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ABSTRACT

Investigation of Denitrification Kinetics at Warm Temperature using Respirometer

The Chesapeake Bay Agreement has forced many utilities in the watershed to research
new and improved methods to reduce nitrogen concentrations in the bay. To achieve this
goal, District of Columbia Water and Sewer Authority (DCWASA) is voluntarily
exploring technologies that can help reduce its nitrogen discharge limit. Biological
denitrification is an integral part of biological nitrogen removal where external carbon
sources are necessary. This study focuses on the investigation of denitrification kinetics
of methanol utilizing organisms that can be useful for the optimal design and upgrade of
the wastewater treatment plants. A respirometer system was used to conduct experiments
for measurement of kinetic parameters. The two plants that were considered in this study
are Blue Plains Advanced Wastewater Treatment Plant and Alexandria Sanitation
Authority Advanced Wastewater Treatment Plant. The efficiency of denitrification was
evaluated with methanol and acetate as external carbon sources for denitrification. From
the study, the specific denitrification rate (SDNR) with acetate was found to be 2.82
mg/g-MLVSS/hr whereas that with methanol was 3.12 mg/g-MLVSS/hr with ASA
mixed liquor. With Blue Plains mixed liquor, the SDNR was 7.48 mg/g-MLVSS/hr at
20°C with an Arrhenius Coefficient of 1.087, which indicates a relatively strong
temperature dependency. The relationships of the kinetic parameters were also
investigated with different mixed liquor concentration. The test results indicate that the
denitrification rate (DNR) was higher for high mixed liquor concentration (MLVSS),
whereas the specific denitrification rate (SDNR) were very similar. The half saturation

coefficient (Ks) for Blue Plains ranged from 0.10 to 2.04 mg/L and for ASA, Ks ranged



from 0.02 to 0.81 mg/L. The half saturation coefficients were observed to be highly
dependent on the denitrification rate and mixed liquor concentration at different

temperature with R? value ranges between 0.77 and 0.94.
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CHAPTER 1-INTRODUCTION

1.1  Background

The Chesapeake Bay is the largest of 130 estuaries in the United States. Its land-to-water
ratio (14:1) is the largest of any coastal water body in the world. With 3,600 species of
plant, fish and animals, including 348 species of finfish, 173 species of shellfish and over
2,700 plant species, it is an incredibly complex ecosystem. The Chesapeake Bay
watershed stretches across more than 64,000 square miles, encompassing parts of six
states - Delaware, Maryland, New York, Pennsylvania, Virginia and West Virginia —
and the entire District of Columbia (Chesapeake Bay Program, 2009). It is a commercial
and recreational resource of more than 16 million people. About 170,000 new people

move into the Bay watershed each year.

Clean, unpolluted water is essential to the plants and animals that live in the Chesapeake
Bay and its rivers. Clean water contains a balanced amount of nutrients and has normal
fluctuations in salinity and temperature. It also has plenty of dissolved oxygen so fish,
crabs and other aquatic life can breathe, and few suspended sediments so underwater bay
grasses receive enough sunlight to grow (Chesapeake Bay Program, 2009). However,
everything we do on the land, including the use of automobile, fertilizer, pesticides,
toilets, water and electricity pollutes the streams, rivers and the Bay. The 483 wastewater

treatment plants in the Chesapeake Bay watershed also contribute to such pollution.



1.2 Water Quality and Chesapeake-bay Agreement

Water quality is the most important measure of the Chesapeake Bay’s health. However,
for the Bay to be healthy and productive, it is necessary that the water be safe for the
people and supports its complex aquatic life. The water should be fairly clear, have
enough oxygen, contain the proper amount of algae and be free from chemical
contamination. Figure 1.1 shows an illustration of Chesapeake Bay watershed covering

parts of six states along with DC.

The Bay’s water quality is measured with four indicators: dissolved oxygen, water
clarity, chlorophyll a and chemical contaminants. However, the indicators in Figure 1.2
show that water quality in the Bay remains extremely poor because of pollution from
nitrogen, phosphorus, sediment and chemicals. In 2008, water quality was very poor,
meeting only 21 percent of the Chesapeake Bay’s goals. Although, it seems like toxic
chemicals being dumped by factories and industries into a local waterway are the main
source of water pollution, but in reality, excess amounts of the nutrients, nitrogen and

phosphorus are the main pollutants affecting the Bay and its tributaries.

Nutrients are chemicals that plants and animals need to grow and survive. When too
many nutrients make their way into local rivers, streams and the Bay, they can create
conditions that are harmful for aquatic life. Excess amounts of nitrogen and phosphorus,
are the main cause of the Bay's poor health. Elevated nitrogen levels cause more algae to
grow, blocking out sunlight and causing a depletion of dissolved oxygen (DO) in the

water which highly affects the underwater life.
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Figure 1.1 Chesapeake Bay Watershed (source: www.wccdpa.org)
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Algae blooms on the surface of the water block the sun's rays from reaching underwater
bay grasses growing at the bottom. Figure 1.3 shows the effect of rapid growth of algae
(eutrophication) in the Bay. Algae can also grow directly on the grasses' leaves, further
reducing the amount of sunlight they receive. Without sunlight, bay grasses cannot grow
and provide critical food and habitat for blue crabs, waterfowl and juvenile fish.
“Leftover” algae that are not consumed by the Bay's algae-eating organisms eventually
die and sink to the bottom. There, they are decomposed by bacteria in a process that
leaves bottom waters with little or no dissolved oxygen for crabs, oysters and other

bottom-dwelling species (Chesapeake Bay Program, 2009).

Virtually all people and industries in the Bay's seven-jurisdiction watershed contribute
nitrogen to the Bay and its tributaries. There are 483 major wastewater treatment plants in
the Chesapeake Bay watershed that contribute the majority of nutrients that enter the Bay.
Wastewater plants release treated water, which often contain large amount of nutrients,
into local streams and rivers that eventually flow to the Bay. Figure 1.4 shows the
percentage contribution of nitrogen from different sources to the Bay. Decrease in the
amount of nutrient discharge from wastewater treatment plants account for large amount
of nutrient reduction in the Bay’s watershed. Nutrients have always been a part of the
Bay ecosystem, but not at the excessive levels found today. Prior to significant human
activity in the region, most nutrients were absorbed or held in place by natural forest and
wetland vegetation. As forests and wetlands were replaced by farms, cities and suburbs to

accommodate a growing population, nutrient pollution to the Bay has vastly increased.



Figure 1.3 Algae Bloom in the Chesapeake Bay (courtesy of Google Map)
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Beginning in the 1970’s, citizens in the bay area became aware of the decline in water
quality in the Bay. This realization occurred around the same time Congress passed the
Clean Water Act (1972), which introduced a permit system for regulating point sources
of pollution and initiated the formation of watershed groups. The decline in bay quality
combined with heightened environmental awareness sparked the development of the
Chesapeake Bay Agreement. The agreement was put into place in 1983 and marked the
beginning framework for bay restoration. The agreement further resulted in the formation
of the Chesapeake Bay Program, which created a partnership among Maryland,
Pennsylvania, Virginia, District of Columbia, USEPA and the Chesapeake Bay
Commission. The Chesapeake Bay would be the first estuary in United States history to
be targeted for restoration as both watershed and ecosystem (Chesapeake Bay Program,

2009).

In 1987, five years after the start of the Chesapeake Bay Agreement, efforts to achieve
and maintain a forty percent nutrient reduction from the Bay were implemented.
Notwithstanding these efforts, by 2000 the Chesapeake Bay still remained on the list of
impaired waters under the Clean Water Act. Thus, new goals were set to achieve and
maintain water quality. The most recent Agreement stated that by 2010 excess nutrients
and other related problems in the Bay would be corrected in an effort to remove the Bay
from the Clean Water Act’s list of impaired waters (Chesapeake Bay Program, 2009). As
of 2008, the seven Bay jurisdictions — Delaware, Maryland, New York, Pennsylvania,
Virginia, West Virginia and the District of Columbia — have met 67 percent of the goal to

reduce nitrogen from wastewater.



1.3 Nitrogen Removal from Wastewater

Biological denitrification is an integral part of biological nitrogen removal. Compared to
alternatives of ammonia stripping, break point chlorination and ion exchange, biological
nitrogen removal is cost effective and used more often. Denitrification is a process by
which certain species of bacteria under anoxic conditions reduce nitrate nitrogen to the
gaseous end-products of N, NO, or N,O which can then escape from solution to the
atmosphere. Biological nitrogen removal is used in wastewater treatment where there is
concern for eutrophication, and where ground water must be protected against elevated
NOs-N concentrations where wastewater treatment plant effluent is used for ground water
recharge and other reclaimed water applications. Denitrification is carried out in two
steps. First, ammonia (NHs-N) is oxidized to nitrate (NOs-N) and then nitrate is reduced
to nitrogen gas (N,), which is emitted into the atmosphere. Denitrification is coupled to
the respiratory electron transport chain and nitrate or nitrite is used as an electron
acceptor for the oxidation of a variety of organic or inorganic electron donors. Generally,
several species of bacteria are involved in the complete reduction of nitrate to molecular
nitrogen. In order for bacteria to use nitrate for respiration in the place of oxygen, the
denitrification process requires anoxic conditions (very low dissolved oxygen). When
oxygen is not available, the bacteria substitute nitrate as the terminal electron acceptor.
Organic matter, naturally present in wastewater, acts as the electron donor necessary for

completing the reaction.

Biological denitrification of nitrate-contaminated waters poor in organic content requires
an external electron donor. External carbon is typically added by treatment plants to

facilitate the denitrification reaction. Some external carbon sources include: methanol,



lactic acid, acetic acid, glucose, glycerol etc. It is important to understand that
denitrification process requires specific environmental conditions. Factors affecting the
process include concentration of nitrate in the mixed liquor, pH, temperature and external

carbon sources.

1.4 Purpose of Investigation

Biological denitrification enables transformation of oxidized nitrogen compounds by a
wide spectrum of heterotrophic bacteria into harmless nitrogen gas with accompanying
carbon removal. This process has been well studied, but biological denitrification of

wastewater is usually slow and lasts several days.

The nature and the amount of organic substrate used as exogenous carbon source play an
important role in the success of denitrification. Various substrates have been used in
many studies and a whole variety of compounds, mostly methanol, acetate and ethanol.
Some studies used nutrient broth and tryptic soy broth. Relevant to the price and
availability, methanol is most commonly used for bacterial denitrification (Foglar and
Briski, 2002). The use of these exogenous carbon sources can represent a significant cost,
and alternative inexpensive but effective carbon sources would be preferable (Thalasso et
al., 1997). Although methanol is the most widely used source of external carbon source,
the need to evaluate other sources has been recognized for two primary reasons, 1) the
current volatility of natural gas prices, which affects the cost stability of methanol, and 2)
the recent concerns regarding the safe handling of methanol due to its combustible

properties (Ledwell, 2006).



Blue Plains AWTP is one of the major contributors of pollution into the Chesapeake Bay.
It treats approximately 365 million gallons per day (MGD) of wastewater. The
Chesapeake Bay Agreement has forced many utilities in the watershed to research new
and improved methods to reduce nitrogen concentrations in the Bay. The regulations for
point source discharge to the Chesapeake Bay have become stricter now, due to the
political strength behind protecting the Bay’s ecosystem. For example, the nitrogen
effluent limit will be 3-4 mg N/L, whereas it was 8 mg N/L in the past (Nichols, 2008).
To achieve this goal, District of Columbia Water and Sewer Authority (DCWASA) is

voluntarily exploring technologies that can help reduce its nitrogen discharge limit.

Knowing the denitrification kinetics of the methanol utilizing organisms is very
important in designing and optimizing nitrogen removal systems. The kinetics can be
useful for any wastewater treatment plant that is required to increase the capacity of their
plant, or to allow for new development to meet its nutrient discharge load limit. Also, the
use of Arrhenius coefficients for temperature dependency of denitrification Kinetics is

critical for proper design of denitrification facilities.



1.5  Objectives of the Study

The objective of the study was to investigate the kinetics of denitrifying bacteria in a
typical summer condition with temperature ranging from 19°C to 27°C. The investigation
was performed for two treatment plants, Blue Plains AWTP and Alexandria Sanitation
Authority (ASA), with different substrates as external carbon source and with different
mixed liquor concentrations. The specific objectives of the study were as follows

e To develop a method for determining denitrification Kinetics using respirometer.

To determine the Specific Denitrification Rate (SDNR) of denitrifying bacteria

using respirometer and to analyze the temperature dependency.

e To determine the Half Saturation Coefficient (Ks) for nitrate limiting conditions,
and to investigate its relationship with different test parameters.

e To analyze the denitrification rates of methanol utilizing organisms for different
concentrations of mixed liquor.

e To evaluate the kinetics of denitrifying bacteria using different substrates, e.g.

methanol and acetate, as external carbon sources.

-10 -



CHAPTER 2 - LITERATURE REVIEW

2.1 Introduction

This chapter focuses on biological denitrification and kinetics of denitrifying organisms.
It includes different biological wastewater treatment processes and detailed overview of
denitrification processes. The past studies of denitrification kinetics with different
substrates as external carbon sources and the environmental effects on the kinetic
parameters are also discussed here. At the end, the detailed treatment process of Blue

Plains AWTP and ASA AWTP are presented.

2.2  Biological Wastewater Treatment

2.2.1 Objectives of Biological Treatment

The objectives of biological treatment of domestic wastewater are to 1) transform
dissolved and particulate biodegradable constituents into acceptable end products, 2)
capture and incorporate suspended and non-settelable solids into biological flocs or bio-
film, 3) transform or remove nutrients such as nitrogen and phosphorus and 4) in some

cases, remove specific trace organic constituents and compounds.

2.2.2 Role of Microorganisms

The removal of dissolved and particulate carbonaceous BOD and the stabilization of
organic matter found in wastewater are accomplished biologically using a variety of
microorganisms, principally bacteria. Microorganisms are also used to remove nitrogen
and phosphorus in wastewater treatment processes. Specific bacteria are capable of
oxidizing ammonia (nitrification) to nitrite and nitrate, while other bacteria can reduce

the oxidized nitrogen to gaseous nitrogen (denitrification).

-11 -



2.2.3 Types of Biological Processes for Wastewater Treatment
The principle biological processes used for wastewater treatment can be divided into two

main categories, suspended growth and attached growth process (Metcalf and Eddy,

2003).

Suspended Growth Process

In suspended growth process, the microorganisms responsible for treatment are
maintained in liquid suspension by appropriate mixing method. Many suspended growth
processes used in municipal and industrial wastewater treatment are operated with a
positive dissolved oxygen concentration (aerobic), but applications exist where
suspended growth anaerobic (no oxygen present) reactor are used, such as for high
organic concentration wastewater and organic sludges. The most common suspended

growth process used for municipal wastewater treatment is the activated sludge process.

Activated Sludge Process

The activated sludge process was developed around 1913 at the Laurence Experiment
Station in Massachusetts by Clark and Gage (1913) and by Ardern and Lockett (1914) at
the Manchester Sewage Works in Manchester, England. The activated sludge process
was so named because it involved the production of an activated mass of microorganisms
capable of stabilizing a waste under aerobic conditions. In the aeration tank, contact time
is provided for mixing and aerating effluent wastewater with the microbial suspension
generally referred to as the mixed liquor suspended solids (MLSS) or mixed liquor
volatile suspended solids (MLVSS). Mechanical equipment is used to provide the mixing

and transfer of oxygen into the process. The mixed liquor then flows to a clarifier where

-12 -



the microbial suspension is settled and thickened. The settled biomass described as
activated sludge because of the presence of active microorganisms, is returned to the
aeration tank to continue biodegradation of the influent organic material. The portion of
the thickened solid is removed daily or periodically, as the process produces excess
biomass that would accumulate along with the non-biodegradable solids contained in the
influent wastewater. Figure 2.1 shows the general graphical representation of the

activated sludge process.

2.3 Biological Denitrification

The deleterious effects of nitrogenous compounds on aquatic environments have long
been recognized. Nitrogenous compounds can cause a significant depletion of dissolved
productivity of streams and lakes, and present a public health hazard. To preserve
receiving water quality, many discharge permits for wastewater treatment plants are
being revised to include restrictions on the discharge of the various nitrogen compounds.
In order to meet these permit limitations, the biological processes of nitrification and
denitrification are commonly employed. Nitrification is the process by which ammonia is
first converted to nitrite and, finally, to nitrate. Gaseous nitrogen is produced from nitrite

and nitrate during denitrification.

The reduction of ammonia occurs in two steps: nitrification followed by denitrification,
as shown in Figure 2.2. Nitrification is the process by which Nitrosomonas convert
ammonia to nitrite followed by the conversion of nitrite to nitrate by Nitrobacter.

NHs; (ammonia) + oxygen = NO; (nitrite) + energy

NO; (nitrite) + oxygen =» NOj (nitrate) + energy

-13 -
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Denitrification is a process by which certain species of bacteria under anoxic conditions
reduce nitrate nitrogen to the gaseous end-products of nitric oxide, nitrous oxide and
nitrogen gas, which can then escape from solution to the atmosphere.

NO3; = NO2 > NO™ (g) = N20 (g) = N2(g)

Unlike other nitrogen compounds, the gaseous forms of nitrogen are relatively
unavailable for biological growth and have no significant effect on environmental quality.
The presence of oxidized nitrogen and organic carbon are important requisites for
denitrification to proceed. Compared to alternatives of ammonia stripping, break-point
chlorination and ion-exchange, biological nitrogen removal is generally cost effective and
used more often. Biological nitrogen removal is used in wastewater treatment where there
are concerns for eutrophication and where groundwater must be protected against
elevated NOs-N concentration where wastewater treatment plant effluent is used for

ground water recharge and reclaimed water applications.

2.3.1 Process Description

Two modes of nitrate removal can occur in biological processes and these are termed
assimilating and dissimilating nitrate reduction. Assimilating nitrate reduction involves
the reduction of nitrate to ammonia for use in cell synthesis. Assimilation occurs when
NH4-N is not available and is independent of DO concentration. On the other hand,
dissimilation nitrate reduction or biological denitrification is coupled to the respirator
electron transport chain, and nitrate or nitrite is used as an electron acceptor for the

oxidation of a variety of organic or inorganic electron donors.
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The Modified Ludzak-Ettinger (MLE) process (US EPA, 1993) is the most common
process used for biological nitrogen removal in municipal wastewater treatment. The
process consists of an anoxic tank followed by the aeration tank where nitrification
occurs. Nitrate produced in the aeration tank is recycled back to the anoxic tank. Because
the organic substrate in the influent wastewater provides the election donor for oxidation-
reduction reactions using nitrate, the process is termed substrate denitrification. Further,
because the anoxic process precedes the aeration tank, the process is known as pre-anoxic

denitrification.

The other process where denitrification occurs after nitrification and electron donor
source is from endogenous decay, is termed as post anoxic denitrification. BOD removal
occurs first and is not available to drive the nitrate reduction reaction. When a post anoxic
denitrification process depends solely on endogenous respiration for energy, it has a
much slower rate of reaction compared to the pre-anoxic processes using wastewater
BOD. Often an exogenous carbon source such as methanol or acetate is added to post
anoxic processes to provide sufficient BOD for nitrate reduction and to increase the rate
of denitrification. The denitrification pre-anoxic and post anoxic processes employ
heterotrophic bacteria for nitrate reduction, but other pathways for biological nitrogen
removal exist. Ammonia can be converted to nitrogen gas by autotrophic bacteria under
anaerobic conditions, and by heterotrophic nitrifying bacteria under aerobic condition.
Under anaerobic condition, NH4" is oxidized by NO; to produce nitrogen gas and small
amount of nitrate. About 1.3 moles of NO, is used per mole of NH,  (Strous et al.,

1999).

-16 -



2.3.2 Denitrifying Bacteria

A wide range of bacteria has been shown capable of denitrification but similar microbial
capability has been found in algae or fungi. Bacteria capable of denitrification are both
heterotrophic and autotrophic. Many heterotrophic organisms exist that are capable of
denitrifying. These include the following genera: Achromobacyer, Acinetobacter,
Agrogacterium, Alcaligens, Arthrobacter, Bacillus, Chromobacterium, Corynebacterium,
Flavobacterium, Hypomicrobium, Moraxella, Neisseria, Paracoccus, Propionibacterium,
Pseudomonas, Rhizobium, Rhodopseudomonas, Spirrillum, and Vibrio (Metcalf and
Eddy, 2003). In the absence of molecular oxygen, these organisms use nitrate or nitrite
as terminal electron acceptors, while oxidizing organic matter for energy. This metabolic
process, termed nitrate dissimilation, results in the eventual reduction of nitrate to
nitrogen gas. At DO concentrations greater than approximately 0.5 mg/l, oxygen will be
more readily utilized as the final electron acceptor than nitrates by the above named
organisms. Thus, denitrification will be inhibited when the DO concentration exceeds 0.5
mg/L (Cheremisinoff, 1998). The oxidation of ammonia by heterotrophic bacteria
requires energy which can be obtained by nitrate or nitrite reduction by P Pantotropha

under aerobic conditions. A readily available substrate such as acetate is also needed.

Literature indicates that the type of carbon source (organic compound) utilized as the
electron donor for nitrate reduction affects the growth dynamics of those heterotrophic
bacteria participating in the process (Grabinska-Loniewska et al., 1985; Dold et al.,
2008). This is further confirmed with sources, which indicate that denitrification with
certain external carbon sources are highly selective for specific strains of bacteria (Davies

and Toerien, 1971; Wang et al., 1995). Pseudomonas are the most common and widely
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distributed of all the denitrifies and have been shown to use a wide array of organic
compounds including hydrogen, methanol, carbohydrates, organic acids, alcohols,
benzoates, and other aromatic compounds (Metcalf and Eddy, 2003). Denitrification
with methanol is highly selective for the Hyphomicrobium species. Two strains of
Hyphomicrobium, WC and B522, were also able to grow and denitrify with other sources
of external carbon including: ethanol n-propanol, n-butane, acetate, formate,

methylamine, glycerol and succinate (Sperl and Hoare, 1971).

2.3.3 Denitrification Stoichiometry

Biological denitrification involves the biological oxidation of many organic substrates in
wastewater treatment using nitrate or nitrite as the electron acceptor instead of oxygen. In
the absence of DO or under limited DO concentrations, the nitrate reductase enzyme in
the electron transport respiratory chain is induced and helps to transfer hydrogen and
electrons to nitrate as the terminal electron acceptor. The nitrate reduction reactions
involve the following reduction steps from nitrate to nitrite, to nitric oxide, to nitrous
oxide and to nitrogen gas, (Metcalf and Eddy, 2003).

NO3 > NO, > NO (g) > N,O (g) > Nz(g)

In biological nitrogen removal processes, the electron donor is typically one of three
sources, 1) the bsCOD in the influent wastewater, 2) the bsCOD produced during
endogenous decay and 3) exogenous sources, such as methanol or acetate. Reaction
stoichiometry for different electron donors is shown as follows. The term C;oH;9O3N is

often used to represent the biodegradable organic matter in wastewater (US EPA, 1993).
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Wastewater: C,,;H,,O,N +10NO,” — 5N, +10CO, +3H,0 +100H "~
Methanol: 5CH,0OH + 6NO, — 3N, +5C0O, +7H,0 + 60H ~

Acetate: 5CH,COOH +8NO,” —> 4N, +10CO, + 6H,0 +80H

2.4  Carbon Sources for Denitrification

Denitrifying bacteria need a readily available carbon food source, such as soluble BOD,
to ultimately convert nitrate to nitrogen gas. WWTPs that meet very low total nitrogen
limits typically use a secondary anoxic zone in which supplemental carbon is added.
Supplemental sources can be “internal” such as fermented wastewater or sludge, or

“external” sources such as purchased chemicals.

Methanol is currently the most common external carbon source used in denitrification
because of its low cost. It has several drawbacks, however, namely (US EPA, 2009):
e [t is highly flammable and implicated in some storage tank explosions and fires;
however with proper design and operation, problems can be minimized.
e [t is not the most efficient source for most treatment configurations.
e Costs have begun to fluctuate widely.
e Availability is a problem in some areas.

e Reported low growth rates under cold temperatures.

Other sources of carbon include ethanol, acetic acid, corn syrup, molasses, glucose,

glycerol, and industrial waste products.
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2.5  Denitrification Kinetics

Denitrification kinetics is the rate of change of chemical reactions involved in the
denitrification process used to predict substrate utilization and biomass growth (Metcalf
and Eddy, 2003). This involves the rates of denitrification (DNR or SDNR), decay rate

(kqg), half saturation coefficient (Ks), temperature dependence (0), carbon efficiency etc.

2.5.1 Specific Denitrification Rate (SDNR)

Bacterial growth rate in activated sludge system can be described with a small bacterial
population placed in a batch reactor with excess food and ideal environmental condition
to produce unrestricted growth (Gray, 2004). Monod (1949) plotted the resultant
microbial growth curve and from it, four distinct phases was discussed. The four distinct
segments in the biomass curve including: lag phase, log-growth phase, stationary phase

and endogenous phase.

The denitrification rate in a reactor is the rate in which nitrate is converted to nitrogen gas
(assuming complete denitrification) normalized to the MLVSS concentration. Values for
the SDNR will vary depending on the design of the post denitrification process since the
MLVSS term is a lump sum of all of the microorganisms present in the treatment system.
Therefore, a treatment process with a separate denitrification stage will have a higher
percentage of methanol utilizing denitrifies in the MLVSS term. Units for an SDNR are

most often reported as mg NO3-N/ g MLVSS/ hour.

Slope of NO,N response curve

SDNR(mgNO,N /gVSS /hour) = MLVSS

e (2.1
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Two tests can be used to quantify the growth rate of denitrifying bacteria including, the
specific denitrification rate (SDNR) test and pmax test. The SDNR test focuses on the lag
phase part of the biomass growth curve, shown in Figure 2.3, and provides instantaneous
growth rates of the full-scale plant mixed liquor (Nichols, 2008). The specific
denitrification rate (SDNR) is estimated by dividing the rate of nitrate removal by the
mixed liquor volatile suspended solids (MLVSS) in the reactor. This test provides same
day results for the operator to evaluate the performance of the denitrification process.
However the values will differ based on the treatment process, environment condition
and wastewater characterization. SDNR values from literature investigated by Parsons

(2007) are shown in Table 2.1.
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Figure 2.3 Biomass Growth and Food Utilization Curve
(source: Pearson Education Inc.)

Table 2.1 Reported Specific Denitrification Rates (SDNR) in Literature

Temp SDNR
Technology Process °C) (mg/gVSs/hr) Reference
Nitrification- .
Denitrification Continuous 10 2.5 Nyberg et al., 1992
Nitrification- . Teichgraber; Stein,
Denitrification Continuous | 30 58 1994
Nitrification- Continuous - 6 Bailey et al., 1998
Denitrification
Nitrification- Continuous | 20 7.1-20 Henze, 1991
Denitrification
Denltrlflc::l?/n sludge Continuous 25 7.5 Carrerra et al., 2003
Denltrlflc::l?/n sludge Batch 22 12 Lee; Welander, 1996
De”'t”f'cg‘rg'l?/” sludge Batch 25 21 Foglar et al., 2005
Denitrification sludge Continuous 20 o5 Timmermans; Haute,
only 1983
Denltrlflc::l?/n sludge Continuous 20 29 Lee; Welander, 1996
Denitrification sludge | Continuous 22 60 Ginige et al., 2004
only
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2.5.2 Half Saturation Coefficient
Half saturation coefficient (Ks) is the concentration of limiting food when the bacterial
growth rate (p) is at half its maximum growth (%2 pmax). The substrate in the case of

estimated Ks in denitrification systems refers to nitrate and COD (e.g. methanol).

The NO;-N limiting half-saturation coefficient, Ksnos-n was calculated using a model that
was developed based on an integrated Monod equation originally proposed by Smith, et

al. (1998). The Monod equation for the substrate utilization can be expressed as

(ﬂmax ]s
_ds LY

o m K e (2.2)
Where,
t= time (days)
S=  substrate concentration (mg/L)

I ma= Maximum specific biomass growth rate (d™)
Y = biomass yield coefficient (g COD piomass produced/g COD removed)
X = biomass concentration (mg/L)
Ks = half-saturation coefficient (mg/L)
Biomass concentration X is assumed to be very large and hardly changing. Then

Equation 2.2 becomes,

ds S
K 2.3
d 'K, +S 23)
Where,
X
Kl — /umax
Y
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Rearranging Equation 2.3,

dt= Kt gg K{KS +1de ................................................ 2.4)
K,S S
Where,
K, =——
ﬂmaxx

Integrating Equation 2.4 from time zero to time t and initial substrate concentration, Sy to

substrate concentration S at time t,

t—K{Ksln—+S—SO} .................................................................. (2.5)

0

o B J{Kslni+8—so} ............................................................ (2.6)
ﬂmaxx 0

t= —L]{Kslni+8—so} ............................................................... (2.7)
rmax SO

Where, rm, = maximum biomass production rate, g-biomass/(L.d)

Biological treatment processes are controlled by certain limiting substrate like electron
donors, electron acceptors or nutrients. But most often electron donor (methanol) is the
limiting substrate, as other requirements are usually available in excess (Metcalf and
Eddy, 2003). Thus Equation 2.7 is applicable for methanol limiting condition. To be

applicable for NOs-N limiting condition, Equation 2.7 can be written as
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Where,

2.86 = O, equivalent of NO3-N, g O,/g NO3-N (Metcalf and Eddy, 2004)

t= time (days)

r,=  maximum biomass production rate, g-biomass/(L.d)

Y =  biomass yield coefficient (g COD piomass produced/g COD removed)

Ksnos-ny = half-saturation coefficient (mg/L)

So= Initial nitrate Concentration

Si=  Nitrate concentration at time t
The half saturation coefficient is of interest to wastewater treatment plants that must meet
low effluent nitrogen concentrations, where nitrate will be the rate-limiting variable in the
denitrification process (Engberg and Schroeder, 1975). To illustrate this, if a treatment
plant is required to meet an effluent total nitrogen concentration of 3 mg N/L and
observed Ks values are greater than this concentration, the implication is that the
denitrifying organisms are experiencing low growth and therefore the nitrogen removal
process is not being optimized. Thus, it is important to get a solid grasp of this parameter.
Determining rate-limiting variables is important for both process design and experimental

studies.

The nitrate half saturation coefficients (Ks) are obtained for different temperatures using
a Monod kinetic expression. For developing this model, time is calculated from measured
concentrations and compared to actual sampling time. Time is calculated using Equation

2.8.
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There are few studies in the past, which investigated the half saturation coofficient using
methanol as the substrate and were presented by Hinojosa (2008). Moore and Schroeder
(1970, 1971), estimated a Ks value of 0.1 mg/l for a nitrate limiting system using a
Monod expression. Engberg and Schroeder (1975) continued this study and estimated a
half saturation coefficient of 0.16 mg/l, also for a nitrate limiting system. Stensel (Metcalf
and Eddy, 2003) researched carbon-limiting systems and determined a Ks value of 12.6

mg/l and 9.1 mg/1 at 10°C and 20°C, respectively.

Wang (1995) sites three authors Knowles (1982); Simpkin and Boyle (1985); Christensen
and Harremoes (1977), obtaining Ks values for nitrate limiting conditions within the
range of 1 to 2 mgNO;-N/L. Francis and Mankin (1977) estimated a Ks value of 52 mg
NO;-N/L with a high rate denitrification reactor used for treating high nitrate

concentration of 1370 mg NOs-N/L.

2.5.3 Environmental Factors

Denitrification requires specific environmental conditions to be present before it can
proceed. In general, the biological denitrification rate is a function of the concentration of
the denitrifiers, the oxidized nitrogen concentration, and the available organic carbon
concentration and its characteristics. The rate is also affected by an anoxic environment,
including the reaction temperature, pH and dissolved oxygen concentration

(Cheremisinoff, 1998).
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Effect of NO3-N Concentration

The concentration of nitrate available will affect the maximum denitrification rate or
growth rate of the organisms responsible for denitrification. The relationship between
nitrate concentration and the denitrifier growth rates can be described by the Monod

expression.

Effect of Temperature

The temperature dependence of the biological reaction rate constants is very important in
assessing the overall efficiency of a biological treatment process. Temperature not only
influences the metabolic activities of the microbial population, but also has a profound
effect on such factors as gas transfer rate and the settling characteristics of the biological
solids. The effect of temperature on the reaction rate of a biological process is expressed

using the Van’t Hoff Arrhenius relationship.

d(inK) _ EZ ........................................................................ 2.9)
dT RT
Where,
k = Reaction rate constant
T = Temperature (K)
E = A constant characteristics of the reaction (J/Mol)
R =Ideal gas constant (8.314 J/Mol-K)
Integration Equation 2.3 between the limits T; and T, gives,
k, E(T,-T,) E
In—2% = = (T, =T,) oo, (2.10)

K, RTT, RTT,
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With k; known for a given temperature and with E known, k, can be estimated using
Equation 2.10. The activation energy E can be calculated by determining k values at two
different temperatures. Because most wastewater treatment operations and processes are
carried out at or near the ambient temperature, the quantity E/(RT;T,) in Equation 2.10
may be assumed to be constant for all practical purpose. If the value of the quantity
E/(RT,T,) is designated by C then Equation 2.10 can be written as

Ik c(T,-T,)

which is commonly used in waste water treatment to adjust the value of the operative rate

constant to reflect the effect of temperature.

Few studies in the past estimated the temperature dependency of methanol-utilizing
organisms. Dold et al. (2008) estimated the temperature dependency coefficient (0) of

1.09. This value of 0 indicated a strong temperature dependency of the organisms.

Effect of pH
pH is an important factor for the growth rate of denitrifying bacteria. Anaerobic processes
are sensitive to pH and inhibitory substances. A pH value near neutral is preferred and

below 6.8, the methanogenic activity is inhibited. Because of the high CO; content in the
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gases developed in the anaerobic processes (30-35% CQOy), a high alkalinity is needed to

assure pH near neutrality (Metcalf and Eddy, 2003).

Microbes that degrade wastewater organics function best near a neutral pH and have a
tolerance range of pH 6 to 9 (Howard et al., 1985). No significant effect in denitrification
has been reported for pH between 7.0 and 8.0, however other sources indicate that the
denitrification rate decreases as the pH decreases from 7.0 to 6.0 in batch acclimated tests
(Metcalf and Eddy, 2003). Wang and Baltzis (1995) determined an optimum pH of 7.45
for the reduction of nitrate and also indicated three sources (Knowles, 1982; Painter,
1970; US EPA, 1993), which reported an optimum pH for denitrification in the range of
7.0 to 8.2. Dodd and Bone (1975) estimated an optimum pH of 7.5 for denitrification in
a batch culture. The presence of dissolved oxygen (DO) also impacts denitrification by
inhibiting the nitrate reduction enzyme. A DO concentration of 0.2 mg/L and above has
been reported to inhibit denitrification for a Pseudomonas culture as well as for activated
sludge systems treating domestic sewage (Metcalf and Eddy, 2003). Denitrification is
inhibited below pH 6.0 and above pH 8.0. Although there is some disagreement in the
literature as to the optimum pH for denitrification, it is generally agreed upon that the pH

should be between 6.5 and 7.5 (Cheremisinoff, 1998).

2.6 Nutrient Reduction in Wastewater Treatment Plant
The primary pollutant plaguing the Chesapeake Bay is excess nutrients. While nutrients
such as nitrogen and phosphorus are essential for life, they are damaging when excess

amounts are released into waterways. An excessive amount of nutrients in a water body
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is referred to as eutrophication and results in algal blooms, which block sunlight needed
by underwater grasses to grow. Furthermore, as algae begin to decompose, the dissolved
oxygen in the water is depleted, stealing essential oxygen from other living organisms.
Excess nutrients are introduced into waterways by two sources: point source pollution
and non-point source pollution — the latter includes nutrients that are washed off the
ground from land uses such as lawns, crop lands, feedlots, parking lots, roads, etc. By
contrast, point source pollution generally comes from the wastewater discharged from
industrial facilities and municipal sewage treatment plants into rivers, streams, lakes, and

occans.

The goal of Chesapeake Bay Agreement is set to achieve and maintain water quality and
removing the Bay from the Clean Water Act’s list of impaired waters by reducing excess
nutrients and other related problems by 2010 (Chesapeake Bay Program, 2009). Since
non-point source pollution is difficult to regulate, one way to assure the achievement of
the above mentioned goal was to regulate point source pollution and reduce the limit of
total nitrogen and phosphorus concentrations in wastewater effluent. This effort is
referred to, as Enhanced Nutrient Removal (ENR) and its goal will require point source
dischargers to meet a 3-4mg/L effluent total nitrogen concentration. This proposed limit
resulted in the need for many wastewater treatment plants in the Chesapeake Bay

watershed to upgrade their nitrogen removal systems.
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2.6.1 Blue Plains Advanced Wastewater Treatment Plant

The Blue Plains Advanced Wastewater Treatment Plant is the largest advanced
wastewater treatment facility of its type in the United States with a rated annual average
day capacity of 370 million gallons per day and a peak wet weather capacity of 1.076
billion gallons per day. While other metropolitan areas have facilities with larger
capacities, none of these provide the high level of treatment that Blue Plains does with its
nitrification/denitrification and filtration process. It covers 150 acres and serves over 2
million customers in Washington DC (153 MGD) and parts of Maryland (169.6 MGD)

and Virginia (47.4 MGD) (US EPA, 2006).

Treatment Process

The existing wastewater treatment processes at the Blue Plains AWTP consists of
preliminary treatment, secondary treatment, nitrification/denitrification, effluent
filtration, chlorination/dechlorination and post aeration (DCWASA, 2009). Figure 2.4
shows the Blue Plains treatment plant. Figure 2.5 shows the schematic representation of

the overall treatment process in Blue Plains AWTP.

The solids treatment processes at Blue Plains are comprised of thickening and dewatering
processes for primary sludge, secondary waste activated sludge (WAS), and
nitrification/denitrification waste activated sludge. These facilities including screen and
degritting processes, gravity thickeners, dissolved air flotation thickeners, sludge

blending and centrifuge dewatering.
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Figure 2.4 Blue Plains Treatment Plant (source: www.chesapeakebay.net)
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Figure 2.5 Blue Plains Treatment Process
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1.

Debris and Grit Removal

The first treatment phase begins as debris and grit removal. The raw wastewater is
screened as it passes through 13 coarse bar screens. Vac-all trucks remove the
screenings and haul them to a landfill for final disposal. After the wastewater is lifted
to the plant, aerated grit chambers capture and remove grit. The grit chambers allow
the heavier inorganic solids to settle out while the lighter organic solids remain in
suspension. The accumulated grit is periodically removed by Vac-all truck clamshell
bucket operated from a traveling bridge crane and hauled to landfill for disposal.

Primary Sedimentation

The primary sedimentation tanks can separate about half of the suspended solids from
the liquid. The primary clarifiers have total volume of 39 million gallons which is
equipped with sludge collection and skimming devices. Settled primary sludge is
pumped to one of three force mains that convey it to the sludge degriting and grinding
facilities.

Secondary Reactor

Secondary treatment is accomplished by means of a step-feed modified aeration
activated sludge process. Six centrifugal blowers housed in the Secondary Blower
Building, supply oxygen to the reactors through coarse bubble diffusers to support the
growth of microorganisms.

Secondary Sedimentation Basins

Secondary treatment continues with the mixed liquor from the reactor flowing from
the reactors to the secondary sedimentation basins where solid-liquid separation takes

place. A portion of the settled sludge is recycled as return activated sludge to the
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reactors to maintain the desired level of microorganism concentration. Excess
biological solids are pumped from the return sludge system as waste activated sludge
to the Dissolved Air Flotation thickeners.

Nitrification / Denitrification

The nitrification/denitrification process is a suspended growth biological system that
starts with 12 reactors. The nitrification process facilitates the oxidation of ammonia
nitrogen to nitrogen gas using methanol as a carbon source. Lime or sodium
hydroxide is added at the head of the nitrification/denitrification reactors to maintain
the desired alkalinity level that is required for the process to function properly.

Nitrification Sedimentation Basins

Nitrification / Denitrification process continues with mixed liquor from the odd and
even side nitrification reactors flowing to their respective sedimentation basins.
Settled sludge from the sedimentation basin is returned to the reactors. Excess
biological solids are wasted to the dissolved air flotation thickeners.

Dual Purpose Sedimentation Basins

Dual purpose sedimentation basins are capable to settling mixed liquor from either
the secondary or nitrification/denitrification process. Nitrification/Denitrification
effluent flows from the dual purpose sedimentation basins directly to the filtration
facility. Secondary effluent is pumped to the nitrification/denitrification process.

Filtration and Disinfection

The filtration process is used to remove solids from the nitrification/denitrification

process effluent to produce a clear effluent for discharge to the Potomac River.
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9. Chlorination / Dechlorination

Disinfection is used for disinfection and odor control. Sodium hypochlorite replaced
chlorine for disinfection of plant effluent and sodium bisulfate replaced sulfur dioxide

for dechlorination.

Nitrification / Denitrification Process

The nitrification/denitrification process, similar to the secondary treatment process, is a
suspended growth biological system consisting of reactors and rectangular sedimentation
basins, shown in Figure 2.6. The nitrification process facilitates the oxidation of ammonia
nitrogen to nitrate nitrogen resulting in decreased oxygen demand on the Potomac River
from the plant effluent. The denitrification process uses methanol as a food source to

support the growth of microorganisms that convert the nitrate nitrogen to nitrogen gas.

Secondary effluent flows into a stilling basin at the head of the nitrification reactors. If
necessary, sodium hydroxide (caustic) is added to the secondary effluent stream upstream
of the stilling basin to provide alkalinity that is consumed during the nitrification process.
The liquid flow diagram of the process is shown in Figure 2.7. If denitrification is
occurring, little or no caustic is needed. The flow from the stilling basin is hydraulically
split to distribute flow between the odd-numbered reactors and the even-numbered
reactors. Note that each reactor has five stages and each stage is equipped with two
turbine aerators, or mixers. The turbine aerators maintain dissolved oxygen levels and
provide adequate mixing to keep solids uniformly distributed in Stages 1, 2 and 3 for

nitrification while denitrification occurs in the last two stages. Methanol is added in stage

-35 -



LEGEND

ATEF FERD CuANMEL

STAGE 2A
[ il grageagl $Z$@0 MM

STAGE 4

Figure 2.6 Nitrification/Denitrification Reactors
(source: www.dcwasa.com)

Waste Pickle
Air Liquor Lime Air Methanol Polymer
Primary To
Treatment BOD Removal Nitrification / Denitrification Reactors Filters
—
A A
RAS RAS
< WAS
WAS
A J
To Dissolved Air
Flotation Thickeners
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four to provide a source of carbon for the denitrifying organisms. Stages 4 and 5 are not
aerated but are operated in an anoxic mode to allow denitrification to occur. The process
now employs the same mixed liquor to support both the nitrifying and denitrifying
bacteria. Mixed liquor from the odd and even side reactors flows to their respective
sedimentation basins. The settled solids are pumped back to the reactors, as return

activated sludge, and excess biological solids are wasted to Secondary.

Nitrogen Removal

The District of Columbia and Blue Plains have been involved with voluntary measures to
reduce effluent total nitrogen to the Bay since the 1970s when the plant was upgraded to
advanced treatment. Recently, Blue Planis elected to voluntarily add post denitrification
with methanol addition to their existing nitrification zone after a successful two years
study (Nichols, 2008). The nitrification zone is composed of 12 reactors each having 5
tanks in series. The upgrade involved converting 2 of the 5 tanks from aeration to mixing
with methanol feed occurring in the un-aerated zone. As shown in Table 2.2, these
voluntary efforts proves effective in treatment by reducing the annual average total
nitrogen effluent discharge to the Potomac river, within limited space available without
requiring additional tankage. Although it cost $20 million for full scale implementation, it

was by far the most cost effective solution (Nichols, 2008).
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Table 2.2 Blue Plains AWTP Effluent Flow and Total N, for 2002 — 2006

Annual F:a'?\r?fgﬁacl@ Annual Average Total N, ** Total N,

Year Average Nat'l Airport Total N, Effluent Actual Allocated
Flow (MGD) (inch) (mg/L) Load (Ib) Load (Ib)

2002 312 34.3 6.49 6,163,937 8,467,200
2003 379 59.3 6.31 7,279,935 8,467,200
2004 337 425 5.99 6,144,912 8,467,200
2005 328 44.4 5.28 5,271,894 8,467,200
*** 2006 309 47.8 5.67 5,334,449 8,467,200

* Atlantic Coast Observer Network (ACON)

** Based on Permit of 370 MGD and the Chesapeake Bay Voluntary Agreement of 7.5 mg/L

**% Data based on DCWASA Board of Directors Environmental Quality and Operations Committee

Meetings

For nitrogen removal, the process is limited by denitrification performance during winter

due to cold temperatures and peak flow from wet weather conditions. The conventional

nitrification/denitrification process at Blue Planis achieve higher TN removal during

warmer weather while during winter months, the process becomes less efficient. Figure

2.8 and Figure 2.9 shows the TN effluent level of Blue Planis with different temperature

and at different months in 2004, which shows gradual increase of TN effluent during

winter months.
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2.6.2 Alexandria Sanitation Authority AWTP

Alexandria Sanitation Authority (ASA) is an advanced wastewater treatment (AWT)
facility with a design capacity of 54 million gallons per day (MGD). It is located on a 30-
acre site on the north bank of Hunting Creek near its junction with the Potomac River and
is permitted to discharge 54 MGD and peak wet weather flow of 108 MGD. It provides
sewage treatment for 350,000 people in a service area of 51 square miles, which includes
the City of Alexandria (221.6 MGD) and portions of Fairfax County (32.4 MGD) (ASA,

2009).

Treatment Process

The treatment processes of ASA include preliminary, primary, and secondary treatments
followed by chemical addition (metal salt) for phosphorus removal, sedimentation,
filtration, ultraviolet (UV) disinfection and post aeration. Solids processing includes
gravity thickening of primary and tertiary sludges, mechanical thickening of waste
activated sludge, centrifuge dewatering, pre-pasteurization, anaerobic digestion and land

application.

The Biological Nutrient Removal (BNR) system consists of five biological reactor basins
and six secondary settling tanks. The biological reactor basins are huge tanks each
holding about 4 million gallons of liquid. They are divided into anoxic (no oxygen added)
zones and aerobic (oxygen added) zones. The aerobic zones, which are aerated by fine
bubble air diffusers, grow micro-organisms that transform ammonia nitrogen (which is

the main form of nitrogen entering the plant) to nitrate. The anoxic zones grow micro-
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organisms that transform the nitrate to nitrogen gas, which is released into the
atmosphere. This process removes approximately 80% of the nitrogen that enters the
plant. The biological reactor basins have the flexibility to be operated in several different
treatment modes. They have the ability to add methanol which aids the micro-organisms

in converting the nitrogen compounds.

After the biological reactor basins, the water flows into secondary settling tanks, which
are six large basins approximately 12 feet deep. These tanks allow the micro-organisms
to settle out. The settling process is aided by adding ferric chloride, which also helps
remove phosphorus from the water. The settled solids are removed from the bottom of
the tanks and a portion is returned to the biological reactor basins to continue their work
of removing nitrogen. The excess solids are “wasted” to the solids handling system to be
converted into recyclable Class A bio-solids (ASA, 2009). Figure 2.10 and Figure 2.11
show the ASA treatment plant and flow diagram of secondary treatment process,

respectively.
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Figure 2.10 ASA Treatment Plant
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Figure 2.11 Flow Diagram of Secondary Treatment for ASA
(source: Hinojosa, 2008)

-4) -




Nitrogen Removal

In 1984, ASA completed an upgrade to accommodate more flow and add advanced
treatment capability by operating limit of technology phosphorus removal (monthly
average permit limit of 0.18 mg/L) although it was not until 1998 that ASA agreed to
reduce nitrogen discharge. In 2006, ASA completed a significant upgrade to its treatment
facility. This upgrade was performed to meet the water quality requirements of the
Potomac Embayment Standards, which are designed to improve the Chesapeake Bay.
(EMS newsletter, 2008). This upgrade began in late 1998 and improved or replaced
almost all unit processes at the facility. This mainly consisted of new biological nitrogen
removal technologies, bio-solids processing and odor control equipment along with
designing the plant to fit into the Old Town Alexandria style of architecture (Nichols,

2008).

The Biological Nutrient Removal (BNR) are divided into anoxic (no oxygen added)
zones and aerobic (oxygen added) zones. The aerobic zones, which are aerated by fine
bubble air diffusers, grow micro-organisms that transform ammonia nitrogen (which is
the main form of nitrogen entering the plant) to nitrate. The anoxic zones grow micro-
organisms that transform the nitrate to nitrogen gas, which is released into the
atmosphere. This process removes approximately 80% of the nitrogen that enters the
plant. The biological reactor basins have the flexibility to be operated in several different
treatment modes. They also add methanol which aids the micro-organisms in converting

the nitrogen compounds (ASA, 2009). Their current facility has been in operation since
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the beginning of 2003 and TN discharges have dramatically reduced as shown in Table

2.3.
Table 2.3 ASA AWTP Effluent Flow and Total N, for 2002 — 2007

Annual F;a'?r?fgﬁal@ Annual Average Total N, ** Total N,
Year Average Nat'l Airport Total N2 Actual Allocated
Flow (MGD) (inch) Effluent (mg/L) Load (Ib) Load (Ib)
**% 2002 335 34.3 26.6 2,687,525 1,315,650
2003 39.5 59.3 7.2 865,742 1,315,650
2004 37.1 425 6.3 711,497 1,315,650
2005 35.4 44.4 6.6 711,224 1,315,650
2006 35 47.8 6.6 703,187 1,315,650
*xxk 2007 35.3 17.57 5 541,670 1,315,650

* Atlantic Coast Observer Network (ACON)

** Based on Permit of 54 MGD and the Chesapeake Bay Voluntary Agreement of 8 mg/L

*** According to Chesapeake Bay Foundation
**%* Based on Monthly DMRs from ASA website
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CHAPTER 3- METHODOLOGY

3.1 Introduction

The research was consisted of analyzing the specific denitrification rate (SDNR) and half
saturation coefficient (Ks) of the methanol utilizing organisms with different treatment
processes. The plants investigated are Blue Plains AWTP and Alexandria Sanitation
Authority. Both the plants use methanol as external carbon source, however they employ
different techniques for nitrogen removal. Blue Plains utilizes a two sludge step-feed pre-
denitrification system with internal recycle. ASA uses a single sludge step-feed modified

aeration post-denitrification process.

This chapter discussed the method developed to measure the kinetics of denitrifying
organisms using a Respirometer system. The methodology of the system was explained
in the first section, followed by the step by step spreadsheet analysis and data
representation. The troubleshooting experienced during system setup to improve the test

performance is presented in this chapter.

3.2 Respirometer Systems

3.2.1 System Description

The CHALLENGE AER-200 Respirometer System manufactured by Challenge
Technology, Springdale, Arkansas (Challenge AER-200 Series, 2004) consisted of
biological reaction vessels, a stirring base for mixing the samples, a cell base containing

eight flow measuring cells, an interface module, and a computer. The system, shown in
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Figure 3.1, can be operated in the aerobic mode in which oxygen uptake was measured or

anaerobic mode in which the production of biological gases was measured.

When operating in the anaerobic mode, gases produced by biological reactions, flow
through each cell under the influence of a slight pressure buildup caused by gas
production in the reaction vessel and bubbles of a fixed volume were formed in the lower
section of the cell. These bubbles in turn passed through a detection section thereby
activating a counter in the interface module. Finally, the numbers of bubbles were
registered by the computer to produce a measure of cumulative volume and rate of flow.
This data was stored by the computer for later processing. The lowest volume of
measurement using the standard anaerobic cell was one bubble or about 0.15 mL; the
upper range was two to three bubbles per second or about 20 to 25 mL/min. Figure 3.2

showed the anoxic test setup using Challenge AER-200 Respirometer.

Flow Measuring Cell

The heart of the AER-200 respirometer system is the flow measuring cell. These cells
were precision milled to carefully controlled tolerances to insure production of bubbles of
constant size and volume. Bubble size was controlled by both the cell design and the
composition and viscosity of the fluid medium contained within the cell. As gas was
introduced into the inlet side of the cell, the fluid was forced downward until the gas
phase reaches the lower tip of the tube within each cell. Continued gas flow caused a
bubble to form and float upward between the two detector elements. At this point, a count

was registered by the computer.
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Figure 3.1 Diagram of Anoxic Test Setup using Challenge AER-200 Respirometer
(source: www.challenge-sys.com)

Figure 3.2 Experimental Setup in the Lab
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Cell Base

The cell base contained the interconnecting circuitry needed to pass detection signals to
the interface module. The cell base was located in a place that is free from movement or
excessive vibrations during operation. The cells had a milled section that fits into a
respective notch in the base. Each notch had a photocell and detector for bubble

detection.

Stirring Base

The Stirring Base was used with the AER-200 respirometer system and contains drive
magnets for the reaction vessels. This stirring base allowed high rates of mixing to
maximize gas transfer during anaerobic operation. Additional stirring base was used in

the test with 8-cell respirometer systems.

Computer Module

The AER-200 system computer process and stores the data from the flow measuring cells
using specially dedicated software. This software includes set-up instructions; instruc-
tions for data processing and storage; user-supplied information about the test units, for
example, and sample titles or numbers. Gas production data is stored on the hard disk for
subsequent processing. The computer monitor displays the test data in a convenient
format including: test heading, cell number and sample name, accumulated gas
production in milliliters, and rate of gas production in ml/min. The AER-200 software
presents cumulative gas production and gas production rates in a variety of user-selected

graphical or tabular combinations.
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Interface Module
The interface module contains the circuitry to receive signals from the cell base and
processes this information for storage by the computer. This unit contains connections

for servicing up to three 8-cell base units or 24 flow measuring cells.

Reaction Vessels
The 500 mL reaction vessels were selected for conducting the laboratory-scale tests. The

holes in the side of the adapter permitted the exchange of gases during operation.

3.2.2 Cell Setup

Cell fluid was added to each cell through the inlet or outlet fittings using a syringe and
the long needle. The static oil level in each cell (with no pressure or vacuum present)
should be at the point on the outlet tube immediately above the photo detector (PSD)
where the diameter changes from small to large. In our experiment, approx. 3 ml of cell
oil was sufficient to meet the desired level. Short length yellow tubes were used to

connect the inlet side of each flow-measuring cell to the reaction vessel.

3.2.3 Data Acquisition and Control Software Operation

The data acquisition software for the AER-200 system instantaneously adds the counts
received from the interface module to counter registers, or buffers, in the computer
memory. Data from the counter registers — along with test names, sample names, and
calibration factors — is transferred at user-defined intervals to a file on the hard disk of the
computer. The data is presented in tabular or graphical form on the computer monitor.

The data can be displayed in a variety of user-selected graphical modes.
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3.3  Detailed Methodology

3.3.1 Sample Collection

Nitrification effluent and mixed liquor samples were collected from the two AWTP
investigated. Wastewater samples consisted of mixed liquor captured form the anoxic
zone prior to methanol addition and clarified nitrification effluent. Samples from Blue
Plains AWTP were collected manually, whereas the samples from ASA were obtained
with the help of the plant operators. The procedures of manual sample collection included
plunging a bucket into the appropriate tank and using a funnel to pour the samples into a

4-gallon aliquot.

3.3.2 Temperature and pH Control

The temperature dependence of the biological reaction rate constant is very important in
assessing the overall efficiency of a biological treatment process. Temperature not only
influenced the metabolic activities of the microbial population, but also has a profound
effect on such factors as gas transfer rate, and the settling characteristics of the biological
solids (Metcalf and Eddy, 2003). Temperature of the mixed liquor was recorded after
collecting the samples and the temperature of the water bath was adjusted accordingly, to

maintain the same test condition.

In a variety of wastewater treatment operation and processes, there is often a need for pH
adjustment. Because a number of chemicals are available that can be used, the choice will
depend on suitability of a given chemical for a particular application and prevailing

economics. Alkalinity is produced in denitrification reactions due to production of CO,
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gas and the pH was generally elevated, instead of being depressed as in nitrification
reaction. The desired pH range for the test was around 6.5-7.5 for proper reaction
condition of the denitrifying bacteria. Generally, the initial pHs of the test samples from
both the plants were within the desired range. However, if the initial pH was higher,

diluted acids can be used to reduce the pH of the mixed liquor.

3.3.3 Sample Preparation

Dilution

In the research, three different dilutions (low, medium and high) of mixed liquor were
used for the tests. The dilutions were based on the approximate MLVSS values. The
samples were prepared in such a way that the MLVSS of the low, medium and high

diluted samples were approximately 3000 mg/L, 2000 mg/L and 1000 mg/L, respectively.

Chemical Addition

The chemicals that were added to the samples prior to testing are Ammonium Chloride,
Potassium Phosphate, Methanol and Potassium Nitrate. The stock solutions of each were
prepared and desired doses were added to the samples from the stock solutions. Table 3.1
shows the amount of chemicals used to prepare stock solutions and the concentration of
each chemical mixed with sample. Ammonium chloride and potassium phosphate were
added to provide necessary nutrient for the growth of denitrifying bacteria. Potassium
nitrate was added to supplement the sample with a common initial nitrate concentration.
It is recommended to add potassium nitrate after adding all other chemicals in order to

get accurate initial nitrate consumption data.

-51 -



Table 3.1 Amount of Chemicals Added to the Mixed Liquor

Chemicals Mass Volume of Stock | Volume to add | Concentration
(gm) Solution (ml) to sample (ml) (mg/L)
NH,CI 7.64 100 0.5 5
KH,PO, 8.77 100 0.5 5
KNO; 14.4 100 2 20

The substrate, methanol, was prepared by adding 16.8 ml to 100 ml stock solution and
roughly 2.8 ml was added to the sample to achieve 280 mg COD/L. For Acetate, 4.695

ml was added to 100 ml stock solution and roughly 2.35 ml was added to the sample to

achieve 300 mg COD/L.

Initial Recording of Physical Parameters

After adding the chemicals, the samples were collected for initial measurement of pH,
nitrite, nitrate and COD of the mixed liquor. The pH was measured by standard pH meter.

The DR 2800 spectrophotometer, manufactured by Hach Company, Loveland, Colorado,

was used to analyze nitrite, nitrate and COD of the samples.

e Nitrate was analyzed using Dimethylphenol Method 10206 (Hach Manual)

e Nitrite was analyzed using Diazotization Method 10207 (Hach Manual)

e For COD analysis, a DBR 200 digital reactor block, manufactured by Hach
Company, Loveland, Colorado, was used for digestion of samples. Dichromate
reactor digestion colorimetric method 8000 (Hach Manual) was used for analysis

both low range (0 — 150 mg/L COD) and high range (20 — 1500 mg/L COD) COD

samples.
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3.34

Respirometer Setup

The test bottles and related parts were cleaned with conventional laboratory
cleaners (such as anti-bacterial detergent) and rinsed thoroughly with distilled
water.

A Teflon-coated magnetic stirring bar (35-mm magnets) was inserted in each
bottle.

Prepared samples were transferred to each test vessel (500 ml) using anoxic
conditions. Screw cap was placed with inserted septa to prevent ingress of
atmospheric oxygen and tightened snugly to seal. In order to minimize the chance
of leaks, new septum was used for each test.

Tubes containing 2mL of 30% (w/v) KOH were inserted in the bottles before
closing it. Plastic adapter/inserts were used to support glass tubes that hold
potassium hydroxide to remove carbon dioxide from the atmosphere above the
sample.

The test bottles were placed on the magnetic stirring base in a water bath at a
desired temperature. The stirring rate was adjusted using tachometer to provide
good mixing action. 650 to 700 rpm was generally used in the tests for good
mixing of the sample.

A clean 20-gage needle was inserted through the septum to create vent in the test
bottles. This vent helped to prevent blowing cell fluid from the cell due to a gas

buildup in the bottle during setup.
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g.

BIP Nitrogen gas was purged into each cell at a constant rate for 10 minutes.
Rotameter is used to maintain the rate of gas purging. It also helped purging of
gas to multiple cells at the same time using different outlets.

The control needle attached to the tubing connected to a flow-measuring cell was
inserted into the septum of the test bottle. The needle was inserted through the
outer edge of the septum (between the edge of the cap and the thin ring on the
septum) and at an angle of about 60 degrees (from horizontal) to reduce needle
strain on the septum.

The cell counters and timers were reset from the Control Screen and data acquisition was

initiated by clicking on the Start button.

3.3.5 Fine Tuning

The experiences during the SDNR test and respirometer system setup to improve the test

performance is listed here.

It was very important to select the nitrification effluent from the source tank
where there was no airflow.

The mixed liquor temperature should be reduced by 2°C to 3°C from the field
temperature and it was always necessary to maintain the sample temperature
below the water bath temperature (test temperature).

The water bath temperature should be maintained stable during the test. If the
temperature is not stable, it was necessary to check that there was sufficient flow
of hot and cold water in the water bath, and the flow was not blocked by the

rubber cork that was used to hold the volumetric bottles.
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e |f the gas pressure was negative in the respirometer vessel, the cell oil level would
be depressed below the LED/detector level and caused the flow of bubble in the
opposite direction. It might occur due to a vacuum inside the manifold. The
problem could be solved by purging the N, gas in that particular cell.

e The rpm of the stirrer bars should be uniform in all the reaction vessels by tuning
the tachometer.

e If the cell forms bubble and the counts were not registered in the computer, the
voltage was adjusted in the interface module by using voltmeter. The detail

adjustment procedure was explained in (Challenge AER-200 Series, 2004).

3.3.6 Termination of the Test

The test was terminated when all the nitrates were consumed by the denitrifying
organism and there was no N, gas production in the cell. At that point, N, production
curve became horizontal and stable. The vessels were removed from the system within 10
to 15 minutes after getting stable. Figure 3.3 shows the N, production curves where a test
was performed with six reaction vessels and MLVSS values of 1500 mg/L, 2000 mg/L

and 2800 mg/L.

3.3.7 Final Recording of Physical Parameters
After the test was completed, samples were collected from the reaction vessels for solid
test (MLVSS) and the final measurement of pH, Nitrite, Nitrate and COD. The digestions

of the samples were performed prior to COD measurement.
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3.4 Specific Denitrification Rate Test

The SDNR tests were performed using respirometer for mixed liquor obtained from Blue
Plains AWTP and ASA. SDNR tests provided the instantaneous maximum growth rate of
methanol acclimated denitrifying organism. The SDNR value was obtained by dividing
the rate of nitrate removal by the mixed liquor volatile suspended solids (MLVSS). The
equation to calculate SDNR was shown in Equation 2.1.

3.4.1 Solid Test

Solid test was performed to measure the MLVSS of the mixed liquor which was
necessary to determine the SDNR values. MLVSS was measured using Equation 3.1. The

detail preparation and test procedure were according to Standard Methods (APHA, 1998).

_[(A=B)mg x 1000 ml /L
MLVSS(mg /L) = sample volume in ml

Where,
MLVSS = Mixed Liquor Volatile Suspended Solid
A = Weight of residue oven-dried at 104°C+ Filter paper + Crucible

B = Weight of filter + Residue after ignition at 550°C

3.5 Half Saturation Coefficient

Half saturation coefficient (Ks) is the concentration at which bacteria growth rate is half
of the maximum growth date. From the remaining NO3-N vs time chart, the slopes are
determined at a certain interval. The maximum initial slope indicates the denitrification
rate (DNR). The concentration (NO3-N value) corresponding to the half of the DNR

value is the calculated half saturation coefficient, as shown in Figure 3.4.
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The nitrate half saturation coefficients (Ksnos-ny) Were obtained for different
temperatures using a model. The developed model is based on the Monod Kkinetic
expression (Metcalf and Eddy, 2003) and a spreadsheet interactive search routine. For
developing this model, time is calculated from measured concentrations and compared to

actual sampling time. Time is calculated using Equation 2.8.

3.6 Spreadsheet Analysis

The MS Excel spreadsheet was used for recording and analyzing the data obtained from
respirometer. The spreadsheet was modified several times throughout the experiment in
order to improve and automate the analysis. The analysis file contained several sheets for
organizing the test data, generate charts and automatic calculation of SDNR and Ks

values. Each sheet was explained here in details.

3.6.1 Test Data

The test data sheet contains general test information (like test date, no. of cell used,
temperature, pressure, chemical dosage) and various constants needed for analysis. The
result obtained from respirometer is the cumulative N, production (mls) at 1 min time
interval. The cumulative N, production (mls) is converted to cumulative NOs-N

consumed (mg/L) and remaining NO3-N (mg/L) using the Equation 3.2 and Equation 3.3.

cum NO;N consumed = cum N, production x%x X 2><14><V£><1000 ........ (3.2)

1000

remaining NO,;N consumed = A—cum NO;N consumed ................ccevevenvnenn. (3.3)

Where,

R = Gas constant = 0.08206 (L-atm/mol °K)
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T = Temperature (°K)

P = Pressure (atm)

2 = Moles of N,

14 = Molecular Wt of N, (gm/mol)
V = Volume of mix liquor (L)

A = Specified initial NOs-N concentration (mg/L)

3.6.2 N3 Production and NO3-N Consumption Chart

N production (Figure 3.5 (a)) chart shows the cumulative N, production vs time. This
chart is obtained from the respirometer output. NO3s-N consumed chart (Figure 3.5 (b))
shows the remaining NO3-N consumed vs time. This chart is mainly used for the SDNR
calculation. Figure 3.5(a) shows the N, production whereas Figure 3.5(b) shows the

consumption of NO3-N with time.
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3.6.3 SDNR Calculation

Slope of NO3-N response is obtained from the remaining NO3-N consumed vs time chart.
The slope of the initial straight-line portion of the curve indicates the denitrification rate
(DNR). The SDNR value is calculated dividing the DNR value by MLVSS obtained from

the solids test, as described in 3.4.1.

3.6.4 Ks Calculation

The half saturation coefficient (Ks) value was determined by using the remaining NOs-N
consumed vs time chart. In this technique, time was calculated from measured
concentrations using Equation 2.8 and compared to actual sampling time. Error was

determined by the difference between measured and actual time.

Ks was obtained by minimizing the sum of square of errors between the measured and

predicted time using SOLVER. The parameters used for Ks analysis are:

e Co: Initial concentration (mg/L)

® Imax: Maximum biomass production rate, g-biomass/(L.d)
o V: Yield

o Ks: Half saturation coefficient (mg/L)
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The step by step procedure of Ks calculation is shown here with an example in Figure
3.6.
e The measured nitrate-time data were entered into two adjacent columns.
e Clean the nitrate data such that it ends in zero.
e The Ks value was set to 0.1
e rmax and Cy, were adjusted manually so that the actual curve is close to the
measured curve.
e The procedure requires setting the value of Y as 0.4. (Shrestha et al., 2009)
e The range of data were adjusted separately for rmax and C, (linear part of curve)
and for Ks (curving portion at the end of curve).
e The spreadsheet SOLVER was applied to minimize the sum of the square

residuals by adjusting the following three parameters, Co, rmax and Ks.

-62-



A | B c | D [ E] F [ 6] H [ 1] J K
1
| 2 | Parameters End value
| 3 | 16.515 sum of sguares
4
| 5 | 0.0417 0.0458
| 6 |
7
| & | Model
9 | Timehours | Time, d NO3 NO3 cleaned Time, d T error (8"2) T error (82}
| 10| 0.000 0.0000 25 3.4585 0.000035 - -
|11 | 0.017 n.o0oo07 24.409 7.894 0.000753 - -
112 | 0.033 n.0014 23.508 7.393 0.001355 - -
113 | 0.050 0.0021 23.408 6.893 0.001987 - -
|14 | 0.067 n.0o028 22753 65278 0.002781 -
| 15 | 0.083 0.0035 22293 5778 0.003402 1 -
| 16 | 0100 00042 21.815 5.300 0.004025 1 -
| 17 | 0117 0.0049 21.21 4.656 0.004545 1 -
| 18 | 0.133 0.0055 20.701 4186 0.005534 1 -
1 19 | 0.150 0.0063 20.200 3.685 0.006244 1 -
| 20 | 0.167 0.0069 19.700 3185 0.006984 1 0.0001 1 0.0001
|21 | 0183 0.0078 19.199 26584 0.007754 1 0.0013 1 0.0013
| 22 | 0.200 0.0083 18.813 2.288 0.003403 1 0.0004 1 0.0004
123 | 0217 0.0080 18.403 1.888 0.009129 - 1 0.0008
| 24 | 0.233 0.0087 18.016 1.501 0.0093883 - 1 0.0022
| 25 | 0.250 0.0104 17.721 1.206 0.010529 - 1 0.0011
| 26 | 0.257 0.0111 17.516 1.001 0.01103 - 1 0.0006
| 27 | 0283 nD.0118 17311 0.796 0.011559 - 1 0.0037
| 28 | 0.300 0.0125 17107 0.592 0.012274 - 1 0.0044
| 25 | 037 00132 16.902 0.357 0.013150 - 1 0.0002
| 30 | 0.333 0.0139 16.811 0.295 0.013654 - 1 0.0044
131 | 0.350 0.0145 18.720 0.205 0.014334 - 1 0.0054
| 32 | 0.3657 0.0153 16.606 0.091 0.015721 - 1 0.0170
1 33 | 0.383 0.0160 16.515 0.000 0.025859 - -
34 0.400 0.0167 16.515 0.000 0.025859 - -
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Figure 3.6 Model Simulation for Half Saturation Coefficient (Ks)
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CHAPTER 4 —- RESULTS AND DISCUSSION

4.1 Introduction

In this study, SDNR tests were performed with the mixed liquor obtained from Blue
Plains AWTP and Alexandria Sanitation Authority AWTP. Majority of the samples were
taken from Blue Plains AWTP. The test was mainly conducted in warm summer
environment where the plant mixed liquor temperatures varied between 19°C to 27°C.
The study investigated different denitrification kinetics, like specific denitrification rate
and half saturation coefficients, then their temperature dependencies. It also analyzed the
denitrification efficiencies with different substrates and different mixed liquor
concentrations. The substrates that considered for the tests as external carbon sources
were Methanol and Acetate. For variable mixed liquor concentration, the MLVSS ranged

from 700 to 3000 mg/L.

The SDNR tests were nitrate limiting tests where the consumption of NO;-N was
measured with time using respirometer. Table 4.1 shows the initial and final COD and
NOs values during the tests at different temperatures. It shows that almost all the nitrate
was consumed during the tests.

Table 4.1 Initial and Final Values of COD and NO;

Temp Initial COD Final COD Initial NO3 Final NO3

(mg/L) (mg/L) (mg/L) (mg/L)
19 252 212.4 25.4 0.186
20 304 231.2 24.45 0.168
24 283 253.5 17.75 0.148
25 275.5 163.8 27.3 0.286
26 270 188.3 27.3 0.345
27 220 176.8 18.9 0.284
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4.2 Specific Denitrification Rate (SDNR)

The SDNR tests were performed using mixed liquor from Blue Plains AWTP nitrification
stage (i.e. denitrifying biomass generated from growth on methanol) over the summer
period. The tests were conducted for six temperatures (19°C, 20°C, 24°C, 25°C, 26°C and
27°C). Tests were conducted in the laboratory at the same temperature as that in the full
scale plant at the time of sampling. The SDNR results of six temperatures are shown in
Figure 4.1 (with maximum and minimum values) where the added substrate was
methanol. Here the temperatures are shown in the x-axis (not in linear temperature scale)
and the SDNR results (in mg NOs-N/g-MLVSS/hr) on the y-axis. Test was done using

two replicates of each.

Van’t Hoff-Arrhenius relationship, shown in Equation 2.12, was used to quantify the
temperature dependency of SDNR. In this study, the tests were performed at temperatures
above 19°C. The low temperature data was obtained from Hareendran (2009) and
presented in Figure 4.2 for correlation with the predicted curve fit. It should be
recognized that the data was collected over a period of months, so changes in factors such
as plant SRT, amount of methanol added to the plant, and hence the methanol utilizer
fraction of the VSS may also have changed, obscuring the true temperature dependency
(Dold et al., 2008). The data set in Figure 4.2 indicates a relatively strong temperature
dependency, with an Arrhenius temperature adjustment (8) factor of 1.087 and SDNR of
7.48 mg/g-MLVSS/hr at 20°C. The value of 0 is obtained using data from this study, data
from Hareendran (2009), and Nichols (2008). All the tests were performed with Blue
Plains nitrification sludge with methanol as the carbon source. The value is within the

range of 1.02 to 1.10 for biological treatment systems (Metcalf and Eddy, 2003).
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- 66 -




In Figure 4.2, some of the SDNR data at high temperature are lower than the temperature
dependency curve. This is due to fact that there were some constructions going on in the

plant during the study period which cause lower SDNR.

Alkalinity is produced in denitrification reactions due to production of CO, gas and the
pH is generally elevated instead of being depressed as in nitrification reaction. In contrast
to nitrifying organisms, there has been a concern about pH influences on denitrification
rate. No significant effect on denitrification rate has been reported for pH between 7 and
8 (Metcalf and Eddy, 2003). The pH of the tests was controlled manually during the
experiments by addition of 30% (w/v) KOH. The pH range was set to 6.7 to 7.6. During
the experiment, the pH was always increasing due to denitrification process as shown in
Table 4.2.

Table 4.2 pH Range for Lab Scale Tests

Temp (°C) Initial pH Final pH
19 6.67 7.66
20 6.71 7.59
24 6.60 7.48
25 6.70 7.66
26 6.88 7.44
27 6.86 7.54

4.2.1 SDNR: Detailed Analysis

The detailed analysis of SDNR tests were performed in spreadsheet. The spreadsheet
contains a number of tabs for organizing the data with automatic representation of figure
and results. The tabs includes, Raw data set, N, Production chart, NOs-N Consumed

chart, Denitrification Rate and MLVSS calculation and SDNR calculation. The detail
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illustration of the SDNR calculation explained below for test data of 19°C of Blue Plains

mixed liquor.

SDNR Data Set

The output from respirometer was a spreadsheet (*.csv file) with cumulative N,
production (ml) data at 1 minute time interval. This data was imported in the Raw data
set tab in spreadsheet (*.xls file) and converted to cumulative NO3-N consumed (mg/L)
and remaining NOs3-N consumed (mg/L) using Equation 3.2 and 3.3, as presented in

following pages.

Figure 4.3 and Figure 4.4 are the examples of the nitrogen production and respective
nitrate consumption in a test. Each curve in Figure 4.3 represents the counting of nitrogen
gas bubble at every one minute interval for each cell in the automatic respirometer system
(Challenge AER-200 Series, 2004). From the figures, it is evident that nitrogen
production or nitrate consumption was faster in the initial part of the test, and the rate

gradually decreases as most of the NOs-N is consumed from the mixed liquor.

In order to calculate the specific denitrification rate, it is necessary to measure the
denitrification rate and MLVSS. The slope of the initial straight-line portion of NO3-N
response curve indicates the denitrification rate (DNR). It was measured by taking the
slope of remaining NOs-N consumed data and time using Figure 4.4. Figure 4.5 shows an
example where the shaded data points represent the linear portion of the curve that is
used to get the slope (DNR) indicated by the line. The detailed MLVSS calculation using
Equation 3.1 was presented in Table 4.4 for variable mixed liquor concentration. Using

Equation 2.1, the SDNR was calculated and shown in Table 4.5.
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Data Set at 19°C

Chemical Dosage MLVSS Unit
Data Set# 2 =
I " BC Low Med High
emperature
P S Total Sample 2 2 14 L
Source Mitrification Effluent
. NHACI 5 5 35 mg/L
Plant Blue Plains AWTP
. . KH2PO4 5 5 3.5 mgfL
Concentration Variable
Substrate MeOH NaNO3 20 20 14 mgfL
CoD 280 280 196 mg/L
Calib
(ml) 0.0439 0.0444 0.0452 0.0445 0.0433 0.0428
Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-7 Cell A-8
Elapse Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
f N2  NO3- NO3- [ N2 NO3-  NO3- N2 NO3-  NO3- N2 NO3-  NO3- N2 NO3-  NO3- N2 NO3-  NO3-
(hours) Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L) (mg/L)
0.000 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00
0.017 0.13 0.30 19.70 0.18 0.42 19.58 0.14 0.33 19.67 0.09 0.21 19.79 0.09 0.21 19.79 0.09 0.21 19.79
0.033 0.31 0.72 19.28 0.36 0.84 19.16 0.23 0.54 19.46 0.22 0.51 19.49 0.17 0.40 19.60 0.17 0.40 19.60
0.050 0.48 1.12 18.88 0.53 1.24 18.76 0.32 0.75 19.25 0.31 0.72 19.28 0.26 0.61 19.39 0.26 0.61 19.39
0.067 0.61 1.43 18.57 0.71 1.66 18.34 0.45 1.05 18.95 0.40 0.93 19.07 0.35 0.82 19.18 0.34 0.79 19.21
0.083 0.75 1.75 18.25 0.89 2.08 17.92 0.54 1.26 18.74 0.49 1.15 18.85 0.43 1.00 19.00 0.43 1.00 19.00
0.100 0.92 2.15 17.85 1.07 2.50 17.50 0.63 1.47 18.53 0.62 1.45 18.55 0.52 1.22 18.78 0.51 1.19 18.81
0.117 1.05 2.45 17.55 1.24 2.90 17.10 0.77 1.80 18.20 0.71 1.66 18.34 0.61 1.43 18.57 0.60 1.40 18.60
0.133 1.23 2.87 17.13 1.42 3.32 16.68 0.86 2.01 17.99 0.80 1.87 18.13 0.69 1.61 18.39 0.68 1.59 18.41
0.150 1.36 3.18 16.82 1.60 3.74 16.26 0.99 2.31 17.69 0.93 2.17 17.83 0.78 1.82 18.18 0.77 1.80 18.20
0.167 1.49 3.48 16.52 1.73 4.04 15.96 1.08 2.52 17.48 1.02 2.38 17.62 0.87 2.03 17.97 0.86 2.01 17.99
0.183 1.67 3.90 16.10 1.91 4.46 15.54 1.18 2.76 17.24 1.11 2.59 17.41 0.95 2.22 17.78 0.94 2.20 17.80
0.200 1.80 4.21 15.79 2.04 4.77 15.23 1.27 2.97 17.03 1.20 2.80 17.20 1.04 2.43 17.57 1.03 2.41 17.59
0.217 1.93 4.51 15.49 2.22 5.19 14.81 1.40 3.27 16.73 1.29 3.01 16.99 1.08 2.52 17.48 1.11 2.59 17.41
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.233 2.06 4.81 15.19 2.35 5.49 14.51 1.49 3.48 16.52 1.38 3.23 16.77 1.17 2.73 17.27 1.16 2.71 17.29
0.250 2.20 5.14 14.86 2.49 5.82 14.18 1.58 3.69 16.31 1.47 3.44 16.56 1.26 2.94 17.06 1.24 2.90 17.10
0.267 2.28 5.33 14.67 2.62 6.12 13.88 1.67 3.90 16.10 1.56 3.65 16.35 1.30 3.04 16.96 1.28 2.99 17.01
0.283 241 5.63 14.37 2.75 6.43 13.57 1.76 4.11 15.89 1.65 3.86 16.14 1.39 3.25 16.75 1.37 3.20 16.80
0.300 2.50 5.84 14.16 2.84 6.64 13.36 1.85 4.32 15.68 1.74 4.07 15.93 1.43 3.34 16.66 141 3.30 16.70
0.317 2.59 6.05 13.95 2.93 6.85 13.15 1.90 4.44 15.56 1.78 4.16 15.84 1.52 3.55 16.45 1.50 3.51 16.49
0.333 2.63 6.15 13.85 3.02 7.06 12.94 1.99 4.65 15.35 1.87 4.37 15.63 1.56 3.65 16.35 1.54 3.60 16.40
0.350 2.68 6.26 13.74 3.06 7.15 12.85 2.08 4.86 15.14 1.96 4.58 15.42 1.65 3.86 16.14 1.58 3.69 16.31
0.367 2.72 6.36 13.64 3.11 7.27 12.73 2.17 5.07 14.93 2.05 4.79 15.21 1.69 3.95 16.05 1.67 3.90 16.10
0.383 2.77 6.47 13.53 3.15 7.36 12.64 2.26 5.28 14.72 2.09 4.88 15.12 1.73 4.04 15.96 1.71 4.00 16.00
0.400 2.81 6.57 13.43 3.20 7.48 12.52 2.35 5.49 14.51 2.18 5.09 14.91 1.82 4.25 15.75 1.75 4.09 15.91
0.417 2.85 6.66 13.34 3.24 7.57 12.43 2.44 5.70 14.30 2.27 5.31 14.69 1.86 4.35 15.65 1.84 4.30 15.70
0.433 2.85 6.66 13.34 3.24 7.57 12.43 2.53 5.91 14.09 2.36 5.52 14.48 1.95 4.56 15.44 1.88 4.39 15.61
0.450 2.85 6.66 13.34 3.29 7.69 12.31 2.62 6.12 13.88 2.45 5.73 14.27 1.99 4.65 15.35 1.97 4.60 15.40
0.467 2.90 6.78 13.22 3.29 7.69 12.31 2.71 6.33 13.67 2.54 5.94 14.06 2.08 4.86 15.14 2.01 4.70 15.30
0.483 2.90 6.78 13.22 3.29 7.69 12.31 2.80 6.54 13.46 2.63 6.15 13.85 2.12 4.95 15.05 2.10 4.91 15.09
0.500 2.90 6.78 13.22 3.33 7.78 12.22 2.89 6.75 13.25 2.71 6.33 13.67 2.21 5.16 14.84 2.14 5.00 15.00
0.517 2.90 6.78 13.22 3.33 7.78 12.22 2.98 6.96 13.04 2.80 6.54 13.46 2.25 5.26 14.74 2.23 5.21 14.79
0.533 2.94 6.87 13.13 3.33 7.78 12.22 3.07 7.17 12.83 2.89 6.75 13.25 2.34 5.47 14.53 231 5.40 14.60
0.550 2.94 6.87 13.13 3.37 7.88 12.12 3.16 7.39 12.61 2.94 6.87 13.13 2.38 5.56 14.44 2.35 5.49 14.51
0.567 2.94 6.87 13.13 3.37 7.88 12.12 3.21 7.50 12.50 3.03 7.08 12.92 2.47 5.77 14.23 2.40 5.61 14.39
0.583 2.94 6.87 13.13 3.37 7.88 12.12 3.34 7.81 12.19 3.12 7.29 12.71 2.51 5.87 14.13 2.48 5.80 14.20
0.600 2.94 6.87 13.13 3.37 7.88 12.12 3.44 8.04 11.96 3.20 7.48 12.52 2.60 6.08 13.92 2.57 6.01 13.99
0.617 2.94 6.87 13.13 3.37 7.88 12.12 3.48 8.13 11.87 3.29 7.69 12.31 2.64 6.17 13.83 2.61 6.10 13.90
0.633 2.94 6.87 13.13 3.37 7.88 12.12 3.57 8.34 11.66 3.34 7.81 12.19 2.73 6.38 13.62 2.70 6.31 13.69
0.650 2.94 6.87 13.13 3.37 7.88 12.12 3.66 8.55 11.45 3.43 8.02 11.98 2.77 6.47 13.53 2.74 6.40 13.60
0.667 2.94 6.87 13.13 3.37 7.88 12.12 3.75 8.76 11.24 3.52 8.23 11.77 2.86 6.68 13.32 2.78 6.50 13.50
0.683 2.94 6.87 13.13 3.37 7.88 12.12 3.84 8.97 11.03 3.56 8.32 11.68 2.90 6.78 13.22 2.87 6.71 13.29
0.700 2.94 6.87 13.13 3.37 7.88 12.12 3.93 9.18 10.82 3.65 8.53 11.47 2.99 6.99 13.01 2.91 6.80 13.20
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.717 2.94 6.87 13.13 3.37 7.88 12.12 3.98 9.30 10.70 3.74 8.74 11.26 3.03 7.08 12.92 3.00 7.01 12.99
0.733 2.94 6.87 13.13 3.37 7.88 12.12 4.07 9.51 10.49 3.83 8.95 11.05 3.12 7.29 12.71 3.04 7.10 12.90
0.750 2.94 6.87 13.13 3.37 7.88 12.12 4.16 9.72 10.28 3.87 9.04 10.96 3.16 7.39 12.61 3.12 7.29 12.71
0.767 2.94 6.87 13.13 3.37 7.88 12.12 4.25 9.93 10.07 3.96 9.25 10.75 3.25 7.60 12.40 3.17 7.41 12.59
0.783 2.94 6.87 13.13 3.37 7.88 12.12 434 10.14 9.86 4.05 9.47 10.53 3.29 7.69 12.31 3.25 7.60 12.40
0.800 2.94 6.87 13.13 3.37 7.88 12.12 443  10.35 9.65 4.09 9.56 10.44 3.33 7.78 12.22 3.30 7.71 12.29
0.817 2.94 6.87 13.13 3.37 7.88 12.12 452 10.56 9.44 4.18 9.77 10.23 3.42 7.99 12.01 3.38 7.90 12.10
0.833 2.94 6.87 13.13 3.37 7.88 12.12 457 10.68 9.32 4.27 9.98 10.02 3.46 8.09 11.91 3.42 7.99 12.01
0.850 2.94 6.87 13.13 3.37 7.88 12.12 466 10.89 9.11 432 10.10 9.90 3.55 8.30 11.70 3.47 8.11 11.89
0.867 2.94 6.87 13.13 3.37 7.88 12.12 475 1110 8.90 441  10.31 9.69 3.59 8.39 11.61 3.55 8.30 11.70
0.883 2.94 6.87 13.13 3.37 7.88 12.12 484 1131 8.69 449  10.49 9.51 3.68 8.60 11.40 3.60 8.41 11.59
0.900 2.94 6.87 13.13 3.37 7.88 12.12 488 11.40 8.60 454 10.61 9.39 3.72 8.69 11.31 3.68 8.60 11.40
0.917 2.94 6.87 13.13 3.37 7.88 12.12 497 11.62 8.38 463 10.82 9.18 3.81 8.90 11.10 3.72 8.69 11.31
0.933 2.94 6.87 13.13 3.37 7.88 12.12 5.06 11.83 8.17 467 1091 9.09 3.85 9.00 11.00 3.81 8.90 11.10
0.950 2.94 6.87 13.13 3.37 7.88 12.12 511 11.94 8.06 476 11.12 8.88 3.94 9.21 10.79 3.85 9.00 11.00
0.967 2.94 6.87 13.13 3.37 7.88 12.12 520 12.15 7.85 481 11.24 8.76 3.98 9.30 10.70 3.89 9.09 10.91
0.983 2.94 6.87 13.13 3.37 7.88 12.12 529 12.36 7.64 490 11.45 8.55 4.03 9.42 10.58 3.98 9.30 10.70
1.000 2.94 6.87 13.13 3.37 7.88 12.12 5.33 1246 7.54 494 1155 8.45 4.11 9.61 10.39 4.02 9.40 10.60
1.017 2.94 6.87 13.13 3.37 7.88 12.12 542  12.67 7.33 498 11.64 8.36 4.16 9.72 10.28 4.11 9.61 10.39
1.033 2.94 6.87 13.13 3.37 7.88 12.12 547 12.78 7.22 5.03 11.76 8.24 4.24 9.91 10.09 4.15 9.70 10.30
1.050 2.94 6.87 13.13 3.37 7.88 12.12 556 12.99 7.01 5.07 1185 8.15 429 10.03 9.97 4.24 9.91 10.09
1.067 2.94 6.87 13.13 3.37 7.88 12.12 5.60 13.09 6.91 5.12 1197 8.03 437 1021 9.79 4.28 10.00 10.00
1.083 2.94 6.87 13.13 3.37 7.88 12.12 5.65 13.20 6.80 5.12 1197 8.03 442  10.33 9.67 437 10.21 9.79
1.100 2.94 6.87 13.13 3.37 7.88 12.12 5.70 13.32 6.68 5.16 12.06 7.94 4.46  10.42 9.58 441  10.31 9.69
1.117 2.94 6.87 13.13 3.37 7.88 12.12 5.70 13.32 6.68 5.16 12.06 7.94 455 10.63 9.37 4.45  10.40 9.60
1.133 2.94 6.87 13.13 3.37 7.88 12.12 570 13.32 6.68 516 12.06 7.94 459 10.73 9.27 449  10.49 9.51
1.150 2.94 6.87 13.13 3.37 7.88 12.12 574 1341 6.59 516 12.06 7.94 463 10.82 9.18 458 10.70 9.30
1.167 2.94 6.87 13.13 3.37 7.88 12.12 5.74 1341 6.59 521 12.18 7.82 472 11.03 8.97 462 10.80 9.20
1.183 2.94 6.87 13.13 3.37 7.88 12.12 5.74 1341 6.59 521 12.18 7.82 476  11.12 8.88 4.67 10.91 9.09
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-7 Cell A-8

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.200 2.94 6.87 13.13 3.37 7.88 12.12 5.74 1341 6.59 521 12.18 7.82 481 11.24 8.76 475 11.10 8.90
1.217 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 489 1143 8.57 479  11.19 8.81
1.233 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 494 1155 8.45 488 11.40 8.60
1.250 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 498 11.64 8.36 492 1150 8.50
1.267 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 5.07 1185 8.15 496 11.59 8.41
1.283 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 511 1194 8.06 5.05 11.80 8.20
1.300 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 5.15 12.04 7.96 5.09 11.90 8.10
1.317 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 524 12.25 7.75 5.14 12.01 7.99
1.333 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 528 12.34 7.66 5.18 1211 7.89
1.350 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 5.33 1246 7.54 522 12.20 7.80
1.367 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 5.37 1255 7.45 526 12.29 7.71
1.383 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 541 12.64 7.36 5.35 12.50 7.50
1.400 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 546  12.76 7.24 5.39 12.60 7.40
1.417 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 5.21 12.18 7.82 554 12.95 7.05 5.44 1271 7.29
1.433 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 5.21 12.18 7.82 5,59 13.06 6.94 5,52  12.90 7.10
1.450 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 5.63 13.16 6.84 5,56 12.99 7.01
1.467 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 5.67 13.25 6.75 5.61 13.11 6.89
1.483 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 5.72  13.37 6.63 5.65 13.20 6.80
1.500 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 5.80 13.56 6.44 5.69 13.30 6.70
1.517 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 5.85 13.67 6.33 5.74 1341 6.59
1.533 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 5.89 13.77 6.23 5.82  13.60 6.40
1.550 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 593 13.86 6.14 5.86 13.70 6.30
1.567 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 5.21 12.18 7.82 5.98 13.98 6.02 591 1381 6.19
1.583 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.02  14.07 5.93 595 13.91 6.09
1.600 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.06 14.16 5.84 5.99 14.00 6.00
1.617 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.11  14.28 5.72 6.03  14.09 5.91
1.633 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.15  14.37 5.63 6.08 14.21 5.79
1.650 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.15  14.37 5.63 6.08 14.21 5.79
1.667 2.94 6.87 13.13 3.37 7.88 12.12 5.79  13.53 6.47 521 12.18 7.82 6.19  14.47 5.53 6.12 14.30 5.70
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-7 Cell A-8

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.683 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.19  14.47 5.53 6.16 14.40 5.60
1.700 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.24 1458 5.42 6.21 1451 5.49
1.717 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.24 1458 5.42 6.21 1451 5.49
1.733 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.28 14.68 5.32 6.21 1451 5.49
1.750 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.28 14.68 5.32 6.25 14.61 5.39
1.767 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.32  14.77 5.23 6.25 14.61 5.39
1.783 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.32  14.77 5.23 6.29 14.70 5.30
1.800 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.32  14.77 5.23 6.29 14.70 5.30
1.817 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.32  14.77 5.23 6.29 14.70 5.30
1.833 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.32  14.77 5.23 6.29 14.70 5.30
1.850 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.32  14.77 5.23 6.29 14.70 5.30
1.867 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.32  14.77 5.23 6.29 14.70 5.30
1.883 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.37 14.89 5.11 6.29 14.70 5.30
1.900 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 5.21 12.18 7.82 6.37 14.89 5.11 6.29 14.70 5.30
1.917 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 5.21 12.18 7.82 6.37 14.89 5.11 6.33 14.79 5.21
1.933 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.37 14.89 5.11 6.33 14.79 5.21
1.950 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.37 14.89 5.11 6.33 14.79 5.21
1.967 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.37 14.89 5.11 6.33 14.79 5.21
1.983 2.94 6.87 13.13 3.37 7.88 12.12 579 1353 6.47 521 12.18 7.82 6.37 14.89 5.11 6.33 14.79 5.21
2.000 2.94 6.87 13.13 3.37 7.88 12.12 5.79 1353 6.47 521 12.18 7.82 6.37 14.89 5.11 6.33 14.79 5.21
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Figure 4.4 Nitrate Consumption Curve
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NO3-N Consumed (mg/L)

Cum Cum Rem
N2 NO3- NO3-
Elapse T | Prod Con Con
(hours) | (mls) | (mgiL) | (mgiL) |
22 0.000 0 0.000 20
0.017 013 0.304 19.696
0.033 0.31 0724 19.276
0.050 0.48 | 1.122 | 18.878
0.087 0.61 | 1.426 | 18.574
0.083 0.75 1.753 18.247
0.100 0.92 2150 17.850
0.117 1.05 2454 17.546
0.133 1.23 | 2.875 | 17.125
0.150 1.36 | 3.178 | 16.822
0.167 1.49 3.482 16.518
0.183 1.67 3903 16.097
0.200 18 | 4207 | 15.793
0.217 1.93 | 4511 | 15.489
12+ - ______ 0.233 206 4814 15.186
0.250 22 5142 14.858
0.267 228 | 5320 | 1467
10 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 0.283 241 | 5632 | 14.368
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 0.300 25 5843 14157
Time (hrs) 0.317 250 6.053 13.947
0.333 263 6.147 13.853
0.350 268 | 6.263 | 13.737
0.367 272 | 6.357 | 13.643
0.383 277 6.474 13.526
0.400 2.81 6.567 13.433
Figure 4.5 Denitrification Rate Calculation with Data Points at 19°C
Table 4.4 MLVSS Calculation
Crucible + Crucible +
Crucible Sample Sample Sample Average
cal | Weight | weight Weight | Volume ('\rqu(;LS) '\("nL]g/SS MLVSS
(gm) (gm)oat (gm)oat (ml) (mg/L)
100°C 550°C
A-1 29.3861 29.444 29.396 15 1293 3100 2900
A-2 23.9931 24.0453 24.003 15 1427 2800
A-3 27.526 27.5555 27.5298 15 2273 1700 1700
A-4 28.108 28.138 28.1115 15 2313 1700
A-7 26.009 26.0324 26.0136 15 1060 1200 1100
A-8 28.8767 28.9002 28.885 15 920 1000
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Table 4.5 SDNR Calculation

Cell Denitrification MLVSS SDNR
Rate (mg/L-Hr) (mg/L) (mg/gmMLVSS/hr)
A-1 20.838 2900 7.19
A-2 20.285 2900 6.99
A-3 12.52 1700 7.36
A-4 12.13 1700 7.14
A-7 9.681 1100 8.80
A-8 9.417 1100 8.56

4.3 Half Saturation Coefficient (Ks)

Half saturation coefficient (Ks) is the substrate concentration at which bacteria growth
rate is half of the maximum growth rate. The nitrate half saturation coefficients (Ks) were
obtained for different temperatures using a model explained in Chapter 3. The Ks values
for different tests using BP and ASA AWTP samples are shown in Table 4.6 and 4.7,

respectively. An example calculation for one set of data at 19°C was provided.

-76 -



Table 4.6 Result of Kinetic Parameters for Blue Plains AWTP at Different Temperatures

Using Methanol
Temp Data Cell DNR MLVSS rmax Ks

© Set (mg/L-hr) (mg/L) (g/L.d) (mg/L)

19 Al 8.23 1600 398.50 0.21

#1 A2 8.22 1600 336.91 0.28

A7 8.59 1600 360.13 0.27

Al 19.93 2900 1366.39 1.45

A2 21.48 2900 1602.83 1.88

#2 A3 11.72 1700 584.80 0.27

Ad 10.74 1700 539.66 0.26

A7 8.16 1100 423.14 0.42

A8 8.07 1100 412.50 0.38

20 Al 11.00 1800 643.51 0.54

A2 12.42 1800 672.27 0.41

A7 6.06 700 289.73 0.10

A8 5.97 700 283.49 0.10

25 Al 16.87 2355 1134.47 1.20

A3 8.21 1135 429.65 0.38

A6 18.66 2605 1243.17 1.07

A7 9.81 1553 494.98 0.26

26 Al 16.36 2260 994.46 0.75

#1 A2 11.69 1760 582.95 0.14

A6 19.26 2345 1547.93 2.04

Al 17.11 1682 817.51 0.19

#2 A3 9.86 862 507.40 0.36

A7 8.63 1146 453.55 0.22

27 Al 30.32 2685 1867.67 1.54

A2 12.78 1978 647.20 0.22

A3 11.55 1450 567.40 0.18

Ad 14.16 1870 738.46 0.26

A6 32.24 2828 2274.03 2.41

A8 10.01 1470 499.05 0.19

-77 -




Table 4.7 Result of Kinetic Parameters for ASA AWTP at Different Temperatures
using Methanol and Acetate

Temp Data Cell DNR MLVSS rmax Ks
© Set (mg/L-hr) (mg/L) (g/L.d) (mg/L)
20 Al 9.95 1800 671.12 0.81

A2 11.47 1800 924.76 0.81

#1 A3 8.01 1600 415.08 0.22

A4 4.69 1600 212.15 0.04

A6 6.26 1600 288.39 0.02

Al* 5.84 1450 310.37 0.31

#2 A2 * 6.58 1460 345.37 0.28

A6 4.48 1467 229.90 0.23

A8 * 5.53 1435 281.54 0.24

22 Al * 4.97 1820 244.74 0.33
A2 * 5.34 1835 273.99 0.37

A3 6.10 1885 297.72 0.23

AB * 4.87 1855 233.13 0.29

A7 5.29 1758 250.42 0.14

26 Al 9.38 2090 450.35 0.12
A2 7.16 1685 338.04 0.06

A3 4.32 975 213.70 0.12

A4 9.89 1685 517.70 0.29

A6 8.88 2090 454.73 0.22

A7 8.91 1685 454.27 0.30

* Acetate as Substrate
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Ks Data Set
Temperature : 19°C
Cell : A-1
Input (Initial Estimate):
Initial concentration Co 7
Denite rate rmax 1500
Yield Y 0.4
Half saturation concentration | Ks 0.1
Model Result:
Initial concentration Co 7.1
Denite rate rmax 1366.4
Yield Y 0.4
Half saturation concentration | Ks 1.45
Analytical Data
Model
NO3 T error T error
Time (hours) Time, d NO3 cleaned Time, d (s"2) (s"2)
0.000 0.0000 20 6.944 0.00028 -
0.017 0.0007 | 19.689 6.633 0.00080 1 | 0.0010
0.033 0.0014 | 19.258 6.202 0.00154 1 | 0.0020
0.050 0.0021 | 18.851 5.795 0.00225 1 | 0.0023
0.067 0.0028 | 18.539 5.483 0.00279 1 | 0.0000
0.083 0.0035 | 18.204 5.148 0.00339 1 | 0.0006
0.100 0.0042 | 17.797 4.741 0.00412 1 | 0.0002
0.117 0.0049 | 17.486 4.430 0.00470 1 | 0.0023
0.133 0.0056 | 17.055 3.999 0.00551 1 | 0.0002
0.150 0.0063 | 16.744 3.688 0.00610 1 | 0.0018
0.167 0.0069 | 16.432 3.376 0.00672 1 | 0.0044
0.183 0.0076 | 16.001 2.945 0.00760 1 | 0.0002
0.200 0.0083 | 15.690 2.634 0.00826 1 | 0.0005
0.217 0.0090 | 15.379 2.323 0.00895 1 | 0.0006
0.233 0.0097 | 15.067 2.011 0.00967 1 | 0.0002 1 | 0.0002
0.250 0.0104 | 14.732 1.676 0.01051 1 | 0.0008 1 | 0.0008
0.267 0.0111 | 14.541 1.485 0.01102 1 | 0.0006 1 | 0.0006
0.283 0.0118 | 14.229 1.173 0.01194 1 | 0.0015 1 | 0.0015
0.300 0.0125 | 14.014 0.958 0.01265 1 | 0.0019 1 | 0.0019
0.317 0.0132 | 13.798 0.742 0.01347 1 | 0.0064 1 | 0.0064
0.333 0.0139 | 13.703 0.647 0.01388 - 1 | 0.0000
0.350 0.0146 | 13.583 0.527 0.01446 - 1| 0.0013
0.367 0.0153 | 13.487 0.431 0.01500 - 1 | 0.0065
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0.383 0.0160 | 13.367 0.311 0.01583 - 1 | 0.0017
0.400 0.0167 | 13.272 0.216 0.01671 - 1 | 0.0002
0.417 0.0174 | 13.176 0.120 0.01804 - 1 | 0.0394
0.433 0.0181 | 13.176 0.120 0.01804 - 1 | 0.0000
0.450 0.0188 | 13.176 0.120 0.01804 - 1 | 0.0440
0.467 0.0194 | 13.056 0.000 0.04201 - -
0.483 0.0201 | 13.056 0.000 0.04201 - -
0.500 0.0208 | 13.056 0.000 0.04201 - -
0.517 0.0215 | 13.056 0.000 0.04201 - -
S1 | 0.0275 S2 0.1045
Sum of Squares S1+S2 0.0132
460 4 - -\ + NO3-N Measured
NO3-N Predicted
400 - -----=---Nm oo
4
B 3,60 - e
E
S 3.10 -
E e Ks=1.45
(2]
S
8 210 oo NG
pd
o 1.60
@]
<1104 N
0.60
0.10 T T T * T
0.0000 0.0050 0.0100 0.0150 0.0200 0.0250
Time (days)

Figure 4.6(a) Cell A-1
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Figure 4.6 (b) Cell A-2
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Figure 4.6 (c) Cell A-3
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Figure 4.6 (d) Cell A-4
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Figure 4.6 (e) Cell A-7

-82 -




+ NO3-N Measured
NO3-N Predicted

5.10 -

4.10 ~

Ks =0.38
3104 N

2.10 A

NO3-N Consumed (mg/L)

1.10 -

0.10
0.04 0.05 0.06 0.07 0.08 0.09 0.1

Time (days)

Figure 4.6 (f) Cell A-8

Figure 4.6 (a)-(f) Half Saturation Coefficient (Ks) Data Set at 19°C

A linear relationship between half saturation coefficient (Ksnos-n)) and denitrification
rate (DNR) and the corresponding R? values are shown in Figure 4.7 (a) to (d) at 19°C,
20°C, 25°C and 27°C, respectively. From the figures, it is evident that correlation exists
between Ks and DNR. One possibility is that an affinity constant relates Ks to

denitrification rate (Hareendran, 2009).
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Figure 4.7 (a)-(d) Correlation between Ks and DNR at Different Temperatures

-84 -




4.4 Mixed Liquor Concentration

One of the objectives of the study was to investigate the denitrification kinetics with
different mixed liquor concentrations. Different concentrations were achieved with
variable MLVSS ranging from 700 to 3000 mg/L. Figure 4.8 shows the NOs-N response
of three cells with 1100, 1700 and 2900 mg/L MLVSS at 19°C. From the figures, it is
clear that when the MLVSS is higher, denitrification rate is also higher, i.e. there is more
rapid decline in nitrate and test completion time is shorter. Similar trend was also found
in Figure 4.9 with MLVSS 1450, 1900 and 2750 mg/L at 27°C. This is probably due to
higher active biomass present in higher MLVSS concentration. The result obtained from
this study was consistent with the results of Mokhayeri (2008). Although the NOs-N
response was faster for high MLVSS, there was no significant change in the SDNR
values, indicated by Figure 4.10. From the figure, we can observe that the SDNR values
are quite similar for different mixed liquor concentration (MLVSS) at different

temperatures.

Figure 4.11 (a) and (b) show the relationship between Ks and different mixed liquor
concentration (MLVSS) for 19°C and 27°C, respectively. From the figures, it appears that
the Ks values are higher when the MLVSS is higher, and vice versa, showing the
dispersion limitation. Overall, the Ks values seem to be dependent on the initial

maximum denitrification rate (DNR) and mixed liquor concentration (MLVSS).
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Figure 4.9 NO3-N Response Curve at Different
Mixed Liquor Concentration at 27°C
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4.5 Substrate Variations

A limited number of SDNR tests were performed using mixed liquor from the ASA

nitrification stage with different substrates, methanol and acetate, as external carbon

source. Table 4.8 presents the SDNR values for a test at 22°C with four cells, two using

methanol (MeOH) and two using acetate (HAC). From the results, we can observe that

SDNR using acetate was lower than that using methanol. This was because the methanol-

grown organisms cannot utilize acetate immediately. Acetate is utilized only by a limited

number of heterotrophs in the mixed liquor resulting in the low SDNR values. This was

observed in acclimation studies by Mokhayeri et al. (2008). Instantaneous SDNRs of
acetate to methanol grown biomass was lower than that of methanol. Even after 24 hr

acclimation, the SDNR of acetate increased but not more than methanol. This result is

also consistent with a previous study performed by Dold et al. (2008).

(ASA mixed liquor at 22°C)

Table 4.8 SDNR Results using Different Substrates

Substrate DNR MLVSS SDNR
(mg/L-Hr) (mg/L) (mg/g-MLVSS/hr)
Acetate 4.967 1820 2.73
5.337 1835 291
Methanol 6.097 1885 3.23
5.290 1758 3.01
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4.6  Different AWTP

The SDNR tests were done using mixed liquor from two wastewater treatment plants,
ASA and BP AWTP with methanol as external carbon source. ASA is a single sludge
step-feed pre-denitrification system with internal recycle whereas BP AWTP is a two
sludge step-feed modified aeration post-denitrification process. The objective was to
investigate the denitrification efficiency with different treatment processes. The SDNR
test results at 20°C and 26°C from both the plants are presented in Figure 4.12, which
showed that the SDNR is different for the two wastewater treatment plants. The
difference might be due to the variation of treatment processes used in those plants. Blue
Plains AWTP has two sludge systems, and ASA has a single sludge system. At Blue
Plains, this might result in a higher fraction of methanol utilizing microorganisms,
resulting in a higher SDNR value. However, from a limited number of tests performed, it
is difficult to conclude why SDNR is different for the two wastewater treatment plants.
The NO;-N response curves for 20°C and 26°C are shown in Figure 4.13 and 4.14,

respectively.
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Figure 4.12 SDNR Test Results for ASA and BP
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Figure 4.13 NOs-N Response Curves at Different MLVSS
for ASA and BP at 20°C
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4.7 Use of Polymer

The objective was to investigate whether adding a polymer substantially increased the
denitrification efficiency. To achieve this, diluted cationic polymer (536K, Fisher
Scientific) has been used for some tests with BP AWTP mixed liquor. This process can
increase the dispersion and also decrease the diffusion resistance, thus improving the
denitrification process. Figure 4.15 with 26°C shows the NOs-N response curve with
three cells, one with high polymer (2.5 mg/L), one with low polymer (1 mg/L) and one
with no polymer. From the figure, we can see that the denitrification rate is quite similar
for all the cells, yet using polymer can increase the efficiency of the denitrification by
increasing N, production. Figure 4.16 at 24°C also shows similar results although there

was no significant improvement of denitrification process.
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CHAPTER 5 - CONCLUSIONS

5.1  Test Results and Their Implications

The objectives of the research were to investigate the kinetics of biological denitrification
which is necessary for the removal of nitrate from the wastewater. It is very important to
know the denitrification kinetics of methanol utilizing organisms for an optimal design of
nitrogen removal systems. Such parameters are also beneficial to increase the capacity of
the wastewater treatment plants or to upgrade the plants to meet the nitrogen discharge
limitations. This chapter includes the outcome and concluding statements to achieve the

various objectives of the study.

Objective: To determine the Specific Denitrification Rate (SDNR) of denitrifying
bacteria using respirometer and to analyze the temperature dependency.

e The SDNR was determined as 7.48 mg/g-MLVSS/hr at 20°C with an Arrhenius
Coefficient (0) of 1.087 with Blue Plains mixed liquor. The data set shown in
Figure 4.2 indicates a relatively strong temperature dependency. The SDNR
values ranged from 6.48 mg/g-MLVSS/hr to 8.58 mg/g-MLVSS/hr for

temperature ranging from 19°C to 27°C.

Objective: To determine the Half Saturation Coefficient (Ks) for nitrate limiting
condition and to investigate its relationship with different test parameters.
e A wide range of nitrate half saturation coefficient (Ks) values were obtained for
both BP AWTP and ASA. For BP, the Ks value ranged from 0.10 to 2.04 mg/L

and for ASA, Ks ranged from 0.02 to 0.81 mg/L.
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A linear relationship was observed between half saturation coefficient (Ks) and
denitrification rate (DNR in mg/I-hr). The R” values for different temperatures
were between 0.77 — 0.94, showing a strong evidence of linear correlation

between the parameters.

Objective: To analyze the denitrification rates of methanol utilizing organisms for

different concentrations of mix liquor.

The SDNR values were quite similar for different mixed liquor concentration
(MLVSS) at different temperatures.

The denitrification rate (DNR) was found to be higher for higher MLVSS and
vice versa, which indicated that there was more rapid decline in nitrate at higher
MLVSS and test completion time was shorter.

The half saturation coefficient (Ks) was found to be dependent on various mixed
liquor concentrations (MLVSS). A linear correlation was observed between Ks

and MLVSS.

Objective: To evaluate the kinetics of denitrifying bacteria using different substrates, e.g.

methanol and acetate, as external carbon source.

From a limited number of SDNR tests performed with methanol and acetate as
external carbon source for ASA nitrification effluent, the SDNR was found to be
lower with acetate than with methanol. At 22°C, the SDNR with acetate was 2.82
mg/g-MLVSS/hr whereas that with methanol was 3.12 mg/g-MLVSS/hr. This
supports the idea that methanol-grown organisms cannot use acetate (at least not

immediately). Therefore, adding acetate to the full scale plant will not result in an
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immediate increase of denitrification. However, the rate depends on the
acclimation (sufficient time to produce required enzyme for alternate substrate
utilization), therefore SDNR with acetate might increase if acclimation was

allowed.

Additional preliminary conclusions that can be obtained from this study and the test

results are as follows.

The respirometer system was found to be very efficient to determine the kinetics
of denitrifying bacteria. The respirometer systems record nitrogen production data
at 1 minute interval, which is quite impossible with other tests done manually.
The tests are performed in airtight reaction vessels to minimize system loss during
experiment. Therefore, the results obtained from this study offer more precision
and reliability than other previous studies done with batch reactor.

The SDNR tests were done with two methanol assisted wastewater treatment
plants, ASA (single sludge system) and BP AWTP (two sludge system), which
utilizes slightly different treatment processes. At 20°C and 26°C, the DNR and
SDNR for ASA were found to be lower than those for BP AWTP.

From a limited number of tests, polymer addition showed good potential to
increase nitrogen production, thus increasing the efficiency of denitrification for

the wastewater treatment plant.
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5.2  Recommendations and Suggestions for Future Testing

This study mainly investigates the nitrate consumption of denitrification organisms under
nitrate limiting conditions. Further studies should be done to determine Ks for COD
limiting conditions. The denitrification kinetic parameters for COD limiting condition
can be beneficial to measure the C:N ratio and yield. In this study, a yield value of 0.4

was assumed for all batch tests.

One of the objectives of the study was to compare the results of denitrification kinetics
for each plant to determine if the parameters are universal or dependent on the treatment
process. From a limited number of tests, it was observed that DNR and SDNR were
lower for ASA than for Blue Plains AWTP. However more studies are required to

investigate the dependencies of the parameters with different treatment processes.

It was observed that polymer has some potential to improve the efficiency of
denitrification process by increasing the nitrate removal from the wastewater. The tests
were performed in summer condition with variable amount of polymer. More future
studies are required to test the efficiency of polymer in winter condition, when the

denitrification rates are lower.
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APPENDIX A - Blue Plains Data Set

Data Set #1 at 19°C
Data Set # 1 Chemical Dosage
Temperature 19C Total Sample 4 L
Source Mitrification Effiuent NH4CI 5 mg/L
Plant Blue Plains AWTP KH2PO4 5 mg/L
Concentration Same KNO3 15 mg/L
Substrate MeCOH CoD 200 mg/L
Calibration (ml) 0.0433 0.0452 0.0448
Cell A-1 Cell A-2 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed Consumed | Production  Consumed  Consumed Production Consumed Consumed
(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)
0.000 0 0.000 21 0 0.000 21 0 0.000 21
0.017 0.05 0.117 20.883 0.09 0.211 20.789 0.05 0.117 20.883
0.033 0.05 0.117 20.883 0.18 0.421 20.579 0.09 0.211 20.789
0.050 0.09 0.211 20.789 0.22 0.515 20.485 0.18 0.421 20.579
0.067 0.14 0.328 20.672 0.27 0.632 20.368 0.22 0.515 20.485
0.083 0.18 0.421 20.579 0.31 0.725 20.275 0.26 0.608 20.392
0.100 0.23 0.538 20.462 0.35 0.819 20.181 0.35 0.819 20.181
0.117 0.27 0.632 20.368 0.40 0.936 20.064 0.39 0.913 20.087
0.133 0.32 0.749 20.251 0.44 1.030 19.970 0.44 1.030 19.970
0.150 0.36 0.843 20.157 0.53 1.240 19.760 0.52 1.217 19.783
0.167 0.40 0.936 20.064 0.57 1.334 19.666 0.57 1.334 19.666
0.183 0.40 0.936 20.064 0.61 1.428 19.572 0.61 1.428 19.572
0.200 0.45 1.053 19.947 0.66 1.545 19.455 0.70 1.638 19.362
0.217 0.54 1.264 19.736 0.74 1.732 19.268 0.74 1.732 19.268
0.233 0.58 1.357 19.643 0.79 1.849 19.151 0.83 1.942 19.058
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Cell A-1 Cell A-2 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.250 0.63 1.474 19.526 0.87 2.036 18.964 0.87 2.036 18.964
0.267 0.67 1.568 19.432 0.92 2.153 18.847 0.96 2.247 18.753
0.283 0.76 1.779 19.221 1.00 2.340 18.660 1.00 2.340 18.660
0.300 0.81 1.896 19.104 1.05 2.457 18.543 1.09 2.551 18.449
0.317 0.85 1.989 19.011 1.13 2.645 18.355 1.17 2.738 18.262
0.333 0.94 2.200 18.800 1.22 2.855 18.145 1.22 2.855 18.145
0.350 0.98 2.293 18.707 1.26 2.949 18.051 1.30 3.042 17.958
0.367 1.07 2.504 18.496 1.35 3.159 17.841 1.35 3.159 17.841
0.383 1.12 2.621 18.379 1.39 3.253 17.747 1.43 3.347 17.653
0.400 1.16 2.715 18.285 1.48 3.464 17.536 1.52 3.557 17.443
0.417 1.25 2.925 18.075 1.52 3.557 17.443 1.56 3.651 17.349
0.433 1.29 3.019 17.981 1.61 3.768 17.232 1.65 3.861 17.139
0.450 1.38 3.230 17.770 1.65 3.861 17.139 1.69 3.955 17.045
0.467 1.43 3.347 17.653 1.70 3.978 17.022 1.78 4.166 16.834
0.483 1.47 3.440 17.560 1.78 4.166 16.834 1.82 4.259 16.741
0.500 1.56 3.651 17.349 1.83 4.283 16.717 191 4.470 16.530
0.517 1.61 3.768 17.232 1.87 4.376 16.624 1.95 4.564 16.436
0.533 1.65 3.861 17.139 1.96 4.587 16.413 2.04 4.774 16.226
0.550 1.74 4.072 16.928 2.00 4.681 16.319 2.08 4.868 16.132
0.567 1.78 4.166 16.834 2.04 4774 16.226 2.12 4.961 16.039
0.583 1.83 4.283 16.717 2.13 4.985 16.015 2.21 5.172 15.828
0.600 1.92 4.493 16.507 2.17 5.078 15.922 2.25 5.266 15.734
0.617 1.96 4.587 16.413 221 5.172 15.828 2.34 5.476 15.524
0.633 2.01 4.704 16.296 2.26 5.289 15.711 2.38 5.570 15.430
0.650 2.05 4.798 16.202 2.30 5.383 15.617 2.43 5.687 15.313
0.667 2.10 4.915 16.085 2.34 5.476 15.524 2.47 5.781 15.219
0.683 2.14 5.008 15.992 2.39 5.593 15.407 2.51 5.874 15.126
0.700 2.23 5.219 15.781 2.43 5.687 15.313 2.60 6.085 14.915
0.717 2.27 5.312 15.688 2.52 5.898 15.102 2.64 6.178 14.822
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Cell A-1 Cell A-2 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.733 2.32 5.429 15.571 2.56 5.991 15.009 2.69 6.295 14.705
0.750 2.36 5.523 15.477 2.60 6.085 14.915 2.73 6.389 14.611
0.767 2.45 5.734 15.266 2.65 6.202 14.798 2.82 6.600 14.400
0.783 2.50 5.851 15.149 2.69 6.295 14.705 2.86 6.693 14.307
0.800 2.54 5.944 15.056 2.73 6.389 14.611 2.90 6.787 14.213
0.817 2.59 6.061 14.939 2.78 6.506 14.494 2.95 6.904 14.096
0.833 2.63 6.155 14.845 2.82 6.600 14.400 2.99 6.997 14.003
0.850 2.67 6.249 14.751 2.86 6.693 14.307 3.03 7.091 13.909
0.867 2.72 6.366 14.634 291 6.810 14.190 3.08 7.208 13.792
0.883 2.76 6.459 14.541 2.95 6.904 14.096 3.16 7.395 13.605
0.900 2.76 6.459 14.541 3.04 7.114 13.886 3.21 7.512 13.488
0.917 2.81 6.576 14.424 3.08 7.208 13.792 3.25 7.606 13.394
0.933 2.81 6.576 14.424 3.12 7.302 13.698 3.29 7.700 13.300
0.950 2.85 6.670 14.330 3.17 7.419 13.581 3.34 7.817 13.183
0.967 2.85 6.670 14.330 3.21 7.512 13.488 3.38 7.910 13.090
0.983 2.85 6.670 14.330 3.25 7.606 13.394 3.42 8.004 12.996
1.000 2.85 6.670 14.330 3.30 7.723 13.277 3.51 8.214 12.786
1.017 2.85 6.670 14.330 3.34 7.817 13.183 3.55 8.308 12.692
1.033 2.85 6.670 14.330 3.38 7.910 13.090 3.60 8.425 12.575
1.050 2.85 6.670 14.330 3.43 8.027 12.973 3.64 8.519 12.481
1.067 2.85 6.670 14.330 3.47 8.121 12.879 3.68 8.612 12.388
1.083 2.85 6.670 14.330 3.51 8.214 12.786 3.73 8.729 12.271
1.100 2.85 6.670 14.330 3.56 8.331 12.669 3.77 8.823 12.177
1.117 2.85 6.670 14.330 3.60 8.425 12.575 3.81 8.916 12.084
1.133 2.85 6.670 14.330 3.64 8.519 12.481 3.86 9.034 11.966
1.150 2.85 6.670 14.330 3.69 8.636 12.364 3.90 9.127 11.873
1.167 2.85 6.670 14.330 3.73 8.729 12.271 3.94 9.221 11.779
1.183 2.85 6.670 14.330 3.73 8.729 12.271 3.99 9.338 11.662
1.200 2.85 6.670 14.330 3.77 8.823 12.177 4.03 9.431 11.569
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Cell A-1 Cell A-2 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

1.217 2.85 6.670 14.330 3.82 8.940 12.060 4.12 9.642 11.358
1.233 2.85 6.670 14.330 3.86 9.034 11.966 4.16 9.736 11.264
1.250 2.85 6.670 14.330 3.90 9.127 11.873 4.20 9.829 11.171
1.267 2.85 6.670 14.330 3.90 9.127 11.873 4.25 9.946 11.054
1.283 2.85 6.670 14.330 3.95 9.244 11.756 4.29 10.040 10.960
1.300 2.85 6.670 14.330 3.95 9.244 11.756 4.33 10.133 10.867
1.317 2.85 6.670 14.330 3.99 9.338 11.662 4.38 10.250 10.750
1.333 2.85 6.670 14.330 3.99 9.338 11.662 4.44 10.391 10.609
1.350 2.85 6.670 14.330 3.99 9.338 11.662 4.46 10.438 10.562
1.367 2.85 6.670 14.330 4.03 9.431 11.569 451 10.555 10.445
1.383 2.85 6.670 14.330 4.03 9.431 11.569 4.59 10.742 10.258
1.400 2.85 6.670 14.330 4.03 9.431 11.569 4.64 10.859 10.141
1.417 2.85 6.670 14.330 4.03 9.431 11.569 4.68 10.953 10.047
1.433 2.85 6.670 14.330 4.03 9.431 11.569 4.72 11.046 9.954
1.450 2.85 6.670 14.330 4.08 9.548 11.452 4.72 11.046 9.954
1.467 2.85 6.670 14.330 4.08 9.548 11.452 4.77 11.163 9.837
1.483 2.85 6.670 14.330 4.08 9.548 11.452 4.81 11.257 9.743
1.500 2.85 6.670 14.330 4.08 9.548 11.452 4.85 11.350 9.650
1.517 2.85 6.670 14.330 4.08 9.548 11.452 4.90 11.467 9.533
1.533 2.85 6.670 14.330 4.08 9.548 11.452 4.90 11.467 9.533
1.550 2.85 6.670 14.330 4.08 9.548 11.452 4.94 11.561 9.439
1.567 2.85 6.670 14.330 4.12 9.642 11.358 4.94 11.561 9.439
1.583 2.85 6.670 14.330 412 9.642 11.358 4.94 11.561 9.439
1.600 2.85 6.670 14.330 412 9.642 11.358 4.94 11.561 9.439
1.617 2.85 6.670 14.330 4.12 9.642 11.358 4.98 11.655 9.345
1.633 2.85 6.670 14.330 4.12 9.642 11.358 4.98 11.655 9.345
1.650 2.85 6.670 14.330 4.12 9.642 11.358 4.98 11.655 9.345
1.667 2.85 6.670 14.330 4.12 9.642 11.358 4.98 11.655 9.345
1.683 2.85 6.670 14.330 4.12 9.642 11.358 4.98 11.655 9.345
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Cell A-1 Cell A-2 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

1.700 2.85 6.670 14.330 4.12 9.642 11.358 4.98 11.655 9.345
1.717 2.85 6.670 14.330 4.12 9.642 11.358 4.98 11.655 9.345
1.733 2.85 6.670 14.330 4.12 9.642 11.358 5.03 11.772 9.228
1.750 2.85 6.670 14.330 4.12 9.642 11.358 5.03 11.772 9.228
1.767 2.85 6.670 14.330 4.12 9.642 11.358 5.03 11.772 9.228
1.783 2.85 6.670 14.330 4.12 9.642 11.358 5.03 11.772 9.228
1.800 2.85 6.670 14.330 412 9.642 11.358 5.03 11.772 9.228
1.817 2.90 6.787 14.213 412 9.642 11.358 5.03 11.772 9.228
1.833 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
1.850 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
1.867 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
1.883 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
1.900 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
1.917 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
1.933 2.90 6.787 14.213 412 9.642 11.358 5.03 11.772 9.228
1.950 2.90 6.787 14.213 412 9.642 11.358 5.03 11.772 9.228
1.967 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
1.983 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
2.000 2.90 6.787 14.213 4.12 9.642 11.358 5.03 11.772 9.228
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Ks Data Set at 19°C
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Data Set at 20°C

i MLVSS i
Data Set Chemical Dosage _ Unit
Low Med High
Temperature 20C
. . Total Sample 2 2 14 L
Source Mitrification Effluent
. NHACI 5 5 35 mg/L
Plant Blue Plains AWTP
\ . KH2PO4 5 5 3.5 mgfL
Concentration Wariable
Substrate MaOH NaNO3 20 20 14 mgfL
CoD 280 280 196 mg/L
Calib
(ml) 0.0439 0.0444 0.0433 0.0428
Cell A-1 Cell A-2 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.000 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00
0.017 0.09 0.21 24.79 0.13 0.30 24.70 0.04 0.09 24.91 0.09 0.21 24.79
0.033 0.22 0.51 24.49 0.22 0.51 24.49 0.09 0.21 24.79 0.13 0.30 24.70
0.050 0.35 0.82 24.18 0.36 0.84 24.16 0.17 0.40 24.60 0.17 0.40 24.60
0.067 0.48 1.12 23.88 0.49 1.14 23.86 0.22 0.51 24.49 0.26 0.61 24.39
0.083 0.57 1.33 23.67 0.62 1.44 23.56 0.26 0.61 24.39 0.30 0.70 24.30
0.100 0.66 1.54 23.46 0.71 1.65 23.35 0.30 0.70 24.30 0.34 0.79 24.21
0.117 0.79 1.84 23.16 0.80 1.86 23.14 0.35 0.82 24.18 0.39 0.91 24.09
0.133 0.88 2.05 22.95 0.93 2.17 22.83 0.43 1.00 24.00 0.43 1.00 24.00
0.150 0.97 2.26 22.74 1.02 2.38 22.62 0.48 1.12 23.88 0.47 1.09 23.91
0.167 1.10 2.56 22.44 1.15 2.68 22.32 0.52 1.21 23.79 0.51 1.19 23.81
0.183 1.19 2.77 22.23 1.24 2.89 22.11 0.56 1.30 23.70 0.56 1.30 23.70
0.200 1.27 2.96 22.04 1.38 3.21 21.79 0.61 1.42 23.58 0.60 1.40 23.60
0.217 1.40 3.26 21.74 1.47 3.42 21.58 0.69 1.61 23.39 0.64 1.49 23.51
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Cell A-1 Cell A-2 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.233 1.49 3.47 21.53 1.55 3.61 21.39 0.74 1.72 23.28 0.73 1.70 23.30
0.250 1.58 3.68 21.32 1.69 3.94 21.06 0.78 1.82 23.18 0.77 1.79 23.21
0.267 1.67 3.89 21.11 1.78 4.15 20.85 0.82 1.91 23.09 0.81 1.89 23.11
0.283 1.80 4.19 20.81 1.91 4.45 20.55 0.87 2.03 22.97 0.86 2.00 23.00
0.300 1.89 4.40 20.60 | 2.00 4.66 20.34 0.91 2.12 22.88 0.90 2.10 22.90
0.317 1.98 4.61 20.39 2.13 4.96 20.04 1.00 2.33 22.67 0.98 2.28 22.72
0.333 2.06 4.80 20.20 | 2.22 5.17 19.83 1.04 2.42 22.58 1.03 2.40 22.60
0.350 2.15 5.01 19.99 2.31 5.38 19.62 1.08 2.52 22.48 1.03 2.40 22.60
0.367 2.24 5.22 19.78 2.40 5.59 19.41 1.08 2.52 22.48 1.11 2.59 22.41
0.383 2.33 5.43 19.57 2.53 5.89 19.11 1.13 2.63 22.37 1.11 2.59 22.41
0.400 241 5.61 19.39 2.62 6.10 18.90 1.17 2.73 22.27 1.16 2.70 22.30
0.417 2.55 5.94 19.06 2.71 6.31 18.69 1.21 2.82 22.18 1.20 2.79 22.21
0.433 2.63 6.13 18.87 2.80 6.52 18.48 1.26 2.93 22.07 1.24 2.89 22.11
0.450 2.72 6.34 18.66 2.93 6.82 18.18 1.30 3.03 21.97 1.28 2.98 22.02
0.467 2.81 6.54 18.46 3.02 7.03 17.97 1.34 3.12 21.88 1.37 3.19 21.81
0.483 2.90 6.75 18.25 3.11 7.24 17.76 1.39 3.24 21.76 1.41 3.28 21.72
0.500 2.99 6.96 18.04 3.20 7.45 17.55 1.43 3.33 21.67 1.46 3.40 21.60
0.517 3.07 7.15 17.85 3.29 7.66 17.34 1.47 3.42 21.58 1.46 3.40 21.60
0.533 3.12 7.27 17.73 3.37 7.85 17.15 1.52 3.54 21.46 1.50 3.49 21.51
0.550 3.20 7.45 17.55 3.46 8.06 16.94 1.56 3.63 21.37 1.54 3.59 21.41
0.567 3.29 7.66 17.34 | 3.55 8.27 16.73 1.60 3.73 21.27 1.58 3.68 21.32
0.583 3.38 7.87 17.13 3.64 8.48 16.52 1.65 3.84 21.16 1.63 3.80 21.20
0.600 3.47 8.08 16.92 3.73 8.69 16.31 1.65 3.84 21.16 1.67 3.89 21.11
0.617 3.51 8.18 16.82 3.82 8.90 16.10 1.69 3.94 21.06 1.71 3.98 21.02
0.633 3.60 8.38 16.62 3.91 9.11 15.89 1.73 4.03 20.97 1.71 3.98 21.02
0.650 3.69 8.59 16.41 4.00 9.32 15.68 1.78 4.15 20.85 1.75 4.08 20.92
0.667 3.78 8.80 16.20 4.08 9.50 15.50 1.82 4.24 20.76 1.80 4.19 20.81
0.683 3.86 8.99 16.01 4.17 9.71 15.29 1.86 4.33 20.67 1.84 4.29 20.71
0.700 3.91 9.11 15.89 | 4.22 9.83 15.17 191 4.45 20.55 1.88 4.38 20.62
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Cell A-1 Cell A-2 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.717 3.99 9.29 15.71 4.31 10.04 14.96 1.95 454 20.46 1.93 4.50 20.50
0.733 4.08 9.50 15.50 4.35 10.13 14.87 1.99 4.63 20.37 1.97 4.59 20.41
0.750 4.17 9.71 15.29 4.40 10.25 14.75 2.04 4.75 20.25 2.01 4.68 20.32
0.767 4.26 9.92 15.08 4.44 10.34 14.66 2.08 4.84 20.16 2.05 4.77 20.23
0.783 4.30 10.02 1498 | 4.48 10.43 14.57 2.12 4.94 20.06 2.10 4.89 20.11
0.800 4.39 10.22 14.78 | 4.53 10.55 14.45 2.16 5.03 19.97 2.14 4.98 20.02
0.817 4.43 10.32 14.68 4.53 10.55 14.45 221 5.15 19.85 2.18 5.08 19.92
0.833 4.48 10.43 14.57 4.57 10.64 14.36 2.25 5.24 19.76 2.23 5.19 19.81
0.850 452 10.53 14.47 4.57 10.64 14.36 2.29 5.33 19.67 2.27 5.29 19.71
0.867 452 10.53 14.47 4.57 10.64 14.36 2.34 5.45 19.55 2.31 5.38 19.62
0.883 457 10.64 14.36 4.62 10.76 14.24 2.38 5.54 19.46 2.40 5.59 19.41
0.900 457 10.64 14.36 4.62 10.76 14.24 2.47 5.75 19.25 2.44 5.68 19.32
0.917 4.61 10.74 14.26 4.62 10.76 14.24 251 5.85 19.15 2.48 5.78 19.22
0.933 4.61 10.74 14.26 | 4.62 10.76 14.24 2.55 5.94 19.06 2.53 5.89 19.11
0.950 4.65 10.83 14.17 4.66 10.85 14.15 2.60 6.06 18.94 2.61 6.08 18.92
0.967 4.65 10.83 14.17 4.66 10.85 14.15 2.64 6.15 18.85 2.65 6.17 18.83
0.983 4.65 10.83 14.17 4.66 10.85 14.15 2.68 6.24 18.76 2.70 6.29 18.71
1.000 4.70 10.95 14.05 4.71 10.97 14.03 2.77 6.45 18.55 2.74 6.38 18.62
1.017 4.70 10.95 14.05 4.71 10.97 14.03 2.81 6.54 18.46 2.78 6.47 18.53
1.033 4.70 10.95 14.05 4.71 10.97 14.03 2.86 6.66 18.34 2.87 6.68 18.32
1.050 4.70 10.95 14.05 | 4.71 10.97 14.03 2.90 6.75 18.25 291 6.78 18.22
1.067 4.70 10.95 14.05 4.71 10.97 14.03 2.90 6.75 18.25 2.95 6.87 18.13
1.083 4.74 11.04 13.96 4.71 10.97 14.03 2.90 6.75 18.25 3.00 6.99 18.01
1.100 4.74 11.04 13.96 4.71 10.97 14.03 2.90 6.75 18.25 3.04 7.08 17.92
1.117 4.74 11.04 13.96 4.71 10.97 14.03 2.94 6.85 18.15 3.08 7.17 17.83
1.133 4.74 11.04 13.96 4.75 11.06 13.94 2.94 6.85 18.15 3.12 7.27 17.73
1.150 4.74 11.04 13.96 4.75 11.06 13.94 2.99 6.96 18.04 3.17 7.38 17.62
1.167 4.74 11.04 13.96 4.75 11.06 13.94 3.07 7.15 17.85 3.21 7.48 17.52
1.183 4.74 11.04 13.96 4.75 11.06 13.94 3.16 7.36 17.64 3.25 7.57 17.43
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Cell A-1 Cell A-2 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
1.200 4.74 11.04 13.96 4.75 11.06 13.94 3.20 7.45 17.55 3.30 7.69 17.31
1.217 4.74 11.04 13.96 4.75 11.06 13.94 3.29 7.66 17.34 3.34 7.78 17.22
1.233 4.79 11.16 13.84 4.75 11.06 13.94 3.33 7.76 17.24 3.38 7.87 17.13
1.250 4.79 11.16 13.84 4.75 11.06 13.94 3.38 7.87 17.13 3.42 7.97 17.03
1.267 4.79 11.16 13.84 | 4.80 11.18 13.82 3.46 8.06 16.94 3.47 8.08 16.92
1.283 4.79 11.16 13.84 | 4.80 11.18 13.82 3.51 8.18 16.82 3.55 8.27 16.73
1.300 4.79 11.16 13.84 4.80 11.18 13.82 3.55 8.27 16.73 3.60 8.38 16.62
1.317 4.79 11.16 13.84 4.80 11.18 13.82 3.59 8.36 16.64 3.64 8.48 16.52
1.333 4.79 11.16 13.84 4.80 11.18 13.82 3.64 8.48 16.52 3.68 8.57 16.43
1.350 4.79 11.16 13.84 4.80 11.18 13.82 3.68 8.57 16.43 3.72 8.66 16.34
1.367 4.79 11.16 13.84 4.80 11.18 13.82 3.72 8.66 16.34 3.77 8.78 16.22
1.383 4.79 11.16 13.84 4.80 11.18 13.82 3.77 8.78 16.22 3.77 8.78 16.22
1.400 4.79 11.16 13.84 | 4.80 11.18 13.82 3.81 8.87 16.13 3.81 8.87 16.13
1.417 4.79 11.16 13.84 | 4.80 11.18 13.82 3.85 8.97 16.03 3.85 8.97 16.03
1.433 4.79 11.16 13.84 4.80 11.18 13.82 3.90 9.08 15.92 3.89 9.06 15.94
1.450 4.79 11.16 13.84 4.80 11.18 13.82 3.90 9.08 15.92 3.94 9.18 15.82
1.467 4.79 11.16 13.84 4.80 11.18 13.82 3.94 9.18 15.82 3.94 9.18 15.82
1.483 4.79 11.16 13.84 4.80 11.18 13.82 3.98 9.27 15.73 3.98 9.27 15.73
1.500 4.79 11.16 13.84 4.80 11.18 13.82 4.03 9.39 15.61 4.02 9.36 15.64
1.517 4.79 11.16 13.84 4.80 11.18 13.82 4.03 9.39 15.61 4.02 9.36 15.64
1.533 4.79 11.16 13.84 4.80 11.18 13.82 4.07 9.48 15.52 4.07 9.48 15.52
1.550 4.79 11.16 13.84 4.80 11.18 13.82 411 9.57 15.43 411 9.57 15.43
1.567 4.79 11.16 13.84 4.80 11.18 13.82 4.16 9.69 15.31 411 9.57 15.43
1.583 4.79 11.16 13.84 4.80 11.18 13.82 4.16 9.69 15.31 4.15 9.67 15.33
1.600 4.79 11.16 13.84 4.80 11.18 13.82 4.20 9.78 15.22 4.15 9.67 15.33
1.617 4.79 11.16 13.84 4.80 11.18 13.82 4.20 9.78 15.22 4.19 9.76 15.24
1.633 4.79 11.16 13.84 4.80 11.18 13.82 4.20 9.78 15.22 4.19 9.76 15.24
1.650 4.79 11.16 13.84 4.80 11.18 13.82 4.24 9.88 15.12 4.19 9.76 15.24
1.667 4.79 11.16 13.84 | 4.80 11.18 13.82 4.29 9.99 15.01 4.28 9.97 15.03
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Cell A-1 Cell A-2 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
1.683 4.79 11.16 13.84 4.80 11.18 13.82 4.33 10.09 14.91 4.32 10.06 14.94
1.700 4.79 11.16 13.84 4.80 11.18 13.82 4.37 10.18 14.82 4.37 10.18 14.82
1.717 4.79 11.16 13.84 4.80 11.18 13.82 4.42 10.29 14.71 4.37 10.18 14.82
1.733 4.79 11.16 13.84 4.80 11.18 13.82 4.46 10.39 14.61 441 10.27 14.73
1.750 4.79 11.16 13.84 4.80 11.18 13.82 4.50 10.48 14.52 4.45 10.36 14.64
1.767 4.79 11.16 13.84 4.80 11.18 13.82 4.55 10.60 14.40 4.49 10.46 14.54
1.783 4.79 11.16 13.84 4.80 11.18 13.82 4.59 10.69 14.31 4.54 10.57 14.43
1.800 4.79 11.16 13.84 4.80 11.18 13.82 4.63 10.78 14.22 4.58 10.67 14.33
1.817 4.79 11.16 13.84 4.80 11.18 13.82 4.68 10.90 14.10 4.62 10.76 14.24
1.833 4.79 11.16 13.84 4.80 11.18 13.82 4.72 10.99 14.01 4.67 10.88 14.12
1.850 4.79 11.16 13.84 4.80 11.18 13.82 4.76 11.09 13.91 471 10.97 14.03
1.867 4.79 11.16 13.84 4.80 11.18 13.82 4.81 11.20 13.80 4.75 11.06 13.94
1.883 4.79 11.16 13.84 4.80 11.18 13.82 4.85 11.30 13.70 4.79 11.16 13.84
1.900 4.79 11.16 13.84 4.80 11.18 13.82 4.89 11.39 13.61 4.84 11.27 13.73
1.917 4.79 11.16 13.84 4.80 11.18 13.82 4.98 11.60 13.40 4.92 11.46 13.54
1.933 4.79 11.16 13.84 4.80 11.18 13.82 5.02 11.69 13.31 4.96 11.55 13.45
1.950 4.79 11.16 13.84 4.80 11.18 13.82 5.11 11.90 13.10 5.05 11.76 13.24
1.967 4.79 11.16 13.84 4.80 11.18 13.82 5.20 12.11 12.89 5.14 11.97 13.03
1.983 4.79 11.16 13.84 4.80 11.18 13.82 5.28 12.30 12.70 5.22 12.16 12.84
2.000 4.83 11.25 13.75 4.84 11.27 13.73 5.33 12.41 12.59 5.26 12.25 12.75
2.017 4.83 11.25 13.75 4.84 11.27 13.73 5.37 12.51 12.49 5.35 12.46 12.54
2.033 4.83 11.25 13.75 4.84 11.27 13.73 541 12.60 12.40 5.35 12.46 12.54
2.050 4.83 11.25 13.75 4.84 11.27 13.73 5.46 12.72 12.28 5.39 12.55 12.45
2.067 4.83 11.25 13.75 4.84 11.27 13.73 5.46 12.72 12.28 5.39 12.55 12.45
2.083 4.83 11.25 13.75 4.84 11.27 13.73 5.46 12.72 12.28 5.39 12.55 12.45
2.100 4.83 11.25 13.75 4.84 11.27 13.73 5.46 12.72 12.28 5.39 12.55 12.45
2.117 4.83 11.25 13.75 4.84 11.27 13.73 5.46 12.72 12.28 5.44 12.67 12.33
2.133 4.83 11.25 13.75 4.84 11.27 13.73 5.50 12.81 12.19 5.44 12.67 12.33
2.150 4.83 11.25 13.75 4.84 11.27 13.73 5.54 12.90 12.10 5.48 12.76 12.24
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Cell A-1 Cell A-2 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
2.167 4.83 11.25 13.75 4.84 11.27 13.73 5.59 13.02 11.98 5.52 12.86 12.14
2.183 4.83 11.25 13.75 4.84 11.27 13.73 5.63 13.11 11.89 5.56 12.95 12.05
2.200 4.83 11.25 13.75 4.84 11.27 13.73 5.67 13.21 11.79 5.61 13.07 11.93
2.217 4.83 11.25 13.75 4.84 11.27 13.73 5.72 13.32 11.68 5.65 13.16 11.84
2.233 4.83 11.25 13.75 4.84 11.27 13.73 5.76 13.42 11.58 5.69 13.25 11.75
2.250 4.83 11.25 13.75 4.84 11.27 13.73 5.80 13.51 11.49 5.74 13.37 11.63
2.267 4.83 11.25 13.75 4.84 11.27 13.73 5.85 13.63 11.37 5.78 13.46 11.54
2.283 4.83 11.25 13.75 4.84 11.27 13.73 5.89 13.72 11.28 5.82 13.56 11.44
2.300 4.83 11.25 13.75 4.84 11.27 13.73 5.93 13.81 11.19 5.86 13.65 11.35
2.317 4.83 11.25 13.75 4.84 11.27 13.73 5.98 13.93 11.07 591 13.77 11.23
2.333 4.83 11.25 13.75 4.84 11.27 13.73 6.02 14.02 10.98 5.95 13.86 11.14
2.350 4.83 11.25 13.75 4.84 11.27 13.73 6.06 14.11 10.89 5.99 13.95 11.05
2.367 4.83 11.25 13.75 4.84 11.27 13.73 6.11 14.23 10.77 6.03 14.04 10.96
2.383 4.83 11.25 13.75 | 4.84 11.27 13.73 6.15 14.32 10.68 6.08 14.16 10.84
2.400 4.83 11.25 13.75 4.84 11.27 13.73 6.19 14.42 10.58 6.12 14.25 10.75
2.417 4.83 11.25 13.75 4.84 11.27 13.73 6.24 14.53 10.47 6.16 14.35 10.65
2.433 4.83 11.25 13.75 4.84 11.27 13.73 6.28 14.63 10.37 6.21 14.46 10.54
2.450 4.83 11.25 13.75 4.84 11.27 13.73 6.32 14.72 10.28 6.25 14.56 10.44
2.467 4.83 11.25 13.75 4.84 11.27 13.73 6.37 14.84 10.16 6.29 14.65 10.35
2.483 4.83 11.25 13.75 4.84 11.27 13.73 6.41 14.93 10.07 6.33 14.74 10.26
2.500 4.83 11.25 13.75 4.84 11.27 13.73 6.45 15.02 9.98 6.38 14.86 10.14
2.517 4.83 11.25 13.75 4.84 11.27 13.73 6.50 15.14 9.86 6.38 14.86 10.14
2.533 4.83 11.25 13.75 4.84 11.27 13.73 6.50 15.14 9.86 6.42 14.95 10.05
2.550 4.83 11.25 13.75 4.84 11.27 13.73 6.58 15.33 9.67 6.51 15.16 9.84
2.567 4.83 11.25 13.75 4.84 11.27 13.73 6.62 15.42 9.58 6.55 15.26 9.74
2.583 4.83 11.25 13.75 4.84 11.27 13.73 6.62 15.42 9.58 6.55 15.26 9.74
2.600 4.83 11.25 13.75 4.84 11.27 13.73 6.67 15.54 9.46 6.59 15.35 9.65
2.617 4.83 11.25 13.75 4.84 11.27 13.73 6.71 15.63 9.37 6.63 15.44 9.56
2.633 4.83 11.25 13.75 4.84 11.27 13.73 6.75 15.72 9.28 6.68 15.56 9.44
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Cell A-1 Cell A-2 Cell A-7 Cell A-8

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
2.650 4.83 11.25 13.75 4.84 11.27 13.73 6.80 15.84 9.16 6.72 15.65 9.35
2.667 4.83 11.25 13.75 4.84 11.27 13.73 6.80 15.84 9.16 6.72 15.65 9.35
2.683 4.83 11.25 13.75 4.84 11.27 13.73 6.84 15.93 9.07 6.76 15.74 9.26
2.700 4.83 11.25 13.75 4.84 11.27 13.73 6.88 16.02 8.98 6.81 15.86 9.14
2.717 4.83 11.25 13.75 | 4.84 11.27 13.73 6.88 16.02 8.98 6.81 15.86 9.14
2.733 4.83 11.25 13.75 | 4.84 11.27 13.73 6.88 16.02 8.98 6.81 15.86 9.14
2.750 4.83 11.25 13.75 4.84 11.27 13.73 6.93 16.14 8.86 6.81 15.86 9.14
2.767 4.83 11.25 13.75 4.84 11.27 13.73 6.93 16.14 8.86 6.81 15.86 9.14
2.783 4.83 11.25 13.75 4.84 11.27 13.73 6.93 16.14 8.86 6.81 15.86 9.14
2.800 4.83 11.25 13.75 4.84 11.27 13.73 6.93 16.14 8.86 6.81 15.86 9.14
2.817 4.83 11.25 13.75 4.84 11.27 13.73 6.93 16.14 8.86 6.81 15.86 9.14
2.833 4.83 11.25 13.75 4.84 11.27 13.73 6.97 16.23 8.77 6.85 15.95 9.05
2.850 4.83 11.25 13.75 4.84 11.27 13.73 6.97 16.23 8.77 6.85 15.95 9.05
2.867 4.83 11.25 13.75 4.84 11.27 13.73 6.97 16.23 8.77 6.85 15.95 9.05
2.883 4.83 11.25 13.75 4.84 11.27 13.73 6.97 16.23 8.77 6.85 15.95 9.05
2.900 4.83 11.25 13.75 4.84 11.27 13.73 6.97 16.23 8.77 6.85 15.95 9.05
2.917 4.83 11.25 13.75 4.84 11.27 13.73 6.97 16.23 8.77 6.85 15.95 9.05
2.933 4.83 11.25 13.75 4.84 11.27 13.73 6.97 16.23 8.77 6.85 15.95 9.05
2.950 4.83 11.25 13.75 4.84 11.27 13.73 7.01 16.33 8.67 6.85 15.95 9.05
2.967 4.83 11.25 13.75 4.84 11.27 13.73 7.01 16.33 8.67 6.85 15.95 9.05
2.983 4.83 11.25 13.75 | 4.84 11.27 13.73 7.01 16.33 8.67 6.85 15.95 9.05
3.000 4.83 11.25 13.75 | 4.84 11.27 13.73 7.01 16.33 8.67 6.85 15.95 9.05
3.017 4.83 11.25 13.75 4.84 11.27 13.73 7.01 16.33 8.67 6.85 15.95 9.05
3.033 4.83 11.25 13.75 4.84 11.27 13.73 7.01 16.33 8.67 6.85 15.95 9.05
3.050 4.83 11.25 13.75 4.84 11.27 13.73 7.01 16.33 8.67 6.85 15.95 9.05
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N2 Production(mls) Vs Time (hrs)

8.0
’_g —Cell A-1
s —Cell A-2
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S 4.0 1 ——Cell A-8
3
& 3.0
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Time(hrs)
NO3-N Consumption (mg/l) Vs Time (hrs)
30.0
25.0
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c —Cell A-1
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™
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P4
5.0
0.0 ; ; ; ; ; ;
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Time(hrs)
SDNR Calculation
Cell A-1 Cell A-2 Cell A-7 Cell A-8 Unit
Denitrification | 44 g4, 12.424 6.061 5.973 mg/L-Hr
Rate
MLVSS 1800 1800 700 700 mg/L
mg/gm
SDNR 6.112 6.902 8.659 8.533 MLVSS/hr
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Ks Data Set at 20°C

Model
364 N -

¢ Data
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Model
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S
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Data Set at 24°C (Adding Polymer)

Data Set Chemical Dosage

Temperature 24C Total Sample 4 L

Source Mitrification Effluent NH4CI b mig/L

Plant Blue Plains AWTP KHZPO4 5 mig/L

Concentration Same KNO3Z 15 mg/L

Substrate MeOH COoD 200 mg/L
Calib

(ml) 0.0439 0.0444 0.0452 0.0445 0.0433 0.0428
Cell A-1 Cell A-2 Cell A-3 Cell A-6 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod  Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.000 0.00 0.00 20.00 | 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00
0.017 0.09 0.21 19.79 | 0.13 0.30 19.70 0.14 0.32 19.68 0.13 0.30 19.70 0.13 0.30 19.70 0.13 0.30 19.70
0.033 0.18 0.41 19.59 | 0.22 0.51 19.49 0.18 0.41 19.59 0.17 0.39 19.61 0.22 0.51 19.49 0.26 0.60 19.40
0.050 0.26 0.60 19.40 | 031 0.71 19.29 0.32 0.74 19.26 0.26 0.60 19.40 0.31 0.71 19.29 0.34 0.78 19.22
0.067 0.35 0.80 19.20 | 0.40 0.92 19.08 0.41 0.94 19.06 0.35 0.80 19.20 0.36 0.83 19.17 0.43 0.99 19.01
0.083 0.44 1.01 18.99 | 0.49 1.13 18.87 0.50 1.15 18.85 0.43 0.99 19.01 0.44 1.01 18.99 0.51 1.17 18.83
0.100 0.53 1.22 18.78 | 0.58 1.33 18.67 0.59 1.36 18.64 0.52 1.20 18.80 0.53 1.22 18.78 0.60 1.38 18.62
0.117 0.61 1.40 18.60 | 0.67 154 18.46 0.72 1.66 18.34 0.61 1.40 18.60 0.62 143 18.57 0.73 1.68 18.32
0.133 0.70 161 18.39 | 0.75 1.72 18.28 0.81 1.86 18.14 0.65 1.49 18.51 0.67 154 18.46 0.81 1.86 18.14
0.150 0.79 1.82 18.18 | 0.84 1.93 18.07 0.90 2.07 17.93 0.74 1.70 18.30 0.76 1.75 18.25 0.90 2.07 17.93
0.167 0.92 212 17.88 | 0.98 2.25 17.75 0.99 2.28 17.72 0.82 1.89 18.11 0.85 1.95 18.05 0.98 2.25 17.75
0.183 1.01 2.32 17.68 1.07 2.46 17.54 1.13 2.60 17.40 0.91 2.09 17.91 0.93 214 17.86 111 2.55 17.45
0.200 1.10 2.53 17.47 1.15 2.64 17.36 1.22 2.81 17.19 1.00 2.30 17.70 0.98 2.25 17.75 1.20 2.76 17.24
0.217 1.19 2.74 17.26 1.24 2.85 17.15 131 3.01 16.99 1.08 2.48 17.52 1.07 2.46 17.54 1.28 2.94 17.06
0.233 1.27 2.92 17.08 1.38 3.17 16.83 1.40 3.22 16.78 117 2.69 17.31 1.16 2.67 17.33 1.37 3.15 16.85
0.250 1.40 3.22 16.78 1.47 3.38 16.62 1.49 3.43 16.57 1.26 2.90 17.10 1.20 2.76 17.24 1.50 3.45 16.55
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Cell A-1 Cell A-2 Cell A-3 Cell A-6 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.267 1.49 3.43 16.57 1.55 3.56 16.44 1.63 3.75 16.25 1.34 3.08 16.92 1.29 2.97 17.03 1.58 3.63 16.37
0.283 1.58 3.63 16.37 1.64 3.77 16.23 1.72 3.95 16.05 1.43 3.29 16.71 1.38 3.17 16.83 1.67 3.84 16.16
0.300 1.67 3.84 16.16 1.73 3.98 16.02 1.81 4.16 15.84 1.52 3.49 16.51 1.47 3.38 16.62 1.75 4.02 15.98
0.317 1.76 4.05 15.95 1.86 4.28 15.72 1.94 4.46 15.54 1.60 3.68 16.32 1.56 3.59 16.41 1.88 4.32 15.68
0.333 1.84 4.23 15.77 1.95 4.48 15.52 2.03 4.67 15.33 1.69 3.89 16.11 1.60 3.68 16.32 1.97 4.53 15.47
0.350 1.93 4.44 15.56 2.04 4.69 15.31 2.12 4.87 15.13 1.73 3.98 16.02 1.69 3.89 16.11 2.05 4.71 15.29
0.367 2.02 4.64 15.36 2.13 4.90 15.10 221 5.08 14.92 1.82 4.18 15.82 1.78 4.09 15.91 2.14 4.92 15.08
0.383 211 4.85 15.15 2.22 5.10 14.90 231 5.31 14.69 1.91 4.39 15.61 1.82 4.18 15.82 2.23 5.13 14.87
0.400 2.24 5.15 14.85 2.35 5.40 14.60 2.40 5.52 14.48 1.99 4.58 15.42 1.91 4.39 15.61 2.35 5.40 14.60
0.417 2.33 5.36 14.64 2.44 5.61 14.39 2.53 5.82 14.18 2.08 4.78 15.22 2.00 4.60 15.40 2.44 5.61 14.39
0.433 2.37 5.45 14.55 2.53 5.82 14.18 2.58 5.93 14.07 2.16 4.97 15.03 2.09 4.81 15.19 2.53 5.82 14.18
0.450 2.46 5.66 14.34 2.62 6.02 13.98 2.67 6.14 13.86 2.25 5.17 14.83 2.14 4.92 15.08 2.61 6.00 14.00
0.467 2.55 5.86 14.14 | 2.71 6.23 13.77 2.76 6.35 13.65 2.29 5.27 14.73 2.23 5.13 14.87 2.70 6.21 13.79
0.483 2.63 6.05 13.95 2.80 6.44 13.56 2.85 6.55 13.45 2.38 5.47 14.53 2.27 5.22 14.78 2.78 6.39 13.61
0.500 2.68 6.16 13.84 2.84 6.53 13.47 2.94 6.76 13.24 2.42 5.56 14.44 231 5.31 14.69 2.87 6.60 13.40
0.517 277 6.37 13.63 2.93 6.74 13.26 2.98 6.85 13.15 251 5.77 14.23 2.40 5.52 14.48 291 6.69 13.31
0.533 2.81 6.46 13.54 3.02 6.94 13.06 3.07 7.06 12.94 2.55 5.86 14.14 2.45 5.63 14.37 3.00 6.90 13.10
0.550 2.90 6.67 13.33 3.11 7.15 12.85 3.16 7.27 12.73 2.64 6.07 13.93 2.54 5.84 14.16 3.08 7.08 12.92
0.567 2.99 6.87 13.13 3.20 7.36 12.64 3.21 7.38 12.62 2.68 6.16 13.84 2.58 5.93 14.07 3.17 7.29 12.71
0.583 3.03 6.97 13.03 3.29 7.56 12.44 3.30 7.59 12.41 2.77 6.37 13.63 2.67 6.14 13.86 3.21 7.38 12.62
0.600 3.16 7.27 12.73 3.37 7.75 12.25 3.39 7.79 12.21 2.86 6.58 13.42 2.71 6.23 13.77 3.34 7.68 12.32
0.617 3.20 7.36 12.64 | 3.46 7.96 12.04 3.48 8.00 12.00 2.94 6.76 13.24 2.80 6.44 13.56 3.42 7.86 12.14
0.633 3.29 7.56 12.44 3.55 8.16 11.84 3.57 8.21 11.79 3.03 6.97 13.03 2.89 6.64 13.36 3.51 8.07 11.93
0.650 3.38 7.77 12.23 3.64 8.37 11.63 3.66 8.42 11.58 3.07 7.06 12.94 2.98 6.85 13.15 3.60 8.28 11.72
0.667 3.51 8.07 11.93 3.77 8.67 11.33 3.75 8.62 11.38 3.16 7.27 12.73 3.03 6.97 13.03 3.68 8.46 11.54
0.683 3.56 8.19 11.81 3.82 8.78 11.22 3.84 8.83 11.17 3.25 7.47 12.53 3.12 7.17 12.83 3.77 8.67 11.33
0.700 3.69 8.48 11.52 3.95 9.08 10.92 3.93 9.04 10.96 3.33 7.66 12.34 3.20 7.36 12.64 3.85 8.85 11.15
0.717 3.78 8.69 11.31 4.04 9.29 10.71 4.02 9.24 10.76 3.42 7.86 12.14 3.29 7.56 12.44 3.94 9.06 10.94
0.733 3.86 8.88 11.12 | 4.13 9.50 10.50 4.11 9.45 10.55 3.51 8.07 11.93 3.34 7.68 12.32 4.02 9.24 10.76
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Cell A-1 Cell A-2 Cell A-3 Cell A-6 Cell A-7 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.750 3.95 9.08 10.92 4.22 9.70 10.30 4.20 9.66 10.34 3.59 8.25 11.75 3.43 7.89 12.11 411 9.45 10.55
0.767 4.04 9.29 10.71 4.31 9.91 10.09 4.29 9.86 10.14 3.68 8.46 11.54 3.52 8.09 11.91 4.19 9.63 10.37
0.783 4.13 9.50 10.50 4.40 10.12 9.88 4.38 10.07 9.93 3.77 8.67 11.33 3.60 8.28 11.72 4.28 9.84 10.16
0.800 4.21 9.68 10.32 | 4.48 10.30 9.70 4.47 10.28 9.72 3.85 8.85 11.15 3.65 8.39 11.61 4.37 10.05 9.95
0.817 4.30 9.89 10.11 | 4.57 10.51 9.49 4.52 10.39 9.61 3.94 9.06 10.94 3.74 8.60 11.40 4.41 10.14 9.86
0.833 4.35 10.00 10.00 | 4.62 10.62 9.38 4.57 10.51 9.49 4.03 9.27 10.73 3.83 8.81 11.19 4.49 10.32 9.68
0.850 4.43 10.19 9.81 4.71 10.83 9.17 4.57 10.51 9.49 411 9.45 10.55 3.87 8.90 11.10 4.54 10.44 9.56
0.867 4.52 10.39 9.61 4.75 10.92 9.08 4.61 10.60 9.40 4.16 9.57 10.43 3.92 9.01 10.99 4.58 10.53 9.47
0.883 4.57 10.51 9.49 4.80 11.04 8.96 461 10.60 9.40 4.24 9.75 10.25 3.96 9.11 10.89 4.62 10.62 9.38
0.900 4.65 10.69 9.31 4.84 11.13 8.87 461 10.60 9.40 4.29 9.86 10.14 4.01 9.22 10.78 4.67 10.74 9.26
0.917 4.70 10.81 9.19 4.84 11.13 8.87 461 10.60 9.40 4.37 10.05 9.95 4.05 9.31 10.69 4.67 10.74 9.26
0.933 4.74 10.90 9.10 4.88 11.22 8.78 461 10.60 9.40 4.42 10.16 9.84 4.05 9.31 10.69 4.67 10.74 9.26
0.950 4.79 11.01 8.99 4.88 11.22 8.78 4.61 10.60 9.40 4.46 10.25 9.75 4.05 9.31 10.69 4.67 10.74 9.26
0.967 4.83 11.11 8.89 4.88 11.22 8.78 4.61 10.60 9.40 4.50 10.35 9.65 4.05 9.31 10.69 4.67 10.74 9.26
0.983 4.87 11.20 8.80 4.88 11.22 8.78 4.61 10.60 9.40 4.59 10.55 9.45 4.05 9.31 10.69 4.67 10.74 9.26
1.000 4.92 11.31 8.69 4.88 11.22 8.78 4.61 10.60 9.40 4.63 10.65 9.35 4.05 9.31 10.69 4.67 10.74 9.26
1.017 4.96 11.40 8.60 4.88 11.22 8.78 461 10.60 9.40 4.68 10.76 9.24 4.05 9.31 10.69 4.71 10.83 9.17
1.033 5.00 11.50 8.50 4.88 11.22 8.78 461 10.60 9.40 4.72 10.85 9.15 4.09 9.40 10.60 4.71 10.83 9.17
1.050 5.00 11.50 8.50 4.93 11.34 8.66 4.61 10.60 9.40 4.76 10.94 9.06 4.09 9.40 10.60 471 10.83 9.17
1.067 5.05 11.61 8.39 4.93 11.34 8.66 461 10.60 9.40 4.81 11.06 8.94 4.09 9.40 10.60 4.71 10.83 9.17
1.083 5.05 11.61 8.39 4.93 11.34 8.66 4.61 10.60 9.40 4.85 11.15 8.85 4.09 9.40 10.60 4.71 10.83 9.17
1.100 5.09 11.70 8.30 4.93 11.34 8.66 4.61 10.60 9.40 4.89 11.24 8.76 4.09 9.40 10.60 4.71 10.83 9.17
1.117 5.09 11.70 8.30 4.93 11.34 8.66 4.61 10.60 9.40 4.89 11.24 8.76 4.09 9.40 10.60 4.75 10.92 9.08
1.133 5.14 11.82 8.18 4.97 11.43 8.57 4.61 10.60 9.40 4.94 11.36 8.64 4.09 9.40 10.60 4.75 10.92 9.08
1.150 5.14 11.82 8.18 4.97 11.43 8.57 461 10.60 9.40 4.94 11.36 8.64 4.09 9.40 10.60 4.75 10.92 9.08
1.167 5.14 11.82 8.18 4.97 11.43 8.57 461 10.60 9.40 4.94 11.36 8.64 4.09 9.40 10.60 4.75 10.92 9.08
1.183 5.18 11.91 8.09 4.97 11.43 8.57 461 10.60 9.40 4.98 11.45 8.55 4.09 9.40 10.60 4.75 10.92 9.08
1.200 5.18 11.91 8.09 5.02 11.54 8.46 461 10.60 9.40 4.98 11.45 8.55 4.09 9.40 10.60 4.79 11.01 8.99
1.217 5.18 11.91 8.09 5.02 11.54 8.46 4.61 10.60 9.40 4.98 11.45 8.55 4.09 9.40 10.60 4.79 11.01 8.99
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N2 Production (mls)

NO3-N (mg/L)

N2 Production (mls) vs Time (hrs)
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SDNR Calculation

Cell A-1 | Cell A-2 Cell A-3 Cell A-6 | Cell A-7 Cell A-8 Unit
De”'gg't‘;a“on 12.05 12.86 11.26 1158 | 10.23 11.88  mg/L-Hr
MLVSS 1405 1583 1560 1365 1585 1540 mg/L
mg/gm
SDNR 8.58 8.13 7.22 8.49 6.46 771 eehy
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Ks Data Set at 24°C
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Remaining NO3 (mg/L)
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Time (days)
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Data Set at 25°C

Data Set Chemical Dosage MLVSS Unit
Temperature 25C Low Med High
Source Mitrification Effluent Total Sample 2 2 14 L
Plant Blue Plains AWTP NH4CI 5 5 3.5 mg/L
Concentration Wariable KH2PO4 5 5 3.5 mg/L
Substrate MeOH NaNO3 20 20 14 mg/L
CoD 280 280 196 mg/L
Calib
(ml) 0.0439 0.0444 0.0433 0.0428
Cell A-1 Cell A-3 Cell A-6 Cell A-7
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.000 0.00 0.00 25.00 | 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00
0.017 0.66 151 2349 | 0.27 0.62 24.38 0.52 1.19 23.81 0.36 0.82 24.18
0.033 1.19 2.73 2227 | 0.50 1.15 23.85 0.91 2.08 22.92 0.62 1.42 23.58
0.050 1.62 3.71 21.29 0.63 1.44 23.56 1.26 2.89 22.11 0.85 1.95 23.05
0.067 2.02 4.63 20.37 0.77 1.76 23.24 152 3.48 21.52 1.02 2.34 22.66
0.083 2.33 5.34 19.66 0.90 2.06 22.94 1.78 4.08 20.92 1.16 2.66 22.34
0.100 2.63 6.02 18.98 1.04 2.38 22.62 1.99 4.56 20.44 1.29 2.95 22.05
0.117 2.85 6.53 18.47 1.13 2.59 22.41 2.21 5.06 19.94 1.42 3.25 21.75
0.133 3.03 6.94 18.06 1.22 2.79 22.21 2.42 5.54 19.46 1.56 3.57 21.43
0.150 3.25 7.44 17.56 1.36 3.11 21.89 2.60 5.95 19.05 1.65 3.78 21.22
0.167 3.47 7.95 17.05 1.45 3.32 21.68 2.81 6.43 18.57 1.74 3.98 21.02
0.183 3.69 8.45 16.55 1.58 3.62 21.38 2.99 6.85 18.15 1.87 4.28 20.72
0.200 3.86 8.84 16.16 1.67 3.82 21.18 3.16 7.24 17.76 1.96 4.49 20.51
0.217 3.99 9.14 15.86 1.76 4.03 20.97 3.33 7.63 17.37 2.05 4.69 20.31
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Cell A-1 Cell A-3 Cell A-6 Cell A-7
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.233 4.13 9.46 15.54 1.85 4.24 20.76 3.51 8.04 16.96 2.14 4.90 20.10
0.250 4.26 9.76 15.24 1.94 4.44 20.56 3.68 8.43 16.57 2.23 5.11 19.89
0.267 4.39 10.05 14.95 2.03 4.65 20.35 3.81 8.72 16.28 2.36 5.40 19.60
0.283 452 10.35 14.65 2.12 4.85 20.15 3.98 9.11 15.89 2.45 5.61 19.39
0.300 4.61 10.56 14.44 221 5.06 19.94 4.16 9.53 15.47 2.54 5.82 19.18
0.317 4.79 10.97 14.03 2.31 5.29 19.71 4.29 9.82 15.18 2.63 6.02 18.98
0.333 4.87 11.15 13.85 2.40 5.50 19.50 4.46 10.21 14.79 2.71 6.21 18.79
0.350 5.00 11.45 13.55 2.49 5.70 19.30 4.63 10.60 14.40 2.80 6.41 18.59
0.367 5.14 11.77 13.23 2.53 5.79 19.21 4.76 10.90 14.10 2.89 6.62 18.38
0.383 5.27 12.07 12.93 2.62 6.00 19.00 4.89 11.20 13.80 2.98 6.82 18.18
0.400 5.40 12.37 12.63 2.71 6.21 18.79 5.07 11.61 13.39 3.07 7.03 17.97
0.417 5.53 12.66 12.34 2.80 6.41 18.59 5.20 11.91 13.09 3.12 7.14 17.86
0.433 5.66 12.96 12.04 2.85 6.53 18.47 5.37 12.30 12.70 3.20 7.33 17.67
0.450 5.79 13.26 11.74 2.94 6.73 18.27 5.50 12.60 12.40 3.29 7.53 17.47
0.467 5.93 13.58 11.42 3.03 6.94 18.06 5.63 12.89 12.11 3.38 7.74 17.26
0.483 6.06 13.88 11.12 3.12 7.14 17.86 5.80 13.28 11.72 3.47 7.95 17.05
0.500 6.19 14.18 10.82 3.21 7.35 17.65 5.93 13.58 11.42 3.56 8.15 16.85
0.517 6.32 14.47 10.53 3.30 7.56 17.44 6.11 13.99 11.01 3.65 8.36 16.64
0.533 6.45 14.77 10.23 3.39 7.76 17.24 6.24 14.29 10.71 3.74 8.56 16.44
0.550 6.63 15.18 9.82 3.44 7.88 17.12 6.37 14.59 10.41 3.83 8.77 16.23
0.567 6.76 15.48 9.52 3.53 8.08 16.92 6.50 14.89 10.11 3.92 8.98 16.02
0.583 6.85 15.69 9.31 3.62 8.29 16.71 6.62 15.16 9.84 3.96 9.07 15.93
0.600 6.98 15.98 9.02 3.71 8.50 16.50 6.75 15.46 9.54 4.05 9.27 15.73
0.617 7.11 16.28 8.72 3.75 8.59 16.41 6.84 15.66 9.34 4.14 9.48 15.52
0.633 7.24 16.58 8.42 3.84 8.79 16.21 6.93 15.87 9.13 4.23 9.69 15.31
0.650 7.38 16.90 8.10 3.93 9.00 16.00 7.01 16.05 8.95 4.32 9.89 15.11
0.667 7.46 17.08 7.92 4.02 9.21 15.79 7.06 16.17 8.83 441 10.10 14.90
0.683 7.59 17.38 7.62 411 9.41 15.59 7.10 16.26 8.74 4.49 10.28 14.72
0.700 7.68 17.59 7.41 4.20 9.62 15.38 7.14 16.35 8.65 4.58 10.49 14.51
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Cell A-1 Cell A-3 Cell A-6 Cell A-7
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.717 7.81 17.89 7.11 4.25 9.73 15.27 7.19 16.47 8.53 4.67 10.69 14.31
0.733 7.86 18.00 7.00 4.34 9.94 15.06 7.23 16.56 8.44 4.76 10.90 14.10
0.750 7.95 18.21 6.79 4.43 10.14 14.86 7.23 16.56 8.44 4.85 11.11 13.89
0.767 8.03 18.39 6.61 452 10.35 14.65 7.27 16.65 8.35 494 11.31 13.69
0.783 8.08 18.50 6.50 4.61 10.56 14.44 7.27 16.65 8.35 5.03 11.52 13.48
0.800 8.12 18.60 6.40 4.66 10.67 14.33 7.27 16.65 8.35 5.12 11.72 13.28
0.817 8.17 18.71 6.29 4.75 10.88 14.12 7.32 16.76 8.24 5.21 11.93 13.07
0.833 8.21 18.80 6.20 4.84 11.08 13.92 7.32 16.76 8.24 5.25 12.02 12.98
0.850 8.21 18.80 6.20 4.88 11.18 13.82 7.32 16.76 8.24 5.34 12.23 12.77
0.867 8.25 18.89 6.11 4.97 11.38 13.62 7.32 16.76 8.24 5.43 12.43 12.57
0.883 8.25 18.89 6.11 5.06 11.59 13.41 7.32 16.76 8.24 5.52 12.64 12.36
0.900 8.30 19.01 5.99 5.11 11.70 13.30 7.32 16.76 8.24 5.61 12.85 12.15
0.917 8.30 19.01 5.99 5.20 11.91 13.09 7.32 16.76 8.24 5.65 12.94 12.06
0.933 8.30 19.01 5.99 5.24 12.00 13.00 7.32 16.76 8.24 5.74 13.14 11.86
0.950 8.30 19.01 5.99 5.33 12.21 12.79 7.36 16.85 8.15 5.83 13.35 11.65
0.967 8.30 19.01 5.99 5.42 12.41 12.59 7.36 16.85 8.15 5.92 13.56 11.44
0.983 8.34 19.10 5.90 5.51 12.62 12.38 7.36 16.85 8.15 5.96 13.65 11.35
1.000 8.34 19.10 5.90 5.56 12.73 12.27 7.36 16.85 8.15 6.05 13.85 11.15
1.017 8.34 19.10 5.90 5.65 12.94 12.06 7.36 16.85 8.15 6.14 14.06 10.94
1.033 8.34 19.10 5.90 5.74 13.14 11.86 7.36 16.85 8.15 6.23 14.27 10.73
1.050 8.34 19.10 5.90 5.79 13.26 11.74 7.36 16.85 8.15 6.32 14.47 10.53
1.067 8.38 19.19 5.81 5.88 13.47 11.53 7.36 16.85 8.15 6.36 14.56 10.44
1.083 8.38 19.19 5.81 5.97 13.67 11.33 7.40 16.95 8.05 6.45 14.77 10.23
1.100 8.38 19.19 5.81 6.06 13.88 11.12 7.40 16.95 8.05 6.54 14.98 10.02
1.117 8.38 19.19 5.81 6.10 13.97 11.03 7.40 16.95 8.05 6.63 15.18 9.82
1.133 8.38 19.19 5.81 6.19 14.18 10.82 7.40 16.95 8.05 6.68 15.30 9.70
1.150 8.38 19.19 5.81 6.28 14.38 10.62 7.40 16.95 8.05 6.76 15.48 9.52
1.167 8.38 19.19 5.81 6.33 14.50 10.50 7.40 16.95 8.05 6.85 15.69 9.31
1.183 8.38 19.19 5.81 6.42 14.70 10.30 7.40 16.95 8.05 6.94 15.89 9.11
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Cell A-1 Cell A-3 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.200 8.38 19.19 5.81 6.46 14.79 10.21 7.40 16.95 8.05 6.99 16.01 8.99
1.217 8.38 19.19 5.81 6.55 15.00 10.00 7.40 16.95 8.05 7.08 16.21 8.79
1.233 8.38 19.19 5.81 6.64 15.21 9.79 7.45 17.06 7.94 7.16 16.40 8.60
1.250 8.38 19.19 5.81 6.69 15.32 9.68 7.45 17.06 7.94 7.21 16.51 8.49
1.267 8.38 19.19 5.81 6.78 15.53 9.47 7.45 17.06 7.94 7.30 16.72 8.28
1.283 8.38 19.19 5.81 6.83 15.64 9.36 7.45 17.06 7.94 7.34 16.81 8.19
1.300 8.38 19.19 5.81 6.92 15.85 9.15 7.45 17.06 7.94 7.43 17.01 7.99
1.317 8.38 19.19 5.81 6.96 15.94 9.06 7.45 17.06 7.94 7.48 17.13 7.87
1.333 8.38 19.19 5.81 7.05 16.14 8.86 7.45 17.06 7.94 7.57 17.34 7.66
1.350 8.38 19.19 5.81 7.10 16.26 8.74 7.45 17.06 7.94 7.61 17.43 7.57
1.367 8.38 19.19 5.81 7.19 16.47 8.53 7.45 17.06 7.94 7.70 17.63 7.37
1.383 8.38 19.19 5.81 7.23 16.56 8.44 7.45 17.06 7.94 7.74 17.72 7.28
1.400 8.38 19.19 5.81 7.32 16.76 8.24 7.45 17.06 7.94 7.79 17.84 7.16
1.417 8.38 19.19 5.81 7.37 16.88 8.12 7.45 17.06 7.94 7.88 18.05 6.95
1.433 8.38 19.19 5.81 7.46 17.08 7.92 7.45 17.06 7.94 7.92 18.14 6.86
1.450 8.38 19.19 5.81 7.55 17.29 7.71 7.45 17.06 7.94 8.01 18.34 6.66
1.467 8.38 19.19 5.81 7.59 17.38 7.62 7.49 17.15 7.85 8.05 18.43 6.57
1.483 8.38 19.19 5.81 7.68 17.59 7.41 7.49 17.15 7.85 8.10 18.55 6.45
1.500 8.38 19.19 5.81 7.73 17.70 7.30 7.49 17.15 7.85 8.19 18.76 6.24
1.517 8.38 19.19 5.81 7.82 17.91 7.09 7.49 17.15 7.85 8.23 18.85 6.15
1.533 8.38 19.19 5.81 7.91 18.11 6.89 7.49 17.15 7.85 8.23 18.85 6.15
1.550 8.38 19.19 5.81 7.96 18.23 6.77 7.53 17.24 7.76 8.28 18.96 6.04
1.567 8.38 19.19 5.81 8.05 18.43 6.57 7.53 17.24 7.76 8.28 18.96 6.04
1.583 8.38 19.19 5.81 8.09 18.53 6.47 7.53 17.24 7.76 8.32 19.05 5.95
1.600 8.38 19.19 5.81 8.18 18.73 6.27 7.53 17.24 7.76 8.32 19.05 5.95
1.617 8.38 19.19 5.81 8.27 18.94 6.06 7.53 17.24 7.76 8.32 19.05 5.95
1.633 8.38 19.19 5.81 8.32 19.05 5.95 7.53 17.24 7.76 8.32 19.05 5.95
1.650 8.38 19.19 5.81 8.36 19.14 5.86 7.53 17.24 7.76 8.32 19.05 5.95
1.667 8.38 19.19 5.81 8.45 19.35 5.65 7.53 17.24 7.76 8.32 19.05 5.95
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Cell A-1 Cell A-3 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.683 8.38 19.19 5.81 8.50 19.47 5.53 7.53 17.24 7.76 8.32 19.05 5.95
1.700 8.38 19.19 5.81 8.59 19.67 5.33 7.53 17.24 7.76 8.32 19.05 5.95
1.717 8.38 19.19 5.81 8.63 19.76 5.24 7.53 17.24 7.76 8.32 19.05 5.95
1.733 8.38 19.19 5.81 8.72 19.97 5.03 7.53 17.24 7.76 8.32 19.05 5.95
1.750 8.38 19.19 5.81 8.77 20.08 4.92 7.53 17.24 7.76 8.32 19.05 5.95
1.767 8.38 19.19 5.81 8.81 20.18 4.82 7.53 17.24 7.76 8.32 19.05 5.95
1.783 8.38 19.19 5.81 8.90 20.38 4.62 7.53 17.24 7.76 8.32 19.05 5.95
1.800 8.38 19.19 5.81 8.95 20.50 4.50 7.53 17.24 7.76 8.37 19.17 5.83
1.817 8.38 19.19 5.81 9.04 20.70 4.30 7.53 17.24 7.76 8.37 19.17 5.83
1.833 8.38 19.19 5.81 9.13 20.91 4.09 7.53 17.24 7.76 8.37 19.17 5.83
1.850 8.38 19.19 5.81 9.18 21.02 3.98 7.53 17.24 7.76 8.37 19.17 5.83
1.867 8.38 19.19 5.81 9.27 21.23 3.77 7.53 17.24 7.76 8.37 19.17 5.83
1.883 8.38 19.19 5.81 9.31 21.32 3.68 7.53 17.24 7.76 8.37 19.17 5.83
1.900 8.38 19.19 5.81 9.36 21.43 3.57 7.53 17.24 7.76 8.37 19.17 5.83
1.917 8.38 19.19 5.81 9.40 21.53 3.47 7.53 17.24 7.76 8.37 19.17 5.83
1.933 8.38 19.19 5.81 9.49 21.73 3.27 7.53 17.24 7.76 8.37 19.17 5.83
1.950 8.38 19.19 5.81 9.54 21.85 3.15 7.53 17.24 7.76 8.37 19.17 5.83
1.967 8.38 19.19 5.81 9.63 22.05 2.95 7.53 17.24 7.76 8.37 19.17 5.83
1.983 8.38 19.19 5.81 9.67 22.14 2.86 7.53 17.24 7.76 8.37 19.17 5.83
2.000 8.38 19.19 5.81 9.72 22.26 2.74 7.53 17.24 7.76 8.37 19.17 5.83
2.017 8.38 19.19 5.81 9.76 22.35 2.65 7.53 17.24 7.76 8.37 19.17 5.83
2.033 8.38 19.19 5.81 9.85 22.56 2.44 7.53 17.24 7.76 8.37 19.17 5.83
2.050 8.38 19.19 5.81 9.85 22.56 2.44 7.53 17.24 7.76 8.37 19.17 5.83
2.067 8.38 19.19 5.81 9.94 22.76 2.24 7.53 17.24 7.76 8.37 19.17 5.83
2.083 8.38 19.19 5.81 9.99 22.88 2.12 7.53 17.24 7.76 8.37 19.17 5.83
2.100 8.38 19.19 5.81 10.03 22.97 2.03 7.53 17.24 7.76 8.37 19.17 5.83
2.117 8.38 19.19 5.81 10.08 23.08 1.92 7.53 17.24 7.76 8.37 19.17 5.83
2.133 8.38 19.19 5.81 10.12 23.18 1.82 7.53 17.24 7.76 8.37 19.17 5.83
2.150 8.38 19.19 5.81 10.17 23.29 1.71 7.53 17.24 7.76 8.37 19.17 5.83

132




Cell A-1 Cell A-3 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
2.167 8.38 19.19 5.81 10.22 23.40 1.60 7.53 17.24 7.76 8.37 19.17 5.83
2.183 8.38 19.19 5.81 10.26 23.50 1.50 7.53 17.24 7.76 8.37 19.17 5.83
2.200 8.38 19.19 5.81 10.31 23.61 1.39 7.53 17.24 7.76 8.37 19.17 5.83
2.217 8.38 19.19 5.81 10.35 23.70 1.30 7.53 17.24 7.76 8.37 19.17 5.83
2.233 8.38 19.19 5.81 10.40 23.82 1.18 7.53 17.24 7.76 8.37 19.17 5.83
2.250 8.38 19.19 5.81 10.44 23.91 1.09 7.53 17.24 7.76 8.37 19.17 5.83
2.267 8.38 19.19 5.81 10.49 24.02 0.98 7.53 17.24 7.76 8.37 19.17 5.83
2.283 8.38 19.19 5.81 10.49 24.02 0.98 7.53 17.24 7.76 8.37 19.17 5.83
2.300 8.38 19.19 5.81 10.53 24.11 0.89 7.53 17.24 7.76 8.37 19.17 5.83
2.317 8.38 19.19 5.81 10.58 24.23 0.77 7.53 17.24 7.76 8.37 19.17 5.83
2.333 8.38 19.19 5.81 10.58 24.23 0.77 7.53 17.24 7.76 8.37 19.17 5.83
2.350 8.38 19.19 5.81 10.58 24.23 0.77 7.53 17.24 7.76 8.37 19.17 5.83
2.367 8.38 19.19 5.81 10.62 24.32 0.68 7.53 17.24 7.76 8.37 19.17 5.83
2.383 8.38 19.19 5.81 10.62 24.32 0.68 7.53 17.24 7.76 8.37 19.17 5.83
2.400 8.38 19.19 5.81 10.62 24.32 0.68 7.53 17.24 7.76 8.37 19.17 5.83
2.417 8.38 19.19 5.81 10.62 24.32 0.68 7.53 17.24 7.76 8.37 19.17 5.83
2.433 8.38 19.19 5.81 10.67 24.43 0.57 7.53 17.24 7.76 8.37 19.17 5.83
2.450 8.38 19.19 5.81 10.67 24.43 0.57 7.53 17.24 7.76 8.37 19.17 5.83
2.467 8.38 19.19 5.81 10.67 24.43 0.57 7.53 17.24 7.76 8.37 19.17 5.83
2.483 8.38 19.19 5.81 10.67 24.43 0.57 7.53 17.24 7.76 8.37 19.17 5.83
2.500 8.38 19.19 5.81 10.67 24.43 0.57 7.53 17.24 7.76 8.37 19.17 5.83
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N2 Production (mls) vs Time (hrs)
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SDNR Calculation
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Denitrification | 4 ¢ g7 8.207 18.659 9.806 mg/L-Hr
Rate
MLVSS 2355.0 1135.0 2605.0 1552.5 mg/L
mg/gm
SDNR 7.164 7.231 7.163 6.316 MLVSS/hr
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Ks Data Set at 25°C
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NO3-N (mg/L)
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Data Set #1 at 26°C

Data Set Chemical Dosage MLVSS Unit
Temperature 26C Low Med High

Source Mitrification Effluent Total Sample 2 2 1.4 L
Plant Blue Plains AWTP NH4CI 5 5 35 mg/L
Concentration Variable KH2PO4 5 5 3.5 mg/L
Substrate Me(OH NaNO3 20 20 14 mgfL
CoD 280 280 196 mg/L

Calibration (ml) 0.0433 0.0452 0.0448
Cell A-1 Cell A-2 Cell A-6

Remaining Remaining Remaining

Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum NZ Cum NO3- NO3-
Production Consumed  Consumed Production Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.000 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00

0.017 0.13 0.30 19.70 0.09 0.21 19.79 0.17 0.39 19.61

0.033 0.26 0.59 19.41 0.22 0.50 19.50 0.35 0.80 19.20

0.050 0.40 0.91 19.09 0.36 0.82 19.18 0.52 1.19 18.81

0.067 0.53 1.21 18.79 0.49 1.12 18.88 0.69 1.57 18.43

0.083 0.66 1.51 18.49 0.58 1.32 18.68 0.87 1.99 18.01

0.100 0.75 1.71 18.29 0.71 1.62 18.38 1.04 2.37 17.63

0.117 0.88 2.01 17.99 0.80 1.83 18.17 1.17 2.67 17.33

0.133 0.97 221 17.79 0.93 212 17.88 1.34 3.06 16.94

0.150 1.10 2.51 17.49 1.07 2.44 17.56 1.52 3.47 16.53

0.167 1.19 2.72 17.28 1.15 2.62 17.38 1.69 3.86 16.14

0.183 1.32 3.01 16.99 1.29 2.94 17.06 1.86 4.25 15.75

0.200 1.45 3.31 16.69 1.38 3.15 16.85 2.04 4.66 15.34

0.217 1.58 3.61 16.39 151 3.45 16.55 2.16 4.93 15.07

0.233 171 3.90 16.10 1.60 3.65 16.35 2.34 5.34 14.66

0.250 1.80 4.11 15.89 1.69 3.86 16.14 2.47 5.64 14.36

0.267 1.93 4.40 15.60 1.82 4.15 15.85 2.60 5.93 14.07
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Cell A-1 Cell A-2 Cell A-6
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.283 2.06 4.70 15.30 1.91 4.36 15.64 2.77 6.32 13.68
0.300 2.15 4.91 15.09 2.00 4.56 15.44 2.90 6.62 13.38
0.317 2.28 5.20 14.80 2.09 4.77 15.23 3.03 6.92 13.08
0.333 2.37 5.41 14.59 2.22 5.07 14.93 3.16 7.21 12.79
0.350 2.46 5.61 14.39 231 5.27 14.73 3.29 7.51 12.49
0.367 2.55 5.82 14.18 2.40 5.48 14.52 3.42 7.81 12.19
0.383 2.63 6.00 14.00 2.49 5.68 14.32 3.51 8.01 11.99
0.400 2.68 6.12 13.88 2.62 5.98 14.02 3.59 8.19 11.81
0.417 2.72 6.21 13.79 2.71 6.19 13.81 3.68 8.40 11.60
0.433 2.77 6.32 13.68 2.84 6.48 13.52 3.77 8.60 11.40
0.450 2.81 6.41 13.59 2.93 6.69 13.31 3.81 8.70 11.30
0.467 2.81 6.41 13.59 3.02 6.89 13.11 3.85 8.79 11.21
0.483 2.81 6.41 13.59 3.15 7.19 12.81 3.90 8.90 11.10
0.500 2.85 6.50 13.50 3.24 7.39 12.61 3.90 8.90 11.10
0.517 2.85 6.50 13.50 3.33 7.60 12.40 3.94 8.99 11.01
0.533 2.85 6.50 13.50 3.46 7.90 12.10 3.94 8.99 11.01
0.550 2.85 6.50 13.50 3.55 8.10 11.90 3.98 9.08 10.92
0.567 2.85 6.50 13.50 3.69 8.42 11.58 3.98 9.08 10.92
0.583 2.85 6.50 13.50 3.77 8.60 11.40 4.03 9.20 10.80
0.600 2.85 6.50 13.50 3.86 8.81 11.19 4.03 9.20 10.80
0.617 2.85 6.50 13.50 3.95 9.02 10.98 4.03 9.20 10.80
0.633 2.85 6.50 13.50 4.04 9.22 10.78 4.03 9.20 10.80
0.650 2.85 6.50 13.50 4.13 9.43 10.57 4.03 9.20 10.80
0.667 2.85 6.50 13.50 4.22 9.63 10.37 4.03 9.20 10.80
0.683 2.85 6.50 13.50 4.31 9.84 10.16 4.03 9.20 10.80
0.700 2.85 6.50 13.50 4.40 10.04 9.96 4.03 9.20 10.80
0.717 2.85 6.50 13.50 4.48 10.23 9.77 4.03 9.20 10.80
0.733 2.85 6.50 13.50 4.57 10.43 9.57 4.03 9.20 10.80
0.750 2.85 6.50 13.50 4.66 10.64 9.36 4.03 9.20 10.80
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Cell A-1 Cell A-2 Cell A-6
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.767 2.85 6.50 13.50 4.71 10.75 9.25 4.03 9.20 10.80
0.783 2.85 6.50 13.50 4.80 10.96 9.04 4.03 9.20 10.80
0.800 2.85 6.50 13.50 4.88 11.14 8.86 4.03 9.20 10.80
0.817 2.85 6.50 13.50 4.97 11.34 8.66 4.03 9.20 10.80
0.833 2.85 6.50 13.50 5.06 11.55 8.45 4.03 9.20 10.80
0.850 2.85 6.50 13.50 5.19 11.85 8.15 4.03 9.20 10.80
0.867 2.85 6.50 13.50 5.28 12.05 7.95 4.03 9.20 10.80
0.883 2.85 6.50 13.50 5.37 12.26 7.74 4.03 9.20 10.80
0.900 2.85 6.50 13.50 5.46 12.46 7.54 4.03 9.20 10.80
0.917 2.85 6.50 13.50 5.55 12.67 7.33 4.03 9.20 10.80
0.933 2.85 6.50 13.50 5.64 12.87 7.13 4.03 9.20 10.80
0.950 2.85 6.50 13.50 5.73 13.08 6.92 4.03 9.20 10.80
0.967 2.85 6.50 13.50 5.77 13.17 6.83 4.03 9.20 10.80
0.983 2.85 6.50 13.50 5.86 13.37 6.63 4.03 9.20 10.80
1.000 2.85 6.50 13.50 591 13.49 6.51 4.03 9.20 10.80
1.017 2.85 6.50 13.50 5.95 13.58 6.42 4.03 9.20 10.80
1.033 2.85 6.50 13.50 5.99 13.67 6.33 4.03 9.20 10.80
1.050 2.85 6.50 13.50 6.04 13.79 6.21 4.03 9.20 10.80
1.067 2.85 6.50 13.50 6.04 13.79 6.21 4.03 9.20 10.80
1.083 2.85 6.50 13.50 6.04 13.79 6.21 4.03 9.20 10.80
1.100 2.85 6.50 13.50 6.04 13.79 6.21 4.03 9.20 10.80
1.117 2.85 6.50 13.50 6.04 13.79 6.21 4.03 9.20 10.80
1.133 2.85 6.50 13.50 6.04 13.79 6.21 4.03 9.20 10.80
1.150 2.85 6.50 13.50 6.04 13.79 6.21 4.03 9.20 10.80
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Denitrification | ¢ 35g 11.694 19.256 mg/L-Hr
Rate
MLVSS 2260.00 1760.00 2345.00 mg/L
SDNR 7.238 6.644 8.212 mg/gm MLVSS/hr
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Ks Data Set #1 at 26°C
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Data Set #2 at 26°C

Data Set Chemical Dosage MLVSS Unit
Temperature 26C Low Med High

Source Mitrification Effluent Total Sample 2 2 1.4 L
Plant Blue Plains AWTP NH4CI 5 5 35 mg/L
Concentration Variable KH2PO4 5 5 3.5 mg/L
Substrate Me(OH NaNO3 20 20 14 mgfL
COoD 280 280 196 mg/L

Calibration (ml) 0.0433 0.0452 0.0448
Cell A-1 Cell A-3 Cell A-7

Remaining Remaining Remaining

Elapse T (hours) Cum N_2 Cum NO3- NO3- Cum N_2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed Consumed Production Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.000 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00

0.017 0.13 0.30 24.70 0.09 0.21 24.79 0.04 0.09 2491

0.033 0.26 0.59 24.41 0.23 0.52 24.48 0.13 0.30 24.70

0.050 0.44 1.00 24.00 0.32 0.73 24.27 0.22 0.50 24.50

0.067 0.57 1.30 23.70 0.45 1.03 23.97 0.27 0.62 24.38

0.083 0.66 1.51 23.49 0.54 1.23 23.77 0.36 0.82 24.18

0.100 0.79 1.80 23.20 0.63 1.44 23.56 0.40 0.91 24.09

0.117 0.92 2.10 22.90 0.77 1.76 23.24 0.49 1.12 23.88

0.133 1.05 2.40 22.60 0.86 1.96 23.04 0.53 121 23.79

0.150 1.19 2.72 22.28 0.95 2.17 22.83 0.58 1.32 23.68

0.167 1.32 3.01 21.99 1.04 2.37 22.63 0.67 1.53 23.47

0.183 1.45 3.31 21.69 1.18 2.69 22.31 0.71 1.62 23.38

0.200 1.58 3.61 21.39 1.27 2.90 22.10 0.80 1.83 23.17

0.217 1.71 3.90 21.10 1.36 3.10 21.90 0.85 1.94 23.06

0.233 1.84 4.20 20.80 1.49 3.40 21.60 0.93 2.12 22.88

0.250 1.98 4.52 20.48 1.58 3.61 21.39 0.98 2.24 22.76
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Cell A-1 Cell A-3 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.267 211 4.82 20.18 1.67 3.81 21.19 1.07 2.44 22.56
0.283 2.20 5.02 19.98 1.81 4.13 20.87 111 2.53 22.47
0.300 2.33 5.32 19.68 1.90 4.34 20.66 1.16 2.65 22.35
0.317 241 5.50 19.50 1.99 4.54 20.46 1.25 2.85 22.15
0.333 2.46 5.61 19.39 2.08 4.75 20.25 1.29 2.94 22.06
0.350 2.55 5.82 19.18 2.17 4.95 20.05 1.38 3.15 21.85
0.367 2.59 5.91 19.09 2.26 5.16 19.84 1.42 3.24 21.76
0.383 2.59 5.91 19.09 2.35 5.36 19.64 1.47 3.36 21.64
0.400 2.63 6.00 19.00 2.44 5.57 19.43 1.56 3.56 21.44
0.417 2.68 6.12 18.88 2.53 5.77 19.23 1.60 3.65 21.35
0.433 2.68 6.12 18.88 2.62 5.98 19.02 1.69 3.86 21.14
0.450 2.68 6.12 18.88 2.71 6.19 18.81 1.74 3.97 21.03
0.467 2.72 6.21 18.79 2.85 6.50 18.50 1.82 4.15 20.85
0.483 2.72 6.21 18.79 2.94 6.71 18.29 1.87 4.27 20.73
0.500 2.72 6.21 18.79 3.03 6.92 18.08 1.96 4.47 20.53
0.517 2.72 6.21 18.79 3.12 7.12 17.88 2.00 4.56 20.44
0.533 2.72 6.21 18.79 3.21 7.33 17.67 2.05 4.68 20.32
0.550 2.72 6.21 18.79 3.30 7.53 17.47 2.14 4.88 20.12
0.567 2.72 6.21 18.79 3.39 7.74 17.26 2.18 4.98 20.02
0.583 2.72 6.21 18.79 3.48 7.94 17.06 2.27 5.18 19.82
0.600 2.72 6.21 18.79 3.57 8.15 16.85 2.31 5.27 19.73
0.617 2.72 6.21 18.79 3.66 8.35 16.65 2.40 5.48 19.52
0.633 2.72 6.21 18.79 3.75 8.56 16.44 2.45 5.59 19.41
0.650 2.72 6.21 18.79 3.84 8.76 16.24 2.49 5.68 19.32
0.667 2.72 6.21 18.79 3.93 8.97 16.03 2.58 5.89 19.11
0.683 2.72 6.21 18.79 3.98 9.08 15.92 2.63 6.00 19.00
0.700 2.72 6.21 18.79 4.07 9.29 15.71 2.67 6.09 18.91
0.717 2.72 6.21 18.79 4.16 9.49 15.51 2.76 6.30 18.70
0.733 2.72 6.21 18.79 4.25 9.70 15.30 2.80 6.39 18.61
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Cell A-1 Cell A-3 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

0.750 2.72 6.21 18.79 4.34 9.91 15.09 2.85 6.50 18.50
0.767 2.72 6.21 18.79 4.43 10.11 14.89 2.89 6.60 18.40
0.783 2.72 6.21 18.79 4.52 10.32 14.68 2.89 6.60 18.40
0.800 2.72 6.21 18.79 4.61 10.52 14.48 2.94 6.71 18.29
0.817 2.72 6.21 18.79 4.66 10.64 14.36 2.94 6.71 18.29
0.833 2.72 6.21 18.79 4.75 10.84 14.16 2.98 6.80 18.20
0.850 2.72 6.21 18.79 4.84 11.05 13.95 2.98 6.80 18.20
0.867 2.72 6.21 18.79 4.93 11.25 13.75 2.98 6.80 18.20
0.883 2.72 6.21 18.79 5.02 11.46 13.54 2.98 6.80 18.20
0.900 2.72 6.21 18.79 5.06 11.55 13.45 2.98 6.80 18.20
0.917 2.72 6.21 18.79 5.15 11.75 13.25 2.98 6.80 18.20
0.933 2.72 6.21 18.79 5.24 11.96 13.04 2.98 6.80 18.20
0.950 2.72 6.21 18.79 5.33 12.17 12.83 2.98 6.80 18.20
0.967 2.72 6.21 18.79 5.38 12.28 12.72 2.98 6.80 18.20
0.983 2.72 6.21 18.79 5.47 12.48 12.52 2.98 6.80 18.20
1.000 2.72 6.21 18.79 5.56 12.69 12.31 2.98 6.80 18.20
1.017 2.72 6.21 18.79 5.65 12.90 12.10 2.98 6.80 18.20
1.033 2.72 6.21 18.79 5.74 13.10 11.90 2.98 6.80 18.20
1.050 2.72 6.21 18.79 5.83 13.31 11.69 2.98 6.80 18.20
1.067 2.72 6.21 18.79 5.88 13.42 11.58 2.98 6.80 18.20
1.083 2.72 6.21 18.79 5.97 13.63 11.37 2.98 6.80 18.20
1.100 2.72 6.21 18.79 6.06 13.83 11.17 2.98 6.80 18.20
1.117 2.72 6.21 18.79 6.10 13.92 11.08 2.98 6.80 18.20
1.133 2.72 6.21 18.79 6.19 14.13 10.87 2.98 6.80 18.20
1.150 2.72 6.21 18.79 6.28 14.33 10.67 2.98 6.80 18.20
1.033 2.72 6.21 18.79 6.33 14.45 10.55 2.98 6.80 18.20
1.050 2.72 6.21 18.79 6.42 14.65 10.35 2.98 6.80 18.20
1.067 2.72 6.21 18.79 6.46 14.74 10.26 2.98 6.80 18.20
1.083 2.72 6.21 18.79 6.55 14.95 10.05 2.98 6.80 18.20
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Cell A-1 Cell A-3 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

1.100 2.72 6.21 18.79 6.60 15.06 9.94 2.98 6.80 18.20
1.117 2.72 6.21 18.79 6.69 15.27 9.73 2.98 6.80 18.20
1.133 2.72 6.21 18.79 6.73 15.36 9.64 2.98 6.80 18.20
1.150 2.72 6.21 18.79 6.78 15.47 9.53 2.98 6.80 18.20
1.167 2.72 6.21 18.79 6.87 15.68 9.32 2.98 6.80 18.20
1.183 2.72 6.21 18.79 6.92 15.79 9.21 2.98 6.80 18.20
1.200 2.72 6.21 18.79 6.96 15.89 9.11 2.98 6.80 18.20
1.217 2.72 6.21 18.79 7.01 16.00 9.00 2.98 6.80 18.20
1.233 2.72 6.21 18.79 7.05 16.09 8.91 2.98 6.80 18.20
1.250 2.72 6.21 18.79 7.10 16.20 8.80 2.98 6.80 18.20
1.267 2.72 6.21 18.79 7.14 16.30 8.70 2.98 6.80 18.20
1.283 2.72 6.21 18.79 7.19 16.41 8.59 2.98 6.80 18.20
1.300 2.72 6.21 18.79 7.23 16.50 8.50 2.98 6.80 18.20
1.317 2.72 6.21 18.79 7.28 16.62 8.38 2.98 6.80 18.20
1.333 2.72 6.21 18.79 7.28 16.62 8.38 2.98 6.80 18.20
1.350 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.367 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.383 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.400 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.417 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.433 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.450 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.467 2.72 6.21 18.79 7.32 16.71 8.29 2.98 6.80 18.20
1.483 2.72 6.21 18.79 7.37 16.82 8.18 2.98 6.80 18.20
1.500 2.72 6.21 18.79 7.37 16.82 8.18 2.98 6.80 18.20
1.517 2.72 6.21 18.79 7.37 16.82 8.18 2.98 6.80 18.20
1.533 2.72 6.21 18.79 7.37 16.82 8.18 2.98 6.80 18.20
1.550 2.72 6.21 18.79 7.37 16.82 8.18 2.98 6.80 18.20
1.567 2.72 6.21 18.79 7.37 16.82 8.18 2.98 6.80 18.20
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Cell A-1 Cell A-3 Cell A-7
Remaining Remaining Remaining
Elapse T (hours) Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3- Cum N2 Cum NO3- NO3-
Production Consumed  Consumed Production ~ Consumed Consumed Production Consumed Consumed

(mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)

1.583 2.72 6.21 18.79 7.41 16.91 8.09 2.98 6.80 18.20
1.600 2.72 6.21 18.79 7.41 16.91 8.09 2.98 6.80 18.20
1.617 2.72 6.21 18.79 7.41 16.91 8.09 2.98 6.80 18.20
1.633 2.72 6.21 18.79 7.41 16.91 8.09 2.98 6.80 18.20
1.650 2.72 6.21 18.79 7.41 16.91 8.09 2.98 6.80 18.20
1.667 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00
1.683 0.13 0.30 24.70 0.09 0.21 24.79 0.04 0.09 2491
1.700 0.26 0.59 24.41 0.23 0.52 24.48 0.13 0.30 24.70
1.717 0.44 1.00 24.00 0.32 0.73 24.27 0.22 0.50 24.50
1.733 0.57 1.30 23.70 0.45 1.03 23.97 0.27 0.62 24.38
1.750 0.66 151 23.49 0.54 1.23 23.77 0.36 0.82 24.18
1.767 0.79 1.80 23.20 0.63 1.44 23.56 0.40 0.91 24.09
1.783 0.92 2.10 22.90 0.77 1.76 23.24 0.49 1.12 23.88
1.683 1.05 2.40 22.60 0.86 1.96 23.04 0.53 1.21 23.79
1.700 1.19 2.72 22.28 0.95 217 22.83 0.58 1.32 23.68
1.717 1.32 3.01 21.99 1.04 2.37 22.63 0.67 1.53 23.47
1.733 1.45 3.31 21.69 1.18 2.69 22.31 0.71 1.62 23.38
1.750 1.58 3.61 21.39 1.27 2.90 22.10 0.80 1.83 23.17
1.767 171 3.90 21.10 1.36 3.10 21.90 0.85 1.94 23.06
1.783 1.84 4.20 20.80 1.49 3.40 21.60 0.93 2.12 22.88
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N2 Production (mls) vs Time (hrs)
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Ks Data Set #2 at 26°C

¢ Data
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* *
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0.005 0.007 0.009 0.011 0.013 0.015 0.017
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o Data
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3054 M
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>
S Cell A-3
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0.05 T T T T 1
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NO3-N (mg/L)
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314N,

26 0 N
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0.015 0.02 0.025 0.03 0.035 0.04

Time (days)
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Data Set #3 at 26°C (Adding Polymer)

Data Set Chemical Dosage
Temperature 26C Total Sample 4 L
Source Mitrification Effluent NH4CI 5 mg/L
Plant Blue Plains AWTP KH2PO4 5 mg/L
Concentration Wariable KNO3 15 mg/L
Substrate MeOH CoD 200 mag/L
Calib
(ml) 0.0439 0.0444 0.0433 0.0428
Cell A-1 Cell A-2 Cell A-3 Cell A-6
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.000 0.00 0.00 25.00 | 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00
0.017 0.22 0.50 2450 | 0.22 0.50 24.50 0.18 0.41 24.59 0.22 0.50 24.50
0.033 0.40 0.91 24.09 | 0.40 0.91 24.09 0.41 0.94 24.06 0.39 0.89 24.11
0.050 0.57 1.30 23.70 0.58 1.32 23.68 0.59 1.35 23.65 0.56 1.28 23.72
0.067 0.75 171 23.29 0.75 171 23.29 0.81 1.85 23.15 0.74 1.69 23.31
0.083 0.92 2.10 22.90 0.93 2.12 22.88 0.99 2.26 22.74 0.91 2.08 22.92
0.100 1.10 251 22.49 111 2.53 22.47 1.18 2.69 22.31 1.04 2.37 22.63
0.117 1.27 2.90 22.10 1.29 2.94 22.06 1.36 3.10 21.90 121 2.76 22.24
0.133 1.45 3.31 21.69 1.47 3.36 21.64 154 3.51 21.49 1.34 3.06 21.94
0.150 1.58 3.61 21.39 | 1.64 3.74 21.26 1.67 3.81 21.19 1.47 3.36 21.64
0.167 1.76 4.02 20.98 | 1.78 4.06 20.94 1.85 4.22 20.78 1.65 3.77 21.23
0.183 1.93 4.40 20.60 1.95 4.45 20.55 2.03 4.63 20.37 1.78 4.06 20.94
0.200 2.06 4.70 20.30 2.13 4.86 20.14 2.21 5.04 19.96 1.95 4.45 20.55
0.217 2.20 5.02 19.98 2.31 5.27 19.73 2.35 5.36 19.64 2.08 4.75 20.25
0.233 2.37 5.41 19.59 2.44 5.57 19.43 2.49 5.68 19.32 2.21 5.04 19.96
0.250 2.50 5.71 19.29 2.62 5.98 19.02 2.62 5.98 19.02 2.34 5.34 19.66

151




Cell A-1 Cell A-2 Cell A-3 Cell A-6
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.267 2.63 6.00 19.00 2.75 6.28 18.72 2.76 6.30 18.70 2.47 5.64 19.36
0.283 2.77 6.32 18.68 2.89 6.60 18.40 2.80 6.39 18.61 2.60 5.93 19.07
0.300 2.85 6.50 18.50 | 3.02 6.89 18.11 2.89 6.60 18.40 2.68 6.12 18.88
0.317 2.99 6.82 18.18 3.11 7.10 17.90 2.94 6.71 18.29 2.81 6.41 18.59
0.333 3.12 7.12 17.88 3.20 7.30 17.70 2.98 6.80 18.20 2.94 6.71 18.29
0.350 3.25 7.42 17.58 3.29 7.51 17.49 3.03 6.92 18.08 3.03 6.92 18.08
0.367 3.34 7.62 17.38 3.37 7.69 17.31 3.03 6.92 18.08 3.12 7.12 17.88
0.383 3.47 7.92 17.08 3.42 7.81 17.19 3.07 7.01 17.99 3.25 7.42 17.58
0.400 3.60 8.22 16.78 3.42 7.81 17.19 3.07 7.01 17.99 3.33 7.60 17.40
0.417 3.69 8.42 16.58 3.46 7.90 17.10 3.07 7.01 17.99 3.42 7.81 17.19
0.433 3.82 8.72 16.28 3.51 8.01 16.99 3.07 7.01 17.99 3.46 7.90 17.10
0.450 3.91 8.92 16.08 3.51 8.01 16.99 3.12 7.12 17.88 3.51 8.01 16.99
0.467 3.95 9.02 15.98 3.51 8.01 16.99 3.12 7.12 17.88 3.55 8.10 16.90
0.483 4.04 9.22 15.78 3.51 8.01 16.99 3.12 7.12 17.88 3.59 8.19 16.81
0.500 4.08 9.31 15.69 3.55 8.10 16.90 3.12 7.12 17.88 3.64 8.31 16.69
0.517 4.13 9.43 15.57 3.55 8.10 16.90 3.12 7.12 17.88 3.64 8.31 16.69
0.533 4.13 9.43 15.57 3.55 8.10 16.90 3.12 7.12 17.88 3.64 8.31 16.69
0.550 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.567 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.583 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.600 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.617 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.633 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.650 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.667 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.683 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.700 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.717 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.733 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
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Cell A-1 Cell A-2 Cell A-3 Cell A-6
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.750 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.767 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.783 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.800 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.817 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.833 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.850 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.867 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.883 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.900 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.917 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.933 4.17 9.52 15.48 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.950 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.967 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
0.983 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
1.000 4.17 9.52 15.48 | 3.55 8.10 16.90 3.16 7.21 17.79 3.64 8.31 16.69
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N2 Production (mls) vs Time (hrs)
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SDNR Calculation
Cell A-1 Cell A-2 Cell A-3 Cell A-6 Unit
Denitrification Rate 17.690 22.807 22.744 18.194 mg/L-Hr
MLVSS 2280 2230 2155 2335 mg/L
mg/gm
SDNR 7.759 10.227 10.554 7.792 MLVSS/hr
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Ks Data Set #3 at 26°C

¢ Data
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¢ Data
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Data Set at 27°C

Data Set Chemical Dosage MLVSS Unit

Temperature 27 C Low Med High

Source Mitrification Effluent Total Sample 2 2 14 L

Plant Blue Plaing AWTP NH4CI 5 5 3.5 mgyL

Concentration Wariable KH2PO4 3 3 3.5 mg/L

Substrate MeOH NaNO3 20 20 14 mg/L

COoD 280 280 196 mg/L
Calib
(ml) 0.0439 0.0444 0.0452 0.0445 0.0433 0.0428
Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.000 0.00 0.00 25.00 | 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00
0.017 0.26 0.59 2441 | 0.13 0.30 24.70 0.14 0.32 24.68 0.18 0.41 24.59 0.35 0.80 24.20 0.25 0.57 24.43
0.033 0.48 1.09 23.91 0.22 0.50 24.50 0.27 0.61 24.39 0.31 0.71 24.29 0.61 1.39 23.61 0.46 1.05 23.95
0.050 0.70 1.59 23.41 0.31 0.71 24.29 0.36 0.82 24.18 0.44 1.00 24.00 0.91 2.07 22.93 0.63 1.43 23.57
0.067 0.97 2.21 22.79 0.40 0.91 24.09 0.50 1.14 23.86 0.57 1.30 23.70 1.17 2.66 22.34 0.80 1.82 23.18
0.083 1.19 2.71 22.29 0.49 1.11 23.89 0.63 1.43 23.57 0.70 1.59 23.41 1.39 3.16 21.84 0.89 2.02 22.98
0.100 1.40 3.18 21.82 0.58 1.32 23.68 0.77 1.75 23.25 0.79 1.80 23.20 1.60 3.64 21.36 1.06 241 22.59
0.117 1.67 3.80 21.20 0.67 1.52 23.48 0.86 1.96 23.04 0.92 2.09 22.91 1.86 4.23 20.77 1.14 2.59 22.41
0.133 1.89 4.30 20.70 | 0.80 1.82 23.18 0.99 2.25 22.75 1.05 2.39 22.61 2.08 4.73 20.27 1.18 2.68 22.32
0.150 211 4.80 20.20 | 0.89 2.02 22.98 1.13 2,57 22.43 1.19 271 22.29 2.29 5.21 19.79 1.22 2.78 22.22
0.167 2.33 5.30 19.70 0.98 2.23 22.77 1.27 2.89 2211 1.32 3.00 22.00 2.47 5.62 19.38 1.27 2.89 2211
0.183 2.55 5.80 19.20 1.07 2.43 22.57 1.36 3.09 2191 1.45 3.30 21.70 2.68 6.10 18.90 1.35 3.07 21.93
0.200 2.72 6.19 18.81 1.20 2.73 22.27 1.49 3.39 21.61 1.58 3.59 21.41 2.86 6.51 18.49 1.52 3.46 21.54
0.217 2.90 6.60 18.40 1.29 2.93 22.07 1.63 3.71 21.29 1.67 3.80 21.20 2.99 6.80 18.20 1.65 3.75 21.25
0.233 3.07 6.98 18.02 1.38 3.14 21.86 1.72 3.91 21.09 1.80 4.09 20.91 3.12 7.10 17.90 1.81 4.12 20.88
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-8
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.250 3.20 7.28 17.72 151 3.43 21.57 1.85 4.21 20.79 1.93 4.39 20.61 3.20 7.28 17.72 1.94 441 20.59
0.267 3.29 7.48 17.52 1.60 3.64 21.36 1.94 4.41 20.59 2.06 4.69 20.31 3.29 7.48 17.52 2.07 471 20.29
0.283 3.38 7.69 17.31 1.69 3.84 21.16 2.08 4.73 20.27 2.20 5.00 20.00 3.33 7.57 17.43 2.19 4.98 20.02
0.300 3.47 7.89 17.11 1.82 4.14 20.86 2.21 5.03 19.97 2.28 5.19 19.81 3.42 7.78 17.22 2.32 5.28 19.72
0.317 3.56 8.10 16.90 1.91 4.34 20.66 231 5.25 19.75 241 5.48 19.52 3.46 7.87 17.13 2.45 5.57 19.43
0.333 3.60 8.19 16.81 2.04 4.64 20.36 2.44 5.55 19.45 2.55 5.80 19.20 3.51 7.98 17.02 2.57 5.85 19.15
0.350 3.64 8.28 16.72 2.13 4.85 20.15 2.58 5.87 19.13 2.68 6.10 18.90 3.51 7.98 17.02 2.70 6.14 18.86
0.367 3.69 8.39 16.61 2.26 5.14 19.86 2.67 6.07 18.93 2.81 6.39 18.61 3.55 8.08 16.92 2.83 6.44 18.56
0.383 3.73 8.48 16.52 2.35 5.35 19.65 2.80 6.37 18.63 2.94 6.69 18.31 3.55 8.08 16.92 291 6.62 18.38
0.400 3.73 8.48 16.52 2.44 5.55 19.45 2.89 6.57 18.43 3.03 6.89 18.11 3.59 8.17 16.83 3.04 6.92 18.08
0.417 3.78 8.60 16.40 2.58 5.87 19.13 3.03 6.89 18.11 3.16 7.19 17.81 3.59 8.17 16.83 3.12 7.10 17.90
0.433 3.82 8.69 16.31 2.66 6.05 18.95 3.12 7.10 17.90 3.29 7.48 17.52 3.64 8.28 16.72 3.21 7.30 17.70
0.450 3.82 8.69 16.31 2.80 6.37 18.63 3.25 7.39 17.61 3.42 7.78 17.22 3.64 8.28 16.72 3.33 7.57 17.43
0.467 3.86 8.78 16.22 2.89 6.57 18.43 3.34 7.60 17.40 3.56 8.10 16.90 3.64 8.28 16.72 3.42 7.78 17.22
0.483 3.86 8.78 16.22 3.02 6.87 18.13 3.48 7.92 17.08 3.69 8.39 16.61 3.68 8.37 16.63 3.50 7.96 17.04
0.500 3.91 8.89 16.11 3.11 7.07 17.93 3.57 8.12 16.88 3.78 8.60 16.40 3.68 8.37 16.63 3.59 8.17 16.83
0.517 3.91 8.89 16.11 3.20 7.28 17.72 3.66 8.33 16.67 3.91 8.89 16.11 3.68 8.37 16.63 3.67 8.35 16.65
0.533 3.91 8.89 16.11 3.33 7.57 17.43 3.75 8.53 16.47 4.04 9.19 15.81 3.68 8.37 16.63 3.76 8.55 16.45
0.550 3.91 8.89 16.11 3.42 7.78 17.22 3.84 8.74 16.26 4.13 9.39 15.61 3.68 8.37 16.63 3.84 8.74 16.26
0.567 3.91 8.89 16.11 351 7.98 17.02 3.93 8.94 16.06 421 9.58 15.42 3.68 8.37 16.63 3.92 8.92 16.08
0.583 3.91 8.89 16.11 3.60 8.19 16.81 4.02 9.14 15.86 4.35 9.90 15.10 3.68 8.37 16.63 3.97 9.03 15.97
0.600 3.91 8.89 16.11 3.69 8.39 16.61 4.11 9.35 15.65 4.43 10.08 14.92 3.68 8.37 16.63 4.05 9.21 15.79
0.617 3.91 8.89 16.11 3.77 8.58 16.42 4.20 9.55 15.45 4.57 10.40 14.60 3.68 8.37 16.63 4.14 9.42 15.58
0.633 3.91 8.89 16.11 3.86 8.78 16.22 4.29 9.76 15.24 4.65 10.58 14.42 3.68 8.37 16.63 4.22 9.60 15.40
0.650 3.91 8.89 16.11 3.95 8.99 16.01 4.38 9.96 15.04 4.74 10.78 14.22 3.68 8.37 16.63 4.26 9.69 15.31
0.667 3.91 8.89 16.11 4.04 9.19 15.81 4.47 10.17 14.83 4.83 10.99 14.01 3.68 8.37 16.63 4.35 9.90 15.10
0.683 3.91 8.89 16.11 4.13 9.39 15.61 457 10.40 14.60 4.92 11.19 13.81 3.68 8.37 16.63 4.43 10.08 14.92
0.700 3.91 8.89 16.11 4.22 9.60 15.40 4.66 10.60 14.40 5.05 11.49 13.51 3.68 8.37 16.63 4.47 10.17 14.83
0.717 3.91 8.89 16.11 4.31 9.80 15.20 4.75 10.81 14.19 5.14 11.69 13.31 3.68 8.37 16.63 4.56 10.37 14.63
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-8

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-

T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.733 3.91 8.89 16.11 4.40 10.01 14.99 4.84 11.01 13.99 5.18 11.78 13.22 3.68 8.37 16.63 4.64 10.55 14.45
0.750 3.91 8.89 16.11 4.48 10.19 14.81 493 11.21 13.79 5.22 11.87 13.13 3.68 8.37 16.63 4.68 10.65 14.35
0.767 3.91 8.89 16.11 453 10.30 14.70 5.02 11.42 13.58 5.27 11.99 13.01 3.68 8.37 16.63 477 10.85 14.15
0.783 3.91 8.89 16.11 457 10.40 14.60 511 11.62 13.38 5.31 12.08 12.92 3.68 8.37 16.63 4.85 11.03 13.97
0.800 3.91 8.89 16.11 | 4.57 10.40 14.60 5.20 11.83 13.17 5.31 12.08 12.92 3.68 8.37 16.63 4.94 11.24 13.76
0.817 3.91 8.89 16.11 | 4.62 10.51 14.49 5.33 12.12 12.88 5.36 12.19 12.81 3.68 8.37 16.63 5.02 11.42 13.58
0.833 3.91 8.89 16.11 4.62 10.51 14.49 5.42 12.33 12.67 5.36 12.19 12.81 3.68 8.37 16.63 5.11 11.62 13.38
0.850 3.91 8.89 16.11 4.62 10.51 14.49 5.51 12.53 12.47 5.36 12.19 12.81 3.68 8.37 16.63 5.19 11.81 13.19
0.867 3.91 8.89 16.11 4.62 10.51 14.49 5.60 12.74 12.26 5.36 12.19 12.81 3.68 8.37 16.63 5.27 11.99 13.01
0.883 3.91 8.89 16.11 4.62 10.51 14.49 5.70 12.97 12.03 5.36 12.19 12.81 3.68 8.37 16.63 5.32 12.10 12.90
0.900 3.91 8.89 16.11 4.62 10.51 14.49 5.79 13.17 11.83 5.36 12.19 12.81 3.68 8.37 16.63 5.40 12.28 12.72
0.917 3.91 8.89 16.11 4.62 10.51 14.49 5.88 13.38 11.62 5.36 12.19 12.81 3.68 8.37 16.63 5.49 12.49 12.51
0.933 3.91 8.89 16.11 | 4.62 10.51 14.49 5.97 13.58 11.42 5.36 12.19 12.81 3.68 8.37 16.63 5.57 12.67 12.33
0.950 3.91 8.89 16.11 | 4.62 10.51 14.49 6.06 13.79 11.21 5.36 12.19 12.81 3.68 8.37 16.63 5.65 12.85 12.15
0.967 3.91 8.89 16.11 4.62 10.51 14.49 6.15 13.99 11.01 5.36 12.19 12.81 3.68 8.37 16.63 5.74 13.06 11.94
0.983 3.91 8.89 16.11 4.62 10.51 14.49 6.24 14.19 10.81 5.36 12.19 12.81 3.68 8.37 16.63 5.82 13.24 11.76
1.000 3.91 8.89 16.11 4.62 10.51 14.49 6.33 14.40 10.60 5.36 12.19 12.81 3.68 8.37 16.63 5.87 13.35 11.65
1.017 3.91 8.89 16.11 4.62 10.51 14.49 6.37 14.49 10.51 5.36 12.19 12.81 3.68 8.37 16.63 5.95 13.53 11.47
1.033 3.91 8.89 16.11 4.62 10.51 14.49 6.46 14.69 10.31 5.36 12.19 12.81 3.68 8.37 16.63 5.99 13.63 11.37
1.050 3.91 8.89 16.11 4.62 10.51 14.49 6.55 14.90 10.10 5.36 12.19 12.81 3.68 8.37 16.63 6.08 13.83 11.17
1.067 3.91 8.89 16.11 | 4.62 10.51 14.49 6.64 15.10 9.90 5.36 12.19 12.81 3.68 8.37 16.63 6.16 14.01 10.99
1.083 3.91 8.89 16.11 | 4.62 10.51 14.49 6.73 15.31 9.69 5.36 12.19 12.81 3.68 8.37 16.63 6.25 14.22 10.78
1.100 3.91 8.89 16.11 4.62 10.51 14.49 6.83 15.54 9.46 5.36 12.19 12.81 3.68 8.37 16.63 6.29 14.31 10.69
1.117 3.91 8.89 16.11 4.62 10.51 14.49 6.92 15.74 9.26 5.36 12.19 12.81 3.68 8.37 16.63 6.37 14.49 10.51
1.133 3.91 8.89 16.11 4.62 10.51 14.49 6.96 15.83 9.17 5.36 12.19 12.81 3.68 8.37 16.63 6.46 14.69 10.31
1.150 3.91 8.89 16.11 4.62 10.51 14.49 7.05 16.04 8.96 5.36 12.19 12.81 3.68 8.37 16.63 6.54 14.88 10.12
1.167 3.91 8.89 16.11 4.62 10.51 14.49 7.14 16.24 8.76 5.36 12.19 12.81 3.68 8.37 16.63 6.58 14.97 10.03
1.183 3.91 8.89 16.11 4.62 10.51 14.49 7.23 16.45 8.55 5.36 12.19 12.81 3.68 8.37 16.63 6.67 15.17 9.83
1.200 3.91 8.89 16.11 | 4.62 10.51 14.49 7.28 16.56 8.44 5.36 12.19 12.81 3.68 8.37 16.63 6.71 15.26 9.74
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-8

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.217 3.91 8.89 16.11 4.62 10.51 14.49 7.37 16.76 8.24 5.36 12.19 12.81 3.68 8.37 16.63 6.79 15.45 9.55
1.233 3.91 8.89 16.11 4.62 10.51 14.49 7.41 16.86 8.14 5.36 12.19 12.81 3.68 8.37 16.63 6.84 15.56 9.44
1.250 3.91 8.89 16.11 4.62 10.51 14.49 7.50 17.06 7.94 5.36 12.19 12.81 3.68 8.37 16.63 6.92 15.74 9.26
1.267 3.91 8.89 16.11 4.62 10.51 14.49 7.55 17.17 7.83 5.36 12.19 12.81 3.68 8.37 16.63 6.96 15.83 9.17
1.283 3.91 8.89 16.11 | 4.62 10.51 14.49 7.59 17.27 7.73 5.36 12.19 12.81 3.68 8.37 16.63 7.01 15.95 9.05
1.300 3.91 8.89 16.11 | 4.62 10.51 14.49 7.64 17.38 7.62 5.36 12.19 12.81 3.68 8.37 16.63 7.05 16.04 8.96
1.317 3.91 8.89 16.11 4.62 10.51 14.49 7.64 17.38 7.62 5.36 12.19 12.81 3.68 8.37 16.63 7.05 16.04 8.96
1.333 3.91 8.89 16.11 4.62 10.51 14.49 7.68 17.47 7.53 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.350 3.91 8.89 16.11 4.62 10.51 14.49 7.68 17.47 7.53 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.367 3.91 8.89 16.11 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.383 3.91 8.89 16.11 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.400 3.91 8.89 16.11 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.417 3.91 8.89 16.11 | 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.433 3.91 8.89 16.11 | 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.450 3.91 8.89 16.11 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.467 3.91 8.89 16.11 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.483 3.91 8.89 16.11 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
1.500 3.91 8.89 16.11 4.62 10.51 14.49 7.73 17.58 7.42 5.36 12.19 12.81 3.68 8.37 16.63 7.09 16.13 8.87
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N2 Production (mls) vs Time (hrs)
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Cell A-1 | Cell A-2 Cell A-3 Cell A-4 | Cell A-6 | Cell A-8 Unit
De”'gg'tcea“on 30319 | 12785 11553  14.158 | 32.235 | 10.006 | mg/L-Hr
MLVSS 2685.00 | 1977.50 1450.00 1870.00 | 2827.50 | 1470.00 mg/L
mg/gm
SDNR 11.292 6.465 7.968 7.571 11.401 6.807 MLVSS/hr
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Ks Data Set at 27°C
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NO3-N (mg/L)
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APPENDIX B — ASA Data Set

0
Data Set #1 at 20°C
Chemical Dosage MLVSS Unit
Data Set =
T " 20C Low Med High
emperature
P S Total Sample 2 2 14 L
Source Mitrification Effluent
Plant ASA AWTP NH4CI 5 5 3.5 mgyL
. . KH2P(O4 5 5 35 mg/L
Concentration Wariable
Substrate MeOH NaNO3 20 20 14 mg/L
COD 280 280 196 mag/L
Calib
(ml) 0.0439 0.0444 0.0433 0.0428
Cell A-1 Cell A-2 Cell A-3 Cell A-6
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons  Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L)
0.000 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00
0.017 0.66 1.51 23.49 0.27 0.62 24.38 0.52 1.19 23.81 0.36 0.82 24.18
0.033 1.19 2.73 22.27 0.50 1.15 23.85 0.91 2.08 22.92 0.62 1.42 23.58
0.050 1.62 3.71 21.29 0.63 1.44 23.56 1.26 2.89 22.11 0.85 1.95 23.05
0.067 2.02 4.63 20.37 0.77 1.76 23.24 1.52 3.48 21.52 1.02 2.34 22.66
0.083 2.33 5.34 19.66 0.90 2.06 22.94 1.78 4.08 20.92 1.16 2.66 22.34
0.100 2.63 6.02 18.98 1.04 2.38 22.62 1.99 4.56 20.44 1.29 2.95 22.05
0.117 2.85 6.53 18.47 1.13 2.59 22.41 2.21 5.06 19.94 1.42 3.25 21.75
0.133 3.03 6.94 18.06 1.22 2.79 22.21 2.42 5.54 19.46 1.56 3.57 21.43
0.150 3.25 7.44 17.56 1.36 3.11 21.89 2.60 5.95 19.05 1.65 3.78 21.22
0.167 3.47 7.95 17.05 1.45 3.32 21.68 2.81 6.43 18.57 1.74 3.98 21.02
0.183 3.69 8.45 16.55 1.58 3.62 21.38 2.99 6.85 18.15 1.87 4.28 20.72
0.200 3.86 8.84 16.16 1.67 3.82 21.18 3.16 7.24 17.76 1.96 4.49 20.51
0.217 3.99 9.14 15.86 1.76 4.03 20.97 3.33 7.63 17.37 2.05 4.69 20.31
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Cell A-1 Cell A-2 Cell A-3 Cell A-6
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.233 1.19 2.78 17.22 1.29 3.01 16.99 0.90 2.10 17.90 0.22 0.51 19.49
0.250 1.23 2.87 17.13 1.33 3.11 16.89 0.95 2.22 17.78 0.22 0.51 19.49
0.267 1.32 3.08 16.92 1.42 3.32 16.68 0.95 2.22 17.78 0.22 0.51 19.49
0.283 1.36 3.18 16.82 1.47 3.44 16.56 1.04 2.43 17.57 0.22 0.51 19.49
0.300 1.45 3.39 16.61 1.55 3.62 16.38 1.08 2.52 17.48 0.22 0.51 19.49
0.317 1.49 3.48 16.52 1.60 3.74 16.26 1.13 2.64 17.36 0.22 0.51 19.49
0.333 154 3.60 16.40 1.69 3.95 16.05 1.18 2.76 17.24 0.22 0.51 19.49
0.350 1.58 3.69 16.31 1.73 4.04 15.96 1.18 2.76 17.24 0.22 0.51 19.49
0.367 1.62 3.79 16.21 1.78 4.16 15.84 1.22 2.85 17.15 0.27 0.63 19.37
0.383 1.71 4.00 16.00 1.86 4.35 15.65 1.27 2.97 17.03 0.27 0.63 19.37
0.400 1.76 4.11 15.89 191 4.46 15.54 131 3.06 16.94 0.27 0.63 19.37
0.417 1.84 4.30 15.70 2.00 4.67 15.33 1.40 3.27 16.73 0.27 0.63 19.37
0.433 1.93 4.51 15.49 2.09 4.88 15.12 145 3.39 16.61 0.31 0.72 19.28
0.450 1.98 4.63 15.37 2.13 4.98 15.02 1.49 3.48 16.52 0.31 0.72 19.28
0.467 2.06 4.81 15.19 2.22 5.19 14.81 1.54 3.60 16.40 0.31 0.72 19.28
0.483 2.15 5.02 14.98 2.31 5.40 14.60 1.58 3.69 16.31 0.31 0.72 19.28
0.500 2.20 5.14 14.86 2.35 5.49 14.51 1.63 3.81 16.19 0.31 0.72 19.28
0.517 2.28 5.33 14.67 2.44 5.70 14.30 1.67 3.90 16.10 0.31 0.72 19.28
0.533 2.33 5.45 14.55 2.49 5.82 14.18 1.72 4.02 15.98 0.36 0.84 19.16
0.550 2.37 5.54 14.46 2.53 5.91 14.09 1.76 4.11 15.89 0.36 0.84 19.16
0.567 241 5.63 14.37 2.58 6.03 13.97 181 4.23 15.77 0.40 0.93 19.07
0.583 2.46 5.75 14.25 2.66 6.22 13.78 1.85 4.32 15.68 0.40 0.93 19.07
0.600 2.50 5.84 14.16 2.71 6.33 13.67 1.90 4.44 15.56 0.40 0.93 19.07
0.617 2.59 6.05 13.95 2.75 6.43 13.57 1.94 4.53 15.47 0.44 1.03 18.97
0.633 2.63 6.15 13.85 2.84 6.64 13.36 1.99 4.65 15.35 0.44 1.03 18.97
0.650 2.72 6.36 13.64 2.89 6.75 13.25 2.08 4.86 15.14 0.49 1.15 18.85
0.667 2.81 6.57 13.43 2.97 6.94 13.06 2.12 4.95 15.05 0.53 1.24 18.76
0.683 2.85 6.66 13.34 3.06 7.15 12.85 2.17 5.07 14.93 0.53 1.24 18.76
0.700 2.94 6.87 13.13 3.11 7.27 12.73 2.21 5.16 14.84 0.53 1.24 18.76
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Cell A-1 Cell A-2 Cell A-3 Cell A-6

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

0.717 2.99 6.99 13.01 3.20 7.48 12.52 2.26 5.28 14.72 0.53 1.24 2.99
0.733 3.07 7.17 12.83 3.29 7.69 12.31 2.31 5.40 14.60 0.58 1.36 3.07
0.750 3.16 7.39 12.61 3.37 7.88 12.12 2.40 5.61 14.39 0.58 1.36 3.16
0.767 3.20 7.48 12.52 3.42 7.99 12.01 2.40 5.61 14.39 0.58 1.36 3.20
0.783 3.29 7.69 12.31 351 8.20 11.80 2.49 5.82 14.18 0.62 1.45 3.29
0.800 3.34 7.81 12.19 3.55 8.30 11.70 2.53 5.91 14.09 0.62 1.45 3.34
0.817 3.42 7.99 12.01 3.64 8.51 11.49 2.58 6.03 13.97 0.67 1.57 3.42
0.833 3.47 8.11 11.89 3.69 8.62 11.38 2.58 6.03 13.97 0.67 1.57 3.47
0.850 3.56 8.32 11.68 3.77 8.81 11.19 2.67 6.24 13.76 0.71 1.66 3.56
0.867 3.60 8.41 11.59 3.86 9.02 10.98 2.71 6.33 13.67 0.76 1.78 3.60
0.883 3.69 8.62 11.38 3.95 9.23 10.77 2.80 6.54 13.46 0.76 1.78 3.69
0.900 3.78 8.83 11.17 4.04 9.44 10.56 2.85 6.66 13.34 0.80 1.87 3.78
0.917 3.82 8.93 11.07 4.08 9.54 10.46 2.89 6.75 13.25 0.80 1.87 3.82
0.933 3.91 9.14 10.86 4.22 9.86 10.14 2.98 6.96 13.04 0.85 1.99 3.91
0.950 3.99 9.32 10.68 4.26 9.96 10.04 3.03 7.08 12.92 0.85 1.99 3.99
0.967 4.04 9.44 10.56 4.35 10.17 9.83 3.07 7.17 12.83 0.89 2.08 4.04
0.983 4.13 9.65 10.35 4.44 10.38 9.62 3.12 7.29 12.71 0.89 2.08 4.13
1.000 4.21 9.84 10.16 4.53 10.59 9.41 3.21 7.50 12.50 0.89 2.08 4.21
1.017 4.26 9.96 10.04 4.57 10.68 9.32 3.25 7.60 12.40 0.93 2.17 4.26
1.033 4.30 10.05 9.95 4.62 10.80 9.20 3.25 7.60 12.40 0.93 2.17 4.30
1.050 4.35 10.17 9.83 4.71 11.01 8.99 3.34 7.81 12.19 0.93 2.17 4.35
1.067 4.43 10.35 9.65 4.75 11.10 8.90 3.39 7.92 12.08 0.98 2.29 4.43
1.083 4.48 10.47 9.53 4.80 11.22 8.78 3.44 8.04 11.96 1.02 2.38 4.48
1.100 4.52 10.56 9.44 4.84 11.31 8.69 3.48 8.13 11.87 1.02 2.38 4.52
1.117 4.57 10.68 9.32 4.88 11.40 8.60 3.53 8.25 11.75 1.07 2.50 4.57
1.133 4.57 10.68 9.32 4.88 11.40 8.60 3.57 8.34 11.66 1.07 2.50 4.57
1.150 4.61 10.77 9.23 4.93 11.52 8.48 3.62 8.46 11.54 1.11 2.59 4.61
1.167 4.61 10.77 9.23 4.93 11.52 8.48 3.66 8.55 11.45 1.11 2.59 4.61
1.183 4.65 10.87 9.13 4.97 11.62 8.38 3.75 8.76 11.24 1.16 2.71 4.65
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Cell A-1 Cell A-2 Cell A-3 Cell A-6

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.200 4.65 10.87 9.13 4.97 11.62 8.38 3.80 8.88 11.12 1.16 2.71 4.65
1.217 4.65 10.87 9.13 497 11.62 8.38 3.84 8.97 11.03 1.20 2.80 4.65
1.233 4.65 10.87 9.13 497 11.62 8.38 3.89 9.09 10.91 1.20 2.80 4.65
1.250 4.70 10.98 9.02 5.02 11.73 8.27 3.93 9.18 10.82 1.25 2.92 4.70
1.267 4.70 10.98 9.02 5.02 11.73 8.27 3.98 9.30 10.70 1.29 3.01 4.70
1.283 4.70 10.98 9.02 5.02 11.73 8.27 4.02 9.40 10.60 1.29 3.01 4.70
1.300 4.70 10.98 9.02 5.02 11.73 8.27 4.07 9.51 10.49 1.33 3.11 4.70
1.317 4.70 10.98 9.02 5.02 11.73 8.27 4.11 9.61 10.39 1.33 3.11 4.70
1.333 4.70 10.98 9.02 5.02 11.73 8.27 4.16 9.72 10.28 1.38 3.23 4.70
1.350 4.74 11.08 8.92 5.06 11.83 8.17 4.25 9.93 10.07 1.38 3.23 4.74
1.367 4.74 11.08 8.92 5.06 11.83 8.17 4.29 10.03 9.97 1.42 3.32 4.74
1.383 4.74 11.08 8.92 5.06 11.83 8.17 4.34 10.14 9.86 1.47 3.44 4.74
1.400 4.74 11.08 8.92 5.06 11.83 8.17 4.38 10.24 9.76 1.47 3.44 4.74
1417 4.74 11.08 8.92 5.06 11.83 8.17 4.43 10.35 9.65 151 3.53 4.74
1.433 4.74 11.08 8.92 5.06 11.83 8.17 4.47 10.45 9.55 1.56 3.65 4.74
1.450 4.74 11.08 8.92 5.06 11.83 8.17 4.57 10.68 9.32 1.60 3.74 4.74
1.467 4.74 11.08 8.92 5.06 11.83 8.17 4.61 10.77 9.23 1.60 3.74 4.74
1.483 4.74 11.08 8.92 5.06 11.83 8.17 4.66 10.89 9.11 1.65 3.86 4.74
1.500 4.74 11.08 8.92 5.11 11.94 8.06 4.70 10.98 9.02 1.69 3.95 4.74
1.517 4.79 11.19 8.81 5.11 11.94 8.06 4.75 11.10 8.90 1.69 3.95 4.79
1.533 4.79 11.19 8.81 5.11 11.94 8.06 4.84 11.31 8.69 1.74 4.07 4.79
1.550 4.79 11.19 8.81 5.11 11.94 8.06 4.88 11.40 8.60 1.78 4.16 4.79
1.567 4.79 11.19 8.81 5.11 11.94 8.06 4.93 11.52 8.48 1.82 4.25 4.79
1.583 4.79 11.19 8.81 5.15 12.04 7.96 4.97 11.62 8.38 1.87 4.37 4.79
1.600 4.79 11.19 8.81 5.15 12.04 7.96 5.06 11.83 8.17 1.91 4.46 4.79
1.617 4.83 11.29 8.71 5.15 12.04 7.96 5.11 11.94 8.06 1.91 4.46 4.83
1.633 4.83 11.29 8.71 5.15 12.04 7.96 5.15 12.04 7.96 1.96 4.58 4.83
1.650 4.83 11.29 8.71 5.19 12.13 7.87 5.24 12.25 7.75 2.00 4.67 4.83
1.667 4.83 11.29 8.71 5.19 12.13 7.87 5.29 12.36 7.64 2.00 4.67 4.83
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Cell A-1 Cell A-2 Cell A-3 Cell A-6

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
1.683 4.83 11.29 8.71 5.19 12.13 7.87 5.33 12.46 7.54 2.05 4.79 4.83
1.700 4.83 11.29 8.71 5.19 12.13 7.87 5.42 12.67 7.33 2.05 4.79 4.83
1.717 4.83 11.29 8.71 5.19 12.13 7.87 5.47 12.78 7.22 2.05 4.79 4.83
1.733 4.83 11.29 8.71 5.19 12.13 7.87 5.51 12.88 7.12 2.09 4.88 4.83
1.750 4.83 11.29 8.71 5.19 12.13 7.87 5.56 12.99 7.01 2.14 5.00 4.83
1.767 4.83 11.29 8.71 5.19 12.13 7.87 5.60 13.09 6.91 2.18 5.09 4.83
1.783 4.83 11.29 8.71 5.19 12.13 7.87 5.60 13.09 6.91 2.18 5.09 4.83
1.800 4.83 11.29 8.71 5.19 12.13 7.87 5.65 13.20 6.80 2.23 5.21 4.83
1.817 4.83 11.29 8.71 5.19 12.13 7.87 5.65 13.20 6.80 2.27 5.31 4.83
1.833 4.83 11.29 8.71 5.19 12.13 7.87 5.70 13.32 6.68 2.31 5.40 4.83
1.850 4.83 11.29 8.71 5.19 12.13 7.87 5.70 13.32 6.68 2.36 5.52 4.83
1.867 4.83 11.29 8.71 5.19 12.13 7.87 5.74 13.41 6.59 2.36 5.52 4.83
1.883 4.83 11.29 8.71 5.19 12.13 7.87 5.74 13.41 6.59 2.40 5.61 4.83
1.900 4.83 11.29 8.71 5.19 12.13 7.87 5.74 13.41 6.59 2.45 5.73 4.83
1.917 4.83 11.29 8.71 5.19 12.13 7.87 5.74 13.41 6.59 2.45 5.73 4.83
1.933 4.83 11.29 8.71 5.19 12.13 7.87 5.79 13.53 6.47 2.49 5.82 4.83
1.950 4.83 11.29 8.71 5.19 12.13 7.87 5.79 13.53 6.47 2.54 5.94 4.83
1.967 4.83 11.29 8.71 5.19 12.13 7.87 5.79 13.53 6.47 2.54 5.94 4.83
1.983 4.83 11.29 8.71 5.19 12.13 7.87 5.79 13.53 6.47 2.58 6.03 4.83
2.000 4.83 11.29 8.71 5.19 12.13 7.87 5.79 13.53 6.47 2.58 6.03 4.83
2.017 4.83 11.29 8.71 5.19 12.13 7.87 5.79 13.53 6.47 2.63 6.15 4.83
2.033 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
2.050 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
2.067 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
2.083 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
2.100 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
2.117 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
2.133 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
2.150 4.83 11.29 8.71 5.19 12.13 7.87 5.83 13.63 6.37 2.63 6.15 4.83
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N2 Production (mls) vs Time (hrs)
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Ks Data Set #1 at 20°C
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Data Set #2 at 20°C

Data Set Chemical Dosage

Temperature 20C Total Sample 4 L

Source Mitrification Efluent NHACI 5 mg/L

Plant ASA AWTP KH2PO4 5 mg/L

Concentration Same KNO3 15 mg/L

Substrate MeOH, HAC cCoD 200 mg/L
Calib
(ml) 0.0439 0.0444 0.0433 0.0428

Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod  Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L)
0.000 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00 0.00 0.00 25.00
0.017 0.00 0.00 25.00 0.04 0.09 2491 0.09 0.21 24.79 0.00 0.00 25.00
0.033 0.04 0.09 2491 0.04 0.09 2491 0.13 0.30 24.70 0.00 0.00 25.00
0.050 0.04 0.09 2491 0.09 0.21 24.79 0.17 0.39 24.61 0.00 0.00 25.00
0.067 0.09 0.21 24.79 0.13 0.30 24.70 0.21 0.48 24.52 0.04 0.09 2491
0.083 0.13 0.30 24.70 0.18 0.41 24.59 0.26 0.60 24.40 0.04 0.09 2491
0.100 0.13 0.30 24.70 0.22 0.51 24.49 0.26 0.60 24.40 0.04 0.09 2491
0.117 0.18 0.41 24.59 0.22 0.51 24.49 0.30 0.69 24.31 0.04 0.09 24.91
0.133 0.18 0.41 24.59 0.27 0.62 24.38 0.30 0.69 24.31 0.04 0.09 24.91
0.150 0.22 0.51 24.49 0.31 0.71 24.29 0.34 0.78 24.22 0.04 0.09 2491
0.167 0.22 0.51 24.49 0.36 0.83 24.17 0.34 0.78 24.22 0.04 0.09 2491
0.183 0.26 0.60 24.40 0.40 0.92 24.08 0.39 0.90 24.10 0.04 0.09 2491
0.200 0.26 0.60 24.40 0.40 0.92 24.08 0.39 0.90 24.10 0.04 0.09 2491
0.217 0.31 0.71 24.29 0.44 1.01 23.99 0.43 0.99 24.01 0.04 0.09 24.91
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Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.233 0.31 0.71 24.29 0.49 1.13 23.87 0.43 0.99 24.01 0.04 0.09 2491
0.250 0.35 0.80 24.20 0.53 1.22 23.78 0.47 1.08 23.92 0.04 0.09 2491
0.267 0.40 0.92 24.08 0.58 1.33 23.67 0.47 1.08 23.92 0.04 0.09 2491
0.283 0.40 0.92 24.08 0.62 1.43 23.57 0.51 1.17 23.83 0.04 0.09 2491
0.300 0.44 1.01 23.99 0.67 1.54 23.46 0.51 1.17 23.83 0.04 0.09 2491
0.317 0.48 1.10 23.90 0.71 1.63 23.37 0.56 1.29 23.71 0.04 0.09 2491
0.333 0.48 1.10 23.90 0.75 1.72 23.28 0.56 1.29 23.71 0.04 0.09 2491
0.350 0.53 1.22 23.78 0.80 1.84 23.16 0.60 1.38 23.62 0.04 0.09 2491
0.367 0.57 1.31 23.69 0.84 1.93 23.07 0.64 1.47 23.53 0.09 0.21 24.79
0.383 0.57 1.31 23.69 0.84 1.93 23.07 0.64 1.47 23.53 0.09 0.21 24.79
0.400 0.61 1.40 23.60 0.89 2.05 22.95 0.68 1.56 23.44 0.09 0.21 24.79
0.417 0.61 1.40 23.60 0.93 2.14 22.86 0.73 1.68 23.32 0.09 0.21 24.79
0.433 0.66 1.52 23.48 0.98 2.25 22.75 0.73 1.68 23.32 0.13 0.30 24.70
0.450 0.70 1.61 23.39 1.02 2.35 22.65 0.77 1.77 23.23 0.13 0.30 24.70
0.467 0.75 1.72 23.28 1.07 2.46 22.54 0.81 1.86 23.14 0.13 0.30 24.70
0.483 0.79 1.82 23.18 111 2.55 22.45 0.86 1.98 23.02 0.13 0.30 24.70
0.500 0.83 1.91 23.09 1.20 2.76 22.24 0.90 2.07 22.93 0.17 0.39 24.61
0.517 0.83 1.91 23.09 1.24 2.85 22.15 0.94 2.16 22.84 0.17 0.39 24.61
0.533 0.88 2.02 22.98 1.29 2.97 22.03 0.94 2.16 22.84 0.22 0.51 24.49
0.550 0.92 2.12 22.88 1.33 3.06 21.94 0.98 2.25 22.75 0.22 0.51 24.49
0.567 0.97 2.23 22.77 1.38 3.17 21.83 1.03 2.37 22.63 0.26 0.60 24.40
0.583 1.01 2.32 22.68 1.42 3.26 21.74 1.07 2.46 22.54 0.26 0.60 24.40
0.600 1.05 241 22.59 1.47 3.38 21.62 111 2.55 22.45 0.30 0.69 24.31
0.617 1.10 2.53 22.47 151 3.47 21.53 1.16 2.67 22.33 0.30 0.69 24.31
0.633 1.14 2.62 22.38 155 3.56 21.44 1.16 2.67 22.33 0.30 0.69 24.31
0.650 1.14 2.62 22.38 1.60 3.68 21.32 1.20 2.76 22.24 0.35 0.80 24.20
0.667 1.19 2.74 22.26 1.64 3.77 21.23 1.24 2.85 22.15 0.35 0.80 24.20
0.683 1.23 2.83 22.17 1.69 3.89 21.11 1.28 2.94 22.06 0.39 0.90 24.10
0.700 1.27 2.92 22.08 1.73 3.98 21.02 1.33 3.06 21.94 0.39 0.90 24.10
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Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.717 1.32 3.04 21.96 1.78 4.09 20.91 1.37 3.15 21.85 0.43 0.99 24.01
0.733 1.36 3.13 21.87 1.82 4.18 20.82 141 3.24 21.76 0.43 0.99 24.01
0.750 1.40 3.22 21.78 191 4.39 20.61 1.46 3.36 21.64 0.48 1.10 23.90
0.767 1.45 3.33 21.67 1.95 4.48 20.52 1.50 3.45 21.55 0.48 1.10 23.90
0.783 1.49 3.43 21.57 2.00 4.60 20.40 1.54 3.54 21.46 0.52 1.20 23.80
0.800 1.54 3.54 21.46 2.04 4.69 20.31 1.58 3.63 21.37 0.52 1.20 23.80
0.817 1.58 3.63 21.37 2.09 4.81 20.19 1.58 3.63 21.37 0.56 1.29 23.71
0.833 1.58 3.63 21.37 2.13 4.90 20.10 1.63 3.75 21.25 0.56 1.29 23.71
0.850 1.62 3.72 21.28 2.18 5.01 19.99 1.67 3.84 21.16 0.61 1.40 23.60
0.867 1.67 3.84 21.16 2.26 5.20 19.80 171 3.93 21.07 0.65 1.49 23.51
0.883 171 3.93 21.07 231 5.31 19.69 1.75 4.02 20.98 0.65 1.49 23.51
0.900 1.76 4.05 20.95 2.35 5.40 19.60 1.80 4.14 20.86 0.69 1.59 23.41
0.917 1.80 4.14 20.86 2.40 5.52 19.48 1.84 4.23 20.77 0.69 1.59 23.41
0.933 1.84 4.23 20.77 2.44 5.61 19.39 1.88 4.32 20.68 0.74 1.70 23.30
0.950 1.89 4.35 20.65 2.53 5.82 19.18 1.93 4.44 20.56 0.78 1.79 23.21
0.967 1.93 4.44 20.56 2.58 5.93 19.07 1.97 4.53 20.47 0.78 1.79 23.21
0.983 1.98 4.55 20.45 2.62 6.02 18.98 2.01 4.62 20.38 0.78 1.79 23.21
1.000 2.02 4.64 20.36 2.66 6.12 18.88 2.05 4.71 20.29 0.82 1.89 23.11
1.017 2.06 4.74 20.26 2.71 6.23 18.77 2.10 4.83 20.17 0.82 1.89 23.11
1.033 211 4.85 20.15 2.75 6.32 18.68 2.14 4.92 20.08 0.87 2.00 23.00
1.050 2.15 4.94 20.06 2.80 6.44 18.56 2.14 4.92 20.08 0.87 2.00 23.00
1.067 2.20 5.06 19.94 2.84 6.53 18.47 2.18 5.01 19.99 0.91 2.09 22.91
1.083 2.24 5.15 19.85 2.89 6.64 18.36 2.23 5.13 19.87 0.95 2.18 22.82
1.100 2.28 5.24 19.76 2.93 6.74 18.26 2.27 5.22 19.78 0.95 2.18 22.82
1.117 2.33 5.36 19.64 2.97 6.83 18.17 2.31 5.31 19.69 1.00 2.30 22.70
1.133 2.33 5.36 19.64 3.06 7.04 17.96 2.35 5.40 19.60 1.00 2.30 22.70
1.150 2.37 5.45 19.55 3.11 7.15 17.85 2.40 5.52 19.48 1.04 2.39 22.61
1.167 241 5.54 19.46 3.15 7.24 17.76 2.44 5.61 19.39 1.04 2.39 22.61
1.183 2.46 5.66 19.34 3.20 7.36 17.64 2.48 5.70 19.30 1.08 2.48 22.52
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Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
1.200 2.50 5.75 19.25 3.24 7.45 17.55 2.53 5.82 19.18 1.13 2.60 22.40
1.217 2.55 5.86 19.14 3.29 7.56 17.44 2.57 5.91 19.09 1.13 2.60 22.40
1.233 2.63 6.05 18.95 3.33 7.66 17.34 2.61 6.00 19.00 1.17 2.69 22.31
1.250 2.68 6.16 18.84 3.42 7.86 17.14 2.65 6.09 18.91 121 2.78 22.22
1.267 2.72 6.25 18.75 3.46 7.96 17.04 2.70 6.21 18.79 1.21 2.78 22.22
1.283 2.77 6.37 18.63 351 8.07 16.93 2.74 6.30 18.70 1.26 2.90 22.10
1.300 2.77 6.37 18.63 3.55 8.16 16.84 2.78 6.39 18.61 1.30 2.99 22.01
1.317 2.81 6.46 18.54 3.60 8.28 16.72 2.82 6.48 18.52 1.30 2.99 22.01
1.333 2.85 6.55 18.45 3.64 8.37 16.63 2.87 6.60 18.40 1.34 3.08 21.92
1.350 2.90 6.67 18.33 3.69 8.48 16.52 2.91 6.69 18.31 1.34 3.08 21.92
1.367 2.94 6.76 18.24 3.73 8.58 16.42 2.95 6.78 18.22 1.39 3.20 21.80
1.383 2.99 6.87 18.13 3.82 8.78 16.22 3.00 6.90 18.10 143 3.29 21.71
1.400 3.03 6.97 18.03 3.86 8.88 16.12 3.04 6.99 18.01 1.43 3.29 21.71
1.417 3.07 7.06 17.94 3.91 8.99 16.01 3.08 7.08 17.92 1.47 3.38 21.62
1.433 3.12 7.17 17.83 3.95 9.08 15.92 3.12 7.17 17.83 1.47 3.38 21.62
1.450 3.16 7.27 17.73 4.00 9.20 15.80 3.17 7.29 17.71 1.52 3.49 21.51
1.467 3.20 7.36 17.64 4.04 9.29 15.71 3.21 7.38 17.62 1.56 3.59 21.41
1.483 3.25 7.47 17.53 4.08 9.38 15.62 3.25 7.47 17.53 1.56 3.59 21.41
1.500 3.29 7.56 17.44 4.13 9.50 15.50 3.30 7.59 17.41 1.60 3.68 21.32
1.517 3.34 7.68 17.32 4.17 9.59 15.41 3.34 7.68 17.32 1.60 3.68 21.32
1.533 3.38 7.77 17.23 4.22 9.70 15.30 3.38 7.77 17.23 1.65 3.79 21.21
1.550 3.42 7.86 17.14 4.31 9.91 15.09 3.42 7.86 17.14 1.69 3.89 21.11
1.567 3.47 7.98 17.02 4.35 10.00 15.00 3.47 7.98 17.02 1.69 3.89 21.11
1.583 3.51 8.07 16.93 4.40 10.12 14.88 3.51 8.07 16.93 1.73 3.98 21.02
1.600 3.56 8.19 16.81 4.44 10.21 14.79 3.55 8.16 16.84 1.78 4.09 20.91
1.617 3.60 8.28 16.72 4.48 10.30 14.70 3.60 8.28 16.72 1.78 4.09 20.91
1.633 3.64 8.37 16.63 4,57 10.51 14.49 3.64 8.37 16.63 1.82 4.18 20.82
1.650 3.69 8.48 16.52 4.62 10.62 14.38 3.68 8.46 16.54 1.86 4.28 20.72
1.667 3.73 8.58 16.42 4.66 10.71 14.29 3.72 8.55 16.45 1.91 4.39 20.61
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Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
1.683 3.78 8.69 16.31 4.71 10.83 14.17 3.77 8.67 16.33 1.91 4.39 20.61
1.700 3.82 8.78 16.22 4.75 10.92 14.08 3.81 8.76 16.24 1.95 4.48 20.52
1.717 3.86 8.88 16.12 4.80 11.04 13.96 3.81 8.76 16.24 1.95 4.48 20.52
1.733 3.91 8.99 16.01 4.84 11.13 13.87 3.85 8.85 16.15 1.99 4.58 20.42
1.750 3.95 9.08 15.92 4.88 11.22 13.78 3.89 8.94 16.06 2.04 4.69 20.31
1.767 3.99 9.17 15.83 497 11.43 13.57 3.94 9.06 15.94 2.08 4.78 20.22
1.783 4.04 9.29 15.71 5.02 11.54 13.46 3.98 9.15 15.85 2.08 4.78 20.22
1.800 4.08 9.38 15.62 5.06 11.63 13.37 4.02 9.24 15.76 2.12 4.87 20.13
1.817 4.13 9.50 15.50 5.11 11.75 13.25 4.07 9.36 15.64 2.16 4.97 20.03
1.833 4.17 9.59 15.41 5.15 11.84 13.16 4.11 9.45 15.55 2.16 4.97 20.03
1.850 421 9.68 15.32 5.19 11.93 13.07 4.15 9.54 15.46 2.21 5.08 19.92
1.867 4.26 9.79 15.21 5.24 12.05 12.95 4.19 9.63 15.37 2.25 5.17 19.83
1.883 4.26 9.79 15.21 5.28 12.14 12.86 4.24 9.75 15.25 2.25 5.17 19.83
1.900 4.30 9.89 15.11 5.33 12.26 12.74 4.28 9.84 15.16 2.29 5.27 19.73
1.917 4.35 10.00 15.00 5.37 12.35 12.65 4.32 9.93 15.07 2.34 5.38 19.62
1.933 4.39 10.09 14.91 5.42 12.46 12.54 4.37 10.05 14.95 2.38 5.47 19.53
1.950 4.43 10.19 14.81 5.46 12.55 12.45 4.37 10.05 14.95 2.38 5.47 19.53
1.967 4.48 10.30 14.70 5.46 12.55 12.45 4.41 10.14 14.86 2.42 5.56 19.44
1.983 4.52 10.39 14.61 5.55 12.76 12.24 4.49 10.32 14.68 2.47 5.68 19.32
2.000 461 10.60 14.40 5.64 12.97 12.03 4,54 10.44 14.56 2,51 5.77 19.23
2.017 4.65 10.69 14.31 5.64 12.97 12.03 4.54 10.44 14.56 2.55 5.86 19.14
2.033 4.65 10.69 14.31 5.68 13.06 11.94 4.58 10.53 14.47 2.60 5.98 19.02
2.050 4.70 10.81 14.19 5.73 13.17 11.83 4.62 10.62 14.38 2.64 6.07 18.93
2.067 4.74 10.90 14.10 5.77 13.27 11.73 4.67 10.74 14.26 2.64 6.07 18.93
2.083 4.79 11.01 13.99 5.82 13.38 11.62 4.71 10.83 14.17 2.68 6.16 18.84
2.100 4.83 11.11 13.89 5.82 13.38 11.62 4.71 10.83 14.17 2.73 6.28 18.72
2.117 4.87 11.20 13.80 5.86 13.47 11.53 4.75 10.92 14.08 2.73 6.28 18.72
2.133 4.87 11.20 13.80 5.86 13.47 11.53 4.79 11.01 13.99 2.77 6.37 18.63
2.150 4.92 11.31 13.69 5.91 13.59 11.41 4.79 11.01 13.99 2.81 6.46 18.54
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Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
2.167 4.96 11.40 13.60 5.91 13.59 11.41 4.84 11.13 13.87 2.86 6.58 18.42
2.183 4.96 11.40 13.60 5.95 13.68 11.32 4.88 11.22 13.78 2.90 6.67 18.33
2.200 5.00 11.50 13.50 5.95 13.68 11.32 4.92 11.31 13.69 2.94 6.76 18.24
2.217 5.05 11.61 13.39 5.99 13.77 11.23 4.96 11.40 13.60 2.99 6.87 18.13
2.233 5.05 11.61 13.39 5.99 13.77 11.23 4.96 11.40 13.60 2.99 6.87 18.13
2.250 5.09 11.70 13.30 5.99 13.77 11.23 5.01 11.52 13.48 3.03 6.97 18.03
2.267 5.09 11.70 13.30 5.99 13.77 11.23 5.01 11.52 13.48 3.07 7.06 17.94
2.283 5.09 11.70 13.30 5.99 13.77 11.23 5.01 11.52 13.48 3.12 7.17 17.83
2.300 5.09 11.70 13.30 5.99 13.77 11.23 5.05 11.61 13.39 3.12 7.17 17.83
2.317 5.09 11.70 13.30 6.04 13.89 11.11 5.05 11.61 13.39 3.16 7.27 17.73
2.333 5.09 11.70 13.30 6.04 13.89 11.11 5.05 11.61 13.39 3.20 7.36 17.64
2.350 5.14 11.82 13.18 6.04 13.89 11.11 5.05 11.61 13.39 3.25 7.47 17.53
2.367 5.14 11.82 13.18 6.04 13.89 11.11 5.05 11.61 13.39 3.25 7.47 17.53
2.383 5.14 11.82 13.18 6.04 13.89 11.11 5.05 11.61 13.39 3.29 7.56 17.44
2.400 5.14 11.82 13.18 6.04 13.89 11.11 5.05 11.61 13.39 3.33 7.66 17.34
2.417 5.14 11.82 13.18 6.04 13.89 11.11 5.05 11.61 13.39 3.33 7.66 17.34
2.433 5.14 11.82 13.18 6.04 13.89 11.11 5.05 11.61 13.39 3.38 7.77 17.23
2.450 5.14 11.82 13.18 6.04 13.89 11.11 5.05 11.61 13.39 3.42 7.86 17.14
2.467 5.14 11.82 13.18 6.04 13.89 11.11 5.09 11.70 13.30 3.42 7.86 17.14
2.483 5.14 11.82 13.18 6.04 13.89 11.11 5.09 11.70 13.30 3.46 7.96 17.04
2.500 5.18 11.91 13.09 6.08 13.98 11.02 5.09 11.70 13.30 3.51 8.07 16.93
2.517 5.18 11.91 13.09 6.08 13.98 11.02 5.09 11.70 13.30 3.55 8.16 16.84
2.533 5.18 11.91 13.09 6.08 13.98 11.02 5.09 11.70 13.30 3.59 8.25 16.75
2.550 5.18 11.91 13.09 6.08 13.98 11.02 5.09 11.70 13.30 3.64 8.37 16.63
2.567 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.64 8.37 16.63
2.583 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.68 8.46 16.54
2.600 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.72 8.55 16.45
2.617 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.77 8.67 16.33
2.633 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.77 8.67 16.33
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Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
2.650 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.81 8.76 16.24
2.667 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.81 8.76 16.24
2.683 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.85 8.85 16.15
2.700 5.18 11.91 13.09 6.13 14.09 10.91 5.14 11.82 13.18 3.90 8.97 16.03
2.717 5.22 12.00 13.00 6.13 14.09 10.91 5.14 11.82 13.18 3.94 9.06 15.94
2.733 5.22 12.00 13.00 6.17 14.19 10.81 5.14 11.82 13.18 3.98 9.15 15.85
2.750 5.22 12.00 13.00 6.17 14.19 10.81 5.14 11.82 13.18 3.98 9.15 15.85
2.767 5.22 12.00 13.00 6.17 14.19 10.81 5.14 11.82 13.18 4.03 9.27 15.73
2.783 5.22 12.00 13.00 6.17 14.19 10.81 5.14 11.82 13.18 4.07 9.36 15.64
2.800 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.11 9.45 15.55
2.817 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.16 9.57 15.43
2.833 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.20 9.66 15.34
2.850 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.24 9.75 15.25
2.867 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.24 9.75 15.25
2.883 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.29 9.86 15.14
2.900 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.33 9.96 15.04
2.917 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.33 9.96 15.04
2.933 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.37 10.05 14.95
2.950 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.42 10.16 14.84
2.967 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.42 10.16 14.84
2.983 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.46 10.25 14.75
3.000 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.50 10.35 14.65
3.017 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.50 10.35 14.65
3.033 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.55 10.46 14.54
3.050 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.55 10.46 14.54
3.067 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.59 10.55 14.45
3.083 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.63 10.65 14.35
3.100 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.63 10.65 14.35
3.117 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.68 10.76 14.24
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Cell A-1 (HAC) Cell A-2 (HAC) Cell A-8 (HAC) Cell A-6 (MeOH)
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
3.133 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.68 10.76 14.24
3.150 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.72 10.85 14.15
3.167 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.72 10.85 14.15
3.183 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.76 10.94 14.06
3.200 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.76 10.94 14.06
3.217 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.76 10.94 14.06
3.233 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.81 11.06 13.94
3.250 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.81 11.06 13.94
3.267 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.81 11.06 13.94
3.283 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.300 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.317 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.333 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.350 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.367 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.383 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.400 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.417 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.433 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
3.450 5.27 12.12 12.88 6.22 14.30 10.70 5.18 11.91 13.09 4.85 11.15 13.85
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N2 Production (mls) vs Time (hrs)
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Denitrification | 5 g 6.580 5.530 4.480 mg/L-Hr
Rate
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Ks Data Set #2 at 20°C
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Data Set at 26°C

Data Set Chemical Dosage MLVSS Unit

Temperature 26C Low Med High

Source Mitrification Effluent Total Sample 2 2 14 L

Plant ASA AWTP NHACI 5 5 3.5 mg/L

Concentration Wariable KH2PO4 5 5 35 mgiL

Substrate MeOH NaNO3 20 20 14 mg/L

CoOD 280 280 196 mg/L
Calib
(ml) 0.0439 0.0444 0.0452 0.0445 0.0433 0.0428
Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.000 0.00 0.00 20.00 | 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00 0.00 0.00 20.00
0.017 0.09 0.21 19.79 | 0.09 0.21 19.79 0.05 0.11 19.89 0.09 0.21 19.79 0.09 0.21 19.79 0.13 0.30 19.70
0.033 0.18 0.41 19.59 | 0.13 0.30 19.70 0.09 0.21 19.79 0.17 0.39 19.61 0.22 0.50 19.50 0.27 0.62 19.38
0.050 0.26 0.59 19.41 | 0.22 0.50 19.50 0.14 0.32 19.68 0.26 0.59 19.41 0.35 0.80 19.20 0.36 0.82 19.18
0.067 0.35 0.80 19.20 | 0.27 0.62 19.38 0.18 0.41 19.59 0.35 0.80 19.20 0.43 0.98 19.02 0.49 1.12 18.88
0.083 0.44 1.00 19.00 | 0.36 0.82 19.18 0.23 0.52 19.48 0.43 0.98 19.02 0.52 1.19 18.81 0.58 1.32 18.68
0.100 0.53 121 18.79 | 0.44 1.00 19.00 0.32 0.73 19.27 0.56 1.28 18.72 0.61 1.39 18.61 0.67 1.53 18.47
0.117 0.61 1.39 18.61 | 0.49 1.12 18.88 0.36 0.82 19.18 0.65 1.48 18.52 0.69 1.57 18.43 0.76 1.73 18.27
0.133 0.70 1.60 18.40 | 0.58 1.32 18.68 0.41 0.94 19.06 0.74 1.69 18.31 0.78 1.78 18.22 0.89 2.03 17.97
0.150 0.79 1.80 18.20 | 0.62 1.42 18.58 0.45 1.03 18.97 0.82 1.87 18.13 0.87 1.99 18.01 0.98 2.24 17.76
0.167 0.88 2.01 1799 | 0.71 1.62 18.38 0.50 1.14 18.86 0.91 2.08 17.92 0.91 2.08 17.92 1.07 244 17.56
0.183 0.97 221 17.79 | 0.80 1.83 18.17 0.59 1.35 18.65 1.00 2.28 17.72 1.00 2.28 17.72 1.16 2.65 17.35
0.200 1.05 2.40 17.60 | 0.84 1.92 18.08 0.63 1.44 18.56 1.13 2.58 17.42 1.08 2.46 17.54 1.25 2.85 17.15
0.217 1.14 2.60 17.40 | 0.93 2.12 17.88 0.68 1.55 18.45 121 2.76 17.24 1.17 2.67 17.33 1.33 3.04 16.96
0.233 1.23 2.81 17.19 | 0.98 2.24 17.76 0.72 1.64 18.36 1.30 2.97 17.03 1.26 2.88 17.12 1.42 3.24 16.76
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.250 1.32 3.01 16.99 1.07 2.44 17.56 0.77 1.76 18.24 1.39 3.17 16.83 1.30 2.97 17.03 151 3.45 16.55
0.267 1.40 3.20 16.80 1.11 2.53 17.47 0.81 1.85 18.15 1.47 3.36 16.64 1.39 3.17 16.83 1.60 3.65 16.35
0.283 1.45 3.31 16.69 1.20 2.74 17.26 0.86 1.96 18.04 1.56 3.56 16.44 1.43 3.26 16.74 1.69 3.86 16.14
0.300 1.54 3.51 16.49 1.24 2.83 17.17 0.90 2.05 17.95 1.60 3.65 16.35 1.52 3.47 16.53 1.74 3.97 16.03
0.317 1.58 3.61 16.39 1.29 2.94 17.06 0.90 2.05 17.95 1.69 3.86 16.14 1.56 3.56 16.44 1.78 4.06 15.94
0.333 1.62 3.70 16.30 1.33 3.04 16.96 0.95 2.17 17.83 1.78 4.06 15.94 1.60 3.65 16.35 1.87 4.27 15.73
0.350 1.71 3.90 16.10 1.38 3.15 16.85 0.95 2.17 17.83 1.82 4.15 15.85 1.65 3.77 16.23 1.91 4.36 15.64
0.367 1.76 4.02 15.98 1.42 3.24 16.76 0.99 2.26 17.74 1.91 4.36 15.64 1.73 3.95 16.05 2.00 4.56 15.44
0.383 1.84 4.20 15.80 1.47 3.36 16.64 1.04 2.37 17.63 1.95 4.45 15.55 1.78 4.06 15.94 2.05 4.68 15.32
0.400 1.89 4.31 15.69 151 3.45 16.55 1.04 2.37 17.63 2.04 4.66 15.34 1.82 4.15 15.85 2.14 4.88 15.12
0.417 1.98 4.52 15.48 1.55 3.54 16.46 1.08 2.46 17.54 2.12 4.84 15.16 1.86 4.25 15.75 2.18 4.98 15.02
0.433 2.02 4.61 15.39 1.60 3.65 16.35 1.13 2.58 17.42 2.16 4.93 15.07 1.95 4.45 15.55 2.27 5.18 14.82
0.450 2.11 4.82 15.18 1.64 3.74 16.26 1.18 2.69 17.31 2.25 5.14 14.86 1.99 4.54 15.46 231 5.27 14.73
0.467 2.15 491 15.09 1.73 3.95 16.05 1.18 2.69 17.31 2.34 5.34 14.66 2.04 4.66 15.34 2.40 5.48 14.52
0.483 2.24 5.11 14.89 1.78 4.06 15.94 1.22 2.78 17.22 2.42 5.52 14.48 2.12 4.84 15.16 2.49 5.68 14.32
0.500 2.33 5.32 14.68 1.86 4.25 15.75 1.27 2.90 17.10 251 5.73 14.27 2.16 4.93 15.07 2.54 5.80 14.20
0.517 2.37 5.41 14.59 1.91 4.36 15.64 1.31 2.99 17.01 2.60 5.93 14.07 2.25 5.14 14.86 2.63 6.00 14.00
0.533 2.46 5.61 14.39 1.95 4.45 15.55 1.36 3.10 16.90 2.68 6.12 13.88 2.29 5.23 14.77 2.71 6.19 13.81
0.550 2.55 5.82 14.18 2.04 4.66 15.34 1.40 3.20 16.80 2.73 6.23 13.77 2.38 5.43 14.57 2.80 6.39 13.61
0.567 2.59 5.91 14.09 2.09 4.77 15.23 1.45 3.31 16.69 2.81 6.41 13.59 2.42 5.52 14.48 2.85 6.50 13.50
0.583 2.68 6.12 13.88 2.18 4.98 15.02 1.49 3.40 16.60 2.90 6.62 13.38 2.51 5.73 14.27 2.94 6.71 13.29
0.600 2.77 6.32 13.68 2.22 5.07 14.93 1.54 3.51 16.49 2.99 6.82 13.18 2.60 5.93 14.07 3.03 6.92 13.08
0.617 281 6.41 13.59 2.26 5.16 14.84 1.58 3.61 16.39 3.07 7.01 12.99 2.64 6.03 13.97 3.07 7.01 12.99
0.633 2.90 6.62 13.38 2.35 5.36 14.64 1.58 3.61 16.39 3.16 7.21 12.79 2.73 6.23 13.77 3.16 7.21 12.79
0.650 2.94 6.71 13.29 2.40 5.48 14.52 1.63 3.72 16.28 3.20 7.30 12.70 277 6.32 13.68 3.20 7.30 12.70
0.667 3.03 6.92 13.08 2.44 5.57 14.43 1.67 3.81 16.19 3.29 7.51 12.49 2.86 6.53 13.47 3.25 7.42 12.58
0.683 3.07 7.01 12.99 2.49 5.68 14.32 1.67 3.81 16.19 3.33 7.60 12.40 2.90 6.62 13.38 3.34 7.62 12.38
0.700 3.12 7.12 12.88 2.53 5.77 14.23 1.72 3.93 16.07 3.42 7.81 12.19 2.99 6.82 13.18 3.38 7.71 12.29
0.717 3.20 7.30 12.70 2.58 5.89 14.11 1.76 4.02 15.98 3.51 8.01 11.99 3.03 6.92 13.08 3.47 7.92 12.08
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7
Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem
Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con
(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
0.733 3.25 7.42 12.58 2.62 5.98 14.02 1.76 4.02 15.98 3.55 8.10 11.90 3.07 7.01 12.99 3.52 8.03 11.97
0.750 3.34 7.62 12.38 2.71 6.19 13.81 1.81 4.13 15.87 3.64 8.31 11.69 3.16 7.21 12.79 3.56 8.13 11.87
0.767 3.38 7.71 12.29 2.75 6.28 13.72 1.85 4.22 15.78 3.72 8.49 11.51 3.20 7.30 12.70 3.65 8.33 11.67
0.783 3.47 7.92 12.08 2.80 6.39 13.61 1.85 4.22 15.78 3.77 8.60 11.40 3.29 7.51 12.49 3.69 8.42 11.58
0.800 3.51 8.01 11.99 2.84 6.48 13.52 1.90 4.34 15.66 3.85 8.79 11.21 3.33 7.60 12.40 3.78 8.63 11.37
0.817 3.60 8.22 11.78 2.93 6.69 13.31 1.94 4.43 15.57 3.94 8.99 11.01 3.42 7.81 12.19 3.83 8.74 11.26
0.833 3.64 8.31 11.69 2.97 6.78 13.22 1.99 4.54 15.46 3.98 9.08 10.92 3.46 7.90 12.10 3.92 8.95 11.05
0.850 3.69 8.42 11.58 3.02 6.89 13.11 1.99 4.54 15.46 4.07 9.29 10.71 3.55 8.10 11.90 3.96 9.04 10.96
0.867 3.73 8.51 11.49 3.06 6.98 13.02 2.03 4.63 15.37 4.16 9.49 10.51 3.59 8.19 11.81 4.05 9.24 10.76
0.883 3.78 8.63 11.37 3.11 7.10 12.90 2.08 4.75 15.25 4.20 9.59 10.41 3.64 8.31 11.69 4.09 9.33 10.67
0.900 3.78 8.63 11.37 3.20 7.30 12.70 2.08 4.75 15.25 4.29 9.79 10.21 3.72 8.49 11.51 4.18 9.54 10.46
0.917 3.78 8.63 11.37 3.24 7.39 12.61 2.12 4.84 15.16 4.37 9.97 10.03 3.72 8.49 11.51 4.23 9.65 10.35
0.933 3.78 8.63 11.37 3.29 7.51 12.49 2.17 4.95 15.05 4.42 10.09 9.91 3.77 8.60 11.40 4.27 9.75 10.25
0.950 3.82 8.72 11.28 3.33 7.60 12.40 2.17 4.95 15.05 4.50 10.27 9.73 3.81 8.70 11.30 4.36 9.95 10.05
0.967 3.82 8.72 11.28 3.37 7.69 12.31 221 5.04 14.96 4.59 10.48 9.52 3.81 8.70 11.30 4.41 10.07 9.93
0.983 3.82 8.72 11.28 3.42 7.81 12.19 2.26 5.16 14.84 4.63 10.57 9.43 3.81 8.70 11.30 4.45 10.16 9.84
1.000 3.82 8.72 11.28 3.51 8.01 11.99 2.26 5.16 14.84 4.72 10.77 9.23 3.85 8.79 11.21 4.54 10.36 9.64
1.017 3.82 8.72 11.28 3.55 8.10 11.90 231 5.27 14.73 4.81 10.98 9.02 3.85 8.79 11.21 4.58 10.45 9.55
1.033 3.82 8.72 11.28 3.60 8.22 11.78 2.35 5.36 14.64 4.85 11.07 8.93 3.85 8.79 11.21 4.67 10.66 9.34
1.050 3.82 8.72 11.28 3.64 8.31 11.69 2.40 5.48 14.52 4.94 11.27 8.73 3.85 8.79 11.21 4.72 10.77 9.23
1.067 3.82 8.72 11.28 3.73 8.51 11.49 2.44 5.57 14.43 5.02 11.46 8.54 3.85 8.79 11.21 4.81 10.98 9.02
1.083 3.82 8.72 11.28 3.77 8.60 11.40 2.44 5.57 14.43 5.07 11.57 8.43 3.85 8.79 11.21 4.90 11.18 8.82
1.100 3.82 8.72 11.28 3.82 8.72 11.28 2.49 5.68 14.32 5.15 11.75 8.25 3.85 8.79 11.21 4.94 11.27 8.73
1.117 3.82 8.72 11.28 3.86 8.81 11.19 2.53 5.77 14.23 5.24 11.96 8.04 3.85 8.79 11.21 5.03 11.48 8.52
1.133 3.82 8.72 11.28 3.95 9.02 10.98 2.58 5.89 14.11 5.28 12.05 7.95 3.85 8.79 11.21 5.07 11.57 8.43
1.150 3.82 8.72 11.28 4.00 9.13 10.87 2.58 5.89 14.11 5.37 12.26 7.74 3.85 8.79 11.21 5.16 11.78 8.22
1.167 3.82 8.72 11.28 4.04 9.22 10.78 2.62 5.98 14.02 5.46 12.46 7.54 3.85 8.79 11.21 5.21 11.89 8.11
1.183 3.82 8.72 11.28 4.08 9.31 10.69 2.67 6.09 13.91 5.50 12.55 7.45 3.85 8.79 11.21 5.30 12.10 7.90
1.200 3.82 8.72 11.28 | 4.13 9.43 10.57 2.67 6.09 13.91 5.54 12.64 7.36 3.85 8.79 11.21 5.34 12.19 7.81
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.217 3.82 8.72 11.28 4.22 9.63 10.37 2.67 6.09 13.91 5.59 12.76 7.24 3.85 8.79 11.21 5.38 12.28 7.72
1.233 3.82 8.72 11.28 4.26 9.72 10.28 2.71 6.19 13.81 5.63 12.85 7.15 3.85 8.79 11.21 5.47 12.48 7.52
1.250 3.82 8.72 11.28 4.31 9.84 10.16 2.71 6.19 13.81 5.67 12.94 7.06 3.85 8.79 11.21 5.52 12.60 7.40
1.267 3.82 8.72 11.28 4.35 9.93 10.07 2.76 6.30 13.70 5.67 12.94 7.06 3.85 8.79 11.21 5.61 12.80 7.20
1.283 3.82 8.72 11.28 | 4.40 10.04 9.96 2.80 6.39 13.61 5.72 13.06 6.94 3.85 8.79 11.21 5.65 12.90 7.10
1.300 3.82 8.72 11.28 | 4.44 10.13 9.87 2.85 6.50 13.50 5.76 13.15 6.85 3.85 8.79 11.21 5.70 13.01 6.99
1.317 3.82 8.72 11.28 4.48 10.23 9.77 2.85 6.50 13.50 5.76 13.15 6.85 3.85 8.79 11.21 5.79 13.21 6.79
1.333 3.82 8.72 11.28 4.57 10.43 9.57 2.89 6.60 13.40 5.76 13.15 6.85 3.85 8.79 11.21 5.83 13.31 6.69
1.350 3.82 8.72 11.28 4.62 10.54 9.46 2.94 6.71 13.29 5.80 13.24 6.76 3.85 8.79 11.21 5.87 13.40 6.60
1.367 3.82 8.72 11.28 4.66 10.64 9.36 2.98 6.80 13.20 5.80 13.24 6.76 3.85 8.79 11.21 5.96 13.60 6.40
1.383 3.82 8.72 11.28 4.71 10.75 9.25 3.03 6.92 13.08 5.80 13.24 6.76 3.85 8.79 11.21 6.01 13.72 6.28
1.400 3.82 8.72 11.28 4.75 10.84 9.16 3.07 7.01 12.99 5.85 13.35 6.65 3.85 8.79 11.21 6.05 13.81 6.19
1.417 3.82 8.72 11.28 | 4.84 11.05 8.95 3.12 7.12 12.88 5.85 13.35 6.65 3.85 8.79 11.21 6.05 13.81 6.19
1.433 3.82 8.72 11.28 | 4.88 11.14 8.86 3.12 7.12 12.88 5.85 13.35 6.65 3.85 8.79 11.21 6.10 13.92 6.08
1.450 3.82 8.72 11.28 4.93 11.25 8.75 3.16 7.21 12.79 5.85 13.35 6.65 3.85 8.79 11.21 6.14 14.01 5.99
1.467 3.82 8.72 11.28 4.97 11.34 8.66 3.21 7.33 12.67 5.85 13.35 6.65 3.85 8.79 11.21 6.14 14.01 5.99
1.483 3.82 8.72 11.28 5.02 11.46 8.54 3.25 7.42 12.58 5.89 13.44 6.56 3.85 8.79 11.21 6.19 14.13 5.87
1.500 3.82 8.72 11.28 5.11 11.66 8.34 3.25 7.42 12.58 5.89 13.44 6.56 3.85 8.79 11.21 6.19 14.13 5.87
1.517 3.82 8.72 11.28 5.15 11.75 8.25 3.30 7.53 12.47 5.89 13.44 6.56 3.85 8.79 11.21 6.23 14.22 5.78
1.533 3.82 8.72 11.28 5.19 11.85 8.15 3.34 7.62 12.38 5.89 13.44 6.56 3.85 8.79 11.21 6.23 14.22 5.78
1.550 3.82 8.72 11.28 5.24 11.96 8.04 3.39 7.74 12.26 5.89 13.44 6.56 3.85 8.79 11.21 6.23 14.22 5.78
1.567 3.82 8.72 11.28 5.28 12.05 7.95 3.44 7.85 12.15 5.89 13.44 6.56 3.85 8.79 11.21 6.27 14.31 5.69
1.583 3.82 8.72 11.28 5.33 12.17 7.83 3.44 7.85 12.15 5.93 13.53 6.47 3.85 8.79 11.21 6.27 14.31 5.69
1.600 3.82 8.72 11.28 5.37 12.26 7.74 3.48 7.94 12.06 5.93 13.53 6.47 3.85 8.79 11.21 6.27 14.31 5.69
1.617 3.82 8.72 11.28 5.42 12.37 7.63 3.53 8.06 11.94 5.93 13.53 6.47 3.85 8.79 11.21 6.27 14.31 5.69
1.633 3.82 8.72 11.28 5.42 12.37 7.63 3.57 8.15 11.85 5.93 13.53 6.47 3.85 8.79 11.21 6.27 14.31 5.69
1.650 3.82 8.72 11.28 5.46 12.46 7.54 3.57 8.15 11.85 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.667 3.82 8.72 11.28 5.46 12.46 7.54 3.62 8.26 11.74 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.683 3.82 8.72 11.28 5.46 12.46 7.54 3.66 8.35 11.65 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

1.700 3.82 8.72 11.28 5.46 12.46 7.54 3.71 8.47 11.53 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.717 3.82 8.72 11.28 5.46 12.46 7.54 3.71 8.47 11.53 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.733 3.82 8.72 11.28 5.46 12.46 7.54 3.75 8.56 11.44 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.750 3.82 8.72 11.28 5.51 12.58 7.42 3.80 8.67 11.33 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.767 3.82 8.72 11.28 5.51 12.58 7.42 3.80 8.67 11.33 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.783 3.82 8.72 11.28 5.51 12.58 7.42 3.84 8.76 11.24 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.800 3.82 8.72 11.28 5.51 12.58 7.42 3.89 8.88 11.12 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.817 3.82 8.72 11.28 5.51 12.58 7.42 3.93 8.97 11.03 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.833 3.82 8.72 11.28 5.51 12.58 7.42 3.93 8.97 11.03 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.850 3.82 8.72 11.28 5.51 12.58 7.42 3.98 9.08 10.92 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.867 3.82 8.72 11.28 5.51 12.58 7.42 3.98 9.08 10.92 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.883 3.82 8.72 11.28 5.51 12.58 7.42 4.02 9.18 10.82 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.900 3.82 8.72 11.28 5.51 12.58 7.42 4.07 9.29 10.71 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.917 3.82 8.72 11.28 5.51 12.58 7.42 4.11 9.38 10.62 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.933 3.82 8.72 11.28 5.51 12.58 7.42 411 9.38 10.62 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.950 3.82 8.72 11.28 5.51 12.58 7.42 4.16 9.49 10.51 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.967 3.82 8.72 11.28 5.51 12.58 7.42 4.20 9.59 10.41 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
1.983 3.82 8.72 11.28 5.51 12.58 7.42 4.25 9.70 10.30 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.000 3.82 8.72 11.28 5.51 12.58 7.42 4.29 9.79 10.21 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.017 3.82 8.72 11.28 5.51 12.58 7.42 4.29 9.79 10.21 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.033 3.82 8.72 11.28 5.51 12.58 7.42 4.34 9.91 10.09 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.050 3.82 8.72 11.28 5.51 12.58 7.42 4.34 9.91 10.09 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.067 3.82 8.72 11.28 5.51 12.58 7.42 4.38 10.00 10.00 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.083 3.82 8.72 11.28 5.51 12.58 7.42 4.43 10.11 9.89 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.100 3.82 8.72 11.28 5.51 12.58 7.42 4.43 10.11 9.89 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.117 3.82 8.72 11.28 5.51 12.58 7.42 4.47 10.20 9.80 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.133 3.82 8.72 11.28 5.51 12.58 7.42 452 10.32 9.68 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.150 3.82 8.72 11.28 5.51 12.58 7.42 452 10.32 9.68 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.167 3.82 8.72 11.28 5.51 12.58 7.42 4.57 10.43 9.57 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

2.183 3.82 8.72 11.28 5.51 12.58 7.42 461 10.52 9.48 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.200 3.82 8.72 11.28 5.51 12.58 7.42 461 10.52 9.48 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.217 3.82 8.72 11.28 5.51 12.58 7.42 4.66 10.64 9.36 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.233 3.82 8.72 11.28 5.51 12.58 7.42 4.70 10.73 9.27 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.250 3.82 8.72 11.28 5.51 12.58 7.42 4.75 10.84 9.16 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.267 3.82 8.72 11.28 5.51 12.58 7.42 4.75 10.84 9.16 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.283 3.82 8.72 11.28 5.51 12.58 7.42 4.79 10.93 9.07 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.300 3.82 8.72 11.28 5.51 12.58 7.42 4.79 10.93 9.07 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.317 3.82 8.72 11.28 5.51 12.58 7.42 4.84 11.05 8.95 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.333 3.82 8.72 11.28 5.51 12.58 7.42 4.88 11.14 8.86 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.350 3.82 8.72 11.28 5.51 12.58 7.42 4.88 11.14 8.86 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.367 3.82 8.72 11.28 5.51 12.58 7.42 4.93 11.25 8.75 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.383 3.82 8.72 11.28 5.51 12.58 7.42 4.97 11.34 8.66 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.400 3.82 8.72 11.28 5.51 12.58 7.42 5.02 11.46 8.54 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.417 3.82 8.72 11.28 5.51 12.58 7.42 5.02 11.46 8.54 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.433 3.82 8.72 11.28 5.51 12.58 7.42 5.06 11.55 8.45 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.450 3.82 8.72 11.28 5.51 12.58 7.42 5.11 11.66 8.34 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.467 3.82 8.72 11.28 5.51 12.58 7.42 5.11 11.66 8.34 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.483 3.82 8.72 11.28 5.51 12.58 7.42 5.15 11.75 8.25 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.500 3.82 8.72 11.28 5.51 12.58 7.42 5.20 11.87 8.13 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.517 3.82 8.72 11.28 5.51 12.58 7.42 5.24 11.96 8.04 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.533 3.82 8.72 11.28 5.51 12.58 7.42 5.24 11.96 8.04 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.550 3.82 8.72 11.28 5.51 12.58 7.42 5.24 11.96 8.04 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.567 3.82 8.72 11.28 5.51 12.58 7.42 5.29 12.07 7.93 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.583 3.82 8.72 11.28 5.51 12.58 7.42 5.33 12.17 7.83 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.600 3.82 8.72 11.28 5.51 12.58 7.42 5.33 12.17 7.83 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.617 3.82 8.72 11.28 5.51 12.58 7.42 5.38 12.28 7.72 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.633 3.82 8.72 11.28 5.51 12.58 7.42 5.38 12.28 7.72 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.650 3.82 8.72 11.28 5.51 12.58 7.42 5.42 12.37 7.63 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)

2.667 3.82 8.72 11.28 5.51 12.58 7.42 5.47 12.48 7.52 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.683 3.82 8.72 11.28 5.51 12.58 7.42 551 12.58 7.42 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.700 3.82 8.72 11.28 5.51 12.58 7.42 5,51 12.58 7.42 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.717 3.82 8.72 11.28 5.51 12.58 7.42 5.56 12.69 7.31 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.733 3.82 8.72 11.28 5.51 12.58 7.42 5.60 12.78 7.22 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.750 3.82 8.72 11.28 5.51 12.58 7.42 5.65 12.90 7.10 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.767 3.82 8.72 11.28 5.51 12.58 7.42 5.65 12.90 7.10 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.783 3.82 8.72 11.28 5.51 12.58 7.42 5.70 13.01 6.99 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.800 3.82 8.72 11.28 5.51 12.58 7.42 5.70 13.01 6.99 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.817 3.82 8.72 11.28 5.51 12.58 7.42 5.74 13.10 6.90 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.833 3.82 8.72 11.28 5.51 12.58 7.42 5.79 13.21 6.79 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.850 3.82 8.72 11.28 5.51 12.58 7.42 5.83 13.31 6.69 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.867 3.82 8.72 11.28 5.51 12.58 7.42 5.88 13.42 6.58 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.883 3.82 8.72 11.28 5.51 12.58 7.42 5.88 13.42 6.58 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.900 3.82 8.72 11.28 5.51 12.58 7.42 5.92 13.51 6.49 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.917 3.82 8.72 11.28 5.51 12.58 7.42 5.97 13.63 6.37 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.933 3.82 8.72 11.28 5.51 12.58 7.42 5.97 13.63 6.37 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.950 3.82 8.72 11.28 5.51 12.58 7.42 6.01 13.72 6.28 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.967 3.82 8.72 11.28 5.51 12.58 7.42 6.01 13.72 6.28 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
2.983 3.82 8.72 11.28 5.51 12.58 7.42 6.06 13.83 6.17 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.000 3.82 8.72 11.28 5.51 12.58 7.42 6.10 13.92 6.08 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.017 3.82 8.72 11.28 5.51 12.58 7.42 6.15 14.04 5.96 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.033 3.82 8.72 11.28 5.51 12.58 7.42 6.15 14.04 5.96 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.050 3.82 8.72 11.28 5.51 12.58 7.42 6.19 14.13 5.87 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.067 3.82 8.72 11.28 5.51 12.58 7.42 6.24 14.24 5.76 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.083 3.82 8.72 11.28 5.51 12.58 7.42 6.24 14.24 5.76 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.100 3.82 8.72 11.28 5.51 12.58 7.42 6.28 14.33 5.67 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.117 3.82 8.72 11.28 5.51 12.58 7.42 6.33 14.45 5.55 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.133 3.82 8.72 11.28 5.51 12.58 7.42 6.37 14.54 5.46 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
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Cell A-1 Cell A-2 Cell A-3 Cell A-4 Cell A-6 Cell A-7

Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem Cum Cum Rem

Elapse N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3- N2 NO3- NO3-
T Prod Cons Cons | Prod Con Con Prod Cons Cons Prod Cons Cons Prod Cons Cons Prod Cons Con

(hours) | (mls) (mg/L) (mg/L) | (mls) (mg/L) (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L) (mls) (mg/L)  (mg/L)
3.150 3.82 8.72 11.28 5.51 12.58 7.42 6.37 14.54 5.46 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.167 3.82 8.72 11.28 5.51 12.58 7.42 6.42 14.65 5.35 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.183 3.82 8.72 11.28 5.51 12.58 7.42 6.46 14.74 5.26 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.200 3.82 8.72 11.28 5.51 12.58 7.42 6.46 14.74 5.26 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.217 3.82 8.72 11.28 5.51 12.58 7.42 6.51 14.86 5.14 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.234 3.82 8.72 11.28 5.51 12.58 7.42 6.55 14.95 5.05 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.250 3.82 8.72 11.28 5.51 12.58 7.42 6.55 14.95 5.05 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.267 3.82 8.72 11.28 5.51 12.58 7.42 6.60 15.06 4.94 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.284 3.82 8.72 11.28 5.51 12.58 7.42 6.64 15.15 4.85 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.300 3.82 8.72 11.28 5.51 12.58 7.42 6.64 15.15 4.85 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
3.317 3.82 8.72 11.28 5.51 12.58 7.42 6.69 15.27 4.73 5.93 13.53 6.47 3.85 8.79 11.21 6.32 14.42 5.58
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N2 Production (mls) vs Time (hrs)
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ABSTRACT

A few advanced wastewater treatment plants (AWTPs) in the Chesapeake Bay watershed
use biological denitrification processes with methanol as the external carbon source to
achieve low effluent total nitrogen concentrations. The objective of this research was to
get a better understanding of the Kkinetic parameters of the methanol utilizing
heterotrophic denitrifying bacteria. Experimental studies were conducted to determine the
specific denitrification rates (SDNR) and nitrate half saturation coefficient (Ks) values for
the Blue Plains (BP) AWTP in Washington, DC. A few tests were also conducted for
samples obtained from the Alexandria Sanitation Authority (ASA) AWTP in Virginia. A
Challenge AER-200 Respirometer system was used to conduct these tests on mixed
liquors taken from the anoxic denitrification zones of the AWTPs using the suspended
growth activated sludge process. The maximum specific denitrification rates (SDNR)
were found to be in the range of 3.5 to 8.9 mg/gm MLVSS/ hr for temperatures from 12°-
25.5° C for samples obtained from BP. A higher temperature resulted in higher SDNRs.
The average values of nitrate half saturation constant obtained using the nitrate limiting
tests (with excess COD present) conducted using respirometery for the same temperature
intervals were estimated between 0.02 and 1.9 mg/L.

KEYWORDS

Denitrification, methanol, specific denitrification rate, half saturation constant,
respirometer, temperature.
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INTRODUCTION

Wastewater treatment plants typically use the heterotrophic denitrification process for
nitrogen removal. Heterotrophic denitrification is a process in which heterotrophic
bacteria utilize organic substrate as the electron donor to convert nitrate, the electron
acceptor, to nitrogen gas. If a wastewater treatment plant requires significant nitrogen
removal, sometimes the organic matter naturally present in the wastewater is insufficient.
This requires the addition of an external source. External carbon, such as methanol, is
sometimes added by treatment plants to facilitate the denitrification reaction, especially to
completion (near complete removal of nitrate), when sufficient internal carbon is not
present. While methanol facilitated denitrification is becoming increasingly popular for
nitrogen removal, more research is required to get a better understanding of the kinetics
of the methanol utilizing bacteria. In particular, the half saturation kinetics (K) of the
bacteria are either unknown or have not been studied extensively. The study of half
saturation kinetics becomes especially important when the electron donor or acceptor
concentrations are small. A high K results in inefficient rates at low substrate (both for
the electron donor and acceptor) concentrations. To achieve some of the very low permit
limits in the Chesapeake Bay, the effluent nitrate concentration needs to be 0.5 mg/L or
less. If the nitrate half saturation concentration is in this range, it will start to impact
growth rates of the biomass and the denitrification rates of the electron acceptor. The
result would be a larger tank requirement to achieve denitrification to low nitrate levels.

The objective of this test was to gain more knowledge of the denitrification parameters
for methanol utilizing organisms, by studying the specific denitrification rates (SDNRs)
and the nitrate half saturation constant values(Kswos-ny) 0f samples obtained from a post-
denitrification suspended growth process at the Blue Plains AWTP. The nitrate Kynos-n)
for methanol utilizing organisms was also evaluated for the Alexandria Sanitation
Authority’s AWTP in Virginia. The ASA AWTP uses a single sludge step-feed BNR
process with a post anoxic zone for methanol assisted denitrification. To find these
parameters a modified specific denitrification rate test was conducted using a Challenge
AER-200 Respirometer system. The respirometer was used to conduct the nitrate-limiting
test where nitrate was limited and excess COD and other nutrients were present. . A
modified specific denitrification rate (SDNR) test was utilized which limited one of the
substrates (such as nitrate) to run out before the others. Different Ks concentrations may
exist not only for the different substrates, but for different processes as well. These tests
will be further explained in the methodology section.

-197 -



METHODOLOGY
Estimation of Nitrate SDNRs and Half Saturation Constants using Respirometer

Experimental Setup

Cell Base Interface Data Acquisition
I |

Respirometer

Stirring Base

Figure 1. Diagram of anoxic test set up using Challenge AER-200 Respirometer
(Challenge Environmental Systems Inc.), www.challenge-sys.com

The CHALLENGE AER-200 Respirometer System consists of biological reaction
vessels, a stirring base for mixing the samples, a cell base containing eight flow
measuring cells, an interface module, and a computer. When operating in the anaerobic
mode, gases produced by biological reactions flow through each cell under the influence
of a slight pressure buildup caused by gas production in the reaction vessel and bubbles
of a fixed volume are formed in the lower section of the cell. These bubbles in turn pass
through a detection section thereby activating a counter in the interface module. Finally,
the number of bubbles is registered by the computer to produce a measure of cumulative
volume and rate of flow. This data is stored by the computer for later processing. All the
tests were performed at the Blue Plains AWTP laboratory.

The nitrate half saturation constant and SDNRs for methanol utilizing organisms were
estimated under nitrate limiting conditions using the set up shown in Figure 1. Mixed
liquor was collected from the plant in the anoxic denitrification zones. A sample volume
of 5L was collected and substrates were added to this sample. The concentration of
chemicals added is shown in Table 1. Excess COD as methanol was added to provide
nitrate limiting conditions. pH of the sample was maintained between 6.7 and 7.0.
Nitrogen gas was initially purged in the liquid to achieve anoxic conditions and to mix
the sample. A sample was immediately extracted and filtered to obtain initial
concentrations of nitrate, nitrite, COD, MLSS and MLVSS. The mixed liquor was then
poured into 500mL stopper bottles having septa in the cap to prevent ingress of
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atmospheric oxygen. Tubes containing 2mL of 30% KOH were inserted in the bottles
before closing it to absorb the CO2 in the bottle. All the bottles were purged with
nitrogen gas before starting the test. A stir bar rotating at a fixed 700 rpm was provided
for mixing using a tachometer. The bottles were placed in a water bath that was
maintained at similar temperature (+/-1 °C) as that of the samples obtained from the full-
scale AWTP. The production of nitrogen gas was monitored (in mL) at 1.0 minute time
intervals and plotted as shown in Figure 2. From these data, cumulative NO3-N (mg/L)
consumed and the remaining NO3-N(mg/L) were calculated. Figure 3 shows the graph
obtained by plotting the temporal variation of NO3-N (mg/L). Final nitrate, nitrite, COD
were measured using HACH spectrophotometer and stoichiometric calculations were
performed using these measured initial and final values. Some of the tests were
performed for three different dilutions of the same sample to analyze differences in
SDNR and Ksnos-ny Values for the same set. These tests were performed at different
temperatures in the range of 12°C to 25°C.

Table 1. Amount of chemicals added to the mixed liquor

Chemicals Added Amount (mg/L)
KNO; 20
Methanol 280 mgCOD/L
NH,CI 5
KH,PO, 5

The SDNR values were calculated for mixed liquor at different temperatures using Eqg. 1.
The nitrate half saturation constants (Ksos-ny) were obtained for different temperatures
using a model developed based on the Monod kinetic expression and a spreadsheet
interactive search routine. For developing this model, time is calculated from measured
concentrations and compared to actual sampling time. Time is calculated using Eq. 2.

Slope of NO, -N

response
SDNR (mgNO ; — N/ gMLVSS /hr) MLVSS @
2.86Y S,
t [ (1—Y)rg ]|:KS(NOXN) In So + St So (2)
Where,
t= time in days
r=  maximum biomass production rate, g-biomass/(L.d)
Y = biomass yield coefficient (g COD pjomass produced/g COD
removed)
Ksnos-ny = half-saturation constant (mg/L)
So= Initial nitrate Concentration
St= Nitrate concentration at time t

2.86 = O, equivalent of NO3-N, g O,/g NO3-N (Metcalf and Eddy, 2004)
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Figure 2. Nitrogen gas produced at 24°C for BP sample
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Figure 3. Remaining NO3-N(mg/L) with time for BP at 24°C
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RESULTS AND DISCUSSION
Standard Denitrification Rates (SDNRs)

As discussed earlier, SDNRs at different temperatures were calculated for the Blue Plains
AWTP using Eq.1. Figure 4 shows the SDNRs at different temperature for the plant. It is
clear from the results that at low temperatures there is a significant reduction in the
SDNR values. The lower SDNRs at the higher temperatures are related to disruptions to
the denitrification process due to construction activities at the Blue Plains AWTP. The
SDNR values for the BP samples were found to be higher than those of the ASA mixed
liquor for most of the tests. The ASA plant uses a single sludge step-feed process for
BOD removal and for nitrification and denitrification and the active fraction of the
methanol utilizing organisms should be lower than for Blue Plains, thus explaining the
lower SDNRs

9.0
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<
%)
o 1.0
>
s 6.0
2
o 5.0
£
x 4.0
a
@ 30 1
2.0
1.0
0.0 - T T r T T T T T
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Temp (C)

Figure 4. SDNRs at different temperatures for Blue Plains

Nitrate (Ks nos-n) ) Half Saturation Constant

A curve as shown in Figure 5 was plotted using the data obtained from the respirometer
and it was used for the analysis. The analysis of half saturation constant for nitrate
limiting test was then performed using a model developed based on the Monod model for
substrate utilization, and a spreadsheet interactive search routine was used to find the best
fit value of the coefficient by minimizing the sum of squared weighted errors. Figure 5
shows the model and data points for BP and ASA sample at 20°C. Table 2 shows the
Ksnos-n), denitrification rate and maximum biomass production rate ry for BP and ASA
for similar temperature and mixed liquor volatile suspended solids (MLVSS).
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Table 2. Ksnos-n), DNR and rg for BP and ASA at 20°C
(MLVSS = 1800 mg/L)

Plant | Ks(mg/L) | DNR(mg/L/Hr) | rg(g-biomass/(L.d)
ASA 1 0.48 5.18 442.3
ASA 2 0.32 5.50 4745

BP 1 0.55 6.81 643.5

BP 2 0.45 7.48 693.2
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Figure 5. Knos for BP and ASA at 20°C (K= 0.10, MLVSS = 1800 mg/L)

The Ksnos-ny Values for ASA is in general found to be similar or slightly lower than
those of BP for tests done using the respirometer set up. More work is needed to verify
these findings. Figure 6 shows the curve obtained by plotting Ks (o3 -ny Values and the
denitrification rates (DNRs) obtained at various temperatures and dilutions and Figure 7
represents the relationship between maximum biomass production rate(rg) and Ksos-n).
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Figure 6. The relationship between Ks os-ny and DNR for Blue Plains AWTP
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Figure 7. The realtionship between Ksnos-ny and rg for Blue Plains AWTP

In Figures 6 and 7, a linear relationship is shown. More work is needed to establish the
reasons for this relationship between Ksnos-ny and DNR or ry One possibility is that an
affinity constant relates Ks to growth or denitrification rate. Many of the higher Ks
values occur at higher temperatures and for more concentrated sludge samples, when the
denitrification rates were also the highest. Overall, the Ksnos-ny Values seem to be
dependant on the initial maximum denitrification rate, type of process, as well as sample
temperature and mixed liquor concentration.
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CONCLUSION

The objective of this test was to get a better understanding of the denitrification
parameters, specifically the nitrate half saturation constant for the Blue Plains AWTP
(Advanced Wastewater Treatment Plant). Limited number of tests was also conducted
for samples obtained from the Alexandria Sanitation Authority (ASA). These plants are
two large methanol using Advanced Wastewater Treatment Plants in the Chesapeake Bay
region.

Nitrate limiting tests were conducted using a Challenge AER-200 Respirometer to gain a
better understanding of the denitrification parameters.

1. There appears to be a broad linear relationship between the initial maximum
denitrification rate (DNR) and the nitrate half saturation constant for methanol
utilizing organisms with a wide range of nitrate half saturations obtained (0.02
and 1.93 mg/L). There also appears to be a broad relationship of an increase in
SDNR and Ks with an increase in temperature. More work is needed to establish
and understand these relationships.

2. For nitrate limiting tests conducted at 20°C and for similar MLVSS
concentrations (1000 mg/L), the nitrate half saturation constant was similar or
slightly higher for mixed liquor from Blue Plains AWTP compared to ASA
AWTP. More work is need to determine differences in the half saturation
constant between plants

The results obtained provide useful insights into denitrification behavior of methanol
utilizing organisms. Future studies include measuring COD limiting Ks for methanol
utilizing organisms and developing a model to describe the relationships determined in
this study.
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