Aerobic Cultures 

i) Biornass increases 

The rate data (e.g. OUR, NH,-N production and soluble COD uptake) were nomalized on either 

MLVSS or bacteria counts to facilitate cornparisons 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 afler substrate addition, substrate was 

enmeshed into the floc, increases 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 - Increases in Biomass 

show a possible increase of 188 mg V S S L  Given precision of the MLVSS measurement technique, increases 

of this magnitude could be masked by Iarge mors  in analysis. 

Rate data nomalized 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 TabIe 5.49. In three of 

the five cultures, there was a significant difference between the initial and final counts. In two cases, the mean 





of the fmal culture is higher than the initial. In the third case, the mean is significantly lower. The limitations of 

the enurneration technique and possible errors have been previously discussed in Section 5.33.a.i-lncreases in 

Biomass and Bacteria Couna. 

ii) %yen Utilization Rates 

As mentioned previously, the aerobic culture was not composed exclusively of bactena as protozoa 

and possibly rotifiers and arnoebaes would be present. The respiration rate during active substrate utilization, 

OU&, was calculated as the measured value (OUkJ Iess the basal respiration rate (OUR,) for the stock 

c d h ~ e s  (Table 5.2 1 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 fkom 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 

OURc increased by 220-6 10% above basal Ievels. The intercept is the value of OURc irnmediately after 

substrate addition. 

2. Sirnilar behaviour was seen for the cultures receiving protein of Nov. 27, Dec. 6, May 7 and May 9. The 

OUR, was relatively constant for 2-3 h and then increased substantially for a very short time. tt leveled off 

at this time. This type of behaviour was seen with both proteins and at the two temperature levels. 

Experiments repeated under the sarne environmental conditions and using the sarne protein did not always 

produce this response. This suggests that the characteristics of the stock culture influence the response. In 

parallei cultures receiving CAA on these same dates, the OURS increased linearly. The delay in 

rnetabolizing 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 

3. The Nov. 7 and May 5 ovalbumin cultures had OURS that increased linearly with tirne. The May 5 culture, 

a 14°C culture, had an OUR, that increased by 150% fiom its initial O& over the fmt 4.5 h of the rate 

study. AAer this t h e ,  the OUR, decreased so at the end of the rate study the OURc was only 25% greater 



than the initial value. None of the other cultures experienced such a hi& demand or such a pattern of OUR 

utilization. For this reason, the May 5th experiment should be considered an anomalous experiment. 

4. The Apr. 4 culture, a cu1mre using ovalburnin, had an OURc that remained relatively constant with t h e .  

5.  î h e  OURc o f  the protein culture at 20 O 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 OURc of the protein culture was 

substantialIy greater than that of the PH cuIture of the pair. In the fourth instance, the protein and PH 

utilizin~ cultures had simiIar oxygen demands. 

Figure 5.30 OURc for a-casein and CAA at 20°C NormaIized on MLVSS 

O 0.5 1 1.5 2 2.5 3 3.5 4 

Time (h) 

100 

-- 
. - - . a . - -  Dec. 6 Casein 8.00 20.3 0.837 

70 -- 

+ 

Syrnbol - -  
--+-- - Date Substrate Slope Intercept R~ 

N0v.2 CAA 2-1 9 38.0 0.823 
Nov. 2 Casein 5.31 35.2 0,916 
Oec. 6 CAA 3.05 22.7 0.931 



Figure 5.3 1 OURc for Ovatbumin and CAA at 20°C Normalized on MLVSS - - 

Symbol Date Substrate Slope lntefcept R~ -- A - Nov.7 CAA 4.55 36.7 0,591 
* - -  " Nov. 7 Ovalburnin 2-87 20.2 0.883 - 
. Nov. 27 CAA 2-97 22.1 0.931 
----)-- 

- Nov. 27 Ovalbumin 5.20 16.2 0.807 

O 0.5 1 1.5 2 2.5 3 3.5 4 

Time (h) 

Figure 5.32 OURc for a-casein and CAA at 14°C Normalized on MLVSS 

Symbol 

- -0- - .  
- - -0 -  - - 

Date Substrate Slope Intercept R' 
May 7 CAA 1 -42 .=,O 0.71 6 
May 7 Casein 3.34 28.8 0.459 
May 9 CAA 0.684 30.1 0.329 
Mav 9 Casein 2.54 36.0 0.559 

O 1 2 3 4 5 6 

Time (h) 



Figure 5.33 OURc for Ovalbumin and CAA at 14°C Noxmalized on MLVSS 

-4- Apr.4 CAA 27.1 0.21 8 0.782 

O 1 4 5 6 ' Tirne.(&) 
O U h  varied with rime in several different ways. The rnarked increase in OUR, afier protein 

- - -a- -.  - 
- - - - . 

addition was seen with PH cultures. This behaviour h a  been exhibited by both pure cuhres  and natural 

~ p r . 4  Ovalburnin 0.281 32.2 0.032 
May 5 CAA 3 -89 31 -4 0.932 
May 5 Ovalbumin 12.0 38.4 0.927, 

populations afier 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, a mean OUR, was calculated for protein cultures (Tables 5.50 

and 5.5 1).  

For repeûted ovalbumin rate snidies at 20°C. OUR, normalized on MLVSS rate differed by less 

than 5%- There was a 20% difference in OUR, for repeated rate experimenrs using a-casein under similar 

conditions. At 14OC, the ovalburnin cultures show more than a 50% difference in their normalized OUR,. This 

was in contrast to the excellent reproducibility realized for a-casein cuitures at 14°C. 

Table 5.50 Average OURc for Protein Cultures at 20°C-Normalized on MLVSS and Bacteria Counts 

Protein Date OUR, Initial MLVSS Bacteria ou& OUR, .u 10'" 
mg 0 6 - h  (mg V S S L )  (bactn) x 10" (mg O&,VSS.h) (mg Ofiact-h) 

Ovalburnin Nov. 7 11.9 460 25.8 
Ovalbumin Nov. 27 12.3 455 7.8 1 27.0 15.8 
a-casein Nov. 2 14.9 330 45.2 
a-casein Dec. 6 16.9 465 3 2 0  36.3 52.8 



Table 5.5 1 Average OUR, for Protein CuIhires at 14°C-Normalized on MLVSS and Bacteria Counts 

1 Protein Date ou& Initial MLVSS Bac te ria ou& OU& x IO-" 1 
mg O&-h (mg VSS5) (bacfi) x10" (mg 0dgVSS.h) (mg Ofiact-h) 

Ovalbumin Apr. 4 14.8 450 3 .O4 32.9 48.6 
Ovalbumin May 5 16.6 350 4.94 
a-casein May 7 16-0 420 3.81 
a-casein Mav 9 15.6 370 4.94 

iii) E n m e  Assavs 

Enzyme assays for two protein utilizing cultures at 30°C were done on intact mixed liquor 75 

minutes afier substrate addition and are outlined in Table 5-53, The enzymes predominant in CAA cultures were 

also present at high levels in protein cultures. The stock cuIture was grown on the crude proteins containing 

substantial arnounts of ovalbumin and u-casein and thus large changes in the enzyme cornplement were not 

expected, 

Enzyme Ievels 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 cultures; 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 cuItures. These same differences were noted for the stock cultures used in these 

Table 5.52 Enzyme Assays for Aerobic Protein Utilizing Cultures at 20°C 

Entyme Ovalbumin a-casein Enzyme Ovalbumin a-casein 

Phosphatase 
alkaline 
Esterase (C4) 
Esterase (CS) 
Lipase (C 14) 
Leucine arlymidase 
Val ine arlym idase 
Cystine arlymidase 

Nov. 27 Nov. 2 Nov. 27 Nov. 2 
P hosp hoamidase 5 3 

a-galactasidase 1 
P-galactasidase I 
P-glucuronidase O 
a-glucosidase I 
P-glucosidase 1 
N-acetyl-beta- 3 
glucosaminidase 

Tryps in 2 O a-mannoisdase 1 O 
Chymoûypsin 2 O a-kcos idase 4 O 
Phosphatase acids 5 5 
' ~ o l e s  of test-strip substrate hydrolysed 
1 - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles, 4 - 30 nanomoles, 5 - 2 40 nanomoles 



iv) Observed Ammonia Nitrocen Production 

Figure 5.34 illustrates observed amrnonia nitrogen production for four different cultures using 

ovalbumin. The observed production rate is the rate of ammonia nirropn production less requiremenrs for 

bacteria synthesis. Nitrification was not occurring concurrently because a nitrification inhibitor was added to the 

stock culture on a daily basis. The observed mmonia nitropn production was linear with respect m time for al1 

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. 

Arnmonia nitrogen rates nomalized on MLVSS and bacteria counu are presented in Tables 5.53 

and 5.54. The mean obsewed ammonia nitrogen production rate nomalized on MLVSS is lower at 10aC than it 

is at I J°C. These average values are not significantly different than the comparable values for aerobic culnires 

using PH (Tables 5.26 and 5.27) as they fa11 with one standard deviation of each other. A more detailed 

statistical analysis of the results is presented in Section 5.4.:~. 

Figure 5.34 Observed Arnmonia Nitrogen Production for Aembic Cultures using Ovalbumin 
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. - - - Q - - - .  Nov, 27 20°C 4.95 53.4 0.990 

20 -- . + 14°C 7.54 57.4 0.985 - Apr. 4 -*-- May 5 14°C 12.2 1 14.9 0.857 
O I 1 

1 I r 1 I 

3 
Time (h) 



Table 5.53 Observed Ammonia Nitrogen Production Rates for Aerobic Cultures ushg Proteins at 20°C 

Pro te in Date Production Rate Production Rate Production Rate 1 
mg NH,N/L-h mg NH,-N/(gVSS-h) (mg NH,-Nibact-h) x 10-" 

Ovalbumin Nov. 7 1.87 4.06 
Ovalbumin Nov. 27 2.25 
a-casein Nov. 3 2.36 
a-casein Dec. 6 2.76 

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 M4,-Nhact-h) x IO-'' 

Ovalburnin 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 
a-casein May 9 3 -59 9.70 736 

V) Soluble COD 

Within the context of ASM 1 and ASM2, a-casein and ovalbumin are examples of slowly 

biodegradable substrates. Afier filterin; these proteins through a 0.45 pm filter there was no measurable 

difference behveen the organic snength of the original protein solution and its filtrate. The size of the protein 

cotloids may influence the mechanism of substrate uptake. 

When substrate was added to the MLVSS, there was an ahost  imrnediate uptake of substrate Uito 

or ont0 the floc. Figure 5.35 i1Iusmtes that the uptake of ovalbumin occurred at a constant rate after the initial 

uptake. Sirnilar behaviour was seen was for a-casein cultures. The Nov. 7 culture was a notable exception 

because COD did not disappear fiom the buk 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 

soluble substrate uptake was also obsewed for aerobic cultures ushg PH (see Section 5.3.2.a.vJ. For a more 

detailed discussion regarding the mechanism of COD uptake see Section 5.3 3.h. 



Figure 5.35 Soluble COD Uptake for Aerobic CUINRS using Ovalbumin 
& 
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Table 5.55 quantifies the arnount of substnte COD that was taken up by the floc. The higher initial 

COD was calcufated knowing the organic strength and quanticy of the protein added and having an estirnate of 

the soluble COD present in the stock cuiture. A second initial value was obtained fiom a linear regression of the 

COD concentrations over tirne. COD uptake was normalized on the initial MLVSS and bacteria counts for the 

initial culture. Since uptake occurred at the very beginninp 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 MLVSS or bacteria. The average COD 

uptake normalized on MLVSS was 0.18 1 mg CODImg VSS with a RSD of 47.8%. 

vi) 

As mentioned previously, the Sfi, is important because it inff uences both parameter identifiability 

and the expression of culture history. The S& will be used Iater to determine if there was any correlation 

between this ratio and the normalized OURS. Sfl, ratios were derived from the initial substrate concentration, 





vii) Variation in pH 

The PH cultures were maintained at a pH o f 7 2  by acid addition while equal amounts of acid were 

added to the protein cultures. The pH of the protein cuItures did not remain at pH 7.2. In Tables 5.56-5.57 the 

maximum, minimum and average pH experienced by the protein cultures fiom the tirne 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 tirne. 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 cultures 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 tirne. A low pH was a temporary 

situation since aikalinity and arnmonia 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 extracelIular 

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. It is 

expected that srnall fluctuations will have minimal impact on the culture. At 14"C, fluctuations away fiom 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 7.2 
Nov. 7 Ovalbumin 7.5 
Nov. 2 or-casein 7.4 
Dec. 6 a-casein 7.2 

Table 5.57 Maximum and Minimum pH of Aerobic Protein Culiures at 14OC 

Date Protein Maximum pH Minimum pH Average pH 
Apr. 4 Ovalburnin 7 -3 7.1 7.0 
May 5 Ovalburnin 7.8 7.0 7.3 
May 7 a-casein 7.7 7.0 7.3 
May 9 a-casein 7.4 6.7 7.2 



Figure 5.3 6 pH profile of Nov. 27 Aerobic Culture 
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i) lncreases in Biomass 

Consistent with previous data treatrnent, rate data (e.g. NUR, ammonia nitrosen production and 

soluble COD uptake) was normalized on either MLVSS or bacteria counts. When MLVSS was used as a 

normaiizing 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 nurnber of cells. In these instances, ceIl growth 

may have resulted in larger bacteria rather than more bacteria. For the fifih rate study, there is a significant 

increase in the number of cells. The mean of the final culture was 96% geater than the initial culture. 





In 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. 

ii) NOx Consum~tio~ 

[n these experirnents, the nitrate and nitrate nitrogen was measured and is reported as the NOs 

concentration. Typically, the nitrite concentration was less than 2 mg N/L suggesting that the nitrate and nitrite 

redtiction was occumng at comparable rates. The NO, decay was linear over the 4-6 hours of a rate experirnent 

and thus the rate of denitrification is constant (Fig. 5.37). Shi1a.r 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 dificult 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 NOx Utilization for Protein Cultures at 20°C-Nomalized on MLVSS and Bacteria Counts 

Substrate Date NUR Initial Bacteria NUR NUR x 10"' 
MLVSS Cowits 

1 mg NOx-N - mg VSS - mg ce11 mg NOx-N mg NOx-N x 1 O" L h L L g VSS h ce11 h 
Ovalbumin Oct. 20 4.5 1 650 6.94 
Ovalburnin Dec. 4 3 -26 470 11.4 6.94 2.86 
a-casein Oct. 30 4.7 1 550 8.56 

la-casein Dec. 1 6.79 470 9.57 14.5 7.10 1 



Fisure 5.37 NOx Utiiization for Anoxic Cultures ushg Ovatbumin at 20 and 14°C 
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Table 5.60 NOx Utiiization for Protein Cultures at 14°C-Normalized on MLVSS and Bacteria Co'ints 

Substrate Date NUR Initial iMLVSS Bacteria NUR NUR x 1 O-'' 
Counts 

mg NOx-N mg VSS mg cell mg NOx-N mg NOx-N 
L h L L 3 VSS h ce11 h X I O "  

Ovaiburnin Apr. 3 3 -69 570 26.8 6.47 1-38 
OvaIbumin blay 5 4.73 640 15.4 7.39 3 .O7 
u-casein Mar. 29 l .II2 465 16.0 3.91 1.14 
a-casein Apr. 24 5.20 590 13.2 8.8 1 3 -94 
a-casein May 9 3.85 585 13.7 6.63 2.83 

Very good reproducibility in NUR nomalized on MLVSS was ssen for ovalbumin cultures. This 

was not the case for casein where the rates differed by as much as 50%. With the aerobic cuItures, the OUR was 

either constant or increased linearly over time; however, for al1 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&VSS h') which corresponds to a change in the denitrification rate of 



1.57 mg NO,-N/(gVSS h'). A change of this magnitude could have been detected in the rate of NO, -N 

utilization but was not. 

iii) Enzvme Assavs 

The results of enzyme assays for two protein-utiIizing cultures at 20°C are outlined in Table 5.6 1. 

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 ûyptophanyl 

peptide and ester bonds. Higher activities of chymotrypsin in the ovalbumin culture than in the casein culture 

would suggsst 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 5.6 1 Enzyme Assays for Anoxic Protein Utiliu'ng Cultures at 20QC 

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 1 
Esterase (CS) 4 3 a-galactasidase O O 
Lipase (C 14) O O P-galactasidase 1 . O 
Leucine arlymidase 5 5 P-glucuronidase O O 
Valine arlyrnidase 1 - 3 a-glucosidase 1 1 
Cystine arlymidase O 1 P-glucosidase O O 
Tryps in 1 2 N-acety 1-beta- 3 - 3 

glucosaminidase 
Chymotrypsin 1 3 a-mannoisdase O O 

a-fucosidase - 7 1 
' ~ o l e s  of test-strip substnte hydrolysed 
1 - 5 nanomoles, 2 - 10 nanomoles, 3 - 20 nanomoles, 4 - 30 nanomoles. 5 - 2 40 nanomoles 

iv) Observed 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 tirne was the observed arnmonia nitrogen production rate which tdces into account both 

generation of arnmonia nitrogen and its use in ce11 synthesis. The observed production rate normalized on either 



MLVSS or bacteria counts is presented in Tables 5.62 and 5.63. Tbe data for the Apr. 14 is not presented in the 

tables because these samples were preserved with formaldehyde which affected the amrnonia analysis. 

I 

0 1 2 ~ i r &  (h) 4 5 
6 

Table 5.62 Observed NHj-N Production for an Anoxic Culture at 20°C using Proteins 

1 Substnte Date Production Rate Production Rate Production Rate 1 
mg NH,-N mg NHj-N mg NH,-N 

L h VSS h cell h 10-l3 

Ovalbumin Oct. 20 -.-- 7 77  3 -42 
Ovalburnin Dec. 4 2.84 6 .O4 24.9 
a-casein Oct. 30 3 -84 6.98 
a-casein Dec. 1 2.2 I 4.70 23.1 



Table 5.63 Observed NH,-N Production for an Anoxic CuIture at 14OC using Proteins 

Substrate Date Production Rate Production Rate Production Rate I 
mg NH,-N 
g VSS h - 

Ovalbumin Apr. 4 1.76 3 -09 6.57 
Ovalburnin May 5 1.83 2.86 11.9 
a-casein Mar 29 0.72 1 1.55 4.5 1 
a-casein May 9 2.02 3 -45 14.7 

V) SoJubie COD 

Figure 5.39 illustrates the uptake of soluble COD fiom solution over tirne when ovaIbumin was 

used. There are two values for the initial tirne. ShortIy 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 tirne 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 sarnples for May 9 were Iost 

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 arnount taken up ranges 

between 35.2 and 85.9 mg COD5 with the value for Apr. 24 excluded. The value for Apr. 24 of 

235.1 mg CODL 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 CODL higher than the value of 0.122 mg 

CODJmg VSS derived for anoxic cultures using CAA. 

vi) lnitial Substrate to Microor~anism Ratio 

Table 5.64 lists SdX, 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 SdX, ratios were lower for the anoxic 

cultures than they were for the aerobic cultures due to higher initial biornass concentrations. Values range 



behveen 0.76 and 1.06 mg COD/mg VSS. Later analysis wil1 use the S a  ratio to determine if a correlation 

exists behveen it and the nonnatbed WRs.  

Symbol Date Ternp Slope Intercept R~ 
- * - - Oct. 20 20°C -0.1 75 1 -28 0.984 

[I - - -&--  Dec. 4 20°C -0.1 52 1.84 0.896 
- - Apr. 4 14°C -0.1 25 1.61 0.887 

0.971 

-- 
y) O 

- 4  -x 

Time (h) 

Table 5.64 Approximate SdX, Ratios for Anoxic CuItures usin= a-casein and Ovaibumin 

Ternp. Date Protein MLVSS Bacteria Initial COD sw% %f& 
Count 

- - COD mgCOD mgCOD 
L L L mg VSS Ce11 X Lu-- - r l0-10 1 

1 20 Oct. 20 Ovalbumin 650 494.2 0.760 
- 1 

30 Dec. 4 Ovalbumin 470 12 500.3 1 .O6 4.17 
30 Oct. 30 CC-casein 550 493.2 0.897 
20 Dec. 1 u-casein 470 10.6 488.0 1 .O4 4.60 
14 Apr. 4 Ovaibumin 570 26.8 493.2 0.865 1.84 
14 May 5 Ovalbumin 640 14.9 493.0 0.770 3.3 1 
14 Mar. 29 a-casein 465 16.0 475.0 1 .O2 2.97 
14 Apr. 24 a-casein 590 13.4 394.0 0.837 3.69 
14 &May 9 u-casein 585 9.28 493.0 0.843 5.3 1 

Bacteria counts in bold are based on numbers from fina1 culture. 





vii) Variation in DH 

As rnentioned previously, addition of equal amounts of acid to the PH and protein culture 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 Iisted 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 cultures are found in Appendi. C. Decreases in the pH would be temporary in nature because 

amrnonia production, denitrification and gas sparging al1 tend to drive the pH up. 

For 20°C cultures, the pH varied by less than 0.7 pH uni& 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 1 pH unit away from the set point. The minimum pHs for the 14°C 

cultures tend to be  lower than for the 20°C cultures. The gaphs 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 exarnple for the cultures oFOct. 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 CuItures at 70°C 

Date Protein Mauimum Minimum Average pH 
PH PH 

Oct. 30 Ovalbumin 7.7 7.0 7.3 
Dec. 4 Ovalbumin 7.9 7.0 7 -4 
Oct. 30 a-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 14OC 

Date Protein Mâuimum 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 a-casein 7.3 6.6 6.78 



Figure 5.40 pH profile of Oct- 20 Anoxic Culture 

7.8 T 

Maximum pH l 
EMinimum pH 1 
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5.4.3. Discussion of Ovaibumin and u-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 

(a-casein), similar behaviour was seen. The OUR was relatively constant for 2-3 h depending on the culture. 

Afier this time, the OUR increased substantially over a very short time and then ieveled off. ïhis behaviour was 

not specific to a particular protein or tempenture. The response was not seen in the following experiments: 

Nov. 2 (a-casein), Nov. 7 (ovalbumin), Apr. 4 (ovalbumin) and May 5 (ovaIbumin). It was noted in both the 

Mar. 37 PH cultures. 

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 sugzested 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 cornpanion PH utilizing culture. The wo cuttures were derived fkom the same stock culture and 

differ only in the substrate added. The PH utilizinz cultures for these dates have OURS that increase linearly 



with t h e  or they remain constant- With PH utilizing cultures behaving in this rnanner 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 rasons for an 

increased rate of metabolism could inctude 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  

arnino acids and peptides favoured by the bacteria, By-products of protein degradation could act as surfactants 

changing the surface tension o f  the media and promoting increased mass transfer, For the PH utilizing cultures, 

the same arguments may appty as al1 dipeptides and olgiopeptides will not have the same surface characteristics. 

Based on the observations of  Boczar et al. (1 9W), Dold et ai. ( 1 9%), and Frolund et al. ( 1995) hydrolysis 

occurs within the floc structure. if this is accepted then the substrate must be enrneshed or adsorbed ont0 the 

floc. 

b) Hvdrolvsis Rate L irn i t in~  

For paraIIel experirnents, differences in the OUR of the protein and PH culture could be attributed 

to substrate uptake and hydrolysis. It was not necessary to correct for the basal OUR because both cuttures were 

derived fiom the same stock culture. The resutts 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 utiIization for the protein and PH 

culture in three of the four rate studies. ln the rate study ofNov. 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. It 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 sample protein but a different stock culhue was 

used in each case. The ecology, physiological state of the bacteria present and e n q m e  levefs will al1 be 



different. Enzyme assays shown in Table 5.52 in part illustrate the dynamic nature of the system. Differences in 

repeated rate studies iIlustntes the difficulty in deteminhg the kinetics of a rnked rnicrobial population. 

At 14"C, the results consistently show that proteins were used more quickly than PH based on a 

cornparison of OURS. Proteins require hydrolysis pnor to being used in ce11 synthesis. Even if hydrolysis was 

not rate limiting, the rate of ceIl synthesis using peptides and amino acids derived fiorn the protein shoufd be 

comparable CO that of the PHs. It is possible that some factor was rnissing fiom the PH but was present in the 

purified proteins. Alternatively, even though the purified proteins were of relatively hi& purity it is possible 

contaminants present in thern provided a more readily useable source than the PH. 

Table 5.68 Comparison of OUR for Protein and C M  Utilizing Cultures at 30°C 

Substrate Date Mean OUR Standard F d.f. Sig. Difference Value of t df 0.95 

(mg O JL h) Deviation in Variance 
Ovalbumin Nov. 2'1 13.8 5-90 325 (8J) Y 0.04 1 1  -.- 3 70 

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 1.91 (8,7) N 0.59 15 2-12 
CAA 18 2.40 
a-casein Dec. 6 20.5 5.1 1 6.96 (9,s) Y 1.50 12 2.18 
CAA 17.8 1.94 

Table 5.69 Cornparison of OURS for Protein and CAA UtiIizing Cultures at 14OC 

Subsuate Date Mean OUR Standard F d-t: Sig. Difference Value of t d.f ' 0.95 

(mg O&h) Deviation in Variance 
Ovalburnin Apr. 4 17.3 1.33 .- 38 (10 9) N 3 5 4  -. 19 -- 7 09 
C M  15.9 1-36 
Ovalbumin May 5 20.8 2.06 6.23 (9,8) Y 3.49 13 2.16 
CAA 14.7 5.14 
a-casein May7 20.3 1.35 10 (7,9) Y 3.38 9 2.26 
CAA 15.3 4.08 
u-casein May9 18.2 0.9 6.84 (10,IO) Y 4.66 12 3.18 
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 sumrnarize the NUR for the protein and PH cultures. A 

cornparison 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 



at the 95% confidence Iimit. This trend was confmed by data fiom a second experiment done under shi lar  

conditions. This suggested that substrate uptake and hydrolysis was lirniting when ovalbumin was used at 20°C 

with anoxic cultures. There was no significant difference between the NUR of the a-casein and CAA cultures at 

the 95% confidence Ievel and thus substrate uptake and hydrolysis were not important factors. 

At 14"C, there was a very different response to ovalbumin. At this temperature, ovalburnin 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 MJR for a-casein and CAA cultures. In a third rate study, the 

a-casein culture used NOx at a significantly greater rate than did the CAA culture- As discussed above, 

differences in repeated experiments may be the result of direremes in the stock cultures- 

A second strategy for exarnining the role hydrolysis plays is through a cornparison of amrnonia 

production rates. The observed rate of production is the ammonia nitrogen released through protein degradation 

less the arnount required for growth. Earlier it was show that ammonia nitrogen production did not correlate 

with either the rate of oxygen or NO, consumption for al1 culture types. The arnmonia production rates realized 

for PH and protein utilizing cultures in parallei experiments are surnmarized in TabIes 5.72-5.74. A cornparison 

of dopes was completed to determine if there was any significant difference between the ammonia production 

rate of the nvo cultures. 

Table 5.70 Cornparison of NUR for Protein and CAA utilizing cultures at 20°C 

Substrate Date Mean NUR F Value Degrees of F,,,, 
mg NOx-N Freedom 

L h 
Ovalbumin Oct. 20 4.5 1 42.7 (i,W 4.49 
CAA 5.39 
Ovalbumin Dec. 4 3.26 163.8 (1,141 4.6 
CAA 6.52 
a-casein Oct. 30 4.7 1 3 -3 ( 1 , w  4.4 1 
CAA 4.47 
a-casein Dec. 1 6.79 3.4 (1,141 4.6 
CAA 6.34 



Table 5.7 1 Cornparison of NUR for Protein and CAA utilizing cultures at 14OC 

Substrate Date Mean NUR F Value Degrees of F,.,, 
mg NOx-N Freedom 

L h 
Ovalbumin Apr. 4 3 -69 11-3 (1,14) 4.6 

CAA 2.83 
Ovalbumin May 5 4.73 86.3 (1,141 4.6 
CAA 3.21 
a-casein Mar. 29 i .82 3.7 (1,141 4-6 
CAA --- 3 3 

a-casein Apr. 24 53 226.4 w 4 )  4.6 
CAA 2-13 

a-casein May 9 3-88 1.1 (1,141 4.6 
CAA 4.14 

The ovalbumin culture of Nov. 7 shows significantly less ammonia nitrogen production than does 

itr' 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 statisrically 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 14OC, al1 of the protein cuIhires 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 ovalbumidCAA while the other 

used a-casein /CAA. 

An analysis of ammonia nitrogen production rates frnds 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 aIso the case with cornparisons of either OUR or NUR. 



Table 5-73 Comparison of NH3-N Production for Aerobic Protein and CAA cultures at 20°C 

Substrate Date Production Rate F Value Degrees of F,,,, 
(mg NH3-NIL h) Freedom 

Ovalbumin Nov. 7 1.86 155.9 (hW 4.74 
CAA 3 -56 

Ovalburnin Nov. 27 2.25 0205 (1,14) 4.60 
CAA 2.3 

a-casein Nov. 2 3.36 1.36 (1 ,w  4.74 
CAA 2.47 

a-casein Dec. 6 2.76 91.7 (1,141 4.60 
CAA 3-19 

Table 5.73 Comparison of NH,-N Production for Aerobic Protein and CAA cuItures at 14°C 

Substrate Date Production Rate F Degrees of F,,,, 
(mg NH,-NIL h) Freedom 

Ovalbumin Apr. 4 3.39 11.3 (1,12) 4.74 
CAA 2.37 

Ovalbumin May 5 3 .O3 1.84 (1,121 4.74 
CAA 2.3 5 

a-casein May 7 3.64 4.29 (1,1a 4.74 
CAA 3.1 1 

a-casein May 9 3 -59 35.1 ( 1 , w  4-74 
CAA 2.2 1 

Table 5.74 Comparison of NH,-N Production for Anoxic Protein and CAA cuItures at 3O0C 

Substrate Date Production Rate F Degrees of Fo ,, 
(mg NH3-N/L h) Freedom 

Ovalbumin Oct. 20 -.-- 3 33 0.34 (1112) 4.74 
CAA 1.90 

OvaIbumin Dec. 4 3.83 88.9 ( l m  4.67 
CAA 1.74 

a-casein Oct. 30 3 -84 4.59 ( L w  4.74 
CAA 2.38 

a-casein Dec. 1 2.2 1 0.49 ( L w  4.74 
CAA 2.74 



Table 5.75 Comparison of NH3-N Produchon for Anoxic Protein and ( 

Substrate Date Production. Rate F Degrees of F,,, 
(mg NH,-NA h) Freedom 

Ovalbumin Apr. 4 1.76 0.85 ( 1 , w  4.67 
CAA 2.14 

Ovalbumin May 5 1.83 6.86 (1 ,W 4.67 
CAA 2-73 

a-casein Mar. 29 0.72 1 33.5 (1,14) 4.60 
CAA 1.62 

a-casein May 9 2.02 3.59 (1,w 4.60 
CAA 3.21 

In surnmary, no blanket statement can be made regarding hydrolysis. It may be that the role it piays 

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 nurnber of rate studies where the protein was utilized more quickly 

than the PH. In 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 ofa-casein and ovalbumin did not lirnit the rate at which the proteins were used. 

c )  Ammonia Nitroeen 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 behveen arnmonia nitrogen production and NOx 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 OUR and NUR 

EAS Temperature Degrees of r r0.9~ r0.m 
(Oc) Freedom 

Aerobic 20 2 0.997 0.950 0.900 
Aerobic 14 - 3 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 nonnalized on MLVSS and bactena counts was surnrnarized 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 



factors. The analysis shows no significant effects at the 95% CL for data normalized on MLVSS (Table 5.77 

with data in Appendu 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 

30°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 bactena counts, only the EAS had a significant bearing at the 

90% CL. Ammonia nitrogen production was highest under aerobic conditions when ail other factors were equal. 

This same observation holds true for PH cuitures (Table 5.47). Consistently higher ammonia nitrogen 

production values under aerobic conditions may reflect differences in the metabolic pathway of the bactena or 

ecologicaI differences. 

Table 5.77 Analysis of the Factorial Design for Ammonia Production 

1 Effect or Interaction Normalized on MLVSS x IO-' Norrnalized on Bacteria Counts x IO-" 
Estimated Effect T-value Estirnated Effect T-value 

Protein -0.255 0.323 -6.67 0.575 
1 Temperature -0.3 60 0.456 -3.33 0.287 

EAS -1.75 -.-- 7 7 7  -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 0.9 16 
Protein x Temperature O. 135 0.171 7.77 0.670 
x EAS 
MLVSS results have 8 df. The t criticai value at the 95% CL and 90% CL is 2.3 1 and 1.86, 
respectively. Simiîarly bacteria counts have 4 df. 4,.95 and h-, 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 Kinetic~ 

The pH of protein cultures 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-cornpetitive inhibition or 

irreversible denaturation. 



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 behveen pH and OUR for 

the aerobic cultures. It is concluded that deviations away fiom a pH of 7.2 had no effect on aerobic 

metabolizing cultures. 

Table 5.78 Correlation between pH and OUR 

20 1 -0.069 1 -0.3 97 1 0216 I 
Critical value of r, r0.95r is 0,950 with 2 df. 

Temperature ( O C )  
14 

A review of the literature indicates that the reported optima1 pH for denitrification is between 6.5 

and 8.3 (Table 5.79). For the experimental system, pHs ranged fiom 6-2-82 for anoxic protein utilizhg 

cultures. The minimum value is less than the lower value of the optimal range so fiuther examination of the 

effect of pH on the cultures is warranted. 

Beaubien et al. (1995) examined the impact of long term changes in the pH setpoint versus 

fluctuations in the culture pH. Using a denitriQing culture isolated From a drïnking 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 1 unit From the optimum. Fluctuations of this magnitude decreased the denitrification activity 

by 20%. 

Ali 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 profiIes are highly linear (see Fig. 5.37 as an exarnpïe) 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 resu1t.s of Beaubien et al. (1 995). 

Correlation Coefficient (r) 
Maximum pH 

0.713 
Minimum pH 

-0.049 
Average pH 

0.576 



Table 5.79 Optimum pH Range for DenitriQing Cultures 

Culture Substrate Temp Optimum Investigator 
(OC) pH Range 

Pseudornonas Denitrifcans Ethano VNitrate 30 7.45-7.60 Wang et ai. 0995) 
Pseudornonas Denitrifcaris Ethano VNitnte 30 730-7.30 Wang et al. (1995) 
Pseudomonus Denitrifians Sodium Citrate/ 7.0 Dawson and Murphy (1973) 

Nitrate 
Hyphomicrob ium Sp. MethanoVNitrate 35 8.3 Timmermans and Van Haute 

(1983) 
Paracoccas Denitrtjicans AsparateNitrate 6.5 Kokufutaetal.(I986) 

Yeast Extract/Nitrate 
PeptoneMitrate 

Denitriwing Culture MethanoVbiiîrate 20 6.5-7.5 Beccarri et al. ( 1983) 
DenitriQing Culture MethanoUNitrite 20 7.5 Beccarri er al. ( 1983) 

1 DenitriQing Culture Citric AcidMitrate 20 6.5-8.5 Beaubien et ai. (1995) 

e) Effect of S A ,  - - O n NUR and C)m 
The SdX, was used to determine if there was a significant correlation between this ratio and the 

nonnalized 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 

coefftcients were not calculated for cultures operating under aerobic and anoxic conditions at 20°C using 

bacteria counts because there was insuficient data. There were significant correlations for aerobic data 

normalized on MLVSS at 14 and 30°C at the 90% confidence level. A significant correlation was also seen for 

the data normalized on MLVSS at 14OC when PH was used as a substrate. The lack of correlation between 

Sflo and either OUR or NUR in many of the cases suggests that S$X, does not have a major impact on NUR or 

OUR in this particular instance. 

Table 5.80 Correlation between SdX, and OUR and NUR 

EAS Temperature Basis r df ro.gs r0.w 
(OC> 

-4erobic 20 MLVSS 0.819 2 0.950 0.900 
Aerobic 14 MLVSS 0.997 - 3 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 0.55 1 3 0.878 0.805 

f Obrewed Yield us in^ Proteins 

Observed yields under conditions of active substrate utilization were calcdated in a similar manner 

to that described in Section 5.3.3.i. The same procedure as outlined previously produced the observed yield of 



aerobic and anoxic cultures presented in Tables 5.8 1 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. It can 

be seen from the table that al1 the 95% CL overlap so the protein or the culture does not significantly affect the 

Table 5.81 Yield Data for Aerobic Cultures using Proteins 

Table 5.82 Y ield Data for Anoxic Cultures using Proteins 

Date 
7-May 
9-May 
LNOV 
6-Dec 
4-Apr 
5-May 

27-Nov 

Table 5.83 95% CL for Yield Data Derived using Proteins 

Substrate 

a-casein 
a-casein 
a-casein 
a-casein 

Ovalbumin 
Ovalbumin 
Ovalbumin 

Date 

4-Apr 
5-May 
20-0ct 
4-Dec 
30-0ct 
39-Mar 

1 -Dec 

Protein EAS Upper 95% CL Lower 95% CL 
a-casein aerobic O .72 0.70 
ovalbumin aerobic 0.80 0.70 
a-casein anoxic 0.90 O -62 
ovalbumin anoxic 0.82 O .72 

5.4.4. Presentation of Results for Lactalburnin Rate Studies 

a) Aerobic 

Substrate 

OvaIburnin 
Ovalbumin 
Ovalbumin 
Ovalbumin 

a-casein 
a-casein 
a-casein 

i) AccIimated and Unacclirnated Cultures 

Using the protocol detailed in Section 4.2,2.c.ü, lactalbumin was added to one half of a stock 

culture sample while a PH was added to the remaining half ofthe sample. Rate studies carried out in the Fall of 

dS/dt 
mg CODL h 

52.3 
54.4 
47.8 
53.8 
69.3 
63.5 
53 -3 

dOJdt 
mg O/L h 

15.0 
t 5.8 
14.2 
16.1 
14-6 
15.9 
12.0 

Yield Coefficient 
mg COD/mg COD 

0-7 1 
0.7 1 
0.70 
0.70 
0.79 
0.75 
0.78 

dS/dt 
mg CODL h 

36.5 
48.6 
59.2 
40 

- - 

67 
16.8 
68.1 

Median 
Y 

0.7 1 

0.75 

dN0,-N/dt 
mg NO,-NIL h 

3.69 
4.73 
4.5 1 
3 -26 
4.48 
1.819 
6.79 

Yield~oefficient 
mg CODlmg COD 

0.74 
0.75 
0.80 
O .79 
0.83 
0.72 
0.74 

~ v e ~ ~ d . ~ ~  
Y 

0.77 

0.76 

Median 
Y 

0.75 

0.74 

0.03 1 

0.056 



1995 at 30°C used a stock culture acclimated to casein and albumin, but not lactalbumin. Further rate studies 

using Iactalbumin at 20°C were carried in M y  1996 using a stock cuIture acclimated to lactalbumin, The stock 

culture was produced by a SBR fed lactalbumin and sewage on a continuous b a i s  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 confmed that the reactor was degradhg 

Iactalbumin (See Section 5 . 2 2  for details). 

For 14°C rate studies, a different approach was taken in developing a culture capable of using 

lactalbumin. An unacclirnated culture was fed lactalbumin and the degradation of the protein was followed by 

periodically monitoring nitrate levels. If nitrate levels decreased markedly, then the culture was actively 

respiring and hence using lactalburnin. It was assumed that a culture degrading Iactalburnin would possess a 

enzyme complement and ecology favourable for lactalbumin degradation. Rate studies used this exposed mixed 

micro bial culture. 

Anoxic and aerobic rate studies using exposed cultures were carried out in parallel as a time saving 

mesure. An unacclimated anoxic culture was monitored fiequently after lactalbumin addition to detennine 

when Iactalbumin degradation and subsequent nitrate utilization began. Addition of lactalbumin to the 

unacclimated aerobic culture occwed at the sarne time, but minimal sampling occurred. The anoxic culture 

used PH more slowIy 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 Iactalbumin. Rate studies using the exposed 

cultures were carried out on April l3,96 h after the cultures were fed lactalbumin. At this tirne the anoxic 

culture was actively denitriQing. The degradation of lactalbumin by the aerobic culture was confinned by 

ammonia nitrogen measurements. On April9 and 13, the arnmonia nitrogen concentration was 34.3 and 57.3 

mg NH3-N/L, respectively. The increase in the arnmonia nitrogen concentration is consistent with Iactalbumin 

degradation. 



i i) Oxvoen UtiIization Rates 

Figure 5.4 1 shows the OURS of spIit stock cultures fed lactalbumin and PH in parallel experiments 

at 20°C. To permit cornparisons between the cultures, the OUR, has been normalized on the adjusted rniued 

liquor VSS of the stock culture (see Section 5.3.2.a.i for details on norrnalizing procedure). 

As indicated by Figure 5.4 1. PHs were quickly degraded by cultures acciimated to the whole protein 

analogue. Table 5.84 sumrnarizes the rates of PH utilization for acclirnated and unacclirnated cultures and usin; 

CAA and LEH. The average OURc varies by 1 17% for the Oct. 25 and Nov. 29 rate studies using CAA. Both 

of these rate studies used a stock culture grown on casein and alburnin. As seen in Table 5.23, the average 

OUR, of 34.4 mg 02/g VSS-h was calcutated using data fiom six repeat experirnents. The average OUR, for 

the Oct. 25 and Nov. 29 cultures was 30.5 mg 02/gVSS-h which was comparable to the overall average. 

Table 5.84 Average O& for Lactalbumin and Cornpanion PH Cultures at 20°C (mg O& VSS-h) 

1 Date Temperature Previous Exposure Lac talbumin CAA LEH 1 
("cl 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 acclirnated or unacclimated 

cultures. Addition of Iactalburnin to the stock culture caused an imrnediate increase in the OUR,, above the 

OURB (Table 5.85). Generally, the initial OUR$, of the lactalburnin culture was comparable to that of its 

companion culture. The Nov. 29 culture is an exception because the CAA cutture exhibited an exceptionally 

high OUR of 4 1.4 mg O,/(g VSS-h). Typicaily, the OUR,, of the lactalbumin culture rernained at this higher 

IeveI for a short tirne before it decreased. The decline continued untiI OüRh, was equal to OUR,. It remained at 

the OURB for the remainder of the rate study. 





Table 5.85 lnitial O m ,  for 20°C Lactalburnin and PH Cultures 

Date Previously Exposed to Substrate initial O m ,  OURs 1 
Lactalbumin mg O2/(g VSS-h) mg O J ( ~  VSS.~) 

Oct. 25 No CAA 25.0 13.0 
Oct, 25 No Lactalburnin 24.0 
Nov. 29 No CAA 52.0 
Nov. 29 No Lactalbumin 33 -2 
July 23 Yes LEH 41.9 
July 23 Yes Lactalburnin 15.2 

Lactalbumin was poorly d e p d e d  by both the unacclimated (Oct. 25 and Nov. 29) and acclimated 

cultures (July 23). These cultures had an average OURc that was 7-60% of the value of the cornpanion culture 

(Table 5.84). At the 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 initially. Shortly afler 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 cornparison of OURS for split cultures fed lactalbumin and LEH in paraIlel expenments at 14°C 

show the sarne general trends as seen previously at 20°C (Figure 5.42). The trends are summarized below. 

1. At 20°C, OUR, for the lactalbumin culture returned to OURB whereas at 14°C OUR,, for the exposed 

cultures (Apr. 13 and Apr. 29) approached but did not reach OURB. OU&, for the unacclimated culture 

(Apr. 9) did retum to the basal respiration rate. The difference in behaviour suggests that the exposed 

cultures were using some of the lactalbumin. 

2. The unacclimated culture (Apr. 9) fed LEH exerted a higher OUR than the exposed cultures (Apr. 13 and 

Apr. 29). The OURS of the exposed cuItures were comparable to each other (See Table 5.86). 

3 .  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 OLR in the presence of a suitable substrate. The acclimated culture 

using lactalbumin at 20°C exhibited this same response upon LEH addition. 





Table 5.86 Average OU& for Lactalbumh and Cornpanion PH Cukures at 14°C (mg 02/gVSS-h) 
r 

Date Temperature Previous Exposure Lactalbumin CAA LEH 
C°C) to Lactalbumin Culture 

Apr. 9 14 No 3.14 28.9 
Apr. 13 14 Yes 8 3 9  22.2 
Apr. 29 14 Yes 9.97 25.7 

The existence of bacteria counts alIowed the data of the 14°C rate studies to be analyzed in a 

different rnanner (Figure 5.43). The basa1 rates were nomalized on the number of cells present in the initial 

culture. As discussed previously in Section 5 i.2.i - Oxvoen Iltilization Rates, the basal respiration rate does not 

correlate with the number of cells. Al1 other respiration rates were nomalized on ce11 counts of the initial and 

final culture. 

iii) COD U ~ t a k e  

Lactalbumin at a strength of approximately 580 mg total COD/L was used for rate studies. 

Monitoring the uptake of lactalbumin was of limited value because only 70 mg COD& was filterable. The 

remaining 5 10 mg COD/L exists as a particulate and can not be differentiated fiom the floc. 

iv) Observed Arnmonia Nitrooen Production 

Ammonia nitrogen production for the three rate studies done at 20°C is depicted in Figure 5.44. 

The observed tevels of ammonia nitrogen increased linearly with time for PH cultures showins 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 33 cuItures produced 1.6 1 and 1.38 

mg NH,-N/s VSS-h, respectively. The Nov. 39 culture produced ne_oligible arnounts of arnmonia nitrogen; the 

arnmonia nitrogen concentration increased by 1 .O mg NH;-N/L over the 4 hours of the rate study. The 

limitations of monitoring ammonia nitrosen production in the bulk liquid were outlined in Section 5.3.2.b.vi. 

v) Variation in DH 

For a discussion on the effects pH could have on substrate utilization see Section 5.3.2.c.i~. 





Table 5.87 Maximum and Minimum pK of Aerobic Lactalbumin Cultures 

Date Temperature (OC) Maximum pH Minimum pH 
Oct. 25 20 7.4 7.1 
Nov. 29 20 7.4 7.1 
July 23 20 7-4 6.6 
Apr. 9 14 7.6 7.1 
Apr. 13 14 6.77 7.53 
Data for Apr, 29 is not available 

i) Açclimated and Unacclimated Cultures 

The terminology used to describe aerobic cultures is also applicable to anoxic cultures. As 

previously discussed, rate studies examining lactalbumin degradation in the Fall of 1995 used a stock culture 

acclirnated 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 paralle1 to the aerobic SBR. The reactor was considered acclimated because of the length of time the reactor 

had operated and the high emuent ammonia nitrogen IeveIs suggesting lactalbumin degradation (see Section 

j a .  

For 14OC 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 lactalbumin. 

Nitrate reduction using this exposed mixed microbial culture rnay proceed more slowly than with a fiilly 

acclimated culture, but the rate would give some indication of how easily lactalbumin was degraded. 

After the initial rate study of Apri19, the sparging with nitrogen gas was continued and the pH of 

the culture was maintained at 7.2. During the first 3 1 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 1-47.5 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 





culture began on April l3,96 h after the culture was fed lactalburnin. The details of the April9 and April 13 

rate study follow. 

The second rate study, used a stock culture produced by the SBR on April26. 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 CODL The culture was sparged with nitmgen gas and the pH was 

maintained at 7.2 by acid addition. After 2 1.5 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 o f 4  

mg NO3-NIL. Measurements were taken periodicafly over the next 26 h. The rate of denitrification was 0 2 3  

mg NO3-N/(L-h). The rate study of April39th, used a culture exposed to lactalbumin for a period of 72 h. The 

data coltected for the April29 rate study is presented below. 

i 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 rnixed liquor VSS of the appropriate 

unacclirnated, 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 lactolbumin could be degrâded over a 

longer period of time. Lactalburnin was added to the culture and the pH was rnaintained 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 

consurnption suggests that little or no lactalbumin was used. 

In 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. In the cornpanion culture, 

lactalbumin was degraded and nitrate consumed at a rate of 2.7 mg NO3-N/(g-h). Over the 6 h of the rate period, 

17.7 mg NO,-NIL 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. 



Figiirc 5.45 Aiioxic Dcgrndatian o f  Imtalbiiitiin iii Coinparison to CAA and LEI-! at 20°C 

Oct. 24 Unaccl Lacîalbumin 35,7 
Dec, 7 Unaccl CAA -9.28 562 0.980 
Dec, 7 Unaccl Ladalbumin 50.8 
July 23 Acclim LEH -8.78 61.5 0.988 
Juty 23 Acclim ' Ladalbumin -2.73 59.2 0.981 

Addlllon of LEH 

. -. . . . - . . . . . . . . . . 

Symbol Date Condilion Subsîrate Slope Intercep4 R' 

O 1 2 3 4 5 8 7 8 
Timc (h) 

. . . .  . . O c  24 Unaccl CAA -7.38 34.9 0,888 



Figure 5.46 Anoxic Degradation of LactaIbumin ~ H = 7 . 2  

O 5 10 15 20 25 30 

Time (h) 

Table 5.88 Denitrification Rates for Lactalbumin/PH Cultures (mg NO3-N/gVSS.h) at 20°C 

Previous Exposure 
Date to Lactalbumin 
Oct- 24 No 
Dec. 7 No 
Dec. 9 No 

At 13"C, anoxic rate snidies were carried out in parallel with aerobic rate studies at this temperature. 

July 23 Yes 

LEM was used as the PH in three rate studies s h o w  in Figure 5.47. The rate of denitrification normalized on the 

Lactalbumin Culture 
Lactalbum in LEH 

Non-det. 
Non-det 
Non-det 

2.73 2.73 9.79 

adjusted stock culture VSS was significrintly different for the three cultures. In order of the fastest to the siowest 

Protein Hydrolysate Culture 
CAA LEH 
7.36 
9.28 

Non-det, denotes a non-detectable reduction in nitrate nitrogen 

culture, the m e s  were: Apr. 39 (6.35 mg NO,-Nig VSS h)' Apr. 13 (4.57 mg NO,-N/g VSS h) and Apr. 9 (4.2 1 

mg NO,-Nig VSS hi. The two cultures exposed to lactalbumin for three days had the greater m e s  of 

denitrification. 

Figure 5.47 shows the response of Iactalbumin 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 accIimated Iactalbumin cultures (Apr. 13 and Apr. 29) at the end of the rate study. Both cultures began to 



consume nitrate shortly d e r  LEH addition. LEH was consurned 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 lactalbumh cultures 

were capabIe of responding if given a favourable substrate. 

A different perspective on the data was gained by plotting nitrate decay normalized on the ba i s  of 

bacteria counts (Figure 5.48). Bacteria counts averaged on the initia1 and the €mal 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 acdimated cultures than it was for the non-acclimated culture. This was expected 

as the cultures would have been groiving on lactalburnin, the polyrner analogue of LEH. Addition of LEH to the 

Apr. 13 and Apr. 29 cuitures resulted in a nitrate consumption rate of 4.1 1 x 10-" and 3.59 x IO"' 

mg NO,-Nhact -h, respectively. [t appears that the observed rates were comparable upon addition of LEH. 

iii) Observed Amrnonia Nitrooen Production 

Figure 5.49 shows that the concentration of ammonia nitrogen increased over tirne for anoxic 20°C 

cultures using PH. The change in arnmonia nitrogen concentration over time is referred to as the observed 

ammonia nitrogen production rate. For the hvo CAA cultures, the observed production rate was 4.32 and 5.52 

mg NH;-N/(g VSS h). This was higher tfian the 3.2 mg NH,-N/(gVSS h) realized by the LEH culture. 

The unacclimated lactalbumin cultures did not produce arnmonia nitrogen. These same cultures did 

not denitrify (see Figure 5.47). In contrast, the acchmated lactalbumin culture did produce ammonia nitrogen at 

a rate of 1.3 mgNH,-N/sVSS.h. This culture did denitri@ at a rate of 2.7 mg NO3-NL-h. In general, 

denitrifihg cuItures also produced arnrnonia nitrogen. 

iv) Variation in DH 

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.i~. 

Table 5.89 Maximum and minimum pH of Anoxic LactaIburnin Cultures 

Date Temperature ("C) Maximum pH Minimum pH 
Dec. 7 - 20 7.9 6.1 
July 23 20 7.6 6.1 
Apr. 9 14 7.5 7 .O 
Apr. 13 14 8.0 7.0 
Apr. 29 14 7.6 7.0 





Figure 5.48 Aiiosic Growtli on LactnIb~iiiiin1l~El.l ai  14°C-Noriiinlized on Bacteria Courits 

.-- 

Symbol Date Condition Substrsle Slope Intercepl R' 
. . . . . A 9 Unaccl LEH -1.73E-13 5.58E-12 0.992 

Apr. 9 Unaccl Laclalbumin 1.77E-11 
Apr. 13 Exposed LEh -4,ME-13 5.56E-12 0,998 
Apr, 13 Exposed Lactalburnin 4,61E-12 
Apr. 13 Exposed LaclLEI-1 -4.1 1E-13 7.1 1E-12 0.988 
Apr. 29 Exposed LEH -2.95E-13 1 ,ME-12 0.998 
Apr. 20 Exposed Ladalbumin 2.50E- 12 
Apr. 29 €xposed LadLEH -3.5QE-13 4.8881 2 0.888, ,. LEI1 Addition 

/ 

2 3 4 5 6 7 8 

Timc (h) 



5.4.5. Discussion of Experimental Data for Lacialbumin 

i) Initial Response of Cultures Fed Lactal bum in as Subqtrate 

Cultures fed IactaIburnin exhibited a hi& OUR initially, This behaviour would seem to contradict the 

hypothesis that tactalbumin 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. ApproximateIy 12% of organic strength was attributable to the 

fraction filterable through a 0.45pm filter. The filterable fraction rnay contain impurities or serum albumin, a 

constituent protein of tactalbumin. It was assurned that these contamhants caused the initial increased OUR- 

Estirnates of the amount of substrate consumed were calculated from the amount of oxygen 

consumed. The O m ,  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 (OU&). (See Section 5.3.2.i - Oxyoen 

Utilization Rates for more of a discussion). Plots of OURc versus time were integrated. The arnount o f  oxygen 

consumed prior to the respiration rate returning to OUR, was between 8-16 mg O,/L. An observed yield of 0.7 1 

(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 ce11 synthesis and 0.29 units was used for respiration. The oxygen 

consurned was therefore equivalent to a substrate COD of 3 1-57 m a  (Table 5.90). 

Table 5.90 OxygenNitrate Utilization for Lactalbumin Cultures 

1 Date Temperature Available Substrate Nitrate Equivalents Prior Exposure to 1 
OC mg C O D L  mg NO3-NIL Lactalbumin 

Oct. 25 20 44 3 3 9  No 
Nov. 29 20 3 1.2 
July 23 20 56.7 
Apr. 9 14 120 
Apr. 13 14 76.6 

No 
Yes 
No 
Yes 

1 Apr. 29 14 91.0 7.03 Yes 1 
Initiai Iactalbumin concentration was 464 mg C O D L  





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 retum to the basa1 level for acclirnated cultures. This would suggest 

that the exposed cultures were using the protein. If the portion of the curve pn'or to the OU&, 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 CODL is approxirnateIy 10-1 5% of the 460 mg CODPL of 

lactalbumin. It is reasonable to expect impurities at this level in a cmde protein. 

Anoxic cultures did not use detectable arnounts of nitrate in the presence of lactalbumin and its 

impurities. In this respect, the anoxic cuItures were dissimilar to the aerobic cultures using lactalbumin. Using 

estimates of impurities levels gained fiom 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 NO3-N/L. At 14°C 6.69- I O S  mg NO,-N/L would 

be required if al1 the irnpurities present were consumed. ln Table 5.9 1 shows the amount of nitrate consumed 

for each of the lactalburnin cultures. Decreases of this magnitude wouId have been detectable suggesting that 

the anoxic cultures did not use the contaminants present. 

where AN = nitrate consurned (mg NO3-N/L) 
AS - - biodegradable substrate consumed (mg COD/L) 

- 
Y o b ~  - observed yield (mg COD/mg COD) - - 0.77 (mg COD/mg COD) (Table 5.44) 

Table 5.9 1 Nitrate Consurnption for LactaIbumin Cultures 

1 Date Temperature Nitrate Consumption 
(Oc) (mg NO3-N/L) 

Oct. 24 20 1.8 
Dec. 7 20 
Dec. 9 20 
July 23 20 
Apr. 9 14 
Apr. 13 14 
Am. 39 14 

Eq. (5.13) 



5.4.6, Closure 

a) Relevance of Protein Structure to Hvdrolvsis 

In this research, the uptake and hydrolysis of three mode1 proteins was exarnined under anoxic and 

aerobic conditions. These pmteins, by virtue of their high rnolecular weight would have to be degraded by 

exoenzymes before they would be available as growth substrates and thus are defmed as slowly biodegradable 

substrates. From this study, it appears protein structure is important in determining the rate of uptake and 

hydrolysis. 

a-Casein and ovalbumin are comidered sofl proteins because they have minimal cross-linking 

between segments ofthe protein molecule. a-Casein has a number of physiochemicaI 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 hc t ion  of the mo Iecular 

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 dependuig on the experimental conditions. For 

exarnple 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 P-IactogIobulin, a-lactalbumin and semm albumin. 

Lactalbumin c m  be thought of as a hard protein because it contains P-lactoglobulin that is cross-linked by two 

disulfide bonds. Swasigood (1982) suggested that the presence of a thiol group in P-lactoglobulin Iünits the 

accessibility of a portion ofthis protein to chernical reagents. Bamrquio and Van de Voort (1988) suggest as a 

consequence of the manufachiring process, the proteins present in lactalburnin denature resulting in the loss of 

solubility. 

The cultures receiving lactalburnin exhibited Iow OUR, and NUR in cornparison to the cornpanion 

PH culture indicating that uptake and hydrolysis of this protein was very slow. This behaviour was seen with 

aerobic and anoxic cultures at both 20 and 14°C. Acclimated and non-acclimated cultures at 30°C produced 

comparable results suggesthg that the observed behaviour was not the result of culture conditions. 



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. (1 992), Dold et al. (199 1) and Frolund et al. (1 995) j. Uptake and storage 

of substrate are considered to be essentially immediate (Dold et al., f 980) and therefore were excluded from the 

Iist of significant biotransformations desctibed in ASM2. With lactalburnin having limited solubility, uptake and 

storage may not be immediate. tactalbumin rnay be too large for enrneshment in the floc. If this was the case, 

the bacteria wouId have to colonize the protein or the protein has to corne 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 IactaIburnin will be proceed more slowly than a-casein and ovalbumin because of enzyme 

accessibitity dictated by the overall protein structure. Mitchell and Marshall (1989) esamined the hydrolysis of 

caseins and whey proteins by the heat stable proteases of Pseudomonasfluorescens, Specific activities of the 

proteases were significantly higher on caseins (e.g. a, P and K-casein) than on the three whey proteins (e-g. P- 

lactoglobulin, a-lactalbumin and bovine serum albumin). The investigators concluded that whey proteins are 

generally more resistant to proteolysis by heat stable proteases fiom fseudomonas sp. than are caseins. They 

further reasoned that the resistance of whey proteins to proteolysis is probabIy due to their compact tertiary 

structure which protects most of the peptide bonds. This study is particularly applicable because Pseudomonar 

fiorescens could represent fiom 13-96.8% of a denitrifying culture depending on the carbon source (See Table 

2.4). 

In summary, hydrolysis does not lirnit the rate of utilization for al1 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 I h i t  ovalbumin 

utilization but it did lactalbumin. ï h e  overail structure seems to be important in defrning its rate of hydrolysis. 

b) Hvdrolvsis as Affected bv the Presence of Ox 

Henze et al. (1986) hypothesized that hydrolysis under anoxic condirions proceeds at a much slower 

rate than it does under aerobic conditions. The task-group developing ASM2 accepted this hypothesis. When 



a-casein and ovalbumin were used as substrates, hydrolysis was not rate limiting in most cases. In these 

particular instances. the rate of protein utilkation was limited by the rate of synthesis occumng on peptides and 

arnino acids derived from the protein. Respiration rates expressed on the bais of oxygen equivalents derived 

fiom 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 bactena 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: 

1. Monod kinetics are applicable; therefore the rate of nitrate or oxygen utilization is proportional to the 

amount of substrate oxidized. 

2. Substrates having equal observed yields would consume the same arnount of oxygen or nitrate for every 

unit of substrate COD consurned. Comparing the rate of oxygen utilization for two substrates having equal 

yields under conditions where Monod kinetics are applicabte is the same as comparing their rates of 

substrate consumption. 

3. The protein requires hydroIysis prior to becoming available as a growth substrate while the protein 

hydrolysate does not. 

ïhese assumptions make it possible to compare the OURsMURs of the protein/PH pairs and 

attribute differences in the respiration rates to substrate uptake and hydrolysis. 

5 S. 1 .  Monod Gnetics 

In assuming that Monod kinetics were applicable, the rate of nitrate or oxygen utilization was 

proportional to the arnount of substrate oxidized. That is, if the NUR or OUR was hi&, then large amounts of 

substrate COD were being oxidized. A ce11 may accumulate substrate in excess of growth requirements within 



its intenor. Examples of such microbial storage products are glycogen and poly-P-hydroxybutyric acid (PHB). 

n e r e  would be an increase in the amount of ce11 mass as measured by MLVSS or COD due to the presence of 

the storage products. If this was to occur, the rate of measured subsmte disappearance would exceed the rate of 

oxygen utilization. In the context of the current expetimental program, if a significant amount of storage did 

occur, the Oü& 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 utitizing 

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 cuItures 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 hydrophobie, 

amphiphilic and hydrophillic molecules above a given size limit although there are exceptions (Hancock, 199 1). 

A better approach to differentiating between rapidly and sIowIy biodegradable organics is based on a size 

exclusion limit. Porins are water filIed protein channels, that allow srnall hydrophilic molecules to diffise 

through the phospholipid and Iipopolysaccharide layers of the ce11 wall of Gram-negative bacteria. Difision 

through non-selective porïns is generally Iimited to cornpounds with sizes less than the ponn exclusion lirnit of 

600- 1400 Da. 

As mentioned previously, siowly biodegradable substrates require hydrolysis before becoming 

availabIe growth substrates whereas readily biodegradable substrates c m  be used directly by the ce11 

(Ekama et al., 1986). The three proteins used in the rate study are siowly biodegradabte substrates because of 

their large size and hi& 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, respectiveïy. It was assumed that 

hydrolysis of these small protein fragments was not needed before they difised through the porins of the outer 



membrane o f  the cell. Use of pmtein hydrolysates or hydrolysized proteins once inside the cytoplasmic region 

o f  the ce11 would be described by Monod gowth kinetics. 



Conclusioas and Comments 
ConcIusions drawn From this research are Iisted below: 

1. For the SBR, biosolids production under anoxic conditions exceeded that under parallel aerobic 

conditions at both 20°C and 14°C. SimilarIy, the observed yieid realized under anoxic conditions was 

higher than those under aerobic conditions. 

The economic evaluations of McClintock et al. (1988) and Ip el 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 confiict with these earlier fmdings. 

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. 

The impact of predation on the bacteriai population was not acknowfedged in the devefopment 

of A S W .  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 firnction of temperature and 

SRT. 

Under conditions of equal specific utilization rates and stoichiometry, a predenitrification 

reactor will have fewer celts 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. 

The rate of hydrolysis of sIowly biodegradable proteins is independent of the length of the 

protein molecule over this sue  range. A large mo1ecuIe does not take longer to degrade than a 

srna11 molecule. 



4. The overall protein structure is important in defining the rate of uptake and hydrolysis. Proteins 

containing a hi& degree of cross-linking undergo uptake and hydrolysis very slowly. For proteins 

having minimal cross-linking, uptake and hydrolysis rnay not be the rate limiting step. 

The uptake and hydrolysis of the soluble proteins a-casein and ovalbumin were not rate Iimiting 

at 14°C or under aerobic conditions. Under anoxic conditions at 20°C, uptake and hydrolysis of 

a-casein were rate Iirniting. 

The characterization protocol of Marnais et al. (1993) is based on solubility. Et 

would have incorrectfy characterized the soluble proteins of a-casein and ovalbumin 

as rapidly biodegradable proteins. Given their hi& molecular wei& these proteins 

require enzymatic degradation before use as a gowth substrate and thus are slowly 

biodegradable. 

Ekama et al. (1976) suggested a characterization protocol based on metabolic 

response. Et wou1d have characterized a-casein and ovalbumin as rapidly 

biodegradable proteins at 14°C or under aerobic conditions. Under anoxic 

conditions at 3O0C, a-casein would have been characterized as slowly 

biodegradable. Ovalbumin and u-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 Iimited 

solubility of the protein or the poor accessibility of regions of the protein to hydrolytic 

enzymes. If the protein is too large to becorne enrneshed in the floc, hydrolysis will proceed 

only when the protein has become colonized or cornes 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 rnuch greater than 1000 Da, the overall 



protein structure has no impact on whether or not extracellular enzymes are required. For proteins 

with a molecular weight near 1000 Da, overall protein stnicture is important. 

6. AODC is a promising method for enwnerating the bacterial populations under both aerobic and 

anoxic, mixed culture conditions. Under al1 conditions tested, it was possible to differentiate between 

bacteria and other cornponents of the activated sludge ff oc. 

Direct counts are not likely to be usehl as a measurement for hl1 scale, daily process control. 

However, they will be usefil over larger time scales and for research on process mechanisms. 

7, There was no significant difference in the normalized respiration rates for aerobic and anoxic 

conditions expressed on the bais 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 of 135 for kinetics determined on the basis of bacteria counts. Carbon 

removal under aerobic conditions appeared to be Iess temperature sensitive as indicated by a value of 0 

of 1 .O3 on the basis of bacterial counts. 

To maintain the same level of denitrification under both winter and surnmer conditions, higher 

SRTs have to be rnaintained during the winter. 

Henze et al. (1986) hypothesized that hydrolysis under anoxic conditions proceeds at a much 

s1ower rate tiian 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. 

8. The observed yield under conditions of active substrate utilization for the aerobic and anolcic reactors 

was not significantly different fiom the 0.67 g COD/g COD value used in ASM2. The observed yield 

was invariant with temperature for both aerobic and anoxic reactors. 

9. 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 pedormance 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 efEiuent discharge standards. 



10. There was no significant difference at the 95% confidence Ievel between the consumptive ratios at 

14°C and 20°C. The consurnptive ratios derived at 14°C and 20°C were compared to theoretica1 values 

calculated frorn a equation proposed by Stensel(198 1). There was a significant difference between the 

experirnental and caIcuiated value at 20°C but not at 14°C. 



Recomrnendations for Future Work 

1. AODC should be m e r  pursued as a enurneration technique for activated sludge. A more complete 

data base is required for the technique to be fully evaluated. Automated image analysis should be 

pursuecl as this technique is time intensive. 

2. Enurneration techniques differentiating the respiring population from the total population shodd be 

waluated. 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 fbrther 

study because proteins account for 28% of the inûuent strength of raw sewage as rneasured in terms of 

COD (Raunkjer et ai-. 1994). Using the data of Hunter and Heuklekian ( 1965) senieable and 

supracolloidal matenai account for 23.9% and 35.8% of ifluent COD. respectively. In a typicd 

activated sludge plant 60% of the solids are removed in the primary clarifier. A primary clarifier 

maybe excluded fiom the treatment train when predenitrincation is implemented. Appro'arnately 

15% of the input wouid then be settleable and supracoiioidal material. 

4. Ectoenzymes are in constant communication with the originating bacterium and thus are subject to 

feedback- Under conditions of high concentrations of rapidiy bidegradable substrate. hydrolysis as 

canied out by these enzymes rnay 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 uncIear how these 

particles corne 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 vil1 be important for 

nitrogen rémoval in the predenitnfication configuration. When this conQuration is implemented. 

influent sewage is often added directly to the anoxic basin. Large particles typically removed during 

primaq clarification are present in the influent sewage . 

6. The current e.uperimental program shodd be carrieci out at lower temperatures to quantifY the impact 

of temperature on hydrolysis and denitrification kinetics. 



7. The role of the non-bacterial population warrants m e r  attention especiaity since most mathematical 

models such as ASM2. describe bacterial growth, The l o s  of ceils due to predation and decay is 

mathernatically describeci by the lysis coefficient and is proportional to the active bacterial mas.  
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df 
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DO 

Dom 

wetted area of 25 mm filter 

the specific maintenance rate (d-l) 

area of net micmrneter field @m') 

acridine orange direct counts 
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Analysis of Variance 

activated sludge 
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IAWPRC Activated SIudge Model No. 1 

IAWQ Activated Sludge Model No 2 

American Society for Testing and Materials 
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5 day biological oxypn demand (rng-~'I) 
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confidence limit 
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dilution factor 
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dissolved oxygen concentration ( rng~-I)  
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no change 
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effluent volume (L) 

wastage volume (L) 

correlation coefficient 

replicating bactena 

relative standard deviation 

ribonucleic acid 

concentration of biodegndable carbonaceous material ( r n g ~ - ~ )  

initial carbanceou substrate concentration (rng-~-I)  

standard deviation of al1 values in the sarnple population 

slow ly biodegradabte organics 

sequencing batch reactor 

serine 

solids retention tirne (d) 

standard deviation 

sewage treaûnent plant 

temperature (OC) 

test criterion for single outliers 

trichIoroacetic acid soluble protein 

total Kjeldahl nitrogen (mg N - L - ~ )  

thrice weekly 

total suspended solids (mg .L-I) 

2,3,5,-uiphenyltetrazolium chloride 

tvptophan 

tyrosine 

Polyoxyethylene 20 Sorbitan Monoieate 

volume 



Val 

VFA 

VSS 

VBNC 

W 

valine 

volatile fatty acid 

volati1e suspended solids ( rng~- I )  

viable but non-culturable bactena 

weekly 

ce11 concentration (mg-~-I )  

mean of the sample population 

concentration of deninifiers (mg COD-L-l) 

concentration of viable deninifiers (mg COD-L-I) 

concentration of heterotrophes (mg COD-L-I) 

concentration of viable heterotrophes (mg COD-CI) 

initial microorganism concentration 

largest value in the sample population 

concentration of slowly biodegradablr substrate (mg COD.L-[) 

mie ce11 yield (g COD -g ~ 0 0 . ~ )  

biomass net yield (g COD .g COD-[) 

the growing Fraction 

specific rate of organisrn growth (d-l) 

mavimum specific rate of growth (6 ) 

Michaelis Menten maximum velocity (d-I) 

modified Arrhenius coefficient 

modified Arrhenius coefficient for denitrification 



A.l Analytical Protocols 

Ammonia Nitro~en 
Ammonia nitrogen measurements were done using ion chromatography on a Dionex Ion 

Chromatopph equipped with an CS 12 column (Dionex, Sunnyvale, CA) and a conductivity cell. A 

gradient technique using 23 mM methansulfonic acid and water was designed specificaIly for this matnu. 

The loop size for this analysis wûs 100 pl with a partial loop injection of 50 pl. 

Direct measurement of oxygen is possibIe using a YS1 Mode1 54 A Membrane Electrode , 

Oxygen (42 1 F) or an alternative (see equiprnent list). Pnor to starting the procedure the dissolved oxygen 

meter is calibrated. The rnked 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 Nitr- 
Nitrate rneasurements were done using ion chromatography on a Dionex Ion 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 

mldmin. When the temperature was decreased to 14 OC, the matrix changed and a unidentified species 

coeluded with the nitrate. This necessitated changing the eluent to 15 m M  sodium chloride (NaCI) 

solution. When NaCl was used as an eluz.int, the colurnn was regenemted with NaOH at the end of each 

mn. 

A calibration cwve was done with six standards ranging in concentration fiom 1 to 40 

mg NO,-N/I and 1-10 mg NO,-NA. The Iinear correlation was excellent with correlation coefficients 

typically exceeding 0.99. The loup size for this analysis was 100 pl with a partial loop injection of 50 pl. 



a 
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 Arnmonia Nitrogen determination as described 
above. 

Enzyme as sa^ 
APï-Zyrn - Bio Merieux SA 
1. The mixed liquor sarnple was homogenized using a Poter tube. In view of the absence of growth 

during the test, no paticular precaution conceming sterility or incubation need be taken. 

2. An incubation tray and lid were setup. Approximately 5 mL of tap water was added to the incubation 

tray to provide humid atrnosphere during incubation. Rernove the API Zym strip from the sealed 

envelope and place it in the incubation tray. 

3. With a rnicropipettor, 65 pL was added to culture was added to each cupule of the stn'p. 

4. After inoculation, the plastic lid was placed on the tray and incubated for 4 h at 37°C. 

5. After incubation, one drorn of ZYM A and one &op of ZYM B reagents were added to the strip. 

6 .  The strip was exposed to UV Iight 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 Sarnple Preservation 

1 Ce11 Counts 1 Addition of Formaldehyde 1 1 
Samples for COD, Amrnonia, NOx-N and TKN were sometimes fiozen to extend the preservation 

Preservation Time 
28 d 
28 d 
28 d 
28 d 

Parameter 
COD 
Ammonia 
NOx-N 
TKN 

Presevation 
Refngerate add H,SO, to p H G  
Refiigerate add H2S0, to pH<2 
Reti-igerate add H,SO, to pHc2 
Refrigerate add H,SO, to pH< 





TabIe A 3  Equipment Required for SBR Operation 

Manufacturer & Description 
Location 

pH ControIler CoIe-Pamer pWORP Controller Mode1 5656-00 
(Chicago, IL) 
Cole-Panner pH/ORP Controtler PHCN-36 
(Chicago, IL) 

pH Etectrodes VWR Scientific Baxter/CanIab seaIed pH etectrodes 34 105-023 
Sequence Tirner Mastercrafi Digital Lamp and Appliance Timer Model52-885 1-2 

(Canadian Tire) 
Interva1 Timer Potter-Brumfield 
Aeration RoIf C Hagen Inc. Optima Air Pump 

(Montreal, Que.) Air output 500 cc/min-5500 cdmin 
Reactor Mixers C a h o  Mode1 R2RT-64, Setting 2.5 

( Wiarton, Ont.) 
Mixer for Feed HeIdolph Mode1 50 1 1 5 
Tank (Canlab) 

Table A.4 Equiprnent Required for SBR Characterization and Batch Rate Studies 

Type Manufacturer 
Acid Delivery Cole Parmer Standard Senodyne 0-300 rprn Cat 4440-30 
Pumps 
Centrifuge 

Ion Chromatograph 
Microscope 
Dissolved Oxygen 
Meters 
pH Control 

2 Pump Heads Mode1 70 13-52 
Sorvall RCSB with SS-34 Rotor (Refrigerated) 
SorvaIl MC 12V Microcentrifuge 
Dionex (Sunnydale California) 
Nikon Labophot 2Awith Episcopic-Fluorescence Attachment EF-D 
Orion Model 8 10 Dissolved Oxygen Meter 

New Brunswick Scientific Automatic pH Controller Model pH4 10 
Rmega pWORP Controller pHCN-36 
YS1 Model 57 Oxygen Meter pWORP Controller Modei pH4 10 
Corning Model 8 10 Ion Analyzer 250 
Radiometer PHM82 Standard Meter 



A.4 Sequence of Rate Experiments 

TabIe A. 1 Sequence of 20 OC Batch Rate Studies 

Electron Acceptor Protein Hydro Iysate Date 
Aerobic Ovalbumin CAA Nov. 7/95 

Aero bic a-casein 

Aerobic Lactalbumin 

Anoxic 

Anoxic 

Anoxic 

Ovalbumin 

a-casein 

Lactalbumin 

Nov. 27/95 
CAA Nov. 2/95 

Dec. 6/95 
CAA Oct. 25/95 

Nov. 29/95 
LEH Juty 23/96 
CAA Oct. 20195 

Dec. 4/95 
CAA Oct. 30/95 

Dec. 1/95 
CAA Oct. 24/95 

Dec. 7/95 
Dec. 9/95 

1 LEH July 23/96 

Table A 2  Sequence of 14°C Batch Rate Studies 

Electron Acceptor Protein Hydro tysate Date 
Aerobic Ovalbumin CAA Apr. 4/96 

Aerobic 

Aerobic 

Aerobic 

Anoxic 

Anoxic 

Anoxic 

Anoxic 

u-casein 

Lactalbumin 

OvaIbumin 

a-case in 

Lactatbum in 

CAA 

LEH 

LEH 
CAA 
CAA 

CAA 

LEH 

LEH 
CAA 

May 5/95 
May 7/95 
May 9/96 
Apr. 9/96 
Apr. 29/96 
Mar. 27/96 

Apr. 4/96 
May 5/96 

Mar. 29/96 
Apr. 34/96 
May 9/96 
A pr. 9/96 

Apr. 29/96 
Apr. 1/96 
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Appendix B 
Oxygen Utilkation Data Rate Studies 
Nov. 2 195 
Tcmpcr;lmrc 20 C P r o t e i n h i n  

Basal Respiration 
PH: CAA 

0.061 (mg/l.min) 

Protein Culture 
Erne OUR 
(hl (mwi(L min)) 
O. 1 0.26 
O .4 0274 
0 -9 0277 
1.3 0292 
1.9 032 1 
2.4 0297 
2.8 0353 
3 -4 0363 
3 -9 0.368 

Nov. 7/95 

PH Culture 
ï ïme OUR I 

Temperature 20 C Protein: Chal bumin 

Basal Respiration 
PH: C M  

0.047 (rngiLmin) 

rotein Culture 
Time OUR 
(hl ( m g C  min)) 
0.2 0.22 
O -4 0.206 
0.9 0213 
1.4 0242 
1.9 0.23 
2.4 0.246 
3 -4 0.277 
3.6 0299 
3.7 0.277 

?Fi Culture 
Tirne OUR 

Oct 25/95 
Temperature 20 C Protein: Laculbumin 

?rotein Culture 
Tirne OU€ 

PH: CAA 
0.1 17 (mgL.min) 

PH Culture 
Timc OUR 
(hl (mo;lL min)) 
02 027 

Nov. 27 /95 
Tempciaturc 20 C Protein: =albumin 

PH: CAA 
Basal Respiration 0.059 (mgL.min) 

Basai Respiration 

Pmteur Culture 
Time OUR 
(hl (mg& min)) 
O. 1 0.17 
0.3 0.1% 
0.8 0212 
1 -4 O 2 6  
2.0 0276 
2 -6 0322 
3.1 0 3 3  
3 -9 0 3 1  
4- 1 0289 

0.059 (mg Lrnin) 

PH Culture 
T i i e  OUR 
(hl (mgfL min)) 
0.0 O S  
0.6 0228 
1 2  0248 
1.9 0268 
23 0275 
2.8 0-23 
3.1 0262 
4 -0 0.31 1 

'H Cultiirc 
Tirne OUR 
(hl (mg(L min)) 
O. 1 0253 
0.6 0349 
1.1 0.276 
1.6 0-23 
2.1 0299 
2.6 0.3 13 
3.1 0.328 
3.6 0.317 
3.8 0 3 2  

Temperature 20 C Protein: -hctalbumin 
PH: CAA 

Basal Respiration 

)rotein Culture 
Timc OUR 

'Fi Culture 
Time OLR 
(hl (mg(L min)) 
O. 1 0.399 



Mar. 27/96 
Temperatun 13C PH: LEH 

PH: CA4 
Bauf Respiration 0.05 1 ( m e m i n )  

Tmpmture 1JC Rat&- Lactalbumin 
PH: LEH 

htth Culture 
T i e  OUR 

0.063 (rn-min) 

PH Culture 
T i e  O b !  
fi) (m%(Lmui)l 
0.7 0.23 7 
1.1 0.23 1 
1.9 0.254 
2.6 0.263 
3.7 0348 
4.2 0.3 13 
5.0 0305 
5.9 03 

Tmpmnuc 20 C Rotcui: hct3lbumin 
PH: LEH 

Respiration O. 188 (rngLmin) 

Rotein Culture 
T h e  OLR 
(hl (mg'(L min)) 
0.5 0.274 
1.2 0237 
1.9 0.218 
2.7 0.2 18 
3.6 0.21 1 
4.2 0.2 
4 9  0.202 
5.1 0.2 
5.7 0.20s 
6.2 0.438 
6.5 0.45 1 
6.9 0.439 

PH Culture 
r i e  o m  
fi) (mgl(L min)) 
0.2 0.4 12 
0.9 0.49 
1.5 0.553 
2.2 0.53 1 
3.0 0.628 
3.8 0.695 
4.5 0,734 
5.3 0.719 
5.9 0.729 

iPceùiCulturc 
runc O t R  
(hl min)) 
0.6 O. 164 
1.2 0.09 
LI 0.075 
28 0.069 
3.5 0.094 
3.6 0.073 
4 3  0.058 
5.1 0.064 
5 3  0.054 

Apr. 29/96 

PH: LEH 
0.058 (rngLmnl) 

Tempamre 14 C Rotcnir Lactaibumin 
PH: LEH 

'rotein ciithlre 
Ti OUR 
(hl (WU- min)) 
0.7 0.148 
1.2 0.101 
1.4 0.095 
2.1 0.093 
2.9 0.093 
3.6 0.084 
3.9 0.082 
4.2 0.079 
4.3 0.083 
5.1 0.076 
5.9 0.085 
6.2 0.12 1 
6.4 0.203 
6.6 0.191 
6.8 O. 194 
7.2 O. 194 
7.4 0.308 



Apr. 4/96 
Temperature 14 C Protek Ovalbumin 

Basal Respiration 

+otein Cuiture 
Time OUR 
(hl (mg/(L min)) 
0.4 0258 
0.6 0.268 
1-2 0.299 
1.6 0.303 
2.1 0.3 13 
2.7 0.3 17 
3 -7 0.296 
4.3 0.284 
5 -2 0.32 1 
5.9 0.265 

PH: CAA 
0.045 (mg/L.min) 

PH Culture 
Time OUR 

May 7/96 
Temperature 14 C Rotsin$-Casein 

Basal Respiration 

+otein Culture 
T h e  OUR 

PH. C M  
0.072 (mg/L.mui) 

PH Culture 
Time OUR 
(hl (mg/(L mw) 
0.2 023 
0.9 0.22 
1.5 0.238 
1.9 0.25 1 
2.6 0.256 
3.2 0.27 I 
3 -4 0.258 
4.7 0.283 
5.1 0.282 
5.3 0.256 

May 5/96 
Tempaature 14C ~ O v a l b c a n i n  

Basai Respiration 

Protein Culture 
Tirne OUR 

PH: CAA 
0.070 (-min) 

?H Culture 
r i e  OUR 
(hl (W(L min)) 
0.2 0.U3 
0.1 O. 198 
1 .O 0 2  t6 
1.7 0,222 
2.5 O -24 
3 2  0.247 
3.9 0.269 
5.5 0.299 
5.6 0.288 

May 9/96 
Temperature 14 C Rotein:Ovalbumin 

B d  Respiration 

%tein Culture 
Tic OUR 
(hl (m&&)) 
0.2 0.293 
0.3 0.27 
0.9 0.26 
1.3 0.284 
1.9 0.2N 
2.4 0.288 
3.4 0.334 
4.0 0.363 
4.7 0.367 
5.6 0.312 

PH: 
0.043 (m@L-mïn) 

'H Culture 
T h e  OUR 







l ' II:  CAA 
'rolcin Ciilturc 
'me NOx-N I.iiicar Regrcssioii 

(11) (mg NI1 .) 
0.0 26.5 Slupe 
0.3 25.5 Iiiicrccpi 

0.3 25.3 1t2 
1 .O 25.2 1: 
1.5 24.6 dî 
2.0 24.5 
2.5 23.7 
3.0 24.4 
3.5 24.4 
4.0 24.5 
5.3 24.5 

Dec. 9/95 

'1 1 Cu11 tirc 
i'inis NOx-N I.incar Kcgrcssio~r 

(II)  (nig NI1 .) 
0.3 24.0 Slops -5.11 
0.5 22,4 Iiitcrccpi 24.3 

1 .O 18.8 R' 0.987 
1.5 15.2 J: 367.6 
2 .O 13.7 dî 7 
2.5 11.2 
3 .O 8.8 
3.5 6.5 
4.0 4.7 

l'cmperatiirc 20 C Protein: Incialbumin 

Protcin Culturc 
Timc NOK-N I.inr.nr Rrgrcwion 

(h) (m6NIL) 
0.0 263 Slop 
0.3 25.5 Intcrcrpt 

0.5 25.3 R' 
1 .O 25.2 1: 
1 24,6 dl' 
2,O 24.5 
2 3  23.9 
3,O 24.4 
3.5 24.4 
4.0 24.5 
5.3 24.5 

Tiinc NOx-N Lincar Rcgcssion 
(II) (mg NIL) 

O 31.4 Slopc 
0.5 3 1.3 Inierccpt 

1 30.6 R' 
1.50 31.0 1: 

2 30.9 df 
2.5 28.8 

3 28.7 
3.5 28.4 

4 28.1 

Apr, 4/96 

'11 Cwlltiro 
iïnw NOK-N !.incar Rcgsssion 

(11) (nig NIL) 
O 27.6 Slop -4,64 

0.5 26,21 Intcrccpl 28.1 
1 23.72 R' 0.938 

1.5 21.3 1: 3726 
2 18.88df' 7 

2.5 16.23 
3 14.15 

3 3  11.87 
4 9.61 

Tempcraiurc 14 C Proicin: Ovalbumin 

PH: CAA 
Protcin Culturc 1 ~ 1 1  Culiurc 1 
I'imc NQx-N Linçar Rcgression 

(h) (nigN/L) 
0.0 25.5 Slop -3,69 
0.8 23.7 Intçrccpi 26.7 
1 .5 21,6 R' 0.972 
2.3 18,9 1: 242.6 
3.0 16.0 di' 7 
3.8 15.6 
4.5 9.4 
5.3 6,7 
6.0 3.5 

Timc NOx-N Lincar Rcgrwian 
(hl (mg NI14 

0.0 25.6 Slope -2.83 
0.8 23.1 Intcrccpt 2 5 
1.5 20,7 R' 0.792 
2.3 18.3 F 938.7 
3.2 15.4 dl' 7 
3.8 14 
4.5 12.5 
5.3 9.8 
6.0 8.9 
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Ammonia Production Data Rate Studies 

Nov. 7/35 

t4 
O\ 
t4 Nov. 27195 

Tmpcraturc 20 C koir i i i :  Ovalbiiniin 

Acrohic 1311: WA 

Acrobic 1W: CM 
l~ro ie in  Culîurc IPl l Ci111ure 1 

Proiciri Ciiltiirc 
l'inic N ID-N  1.i1icar Regession 

(II) (III~ NIL) 
O 31.2 Slopc 1.87 

0,25 3 1,8 Inlcrccpi 3 1.2 
O. 5 32.3 R' 0.995 

1 32.9 1: 1 103.4 
1.75 34,I df 6 
2.5 35.9 

3.25 37,1 

rinic N113-N Lincar Rrgrcssion 
(II) (III~ NI1 .) 

0.0 26.6 Slopc 2,2J 
0.5 27.3 Iiilcrccpi 26,l 

1.0 28.4 R' 0,991 
1.5 29.3 1: 691.1 
2.0 30.4 df 1 

2S 31.4 
3.0 32.8 
3.5 34.2 
4.0 35.6 

PI1 C~tll i irr 
i N113-N I.iiirar Ilqycssioi~ 

(II) (mg NIL) 
O 26.7 Slope 3.56 

0.25 27.6 Ii~lcrccpi 32,4 

O. 5 28.5 Il2 0.993 
I 30.4 P 820.9 

1.8 33.6 dt' 6 
2.25 33.7 
3.25 38.6 

. .. 
1 inic Nli3-N I.iiiear Rcgrrssioii 

(h) (mg N i l  .) 
O 27.1 Slope 2.30 

0.5 28.8 Inirrccpl 27.4 

1 29,') H' 0.996 
1 O 30.9 1: 1927.6 

2 32.1 dT 7 
2.5 33.1 

3 34.2 
3-5 35.6 
4.0 36.5 

Nov. 2/95 
'I'cnipraturr 20 C I'roiciii: CRSC~II 

Acrobic PI!: CM 
'rotein Culiurc 
riinc NI13-N I h a r  Rcgession 

(II) (nig NIL) 
O 32,5 Slopc 2.36 

0,25 32.8 Inicrccpl 32.4 
0.5 33.8 H' 0.998 

1 34.6 1: 2573.5 
l,75 36.4 df 6 
2.5 38,l 

3.25 40 
4 42 

I'iiiiu NI13-N Lincar Rcgcssion 
( I I )  (nig NIL,) 

O 36.4 Slopc 2.47 
0.25 36.9 Inicrccpl 36.5 

OS 38.2 R' 0.993 
1.00 39.4 F 90 1.6 
1,75 40.6 dT 6 
2.5 42.4 

3.25 44.6 
4 46.6 

Tempcraiurc 20 C Proicin: Cascin 

'inic NH3-N Lincar Rcgcssion 

(h) (016 NIL) 
O 25,6 Slopc 2,7t 

0.5 27.0 Inierccpi 25.? 

l 27.9 RI 0.9I)t 
O 29,2 1: 1 990,: 

2 303 df l 

2.5 32.1 
3 33,s 

3,5 35.0 
4 36.7 

'1 l C111Iurd 
'inic N113-N Lincet Rcgression 

(II) (ni6 NIL) 
O 32.0 Slopc 2 ,: 

0,s 33.0 Iiilerccpl 27.: 

1 34.1 H' 0,99, 
5 0  35,s 1: 1347. 

2 36.0 df' 
2.5 37.H 

3 38,7 
5 39s 

4.0 40,7 
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Oct. 30/95 
Temperniurr 20 C Protcin: Casriii 

, .. 1 iriw N113-N Li i i rar Rrgrssion 
(Il) (mg NIL) 

O 26.28 Slopc 2.22 
0.25 27.58 Iiiterccpt 26.7 

1 23.36 R' 0.973 
O 29.66 1: 285 

2 30.3 N 6 
2.5 32.0 

3 33.1 
3.5 34.1 
4.0 36.1 

Pli: Ch1 
totcin Culture 

I i i c  N I  13-N I .incar Rcgrssioii 
( I I )  ( n g  N I L )  

0 32.3 Slopr 1.9 
0.3 37.5 Iiiisrcrpi 3 4 

0.55 37.2 K' 0.64 l 
1 31.8 1: 1249 

2.0 38.1 df 7 
2.5 39.6 

3 39.5 
3.5 41.5 
4.0 41.1 

'imc N I  13-N l nca r  Hcgcssion 
(Ii) (mg NIL) 

0.0 39.0 Slopc 3.84 
0.5 44.0 lntcrccpt 41.5 

1.0 46,7 H' 0.883 
5 47.31: 45.4 
2.0 51,7 df 6 
2.5 49.4 
3 .O 53.6 
3.5 53.5 

'1 I Cullurr 
rime N I  13-N Lincnr Rcgcssion 

(h) (mg Nil.) 
O 44.0 Slope 2.38 
1 44.9 liitrrcrpl 44.3 

1.5 50.3 R' 0.862 
2,OO 49,2 1: 37,7 

2.5 51,2 dT 6 
3 50.4 

3.5 52.7 
4 53.5 

Dec. 1/95 
Tcmperaturc 20 C Protcin: Caseiii 

Pli: C M  

l'Il: CA)\ 
'rolciii Ciilturc 
n i  N I  13-N Lincar Kcgcssiori 

(1,) (nig NI!.) 
O 31.28 Slope 2.84 

0.5 33.05 Intrrccpi 31.5 
1 34.42 R' 0.937 

1,5 35,5 1: 1585 
2 37.2 df 7 

2.5 38.42 
3 40.36 

3 3  41,69 
4 42,42 

Ill I Ciilluro 
l'iriic N I  13-N I.incar Rcgcssion 

(Ii) (nig NI1 .) 
0 30.1 Slopc 1.75 

0.5 31.3 Inirrccp~ 29.9 

1 31.0 RI 0.981 
O 32.5 1: 364 

2 33.6 df 7 
2.5 34.3 

3 34.8 
3.5 36.2 
4.0 37,l 

'roleiti Culture 
rime N113-N LincarRcgession 

(hl (nigN/L) 
1 27.2 Slopc 2.21 

5 25,7 Intcrccpt 23.4 
2 26.7 K' 0,871 

2.50 28.7 1: 34 
3 30.2 df 5 

3 3  31.2 
4 32.7 

PI  I Culiure 
Timc N113-N LincarRcgcssion 

(h) (mg NIL) 
O 25.8 Slopc 2,76 

0 3  28.1 lntcrccpi 24.5 
I 26.0 KI 26,6 

O 26.9 1: 1 14.6 
2 2iL6 df 7 

2.5 30,l 
3 31.4 

3.5 37,8 
4.0 35.8 
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pH Data Rate Studies 
Nov. 2 195 

'ICiiipçnitiirc 20 C 1'roiciri:Wosciii 
Ileiiclor: Aerohic 1'1 1: CAA 

Timc PH 
Miiiiiiiiuii Muxiiniiiii Muxiiiiiiiii Miiiiiiiiitii Avercigc 
-0.9 0.0 7.4 7,13 7.48 
0.5 0.7 7.1 6.99 7.07 
1 .O 1.2 7.2 7.05 7.13 
1 S 1.8 7.3 7.13 7.2 1 
2.0 2.2 7.3 7.15 7-22 
2.5 2.7 7.3 7.13 7.2 
3.0 3.2 7.3 7,11 7.17 
3.5 3.7 7.2 7.07 7,12 

Oct. 25 195 
l'eniperriturc: 20 C Proteiii: Lactnlhiiini~r 
Rcactor: Acrohic Pf.1: CAA 

Timc PH 
Miniiiiiuii Maxiniiuii Maxiiniiai Miiiiiiiuni Avcrngc 

Nov. 27 195 
'I'eiiijxriitiirc 20 C l'roiciri: Ovnlbiiiiiiii 
I<criçior: Acrobiç Pl i: Ci,A 

Timc PH 
Miiiirii\iiii Muxiiiiiun Muxiniiiin Miiiiiiiiuii Avçrngc 
-0.3 0,O 7. 16 7.08 7.1 

Nov, 29/95 
'I'eriipcrutiirc 20 C Pratciri: Lactolbuiniii 
Rcuctor: Aerobic PH: C M  

1 Timc PH 1 
Miriiiiiiun Maxiniiiiir Maxiinum Miiiiiiiiuii Averuge 

-1 ,O -0.2 7.16 7,08 7,lO 













July 2 3 / 9 6  
Tcrnpcrnfiirc 14 C Protciii: Lnctnlbiiiiiin 
Rciictor: Ariosic PH: LEH 

Timc pH 
Miniinurti Masiiiiuni Masiiiiuni Miriiniiiiii Awragc 

-0,6 4 1  7.1 6.8 7.0 
2.0 2.4 7.2 7.0 7.1 
2.4 2.0 7.4 7.2 7,3 
2.9 3,4 7.5 7,4 7.4 
3.4 3.9 7.6 7.5 7.6 
3.9 4.4 7.5 7.6 7,7 
3.4 4.9 7,7 6.1 7.3 
4-9 5,4 6.6 6.2 6.4 
5.4 5.9 6.8 6.6 6.7 
5.9 6.4 6.9 6.8 6.8 
6.9 7.4 6.9 6.7 6.9 
7.4 7,O 7.0 6.9 6.9 

July 23/96 
Tcniperaiure I 4 C Protciri: Lactalbuiiiin 
kaclor: Acrobic PH: LEH 

Time PH 
Mininiuni Masiniuni Masirniim Mininiuni Awragc 

-1.6 0.0 7.35 6.59 7.17 
0.0 0.3 7.14 7.02 7.12 
1.4 1.8 7.19 7,lO 7.15 
2.0 2.5 7.13 7.02 7.09 
2.0 3.4 7.2 1 7,12 7.18 
3,7 4.0 7,20 7,11 7,17 
4.4 4 3  7.24 7.03 7.2 1 
5.2 5.5 7,18 7,10 7,20 
5.8 6.1 7.24 7,17 7.2 1 
6.4 6,4 7.23 7,20 7,20 
6.5 6.7 7.20 7.18 7.2 1 



* 

SBR Data - Sept. 21 - Dec. 10195 

uiiiplc Sturtiiig liiiding 
Date Ihlc 

2 1 -Sc11 22-Sep 

'oh! COI1 (1ng COIIIL) 
Viul 1 Viiil 2 Vial 3 Average 

236.4 219.1 265.9 240.5 

'ilkred COI) (mg COl)/l,) 
Viril l Viul 2 Vin1 3 Average 

86.1 83,7 98.5 89.4 

'OIUI I'KN (1116 NL) 
lia1 1 Vial 2 Avr! 

1:ilicrt.d 'I'U 
(iiig N&) 

33 
3 1 
3 1 
3 3 
33 
50 
32 
28 
2 a 

2 1 
I G 
2.7 

NI 
ND 
NI> 

ND 

ND 
NI3 
NI) 
ND 
ND 
NI) 
NI) 
NI) 
NI) 
ND 
NI) 

O. I 
N D  

o. I 
NI) 
NI) 
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Anoxic Reactor 

Ilny 1 I h y  2 llny 3 'I'oid I>uy 1 13ny 2 Day 3 'I'otal 
7360 6965 14325 875 1875 

Acid Nitrntc Coiicciitration Toiul Fecd 
Additiaii Addition of Nilraic Stock Voliinic 

(inla) (niL) (in6 NOj-NImL) (ml,) 
132 106.4 13.000 15961 







G - 3 O C I C 4 C r r S 3 3 W  - Q Cl CJ CI T CJ Ci - C C C CI CI Cl Cl CI CI - Cc. Cc. W. C4 
- 

3 ;- 



Synthetic Feed 
'il icrcd COD (ni6 CODL) 
rial 1 Vin1 2 Via1 3 Averngc 

mplc  Starting Endiiig 
Date Date 

rotd TKN (mg N/L) 
trial 1 Vial 2 Avg. 

TotdCOD(nigCOD/L) 
Via1 1 Via1 2 Vilil 3 Awragc 

:il tcred TKN 
nig NL) 

26,2 
47,4 
47,4 
36,s 
6 1 .S 
6 1 ,S 
41.1 
41.9 
45,5 
5x4 
46,Z 
46,2 
52,t 
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Ilflliicrii (rii l .)  I Wastiigc (111L) 

)ay I Ihy 2 l h y  3 'I'otul Ilny 1 Duy 2 Ilay 3 'I'otul 

Organic Removal 









Aerobic Reactor - 20 C 

Date 

Mixed Liquor 
Average Average 

Vastage TSS 1 TSS 2 TSS 3 TSS VSSl VSS2 VSS3 VSS 

Effluent 
Averag 

lffluent 1 TSSl TSS2 TSS3 TSS 





LU-  - a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0 0 0 0 0 0  g ~ 0 3 o b b ~ O ~ a ) - a 3 a ~ ~ ( D a t . o o * F c u C U ~ o , c u u , o ~ ~ . r o o ~  
~ b b b b b r c ~ ~ 0 3 b b ~ b a > a ) b a ) a ) b b Q o a D b ~ ~ c D O C I o D o D b ~  

5 %  9 r 



)ay Date 

Mixed Liquor 1 Effluent 
Average Average Average 

Vaslag TSS 1 TSS 2 TSS 3 TSS VSSI VSS2 VSS3 VSS l~ f f iuen  TSSl TSS2 TSS3 TSS 

- - -  . . 6201 6400 - - - - 

Bolded Values are estimated 





1 Mixed Liquor 
C 

1 Effiuent 
)ay Date l ~ a s t a g e  TSS 1 TSS 2 TSS 3 Averag VSS 1 VSS 2 VSS 3 Avarag l~ff luen TSSl TSS TSS3 Average 

I . - . . - - . - 

Bolded Values are Estimates 



Anoxic Reactor - 14 C 

iay Date 

O 4-Mar 
i 5-Mar 
2 6-Mar 
3 7-Mar 
4 8-Mar 
5 9-Mar 
6 IO-Mar 
7 I l -Mar 
8 12-Mar 
9 13-Mar 

I O  14-Mar 
11 15-Mar 
12 16-Mar 
13 17-Mar 
14 18-Mar 
15 19-Mar 
16 20-Mar 
17 21-Mar 
18 22-Mar 
19 23-Mar 
20 24-Mar 
21 25-Mar 
22 26-Mar 
23 27-Mar 
24 28-Mai 
25 29-Mar 
26 30-Mar 
27 31-Mar 
28 1-Apr 
29 2-Apr 
30 3-Apf 
31 4-Apr 
32 5-Apr 
33 6-Api 
34 7-Api 

Mixed Liquor 1 Effluent 
Yastage TSS 1 TSS 2 TSS 3 Averag VSS 1 VSS 2 VSS 3 Average TSSI TSS2 TSS3 Averag 



lay Date 

35 8-Apr 
36 9-Apr 
37 10-Apr 
38 11-Apr 
39 12-Apr 
40 13-Apr 
11 14-Apr 
42 15-Apr 
43 16-Apr 
44 17-Apr 
45 18-Apr 
46 19-Apr 
47 20-Apr 
48 21-Apr 
49 22-Apr 
50 23-Apr 
51 24-Apr 
52 25-Apr 
53 26-Apr 
54 27-Apr 
55 28-API 
56 29-Apr 
57 30-Api 
58 1-May 
59 2-May 
60 3-May 
61 4-May 
62 5-May 
63 6-May 
64 7-May 
65 8-May 
66 9-Mal 

Mixed Liquor 
il 
[ 1 

Vastage TSS 1 TSS 2 TSS 3 Averag VSS 1 VSS 2 VSS 3 
Effluent 1 
TSSi Averag 

(mg/L) 
23 
23 
17 
17 
33 
17 
17 
23 
23 
11 
11 
16 
5 
5 

18 
18 
16 
16 
13 
9 
9 
8 
8 

19 
10 
20 
20 
22 
38 
38 
2 3 
23 



Calculatlons 
PlltraUon Area 

1000x Magnificalion 
Filler Diameler 20 15 mm Miciorneter Area Grids p r  
Filler Area 318 89 mm2 6 40E103 um2 Filler 

ale I ~ l s c t r o n  IReactor 

27-Mar Aerobic 
4.Apr Aerobic 
4-Apr Aerobic 
4-Apr Aerobic 
4-Apr Aeroblc 
9-Apr Aerobic 
9.Apr Aerobic 
9.Apr Aerobtc 
O-Apr Aetob~: 
9.Apr Anoxic 
9.Apr Anoxic 

10-Apr Aerobic 
10.Apr Aerobic 
13-Apr Aerob~: 
13.Apr Aerobîc 
13Apr Aerob~: 
13.Apr Aerobffi 
13.Apr Aeroblc 
1 BApr Aerobic 
24dpr Aerobic 
24.Apr Aerobic 
26.A~ Aerobic 
26.Apr Aerobic 
26-Apr Aerobic 
26.Apr Aerobic 
29.Apr Aerobic 
29.Apr Aerobic 
29-Apr Aerobic 
29.Pnr Aeiobtc 
29.Ap Aerobic 
294pr Aerobic 
29-Apr Aerobic 
5.May Aerobic 
5 4 a y  Aeroblc 
5May Aerobic 
5.Msy Aerobic 
5.Msy Aorobic 
5.May Aerobic 
7.Msy Aorobic 
7.Msy Aeiobc 

Correctlon Dllutlon Nurnber of Flnsl Vol Squares Flald 1 Fleld 2 Fleld 3 Flr ld 4 Pleld 5 Flr ld 6 Flr ld 7 Flrld 8 Flald O Fleld 10 
Factor Factor Dllutlons of Ollutlon Counted 



Accaptor 
--TG&z&r 

~epllcate l~orrectlon Dllution Number of Flnal Vol Squares l ~ l e l d  1 Fleld 2 Fleld 3 Fleld 4 Fleld 5 Fleld 6 Fleld 7 Field 8 Fleld 8 Fleld 10 

7-May 
7-May 
9.May 
9-May 
9-May 
9-May 
9-May 
9.Mav 

]tactor Factor DLluttons of DlluHon Counled ) 
11 1 1 O 3 10 301 44 8 1 60 60 33 31 42 43 47 69 

Aerobic 
Aerobic 
Aoobic 
Aerobic 
Aeroliic 
Aeroblc 
Aerobic 
Aerobic 

RB 
SB 
R I  
R1 
RB 
RB 
SB 
SB 



Appendix C 

Statistical Anafysis of Biosolids Production Rates at 20°C 

Deviations fiom Regression F F0.95 

d f Sum of Squares Regression Mean 
Square Error 

Within 
Aerobic 34 8.738E4 
Anoxic 34 1 -795E6 

Sum 68 3.608E6 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 14OC 

Deviations fiom Regression F Fo 9s 
dF Surn of Squares Regression Mean 

Square Error 
Within 

Aerobic 33 3.879E6 
Anoxic 3 3 6.127E6 

Sum 66 1 .00E7 1.5 160E5 
Poo Ied 67 8.99E7 

Difference 1 7.99E7 527.1 4.00 
- . - - - -- - - - -  

Factorial Analysis of Biosoids Composition 

For Details ofthe Analysis see Box et al. (1978) 
Data Table 
Reactor Ternp (OC) Mean Std. Deviation n 
Aerobic 20 19.6 16.1 3 
Anoxic 20 18.5 7.94 3 
Aerobic 14 14.8 7.47 6 
Anoxic 14 24.9 S .64 8 

Pooled Variance =90.4 
Variance (E ffect) = 1 8.1 
Std. Dev. (Effect) = 3.45 

ANOVA Table - See Table 5-13 

Experimental Levels: Reactor Aerobic (-) Anoxic (i-) 
Temperature 14"C(-) 20°C (+) 

Factorial Analysis Number of Cells Present 

' Reactor Temp (OC) 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 4.47 8 

Pooled Variance = 15.2 
Variance (EfFect) =3.19 
Std. Dev. (Effect) = 1.78 

Experirnental Levels: Reactor Aerobic (-) Anoxic (+) 
Temperature 14OC(-) 70°C (+) 



ANOVA Table - See Table 5. I3 

Fseiorial Analysis of Respiration Rates Normalized on MLVSS 

Reactor Temp (OC) Mean Std. Deviation n 
Aerobic 20 3 4.4 10.7 6 
Anoxic 20 32.9 5.92 5 
Aerobic 14 28.9 8.20 6 
Anoxic 14 15.4 3.87 6 

Poo led Variance =59.1 
Van'ance (Effect) =9.86 
Std. Dev. (Effect) =3.14 

Experimental Levels: Reactor Aerobic (-) Anoxic (+) 
Temperature 14"C(-) 20°C (+) 

ANOVA Table - See Table 5.44 

Factorial Analysis of Respiration Rates NormaIized on Cell Counts 

Reactor Temp (OC) Mean Std. Deviation n 
Aerobic 20 22.8 113 6 
Anoxic 20 19.1 4.39 5 
Aerobic 14 16.1 3 -70 6 
Anoxic 14 4.26 0.6 l 6 

Pooled Variance =27.5 
Variance (Effect) =4.06 
Std. Dev. (Effect) =2.02 

ANOVA Table - See Table 5.45 

Experirnental Levels: Reactor Aero bic (-) Anoxic (+) 
Temperature 14"C(-) 20°C (+) 

Factorial AnaIysis of Ammonia Production Normalized on MLVSS 

Reactor Temp (OC) Mean Std, Deviation n 
Aerobic 20 5.88 1.4 1 6 
Anoxic 20 4.49 2.05 5 
Aero bic 14 6.42 1.13 6 
Anoxic 14 4.25 0-765 5 

Pooled Variance = 3.42 Experimental Levels: Reactor Aerobic (-) Anoxic (+) 
Variance (Effect) = 0.439 Temperature 14OC(-) 20°C (+) 
Std. Dev. (Effect) = 0.663 

ANOVA Table - See Table 5.47 

Factorial Analysis of Ammonia Production Normalized on Ce11 Counts 

Reactor Temp (OC) Mean x 10-" Std. Deviation x 10"' n 
Aerobic 20 3 -76 1.88 - 3 

Anoxic 20 1.71 0.67 2 
Aerobic 14 3.85 1.62 5 
Anoxic 14 1 .O9 0.24 5 

Pooled Variance = 1.46 x 1 O"' Experimental Levels: Reactor Aerobic (-) Anoxic (+) 
Variance (Effect) =0.4 1 x 1 O-" Temperature 14"C(-) 20°C (+) 
Std. Dev. (Effect) =0.64 x 10'" 



ANOVA Table - See Table 5.47 

Statistical Analysis of Nitrate Utilization Data 

ANOVA Table - Oct, 20 

No. of Obs Reg. Coef. Deviations fiom Regression 
Within d.f. S.S. M.S 
Slow Iy Biodegradable 10 -4.514 8 0.602 0.075 
Rapidly Biodegradable 10 -5.390 8 1.958 0.245 

16 2.560 O. 160 
Pooled 19 -4.951 17 9.355 0.550 

Difference between Slopes I 6.795 

Cornparison of Slopes F 42.4 (1,16) Sig 
0.05 4.49 

ANOVA Table - Dec. 4 

No. oFObs Reg. Coef, Deviations from Regression 
Within d.f. S.S. MS 
Slowiy Biodegradable 9 -3.26 1 7 5 .O2 0.7 18 
Rapidly Biodegradable 9 -6.529 7 1.81 0.259 

14 6.83 0.488 
Pooled 17 4.895 15 86.9 5.79 

Difference between S lopes 1 80- 1 

Cornparison of Slopes F 164 (1,14) Sig 
F O nc 4.60 

ANOVA Table - Oct. 30 

No. of Obs Reg. Coef. Deviations from Regression 
Within d. f. S.S. M.S 
Rapidly B iodegradable 1 1  4.48 9 0.640 0.07 1 
Slow Iy Biodegradable I I  -4.7 1 9 2.3 1 0.257 

18 2.95 O. 164 
Poo led 21 -4.59 19 3 5 0  0.184 

Difference between SIopes 1 0.542 
Comparison of Slopes F 3.30 (1,lS) N. Sig 

F 0.0s 4.4 1 

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 -6.3 4 7 2.47 0.353 

14 6.30 0.450 
Pooled 1 7 -6.57 15 7.8 1 0.52 1 

Difference between Slopes 1 1.5 1 
Cornparison of Slopes F 3.35 (1,14) N. Sig 

F o.os 4.60 



ANOVA Table - Apr, 4 

No. of Obs Reg. Coef. Deviations fiorn Regression 
Wiîhin 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 

13 15.3 1-10 
Pooled 17 -3.263 IS 27.7 1.84 

Difference between Slopes 1 12.4 
Cornparison of Slopes F 11.3 (1,14) Sig 

F o os 4.60 

ANOVA Table - May. 5 

No. of Obs Reg. Coef. Deviations fiom Regression 
Within d. f. S.S. M.S 

1 slowly Biodegradable 9 -4.73 7 0.859 
Rapidly BiodePdable 9 -3 -2 1 7 5.49 

14 6.3 5 0.454 
Poo led -3 -96 15 45.4 

Difference behveen Slopes 1 39.1 
Cornparison of Slopes F (1,14) 86.1 Sig 

F o o s  4.60 

ANOVA Table - Mar- 29 

No. of Obs Reg. Coef. Deviations fiorn Regression 
Within d. f. S.S. M.S 
S towly Biodegradabte 9 - 1.82 7 4.40 0.628 
Rapidly Biodegradable 9 -2.20 7 4.87 0.695 

14 9.26 0.662 
Poo led 17 -2.0 1 15 1 1.73 0.782 

Difference between Slopes 1 2.46 
Cornparison of Slopes F 3.72 (1,14) N. Sig. 

F o.os 4.60 

ANOVA - Apr. 24 

No. of Obs Reg. Coef. Deviations fiorn Regression 
Within d.f. S.S. M.S 
Slow ly Biodegradable 9 -5.20 7 6.08 0.868 
Rapidly Biodegradable 9 -2.14 7 3 2 9  0.470 

14 9.37 0.669 
Pooled 17 -3.67 15 16 1 10.7 

Difference between Slopes 1 152 
Cornparison of Slopes F 226 (1.14) Sig 

F 0.05 4.60 



ANOVA - May 9 

No. of Obs Reg. Coef. Deviations fiorn Regression 
Within d.f. S.S. MS 
S Iow ly Biodegradable 9 -3.875 7 5-14 0.734 
Rapidly Biodegradable 9 -4.141 7 11.9 1.70 

14 17.0 132 
Pooled 17 -4.008 15 18.2 1.2 1 

Difference between Slopes 1 1.14 
Cornparison of SIopes F 0.94 (1,14) NSig 

0.05 4.60 

Statistical AnaIysis of Ammonia Production Data - Anoxic Cuitures 

ANOVA - Oct. 20 

No. of Obs Reg. Coef. Deviations fiom Regression 
Within d-f. S.S. M.S 
Slow Iy Biodegradable 9 -.-- 3 37 7 1.66 0.23 8 
Rapidly Biodegradable 9 1.90 7 34.95 4.99 

14 36.6 2.62 
Pooled 17 3.05 15 37.5 2.50 

Difference between Stopes 1 0.878 
Cornparison of Slopes F 034 (1.12) NSig  

F 0.05 4.75 

ANOVA Table - Dec. 4 

No. of Obs Reg. Coef. Deviations from Regression 
Within d.E S.S. M-S 
Slowly Biodegmdable 9 1.75 7 0.88 1 O. 136 
Rapidly Biodegradab Ie 9 2.84 7 0.535 0.076 

14 1.42 0.101 
Pooled 17 2.3 O 15 10.4 0.694 

Difference between Slopes 1 8.993 
Cornparison of Slopes F 88.9 (1,13) Sig 

F o.os 4.67 

ANOVA Table - Oct. 30 

No, of Obs Reg. Coef. Deviations from Regression 
Wiîhin d. f. S.S. M.S 
Slowly Biodegradable 8 3 -843 6 20.4 3.42 
Rapidly Biodegradable 8 2.383 6 11.2 1.88 

13 31.8 2.65 
Pooled 15 3.050 13 43 -9 3.38 

Difference between Slopes 1 12.1 
Cornparison of Slopes F 4.59 (1,12) NSig 

F 0.05 4.75 



ANOVA Table - Dec. 1 

No. of Obs Reg. Coec Deviations from Regression 
Within d.f. S.S. MS 
Slowly Biodepradable 7 2.22 5 5.05 1-01 
Rapidly Biodegradable 9 2.77 7 30.1 4.3 1 

16 12 35.2 2.94 
Pooled 15 2.59 13 36.7 2.82 

Difference between SIopes 1 1 -44 
Cornparison of Slopes F 0.49 (1,12) K. Sig, 

0.05 4.75 

ANOVA Table - Apr. 4 

No. of Obs Reg. Coef. Deviations frorn Regression 
Within d-f. S.S. M.S 
Slowly Biodegradable 9 1.76 7 17.4 2.49 
Rapidly B iodegradable 8 2.14 6 13.50 2.25 

13 30.9 2.3 8 
Poo led 17 1.91 14 32.9 3.3 5 

Difference between Slopes 1 2.03 
Cornparison of Slopes F 0.85 (1,13) N.Sig. 

F o.os 4.66 

ANOVA Table - May 5 

No. of Obs Reg. Coef. Deviations fiom Regression 
Within d. f. S.S. M.S 
SIowly Riodegradable 9 1.83 7 16.2 7-32 
Rapidly B iodegradable 8 2.7 1 6 4.17 0.695 

17 13 20.3 8' 1.57 
Pooled 14 31.1 -.-- 3 77  

Difference between SIopes 1 10.8 
Cornparison of Slopes F 6.86 (1,13) Sig 

F o.os 4.67 

ANOVA Table - Mar. 29 

No. of Obs Reg. Coef. Deviations fiom Regression 
Within d. f. S.S. M.S 
Slow iy B iodegradable 9 0.72 1 7 0.307 
RapidIy B iodegradable 9 1.623 7 5.43 

t 4 5.74 0.4 10 
PooIed 18 1.17 t 15 19.5 1.30 

Difference between Slopes 1 13.7 
Cornparison of Slopes F 33.5 (1,14) Sig ~ F o.os 4.60 



ANOVA Table - May 9 

No. of Obs Reg. Coef. Deviations tiom Regression 
Within d. f. S.S. MS 
Slowly Biodegradable 9 2.027 7 13.2 1.89 
Rapidl y B iodegradable 9 3.218 7 26- L 3 -73 

14 39.4 2.8 1 
Pooled 15 2.468 13 49.5 3.8 1 

Difference berneen Slopes 1 IO. 1 
Cornparison of Slopes F 3.59 (1,13) N. Sig 

F o.os 4.60 

Statistical AnaIysis of Ammonia Production Data - Anoxic Cultures 

ANOVA - Nov. 7 
No. of Obs Reg. Coef. Deviations from Regression 

Within d. f. S.S. M.S 
Slow Iy Biodegradable 8 t -87 6 0.288 0.048 
Rapidly B iodegradable 8 3 .56 6 1.38 0.230 

12 1.67 O. 139 
Pooled 16 2.7 1 13 23 -4 1.80 

Difference between Slopes 1 2 1.7 
Comparison of Slopes F 155.9 (1,12) Sig 

l= 0.05 4.74 

ANOVA - Nov. 27 
No. of Obs Reg. Coef. Deviations fiorn Regression 

Within d. f. S.S. M.S 
Slowly Biodegradable 9 - .i .- 75 7 0.770 0.1 10 
Rapidly Biodegradable 9 2.30 7 0.257 0.04 IO 

14 1.06 0.0755 
Pookd 18 2.27 15 1.07 0.0715 

Difference between Slopes 1 0.0155 
Cornparison of Slopes F 0.205 (1,14) N.S. 

l= 0.05 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 
RapidIy Biodegradable 8 2.47 6 0.619 

12 0.8 17 0.0680 
Pooled 

Difference between Slopes 1 0.0928 
Cornparison of Slopes F 1.36 (1,14) N.S. 

F0.05 4-60 



ANOVA - Dec. 6 

No. of Obs Reg. Coef. Deviations from Regression 
Within d. f. S.S. M-S 
Slowly Biodegradable 9 3-76 7 0.04 1 0.006 
Rapidly Biodegradable 9 2.20 7 0.376 0.054 

14 0.4 17 0.030 
Poo led 18 2.48 15 3.15 0.210 

Difference between Slopes 1 2.73 

Cornparison of Slopes F 91.7 (1,I4) Sig 
o.os 4.60 

ANOVA - Apr. 4 

No. of Obs Reg. Coef. Deviations fiom Regression 
Within d. f. S.S. MS 
Stowly Biodegradable 9 3.39 7 9.19 1.3 1 
Rapidly Biodegradable 7 2.37 5 5.44 1 .O9 

12 14.6 1 32 
Pooled 15 3 .O26 13 28.4 2.18 

Difference between Slopes I 13.7 

1 Comparison of Slopes F 1 1  ( 1 ,  Sig 

ANOVA - May 5 

No. of Obs Reg. Coef. Deviations Ekom Regression 
Within d.f. S.S. M. S 
Slowly Biodegradable 8 3 -03 6 36.4 6.07 
kapidly Biodegradable 8 2.36 6 0.965 O. 161 

12 3 7.4 3.1 1 
Pooled 13 43.2 3 .32 

Difference between Slopes 1 5.86 

Cornparison of Slopes F 1.88 (1,12) N. Sig. 
F O O5 4.75 

ANOVA - May 7 

No. of Obs Reg. Coef. Deviations fÏom Regression 
Within d. f. S.S. M.S 
Slowly Biodegradable 9 3 -64 7 8.75 135 
Rapidly Biodegradable 7 3.1 1 5 2.3 8 0.477 

12 11.1 0.928 
Pooled 16 3 -42 13 15.1 1.163 

Difference between Slopes 1 3 -98 

Cornparison of Slopes F 4.29 (1,12) NS-  
F 0.05 4-75 



ANOVA - May 9 

No, of Obs Reg- Coef. Deviations from Regression 
Wiihin d. f. S.S. M-S 
Slowly B iodegradab le 9 2-03 7 133 1.89 
Rapidly Biodepdable 9 3.22 7 26.1 3.73 

14 39.4 2.8 1 
Pooled 15 2-47 13 49.5 3.81 

Difference between Slopes 1 10.1 

Cornparison of Slopes F 3.59 (1,14) N. Sig 
F o os 4.60 

Factorial Analysis of  Ammonia Production using Proteins - Normalized on MLVSS 

Reactor Temp (OC) Protein Mean Variance n 
Anoxic 20 ovalbumin 4.73 3 -43 2 
Anoxic 20 a-casein 5.84 2.59 - 7 

Anoxic 14 ovalbumin 2.98 0.026 - i 
Anoxic 14 a-casein 3.50 1 .805 2 
Aerobic CO ovalbumin 4.50 0.387 3 
Aerobic 20 a-casein 6 5 4  0.744 - 7 

Aerobic 14 ovalburnin 9.82 10.39 - 3 
Aerobic 14 a-case in 9.19 0.530 2 
Pooled Variance = 2.49 Experirnental Levefs: Reactor: Aerobic 
Variance (Eftect) = 0.622 
Std. Dev. (Effect) = 0.789 

ANOVA Table - See Table 5.77 

-) Anoxic (+) 
- 

( 
Temperature: 14OC(-) 20°C (+) 
Protein: a-casein (-) ovaIbumin (+) 

Factorial Analysis of  Ammonia Production using Proteins - Normalized on Bacterial Counts 

Reactor Temp ("C) Protein Mean x IO-'' Variance x  IO-'^ n 
Anoxic 20 ovalbumin 24.9 1 
Anoxic 20 a-casein 23.1 1 
Anoxic 14 ovalbumin 9 .24 14.3 2 
Anoxic 14 a-casein 9.60 5 1.9 2 
Aerobic 20 ovalbumin 28.8 1 
Aerobic 20 a-casein 86.2 1 
Aerobic 14 ovalbumin 86.7 1285.2 - 7 

Aerobic 14 a-casein 84.1 26.5 - 3 

Pooled Variance = 404 x 1 o - ' ~  Experimental Levels: Reactor: Aerobic (-) Anoxic (+) 
Variance (Effect) = 134.6 x 1 o- '~ Temperature: 14OC(-) 20°C (+) 
Std. Dev. (Effect) = 1 1.6 x 10'" Protein: a-casein (-) ovalbumin (+) 

ANOVA Table - See Table 5.77 
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Appendix D 

D.l Dynamic Sludge Age 

Presented in this Section is the method of computing the DSA. For a complete denvation and 

M e r  instructions the reader is referred to Vaccari et al. (1985). To cornpute 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 1 s t  time you computed it DS&. AIso required is the previous solids concentration (MO). and the 

time in days (t) since the DSA was lasted cornputeci To use the equations. £ht compute the net growth 

rate, EL and the production rate, P. averaged over the pend of calculation 

K = (M-Mo) 1 t 

P = (K'W) 

One of four possibilities rnay anse, and one question is selected based on the case which 

occurs to compute the new DSA: 

Case 1) W = O: No sludge wasted or Iost over the period t, 

DSA=(DSAo+t)Mo/  M + ( l -  M O /  M ) t / 2  

Case 2)  K = O; There was no net sludge production (W = P). 

DSA = (DSAo + Mo / W)e(-fir:MO) 

Eqn. (D. 1) 

Eqn, (D.2) 

Eqn. (D.3) 

Case 3) W = 2P: Twice as much sludge is wasted as producai. 

DSA = DSAo(M / M O )  - ( T  + MO / K )  In(M / MO) 

Case 4) If none of the above conditions hold use this equation: 

DSA = (DSAo - Mo l ( P  + K))( M /  MO)'-^'^' + M / ( P  + K )  ~ q n .  (DA) 



D.2 Mass Balance Calculation Procedure 

Total Kjedahl Nitrogen In = Total Kjedahl Nitrogen Out 

where: VS 
TS 
VP 
TP 
VIE 
TE 
VW 
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 VoIume (L) 
- - Totai Kjedahl Nitrogen of Effluent (mg N/L) 
- - Volume of Waste Mixeci Liquor (L) 
- - Total Kjedahl Nitrogen of Waste Miseci Liquor (mg NIL) 

Eqn. (D.5) 
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