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Abstract of Thesis 

 
A Study Of Denitrification Kinetics at Low Temperatures Using Methanol As The 

External Carbon Source 
 

   The overall objective of this research was to study the denitrification kinetics of 

methanol utilizing organisms at low temperatures, as methanol is widely used as an 

external carbon source by the treatment plants in biological denitrification treatment 

processes to achieve low effluent total nitrogen concentrations. The denitrification 

parameters studied were the Specific denitrification rates (SDNRs) and the Nitrate half 

saturation constants (Ks(NO3-N)). Most of the experimental studies were conducted for Blue 

Plains (BP) Advanced Wastewater Treatment Plant (AWTP), however, few tests were 

also conducted for samples obtained from the Alexandria Sanitation Authority (ASA) 

Advanced Wastewater Treatment Plant (AWTP) in Virginia. These tests were conducted 

at low temperatures in the range of 120C to 180C. Respirometer system was used to 

conduct these tests on mixed liquor taken from the anoxic denitrification zones of the 

AWTPs using the suspended growth activated sludge process. 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. The maximum specific denitrification rates (SDNR) were found to be 

in the range of 3.05 to 5.44 mg/gm MLVSS/ hr for temperatures from 120C to 180C for 

samples obtained from BP. A higher temperature resulted in higher SDNRs. The 

temperature dependency of SDNRs was evaluated and an Arrhenius coefficient (�) of 
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1.084 was obtained. 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 0.99 mg/L. COD to nitrogen 

ratios in the range of 2.47 to 4.15 were estimated for temperatures from 120C to 180C.                        
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CHAPTER I: INTRODUCTION 
 
 
 
1.1 The Chesapeake Bay  
 

The Chesapeake Bay is the largest estuary in the United States and one of the most 

diverse. It covers approximately 11,400 square kilometers and stretches 332 kilometers 

from Virginia Beach, Virginia, to Havre de Grace, Maryland, at the mouth of the 

Susquehanna River. Its watershed drains a region of 165,800 square kilometers. The 

Chesapeake is the shipping artery for Norfolk, Va., and Baltimore, Md., and it is highly 

valued for its sea life, waterfowl, sport fishing, and recreational boating.  The Bay’s 

mixture of fresh water and salt water promotes a fertile place for organisms to grow.  The 

Chesapeake Bay's watershed covers 64,299 square miles (166,534 km2) in the District of 

Columbia and parts of six states: New York, Pennsylvania, Delaware, Maryland, 

Virginia, and West Virginia. For the people who live in its basin, the Chesapeake Bay 

produces up to 500 million pounds of seafood per year and is enjoyed both recreationally 

and commercially by 15 million people. 

 

1.2 Environmental Concerns   

          Chesapeake Bay has experienced serious environmental degradation since the early 

twentieth century. There had been reductions in sea grass, reduced amounts of finfish and 

shellfish (especially oysters and crab), and seasonal depletions in dissolved oxygen, and 

increases in sedimentation over a long period of time in the bay. Environmental concerns 
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were voiced in the 1970s as it was discovered that the species in bay waters were being 

negatively affected, resulting in threats to the commercial and recreational activities.   

The Chesapeake Bay was discovered to contain one of the planet's first identified marine 

dead zones, where hypoxic waters were so depleted of oxygen that they were unable to 

support life, resulting in massive fish kills. One of the main causes of pollution in 

Chesapeake Bay has been eutrophication by the presence of excessive nitrogen and 

phosphorus in the water. The increased fertility of the bay's waters has caused prolific 

algal blooms. Algal concentrations in the water column and dense mats of vegetation on 

the water surface can shade out native aquatic plants. The oxygen depletion resulting 

from the massive algal die-off disrupts the balance of the ecosystem. The primary sources 

of nitrogen and phosphorous have been the fertilizers and animal wastes of farmlands in 

the basin. Excess nutrients enter into waterways by point source pollution and non-point 

source pollution. Nutrients that are washed off the ground from land uses such as lawns, 

crop lands, feedlots, parking lots, roads, etc contributes toward the non-point source 

pollution, whereas, point source pollution generally comes from the wastewater 

discharged from industrial facilities and municipal sewage treatment plants into rivers, 

streams, lakes, and oceans. 

 

1.3. The Chesapeake Bay Program 

       Due to impacts from serious environmental threats, the U.S. Environmental 

Protection Agency (EPA) recognized the Chesapeake Bay as a damaged ecosystem. The 

EPA conducted a $27 million research study from 1976 to 1983. This study concluded 

that immediate and intensive efforts were needed to save this estuary and restore its 
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ecological health. In 1983, the Chesapeake Bay Agreement was signed and the federal 

government and the states of Maryland, Virginia, and Pennsylvania, and the District of 

Columbia pledged to take action to reverse its environmental deterioration and to work 

towards bay restoration (Chesapeake Bay Program, 2008). This Chesapeake Bay 

Agreement initiated the formation of the Chesapeake Bay Program, which is a 

partnership among the states of Maryland, Virginia, Pennsylvania, the District of 

Columbia; along with the Chesapeake Bay Commission and the federal government. The 

partnership has stated a number of bay protection and restoration goals, and it strives to 

mobilize the resources of the governmental sector with the private sector to achieve its 

goals. The Chesapeake Bay Program operates as a voluntary, collaborative resource 

management program. Even after the efforts made towards protection and restoration of 

Chesapeake Bay, it was still included in the EPA’s Impaired water body listings in 2000. 

Thus a new goal was set to reduce nutrient and sediment pollution enough to remove the 

Bay and its tidal rivers from the EPA's impaired water body listing by 2010 (Chesapeake 

Bay Program, 2008). As regulating point source pollution is more practical compared to 

that of non-point source pollution, efforts are being made to control the discharge of 

nutrients such as nitrogen and phosphorous concentrations from the wastewater treatment 

plants in the area.  With these new stricter regulations, municipal facilities and other 

wastewater treatment plants are focusing attention on the limits of technology (LOT) for 

removing nutrients. The Blue Plains (BP) Advanced Wastewater Treatment Plant 

(AWTP) located in Washington, D.C. and Alexandria Sanitation Authority Advanced 

Wastewater Treatment Plant (ASA AWTP) in Virginia are two of the wastewater 
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treatment plants in the area focusing on nutrient removal to achieve the new limits set by 

EPA. 

 

1.4 Blue Plains Advanced Wastewater Treatment Plant  

      Many utilities in the Chesapeake Bay watershed were forced to research new and 

improved methods to reduce effluent nitrogen concentrations in the bay. The Blue Plains 

Advanced Wastewater Treatment Plant is one of the largest advanced wastewater 

treatment plants in the world, with a capacity of 370 million gallons per day (MGD), a 

peak capacity of 1.076 billion gallons per day and covering 150 acres. The existing 

wastewater treatment processes at Blue Plains AWTP consists of preliminary and 

primary treatment, secondary treatment, nitrification/denitrification, effluent filtration, 

chlorination/dechlorination and post aeration. The plant has operated the full-scale BNR 

system since 2000 to meet a goal of 7.5 mg/l total nitrogen on an annual average basis, or 

8.4 million pounds per year (DCWASA, 2009). The plant was able to achieve the TN 

(total nitrogen) goal of 7.5mg/l, however, the annual performance is very much 

dependent on temperature and rainfall-induced infiltration during the cold-weather 

months, which are beyond the plant’s control. During winter, the water temperature drops 

and this results in a decrease in growth rates of the bacteria needed for denitrification. 

Thus, higher effluent total nitrogen concentrations are observed during this time.   
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Figure 1-1: The Blue Plains AWTP 

 

1.5 Denitrification 

      Wastewater treatment plants typically use 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. In very simple terms, the reduction of nitrate to nitrogen gas is 

what is generally referred to as denitrification. This biological denitrification is a two step 

process. First, ammonia (NH3-N) is oxidized to nitrate (NO3-N) and then nitrate is 

reduced into nitrogen gas (N2), which is emitted into the atmosphere. Organic matter 

naturally present in the wastewater can act as the electron donor for this reaction to take 

place and both oxygen and nitrogen can act as an electron acceptor. Anoxic conditions 

will have to be maintained for nitrate to act as the electron acceptor so that nitrate will be 

used in the absence of oxygen.  
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If significant nitrogen removal is required, sometimes the organic matter naturally 

present in the wastewater is insufficient to achieve the desired limits. An external carbon 

source is added to facilitate the denitrification reaction, especially to completion (near 

complete removal of nitrate), when sufficient internal carbon is not present. Some of the 

external carbon sources include: methanol, lactic acid, acetic acid, glucose, glycerol etc.  

Methanol is the most commonly used external carbon source by the treatment plants as it 

is low in cost.   

 

1.6 Importance and Scope of Research  

 As explained in the previous section, most treatment plants require addition of an 

external carbon source, when the organic matter naturally present in the wastewater is 

insufficient to achieve desired levels of denitrification. While methanol facilitated 

denitrification is becoming increasingly popular for nitrogen removal, more research is 

required to develop a better understanding of the kinetics of the methanol utilizing 

bacteria.  The study of kinetic parameters such as Specific denitrification rates (SDNRs) 

and half saturation constants are of importance.  In particular, the half saturation kinetics 

(Ks) 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 Ks 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.  
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The result would be a larger tank requirement to achieve denitrification to low nitrate 

levels. Denitrifying bacteria are very sensitive to their environment and hence 

denitrification is greatly affected by temperature changes. It has been observed that at low 

temperatures, it is difficult to achieve desired levels of denitrification. It becomes more 

difficult to attain the limit of technology (LOT) levels in winter, when the mixed liquor 

temperatures decrease and the anoxic retention time is reduced due to higher flows. 

Therefore the kinetics of methanol utilizing organisms at low temperatures needs to be 

studied to enhance the performance and to optimize the existing nitrogen-removal 

systems. 

 

1.7 Research Objectives 

 
•  The first objective of this research was to estimate the Specific denitrification 

rates (SDNRs) of methanol utilizing organisms at low  temperatures in the ranges 

of 12ºC to 18ºC, and to determine the effect of temperature on the organisms.  

• The second objective of this research was to estimate the half saturation constants 

(Ks) for methanol utilizing organisms at low temperatures in the ranges of 12ºC to 

18ºC under nitrate limiting conditions. 

• The third objective of this research was to study the effect of biomass 

concentration on denitrification rates (DNRs) and SDNRs by conducting tests on 

different mixed liquor volatile suspended solid (MLVSS) concentrations of the 

same sample at low temperatures. 
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• The fourth objective of this research was to study the relationship of nitrate half 

saturation constants with DNRs and the maximum biomass production rates (rmax) 

obtained from the SDNR tests.  

To find these parameters, a modified specific denitrification rate test was conducted 

using a Respirometer system. The respirometer was used to conduct the nitrate-limiting 

test where nitrate was limited and excess COD (Chemical Oxygen Demand) and other 

nutrients were present. A modified specific denitrification rate (SDNR) test was utilized 

which limited one of the substrates (such as nitrate). 
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CHAPTER II: LITERATURE REVIEW  

 

2.1 Introduction 

This chapter will focus on biological denitrification and the kinetics of the 

denitrification parameters involved.  The last section will discuss past denitrification 

studies, using methanol as the external carbon source, as a means of comparing results 

that will be expounded later in Chapter VI.   

 

2.2 Biological Wastewater Treatment 

             Biological wastewater treatment methods are employed to treat wastewater using 

micro organisms that are native to wastewater. The idea behind all biological methods of 

wastewater treatment is to introduce contact with bacteria (cells), which feed on the 

organic materials in the wastewater. The overall objectives of the biological treatment of 

domestic wastewater are to 1)transform dissolved and particulate biodegradable 

constituents into acceptable end products, 2) capture and incorporate suspended and 

nonsettleable colloidal solids into a biological floc or biofilm, 3) transform or remove 

nutrients, such as nitrogen and phosphorus, and 4) in some cases, remove specific trace 

organic constituents and compounds. The principal biological processes used for 

wastewater treatment can be divided into two main categories: suspended growth, and 

attached growth (or biofilm) processes. Suspended growth processes are the ones in 

which the microorganisms responsible for the conversion of the organic matter or other 

constituents in the wastewater to gases and cell tissue are maintained in suspension 

within the liquid. Attached growth processes are the biological treatment processes in 
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which the microorganisms responsible for the conversion of the organic matter or other 

constituents in the wastewater to gases and cell tissue are attached to some inert medium, 

such as rocks, slag, or specially designed ceramic or plastic materials. Attached growth 

processes are also known as fixed-film processes. Combined processes are the ones in 

which both suspended and attached growth processes are used. Biological nutrient 

removal (BNR) removes total nitrogen (TN) and total phosphorus (TP) from wastewater 

through the use of microorganisms under different environmental conditions in the 

treatment process (Metcalf and Eddy, 2003). The focus of this research is nitrogen 

removal and hence the following sections will discuss biological nitrogen removal in 

detail. 

 

2.3 Biological Nitrogen Removal 

      Biological nitrogen removal can occur in biological processes by assimilating and 

dissimilating nitrate reduction. Assimilating nitrate reduction involves the reduction of 

nitrate to ammonia for use in cell synthesis. Dissimilating nitrate reduction is also known 

as biological denitrification. Figure 2-1 shows these Nitrogen transformations in 

biological treatment processes. Biological denitrification is an integral part of biological 

nitrogen removal, which involves both nitrification and denitrification. Biological 

nitrogen removal is used in wastewater treatment where there are concerns for 

eutrophication, and where groundwater must be protected against elevated nitrate 

concentrations occurring due to the use of wastewater treatment plant effluent for 

groundwater recharge and other reclaimed water applications (Metcalf and Eddy, 2003). 
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Figure 2-1: Nitrogen transformations in biological treatment pr ocesses (Metcalf and 

Eddy, 2003). 

 

     Wastewater typically contains nitrogen in the form of ammonia, nitrate, particulate 

organic nitrogen, and soluble organic nitrogen. The biological processes that primarily 

remove nitrogen are nitrification and denitrification. Nitrogen removal can also be 

achieved by air stripping. Air stripping removes only ammonia and is less common due 
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to process limitations which includes noise and air pollution, problems with scaling of 

packed media and dramatic drop in efficiency at colder temperatures (Peavy et al. 1985).  

While traveling through sewer pipes, the majority of the nitrogen contained in raw 

sewage (urea and fecal material) is converted from organic-nitrogen to ammonia through 

a process called hydrolysis. The biological conversion of ammonium to nitrate nitrogen is 

called Nitrification. Nitrification is a two-step process. First, bacteria known as 

Nitrosomonas convert ammonia and ammonium (NH4
+) to nitrite (NO2

-) and then the 

bacteria called Nitrobacter converts the nitrite to nitrate (NO3
-). The reactions are 

generally coupled and proceed rapidly to the nitrate form; therefore, nitrite levels at any 

given time are usually low. Equations 2.1, 2.2 show the energy-yielding reactions taking 

place during Nitrification. It is clear from equation 2.1 that nitrification requires oxygen 

and hence it occurs in an aerated zone. 

              2NH4
+ + 3 O2  ====�2 NO2

- +4H++ 2H2O                                  (2.1) 

     2NO2
- + O2 ===� 2NO3

-                                                       (2.2) 
 
 

 
 
2.3.1 Denitrification 

The second step of nitrogen removal is denitrification. The biological reduction of 

nitrate (NO3) to nitrogen gas (N2) using heterotrophic or facultative bacteria in an anoxic 

(unaerated) zone is called Denitrification. This method is commonly used for nitrogen 

removal as it is generally cost effective compared to other methods. Facultative bacteria 

can get their oxygen by taking dissolved oxygen out of the water or by taking it off of 

nitrate molecules.  Since denitrifying bacteria are facultative organisms, they can use 

either dissolved oxygen or nitrate as an oxygen source for metabolism and oxidation of 
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organic matter. If dissolved oxygen and nitrate are present, bacteria will use the dissolved 

oxygen first. That is, the bacteria will not lower the nitrate concentration. Denitrification 

occurs only under anaerobic or anoxic conditions. Denitrification occurs when oxygen 

levels are depleted and nitrate becomes the primary oxygen source for microorganisms. 

For denitrification to happen, certain factors or condition must be favorable. These 

include: anoxic conditions, presence of sufficient organic matter to act as an electron 

donor in the influent wastewater, pH, nitrate concentration, temperature, alkalinity, the 

effects of trace metals and solids retention time (SRT). Heterotrophic bacteria need a 

carbon source as food to live. Sometimes, the organic matter naturally present in 

wastewater is not enough to achieve proper denitrification. In these situations an external 

carbon source is added to the wastewater and the carbon content is measured as the 

chemical oxygen demand (COD). Methanol (CH3OH) is widely used as an external 

carbon source. Equation 2.3 shows the energy yielding denitrification reaction with 

methanol as the external carbon source (Metcalf and Eddy, 2003). 

    5 CH3OH + 6 NO3
-   => 3 N2(g)  + 5 CO2 + 7 H2O + 6 OH-                                  (2.3) 

 

2.3.2 Biological Nitrogen Removal Process Configurations 

      Biological nitrogen removal systems achieve nitrification and denitrification along 

with BOD reduction in bioreactors followed by secondary clarification. Processes can be 

either suspended growth or hybrid systems that use a combination of attached growth 

(biofilms) and suspended growth technologies. The types of suspended growth biological 

nitrogen-removal processes can be single-sludge or two-sludge. In single-sludge 

processes only one solids separation device is used. In the two-sludge system, the most 
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common system consists of an aerobic process followed by an anoxic process, each with 

its own clarifier, thus producing two sludges. Single-sludge systems are used most often 

and some of the process configurations are listed in the following sections.  

 

2.3.2.1 Modified Ludzck Ettinger (MLE) Process 

The most common nitrogen removal process used at wastewater treatment plants is 

the Modified Ludzck Ettinger (MLE) process, which is considered a pre‐denitrification, 

single sludge system. The process includes an initial anoxic zone, followed by an aerobic 

zone (U.S. EPA, 1993). In the anoxic zone, nitrate produced in the aerobic zone is 

reduced to nitrogen gas. This process uses some of the BOD in the incoming waste. 

Nitrification occurs in the aerobic zone along with the removal of most of the remaining 

BOD. At the end of the aerobic zone, pumps recycle the nitrate‐rich mixed liquor to the 

anoxic zone for denitrification. A flow diagram of this pre-anoxic denitrification process 

is shown in figure 2-2. A process is termed as post-anoxic denitrification when the 

nitrification precedes denitrification. As BOD removal takes place before denitrification, 

the only source of electron donor is from endogenous decay and this result in reduced 

reaction rates using wastewater BOD. In order to increase the rate of denitrification to 

achieve low levels of nitrate in post-anoxic denitrification, an exogenous carbon source 

such as methanol is added to provide sufficient organic matter. 
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Figure 2-2: Flow digram of MLE process  

 

2.3.2.2 Four-stage Bardenpho process 

      The four‐stage Bardenpho process builds on the MLE process, with the first two 

stages being identical to the MLE system (anoxic zone followed by an aeration zone with 

a nitrate‐rich recycle from the aeration to the anoxic zone). The third stage is a secondary 

anoxic zone to provide denitrification to the portion of the flow that is not recycled to the 

primary anoxic zone. An external carbon source such as methanol can be added to this 

zone to enhance denitrification. The fourth and final zone is a re‐aeration zone that serves 

to strip any nitrogen gas and increase the DO concentration before clarification. This 

process can achieve effluent TN levels of 3 to 5 mg/L (U.S.  EPA, 1993). Figure 2-3 

shows a flow diagram of the four stage Bardenpho process. 

 

Figure 2-3: Four stage Bardenpho Process 
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2.3.2.3 The Step Feed Process 

The step feed biological nitrogen removal process splits the influent flow and directs 

a portion of it to each of several anoxic zones, with the highest proportion of influent 

flow going to the first zone and steadily decreasing until the last anoxic zone prior to 

clarification. The biomass in the later stages are not just treating influent flow but are also 

used to reduce nitrate from the upstream zones. The step feed system provides flexibility 

for systems to handle wet‐weather events. It can also be compatible with existing 

conventional plug flow activated sludge processes and it does not require the installation 

of recycle pumps and piping. Disadvantages include the need to control the DO 

concentration of aeration zones preceding the downstream anoxic zones and the need to 

control the flow splitting to the step feed points. Figure 2-4 shows a flow diagram of step 

feed process. 

 

Figure 2-4: Step-feed Process 

 

2.3.3 Denitrifying Bacteria and Bacterial Growth Kinetics 

A wide range of bacteria are capable of denitrification. Bacteria capable of 

denitrification are both heterotrophic and autotrophic. Many heterotrophic organisms 
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exist that are capable of denitrifying.  The heterotrophic organisms include the following 

genera: Achromobacter, Acinetobacter, Agrogacterium, Alcaligens, Arthrobacter, 

Bacillus, Chromobacterium, Corynebacterium, Flavobacterium, Hypomicrobium, 

Moraxella, Neisseria, Paracoccus, Propionibacterium, Pseudomonas, Rhizobium, 

Rhodopseudomonas, Spirrillum, and Vibrio (Metcalf and Eddy, 2003).  Pseudomonas are 

the most common and widely distributed of all the denitrifiers  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 certain external carbon sources is confirmed to be highly 

selective for specific strains of bacteria (Dold et al. 2008). For example, 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 (Hinojosa, 2008).   

      The rate of denitrification is related to the growth of heterotrophs   that use nitrate as 

their terminal electron acceptor and are influenced by many factors related to influent 

wastewater characteristics, process configuration, process operation, and if supplemental 

substrate addition is used. The performance of biological processes used for wastewater 

treatment depends on the dynamics of substrate utilization and microbial growth. The 

growth rate of denitrifying bacteria can be quantified using the specific denitrification 

rate (SDNR) test and maximum specific growth rate (µmax) test. The SDNR test provides 

instantaneous growth rates of the full-scale plant mixed liquor (Nichols, 2008).   
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One of the principal concerns in wastewater treatment is the removal of substrate. 

Substrate is the term used to denote organic matter or nutrients that are converted during 

biological treatment or that may be limiting in biological treatment. Of the many models 

developed for the analysis of growth rate, the most widely used one is the Monod model. 

This model assumes that the rate of substrate utilization, and therefore the rate of biomass 

production, is limited by the rate of enzyme reactions involving the substrate that is in 

shortest supply relative to its need. A graphical representation of Monod model is shown 

in Figure 2-5. 

 

 

 

 

 

 

 

 

  

 
 
 
 

Figure 2-5: Graphical representation of the Monod e quation 
 

 

 

 



 19

The Monod model can be expressed as: 

                                         

                           
( )SK

S

s +
= maxµµ                                        (2.4) 

      
 
Where: µ = specific growth rate, t-1 

        µmax = maximum specific growth rate, t-1 

             S = concentration of substrate (food) in solution, mg/l  

           Ks = half-saturation constant, i.e., concentration of limiting food when µ is half of 

µmax, mg/l 

 
 

      Based on the Monod equation and the figure 2-3, the system is considered to be 

enzyme limited when there is an availability of excess amounts of limiting food (S>> Ks). 

In this case, the growth rate is approximately equal to the maximum growth rate. Another 

situation arises when the substrate is limited (S<<Ks). This system then follows zero-

order kinetics and the growth rate of the biomass becomes independent of the biomass 

present. The substrate concentration, when the growth rate is half of that of the maximum 

growth rate is called the half saturation constant. When the limited substrate is nitrate, the 

half saturation constants are called nitrate half saturation constants (Ks (NO3-N)) and when 

the limited substrate is the COD (external carbon source), it is called the COD half 

saturation constants (Ks(COD)). A non-linear regression technique (Dold et al., 2008) was 

used to develop a method for estimating the maximum specific growth rate of methanol 

utilizing bacteria based on the following principles:  
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• The substrate concentration (S) in the batch test is high enough (relative to the 

half-saturation coefficient, KS (S>>Ks) to ensure that the methanol utilizer growth 

rate is at the maximum.  

METH
METHMETHS

METH
METH SK

S
µµµ ≈

+
=

,  
                             

(2.5) 

 

• The initial methanol-utilizer concentration is small, and the rate of growth during 

the test is exponential. 

• Excess amount of substrate is added to denitrify all the nitrate. 

• The pH and alkalinity are controlled such that growth is not limited by these 

factors. 

• Nutrients such as ammonia and phosphate are added to ensure that growth is not 

nutrient limited. 

• There is an insignificant accumulation of the denitrification intermediate, nitrite, 

during the test. 

The nitrate utilization rate (SNO) in the batch test, with a non-limiting methanol 

concentration, can be related to the methanol-utilizing biomass concentration and the 

growth yield as follows: 

METH
M

METHMNO X
Y

Y

dt

dS
⋅⋅

−
−=

µ
86.2

1
 (  (2.6) 

 Where: 

  XMETH = Methanol utilizing biomass concentration, milligrams COD per        
                                        Liter 
 
  YM          = biomass yield, milligrams biomass COD per milligram substrate  
 
                        2.86     = oxygen (O2) equivalent of NO3-N (g O2/ g NO3-N) (Metcalf and  
                                       Eddy, 2003)           
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The rate of change in biomass concentration, dX/dt, is the result of growth and decay 

of methanol-utilizers: 

 

( ) METHMETHMETH

METHMETHMETHMETH
METH

Xb

XbX
dt

dX

⋅−=

⋅−⋅=

µ

µ
                           (2.7)  

 

Where, bMETH = biomass decay rate, 0.04 day-1 

 

Re-arranging Eq. 2.7 and integrating from time zero to time t: 

( )
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⋅−µ=

∫∫

 

(2.8) 

 

Where: 
 
XMETH,t 

 
=  methanol-utilizer concentration at time t (mg COD/L) 
 

XMETH,0 =  methanol-utilizer concentration at time zero (mg COD/L) 
 

T =  time (days) 
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Substituting equation 2.8 in equation 2.6 and integrating from time zero to time t again: 
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  (2.9) 

 
 

Where: 

            SNO,t  =  nitrate concentration at time t (mg/L) 

           SNO,0  =  nitrate concentration at time zero (mg/L)       

 

The test leads to an estimate of (µMETH – bMETH), not µMETH explicitly.  For estimating 

(µMETH – bMETH), non-linear regression is used to fit equation 2.9 to observed nitrate data.  

The effective solids retention time (SRT) in the test is very short, so decay does not have 

a significant impact on nitrifier concentration.  Nevertheless, any error in bMETH will bias 

the estimate of µMETH by the amount of the error in bMETH.  In the model, the value for 
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bMETH was assumed as 0.04 day-1
 (U.S EPA, 1975).  The maximum specific growth rate 

can be estimated from the batch test data by applying the non-linear equation solver 

functions available in spreadsheet programs such as Microsoft Excel™ (Smith et al., 

1998). This same model can be also applied in the estimation of nitrate half saturation 

constants with few changes and it is discussed in detail in section 2.3.3.  

 

2.3.4 Environmental Factors  

      The environmental factors that affect the rate of denitrification are temperature, pH, 

and the presence of dissolved oxygen. The pH of the wastewater is an important factor 

for the growth rate of denitrifying bacteria.  The ideal pH range for denitrification is 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).  

An optimum pH of 7.45 for the reduction of nitrate (Wang and Baltzis, 1995) and similar 

ranges of pH were found to be favorable for denitrification.  The presence of DO also 

impacts denitrification by inhibiting the nitrate reduction enzyme.  Denitrification occurs 

when oxygen levels are depleted and nitrate becomes the primary oxygen source for 

microorganisms. The process is performed under anoxic conditions, when the dissolved 

oxygen concentration is less than 0.5 mg/L, ideally less than 0.2 mg/L. 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 

(WEF, 2005). 
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            An increase in temperature increases the biomass growth rate and food utilization.  

The increase in reaction rate with respect to temperature approximately follows the Van’t 

Hoff-Arrhenius expression (equation 2.10) where the reaction rate doubles with every 

10°C increase in temperature.  The effect of temperature on SDNR can be quantified by 

applying equation 2.10 to SDNR data.  This will be discussed further in Chapters III and 

IV.   

 

           kT  = k20 θ
(T – 20)

           (2.10) 

Where:   
 
kT = reaction-rate coefficient at temperature, T, °C 

 k20 = reaction-rate coefficient at 20°C 

 θ = temperature-activity coefficient or, Arrhenius coefficient  

 T = temperature, °C 

 

2.3.5 Half Saturation Constants (Ks)  

      Half saturation constant was previously defined in section 2.3.3 as the substrate 

concentration when the bacterial growth rate (µ) is at half its maximum growth rate. The 

substrate can be nitrate or the external carbon added. To estimate the half saturation 

constants, experiments must be substrate limited. 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 

Determining rate-limiting variables is important for both process design and experimental 
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studies. The nitrate limiting half saturation constant (Ks(NO3-N)) can be 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 in a batch reactor 

can be expressed as shown in equation 2.10. 

 

              (2.10)                                                                              X 

S 

-                 

max

S
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Where: 

S   = substrate concentration (mg/L) 

t    = time in days 

µmax =  maximum specific biomass growth rate (g-new cells/g-cells.d) 

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

X  = biomass concentration (mg/L) 

Ks = half-saturation constant (mg/L) 

Assuming X, the biomass concentration in a batch test to be very large and hardly 

changing, equation 2.10 can be rearranged to obtain equation 2.11 as shown below. 
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Equation 2.11 can be written as shown below, 
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Integrating equation 2.12 from time zero to time t and initial substrate concentration, S0 to 

substrate concentration at time t, S 
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Where: 

rmax = maximum biomass production rate, g-biomass/(L.d) = µmax X 

Equation 2.15 is applicable when the limiting substrate is methanol (electron donor). The 

equation for nitrate limiting conditions can be written as  
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Where: 

       t =  time in days 

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

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

       Ks(NO3-N) = half-saturation constant (mg/L) 

       S0  = Initial nitrate Concentration 

       S  = Nitrate concentration at time t 

       2.86 = O2 equivalent of NO3-N, g O2/g NO3-N (Metcalf and Eddy, 2004) 

 

2.3.6 Carbon-to-Nitrogen Ratio 

      The amount of chemical oxygen demand (COD) as electron donor required for 

sufficient nitrate reduction is referred to as the carbon to nitrogen ratio, or COD/N. The 

amount of organic compounds in wastewater can be measured as COD and for this 

research, COD refers to the concentration of external carbon or substrate that is in the 

wastewater. The type of electron donor used and the system operating conditions for a 

test affect the COD/N values obtained from that test. COD/N ratio can be used as an 

indirect measurement to estimate the biomass yield (Y), which is defined as the ratio of 

the amount of biomass produced to the amount of substrate consumed (g biomass/g 

substrate) using equation 2.17. Both parameters are typically defined relative to the 

electron donor used (Metcalf and Eddy, 2003).   

COD/N =  2.86 mg COD/mgNO3-N                                                      (2.17) 
        1-Y 
 
Where:  

 
2.86 = O2 equivalent of NO3-N, g O2/g NO3-N (Metcalf and Eddy, 2003) 
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2.4 Past Denitrification Studies with Methanol  

      In this section, results of past denitrification studies with methanol to estimate the 

Specific denitrification rates and half saturation constants are discussed. Using methanol 

as the substrate, values of maximum specific growth rate ranging from 0.2 to 2.0 d-1 have 

been observed (Gaudy and Gaudy, 1980). Stensel (Metcalf and Eddy, 2003) estimated 

other µmax values of 1.86/day at 10ºC and 0.52/day at 20ºC and an Arrhenius coefficient 

of 1.14. Dold et al. (2008) estimated maximum specific growth rate of 1.3/day at 20ºC 

and a temperature dependency coefficient (θ) of 1.13 and this value of θ indicated a 

strong temperature dependency of the organisms.  Nichols et al. (2007) reports a slightly 

lower maximum specific growth rate of 1.25/day at 20ºC but estimates the same 

temperature dependency coefficient as Dold of 1.13.  Mokhayeri et al. (2006) estimated 

an Arrhenius coefficient (θ) of 1.12 and a µmax of 0.5/day and 1.0/day at 130C and 190C. 

Hinojosa (2008) reported an Arrhenius coefficient of 1.19 and a µMAX  at 20°C of 1.13 per 

day. All parameters estimated by these sources were derived from experimental data.   

 
2.4.1 Specific Denitrification Rate (SDNR) 

      An enrichment culture of Hyphomicrobium and Paracoccus was utilized by Claus 

and Kutzner (1985) to study the denitrification of nitrate and nitric acid using methanol as 

an external carbon source. They observed that 2.6 g of methanol was consumed and 0.56 

g cells were produced for each g of NO3-N reduction. Beccari et al. (1983) reported a 

maximum denitrification rate of 0.32 mg NO3-N/mg VSS (13.3mg NO3-N/g VSS/hr) at 

25o C with a biomass concentration of 700 – 1000 mg VSS. The denitrification rate was 

limited at organic carbon levels less than 40 mg COD/L. Inhibitory effects of nitrite 
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(NO2
-) concentrations were found to be related to initial biomass concentrations. Paskins 

et al. (1978) reported denitrification rates of 1.8 mg N/g sludge/hour and 2.3 mg N/g 

sludge/hour with glycerol and methanol respectively; using lab produced nitrified effluent 

from domestic sewage. Grabinska-Loniewksa (Dold, 2005) conducted denitrification 

experiments with glycerol using an upflow anaerobic sludge blanket (UASB) reactor and 

determined a nitrogen removal rate of 0.400 mg NO3-N/mg VSS/day (16.7 mg NO3-N/g 

VSS/hr), which was lower than the rate obtained for methanol at 0.470 mg NO3-N/mg 

VSS/day (19.6 mg NO3-N/g VSS/hr). Hallin et al. (1998) estimated denitrification rates 

of 1.5 mg NO3-N/g VSS/hr, 2.7 mg NO3-N/g VSS/hr, and 1.9 mg NO3-N/g VSS/hr using 

pre-precipitated sewage as the carbon source (no external carbon added) for 0, 60, and 82 

day acclimation respectively. Nichols (2008) reported an Arrhenius coefficient of 1.09 

for SDNRs and an SDNR of 8.5 mg NO3-N/g VSS/hr at 200C. 

 

2.4.2 Half Saturation Constant (Ks) 

      Using methanol as the substrate, half saturation coefficient Ks values of 0.06 to 0.16 

mg NO3-N/L have been observed (Gaudy and Gaudy, 1980). . Stensel (Metcalf and Eddy, 

2003) observed Y values of 0.17 and 0.18 g VSS/g COD, and Ks values of 12.6 and 9.1 

g/m3 (12.6 and 9.1 mg/L), at 10o C and 20o C respectively.  Moore et al. (1970 and 1971) 

estimated a Ks value of 0.1 mg/l for a nitrate limiting system using a Monod expression.  

Engberg et al. (1975) continued this study and estimated a half saturation constant of 0.16 

mg/l also for a nitrogen limiting system.  Wang et al. (1995)  reported, Ks values for 

nitrate limiting conditions within the range of 1 to 2 mgNO3-N/L. Francis et al. (1997)  
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estimated a Ks value of 52 mg NO3-N/L with a high rate denitrification reactor used to 

treat a high concentration of nitrate (1370 mg NO3-N/L).   

 

2.5 Denitrification Processes at Blue Plains AWTP 

     The current system for nitrogen removal at Blue Plains is a modified aeration step-

feed activated-sludge process utilizing a two sludge configuration where the first stage 

exhibits a high rate non-nitrifying approach to removing BOD (Dold et al., 2008). The 

nitrification stage or the second stage converts ammonia to nitrogen gas using 5 tanks in 

series. The first two tanks and the fifth tank are aerated for nitrification. Dissolved 

oxygen (DO) is stripped in the third tank and denitrification takes place in the fourth tank 

where anoxic conditions are maintained. Methanol is added at this stage to enhance 

denitrification. The nitrate removal at Blue Plains is limited by anoxic SRT (Solids 

Retention Time) and it is also affected when the anoxic biomass is washed out under 

stressed conditions. This may be due to the plant configuration and use of methanol as the 

external carbon source. As of now, methanol is widely used as the carbon source to 

enhance denitrification rates. Figures 2-6 and 2-7 shows the flow diagram of these 

processes for Blue Plains (Dold et al., 2008). 

 

 

Figure 2-6: Schematic of the Blue Plains AWTP 
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Figure 2-7: Schematic of the Blue Plains AWTP Nitri fication Stage 

 

2.6 Denitrification Processes at ASA AWTP 

      ASA AWTP in Alexandria, Va., covers 30 acres and serves 350,000 people in the 

City of Alexandria and some parts of Fairfax County.  This plant has a capacity of 54 

million gallons per day (mgd). Current processes 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, prepasteurization, anaerobic 

digestion and land application. The Biological Nutrient Removal (BNR) system at ASA 

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-organisms that transform the nitrate to nitrogen gas, 

which is released into the atmosphere. This process removes approximately 80% of the 
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nitrogen that enters the plant. The biological reactor basins have the flexibility to be 

operated in several different treatment modes. The plant also has the ability to add 

methanol which aids the micro-organisms in converting the nitrogen compounds (ASA, 

2009). 

     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 biosolids. The tertiary treatment process consists of 

several steps which produces a high quality effluent from the water from secondary 

settling tanks. First, the water is passed through specially designed settling tanks which 

contain closely spaced, inclined stainless steel plates. Secondly, the water passes through 

gravity sand filters; the end result is significant additional removal of suspended solids, 

turbidity, and phosphorus. Figure 2-8 shows a flow diagram of the single stage system for 

ASA. From the clarifier, wastewater goes to the rapid mix/ flocculation tanks. Blue Plains 

and ASA AWTPs are continuously upgrading their treatment processes to meet the future 

goals set by EPA. 
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Figure 2-8: Flow diagram of Single stage system for  ASA 
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CHAPTER III: MATERIALS AND METHODS 

 

3.1 Introduction  

       The objective of this research was to study the denitrification kinetics of methanol 

utilizing organisms at low wastewater temperatures.  The following kinetic parameters 

were estimated: 1) specific denitrification rates (SDNRs) and 2) nitrate half saturation 

constant (Ks(NO3-N)), under nitrate limiting conditions with methanol as the external 

carbon source. To estimate these parameters a modified specific denitrification rate test 

was conducted using a Challenge AER-200 Respirometer system. Test temperatures were 

in the range of 120C to 180C. All experiments were carried out during the months of the 

year when wastewater temperatures were near the desired test temperature. Most of the 

tests were done for samples taken from the Blue Plains AWTP; however, few tests were 

also conducted for Alexandria Sanitation Authority’s AWTP in Virginia to observe the 

difference in half saturation constant values between the plants. All experiments were 

carried out at the Blue Plains Advanced Wastewater Treatment Plant Laboratory.  The 

details of the test will be further explained in the following sections. 

 

3.2 Estimation of Nitrate SDNRs and Half Saturation Constants using Respirometer   

A modified specific denitrification rate test was conducted using a Challenge AER-

200 Respirometer system to estimate the nitrate SDNRs and half saturation constants 

(Ks(NO3-N)) with methanol as the external carbon source. 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 
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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.  

 

3.2.1 Challenge AER-200 Respirometer  

      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 numbers of bubbles are 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. The nitrate half saturation constant and SDNRs for methanol utilizing 

organisms were estimated under nitrate limiting conditions using the set up shown in 

Figure 3-1. 
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Figure 3-1.Diagram of anoxic test set up using Challenge AER-2 00 Respirometer 
(Challenge Environmental Systems Inc, Springdale, A R.) 

 
 

3.2.2 Nitrate Limiting Test Using Respirometer 

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 3-1. Ammonium chloride and 

potassium dihydrogen phosphate were added to provide nutrients to the microorganisms. 

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 atmospheric oxygen. Tubes containing a small amount of 

30% Potassium hydroxide (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.  
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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 3-

2. 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 Ks(NO3-N) values for the same set. These tests were 

performed at different temperatures in the range of 12oC to 18oC.  

 
Table 3-1: Amount of chemicals added to the mixed liquor 

 
 
 

 
 

 

 

 

Figure 3-2: Nitrogen Gas Production at 1 minute Intervals for B P at 170C 

Chemicals Added Amount  in mg/L 
KNO3 20 
Methanol 280 mgCOD/L 
NH4Cl 5 
KH2PO4 5 
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3.2.3 Analytical Methods 

      The DR 2800 Spectrophotometer (Hach Company, Colorado) was used to analyze 

nitrate, nitrite, and COD samples. 

• Nitrate was analyzed using Dimethylphenol Method 10206 (Hach Manual, 2007). 

• Nitrite was analyzed using Diazotization Method 10019 (Hach Manual, 2007). 

• For COD analysis a DRB 200 digital reactor block was used for digestion of samples.  

Reactor digestion method 8000 (Hach Manual, 2007). was used for analysis of both 

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

samples. The standard method used for COD analysis was method 5220 D., Closed 

Reflux, Colorimetric method (APHA, 1998).   

• pH and temperature were measured with an Accumet Excel XL 60 meter.   

 

3.2.4 Sample Source  

Samples from two wastewater treatment plants were examined to determine the 

differences in the nitrate SDNRs and half saturation constant values. Most of the samples 

examined were from the Blue Plains AWTP and few samples were also collected from 

Alexandria Sanitation Authority AWTP.  The ASA AWTP uses a single sludge step-feed 

BNR process with a post anoxic zone for methanol assisted denitrification and Blue 

Plains AWTP uses a two sludge step-feed modified aeration post-denitrification process. 

For Blue Plains, the tests were conducted using nitrification effluent from the plant. 
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3.2.5 Sample Collection  

Mixed liquor samples for the tests were obtained either with the help of the plant 

operator or by manually collecting the samples.  The sample was manually collected in 

an aliquot by plunging a bucket into the appropriate basin and using a funnel to pour the 

contents into a 4-gallon aliquot.  

 

3.2.6 Monitored Parameters 

      The parameters monitored for the test were: 

• Temperature 

• pH 

• Initial and final Nitrate 

• Initial and Final Nitrite 

• Mixed liquor suspended solids (MLSS) 

• Mixed liquor volatile suspended solids (MLVSS)  

      The temperatures of the tests conducted were in the range of 120C to 180C. The 

temperature for each test was set to be that of the sample temperature and this was 

achieved by a water bath. The pH of the sample was maintained between 6.70 and 7.0 to 

provide suitable conditions for denitrification using a KOH trap. Initial and final Nitrate, 

Nitrite and COD were measured as explained in section 3.2.3.  Figures 3-3 and 3-4 shows 

the photograph of experimental set up in the laboratory. 
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Figure 3-3: Photograph of biological reaction vesse ls, stirring basin and water bath 
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Figure 3-4: Photograph of the Respirometer set up  

 

3.3 Estimation of Specific Denitrification Rates (SDNRs)  

      Respirometer provides nitrogen gas production data at 1 minute intervals as shown in 

figure 3-2. From these data, cumulative NO3-N (mg/L) consumed at 1 minute intervals 

were calculated using equations 3-1 and 3-2 and the remaining NO3-N (mg/L) 

concentrations at 1 minute intervals were then calculated by subtracting the cumulative 

nitrate from the initial nitrate concentration. The assumption here is that all the nitrate is 

converted to nitrogen gas and as there is very little accumulation of nitrite in these types 

of tests. Figure 3-5 shows the graph obtained by plotting the temporal variation of 

remaining NO3-N (mg/L). SDNR is then calculated using equation (3.3).  
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Where : 

n = Number of moles of  nitrogen gas produced 

            P = 1 atmospheric pressure (atm) 

            R = 0.08206 L atm K-1 mole-1, the  ideal gas constant 

T = Temperature, K (273 + 0C) 

V = Volume of nitrogen gas produced (L) 

 

)2.3(
5.0

1000

1

14

1

2

2






















=

Nmole

Ng

Nmole

Nmoles
nC  

Where: 

C = Cumulative nitrate (NO3-N) concentrations (mg/L) 

 n = Number of moles of nitrogen gas produced  

0.5 = Volume of the reaction Vessel (L) 

1000 = Conversion factor, mg/g 
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Figure 3-5: Remaining NO 3-N(mg/L) for BP at 17 0C 

 

 

 

 
 
3.4 Estimation of Nitrate Half Saturation Constants (Ks(NO3-N)) 
 
      The nitrate half saturation constants were obtained for different temperatures using a 

model developed based on the Monod kinetic expression and a spreadsheet interactive 

search routine (Smith et al. 1998). Here two assumptions are made based on previous 

studies (Seth et al. 2008) conducted in the laboratory. They are, 1) There is very little 

accumulation of nitrite during denitrification, and, 2) all the nitrate is converted to 

nitrogen gas at the end of the test. These curves are then plotted and a model is developed 

to fit this curve. For developing this model, time is calculated from measured 

concentrations and compared to actual sampling time. Time is calculated using equation 

)3.3(
curve response N-NO of Slope

)//NmgNO( 3
3 MLVSS

hrgMLVSSSDNR =−
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2.16. To implement the model employing Microsoft Excel and the Solver function, the 

following steps were followed: 

• Step1: Enter measured NOx-N (mg/L) and time (days) data in the first and second     

columns of the spreadsheet 

• Step 2: Calculate the predicted time (days) in the third column using equation 

2.16 

• Step 3: Plot a graph for actual and model values 

• Step 4: Use yield value Y=0.4 in the model 

• Step 4: Adjust the range of values used to obtain initial slope of the curve and end 

of the curve 

• Step 5: Estimate the initial slope of curve by specifying rmax and So manually, and 

the end of the curve by specifying Ks 

• Step 6: Use the Solver function to minimize the sum of the squared weighted 

errors on time (fitting the curve) by changing rmax, S0 and Ks. 

      Hence the model involves the estimation of Ks(NO3-N)   and other parameters by fitting 

the integrated Monod equation to experimental data. These steps are performed using a 

spreadsheet as shown in figure 3-6. In this spreadsheet, a column with red color is used to 

indicate the data points that are used for the evaluation of Ks. The values with ‘0’ in the 

red column next to it indicate that those points are not used for analysis and the values 

with ‘1’ next to it are used for analysis. Ks(NO3-N) can also be estimated using a rough 

method. The nitrate half saturation constant can also be defined as the nitrate (limiting 

substrate) concentration when the denitrification rate (DNR) is half of the maximum 
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denitrification rate. Denitrification rate at a given time is calculated by the slope of the 

remaining NO3-N (mg/L) versus time plot. 

 

 

 

Figure 3-6: Spreadsheet used for evaluation of K s(NO3-N) 

 

3.5 Trouble shooting 

      The ability to produce nitrogen gas production data at 1 minute interval is one of the 

main advantages of using respirometer. However, proper care has to be taken to maintain 

the test temperature in the reaction vessels and the water bath as the temperature 

differences can cause suction in the respirometer flow cells and the cell oil will flow in 
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the reverse direction. This will delay the test and in most cases the test will have to be 

repeated. The silicon oil in the flow cells can come out if a large amount of nitrogen gas 

passes through it while purging to provide anoxic conditions. The cells won’t register 

accurate measurements if proper volume of oil is not present. The flow cells should be 

emptied and washed and the oil has to be refilled if oil spills occurs. The septas or rubber 

caps of the reaction vessels should be replaced frequently to prevent the ingress of 

oxygen. As only a small quantity of nitrate concentration added to the mixed liquor (15 to 

20 mg/L), the test set up should be ready as fast as possible after putting the chemicals. If 

a long time is taken for this, most of the nitrate in the sample might get depleted before 

the test is started. Also, while preparing replicates for each test, care should be taken to 

get similar MLVSS in each bottle. One of the limitations of this test is the difficulty in 

collecting samples to measure the chemical oxygen demand (COD) during the test. 

Syringes with long needles will have to be used to solve this problem. 
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CHAPTER IV: RESULTS AND DISCUSSION 

 

4.1 Specific Denitrification Rates (SDNRs) 

     The first part of this study was the investigation of specific denitrification rates of 

methanol-utilizing organisms for Blue plains and ASA AWTPs.  SDNRs were estimated 

at low temperatures ranging from 120C to 180C and SDNRs at higher temperatures from 

190C to 200C were studied by Nazia Salam using the same methods. These temperatures 

were observed during winter and summer at Blue plains and hence used as the test 

temperature to study the temperature dependency of SDNRs. Methanol was used as the 

external carbon source and all the tests were conducted with Nitrate limiting conditions. 

Most of the tests were conducted for Blue plains (BP) AWTP; however some tests were 

done for ASA AWTP, to study the temperature dependency of methanol utilizing 

organisms for different systems. The two different processes employed by ASA and BP 

include: 1) a single sludge step-feed pre-denitrification system with internal recycle, (2) a 

two sludge step-feed modified aeration post-denitrification process, respectively. Tests 

were also conducted using different mixed liquor concentrations for the same 

temperature. Figure 4.1 shows the SDNR values estimated using the Respirometer data 

for temperatures in the ranges of 120C to 180C for Blue Plains AWTP and SDNRs at 

temperatures 120C and 150C for ASA AWTP and their standard deviations. SDNR for 

each temperature is an average of 2 or more test values. 

 



 48

 

Figure 4-1: SDNR test results with Methanol as the external car bon source 

 

     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. For ASA, as the test temperature increased, SDNRs also appeared to 

increase.  SDNRs for Blue plains were in the range of 3.05 to 5.44 mg/gm MLVSS/hr for 

temperatures ranging from 120C to 180C. To study the temperature dependency of 

SDNRs for Blue plains, Arrhenius coefficient was calculated using the combined data 

from the author and Nazia Salam. The Arrhenius coefficient was estimated to be 1.084 

and this indicates a strong temperature dependency. This theta value is close to the 

estimated a theta value of 1.09 for SDNR by Nichols (2008). Table 4.1 shows the theta 
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values for different growth rates obtained by past denitrification studies. These tests were 

conducted in batch reactors and the difference in theta values can be attributed to the 

methodology. Respirometer produces data at 1 minute intervals and this improves the 

accuracy of the results obtained. Manual error that may occur while sampling, filtering 

and measuring the nitrate can be avoided using a respirometer. Results of some of the 

past denitrification studies are discussed in literature review. 

 

Table 4-1 Theta values for different temperatures  

Arrhenius 
Coefficient (θ) 

Temperature 
(ºC) Reference  

1.19 20 Jeneva (2008) 

1.13 20 Dold et al. (2008) 

1.13 20 Nichols (2007) 

1.12 

13 Mokhayeri et al. 
(2006) 19 

1.14 

10 
Stensel (1973) 

20 

 

 

4.1.1 SDNR Data Sets – Nitrate-time reduction graphs 

      This section presents the nitrate-time reduction graphs at the various test 

temperatures.  Some of the tests were conducted for different concentrations of the same 

sample at the same temperature. Figures 4-2 through 4-9 represents the remaining NO3-

N(mg/L) with time for different temperatures in the ascending order for Blue Plains and 

ASA AWTPs. One set of data is presented in each graph. The results of the replicate 

experiments are presented in Appendix A. 
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Figure 4-2: Data set #1-Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS = 2300mg/L) 
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Figure 4-3: Data set #2- Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS = 2900mg/L) 
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Figure 4-4:  Data Set #3 – Remaining NO 3-N (mg/L) Vs time (hours) (MLVSS = 2800mg/L) 
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Figure 4-5:  Data Set #4 – Remaining NO 3-N (mg/L) Vs time (hours) (MLVSS = 1000mg/L) 
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Figure 4-6:  Data Set #5 – Remaining NO 3-N (mg/L) Vs time (hours) (MLVSS = 1700mg/L) 
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Figure 4-7: Data Set #6 – Remaining NO 3-N (mg/L) Vs time (hours) (MLVSS = 1900mg/L) 
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Figure 4-8: Data Set #7 – Remaining NO 3-N (mg/L) Vs time (hours) (MLVSS = 1300mg/L) 
 

 

Blue Plains- 18 deg C

0

2

4

6

8

10

12

14

16

0.0 0.5 1.0 1.5 2.0 2.5

Time(hours)

R
e

m
a

in
in

g
 N

O
3

-N
(m

g
/L

)

 
Figure 4-9: Data Set #8 – Remaining NO 3-N (mg/L) Vs time (hours) (MLVSS = 2000mg/L) 
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      4.1.2 Effect of Biomass concentration 

      Tests were conducted for different dilutions of the same sample for each temperature 

and this resulted in different concentrations of biomass in the respirometer bottles. The 

biomass concentration was measured in terms of MLVSS. Different dilutions of the same 

sample were prepared in order to obtain samples with MLVSS concentrations higher and 

lower than that of the original sample. Figures 4-10 through 4-13 shows the nitrate-time 

reduction curves for different MLVSS concentrations at temperatures in the range of 

120C to 180C. As MLVSS increases, the active biomass fraction also increases resulting 

in an increase in denitrification rates. Table 4-2 shows the DNRs obtained for different 

MLVSS concentrations of the same sample. From the curves obtained it is clear that 

DNR increases with an increase in MLVSS. It is also observed that DNRs are different 

for MLVSS concentrations at different temperatures. At 180C, DNR was estimated to be 

13.52 mg/L.hr with MLVSS of 2500 mg/L. To obtain similar DNR at the low temp of 

120C, the MLVSS needs to be increased by about 64 percent. Table 4-3 shows the 

SDNRs and DNRs for different MLVSS concentrations at 120C. Small differences in 

SDNR values for different MLVSS concentrations of the same sample may be attributed 

to the slightly different concentrations in each reaction vessel that can occur while 

transferring the mixed liquor to each bottle. SDNRs obtained for different MLVSS 

concentrations of the same sample were almost similar for all temperatures.  

      Same amount of nitrate was added to samples of different MLVSS concentrations for 

a particular test, however, the initial nitrate concentrations shown in the graph for each 

MLVSS concentration is different. This occurs due to the preparation time needed for 

respirometer tests. After the chemicals are added to each sample of different 
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concentration, it takes around a total of 30 minutes for preparing the bottles and purging 

with nitrogen gas. The computer is then started and it monitors the nitrogen gas 

production from that point. Some of the nitrate added was used up during the first 30 

minutes of preparation time resulting in a reduction of measured initial nitrate at the 

beginning of the test. Since DNR increases with MLVSS concentrations, more nitrate is 

used up for samples with higher MLVSS concentration during the preparation time.  
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Figure 4-10: Nitrate-time reduction curves for BP a t 120C 
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Figure 4-11: Nitrate-time reduction curves for BP a t 170C 
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Figure 4-12: Nitrate-time reduction curves for BP a t 180C 
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Figure 4-13: Nitrate-time reduction curves for ASA at 120C 

 

Table 4-2: DNRs for different MLVSS concentrations  

Sample 
Source 

Temperature 
( C ) 

MLVSS 
(mg/L) 

DNR 
(mg/L/hr) 

BP 12 4100 13.8 
    2300 6.9 
    1400 4.4 

ASA 12 2900 7.8 
    2000 5.4 

BP 17 2200 12.2 
    1300 7.4 
    700 5.3 

BP 18 2500 13.5 
    2000 8.9 
    1200 5.9 
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Table 4-3: SDNRs and DNRs for different concentrati ons for BP at 12 0C 

Temperature 
( C ) 

MLVSS 
Concentrations 

SDNR (mg/ gm 
MLVSS/hr) 

DNR 
(mg/L/hr) 

12 High 3.4 13.8 
  Medium 3.1 6.9 
  Low 3.2 4.4 

 

 
 
4.2 Nitrate Half Saturation Constant (Ks (NO3-N)) 
 
 
      The second part of this study involves the evaluation of Ks(NO3-N) values for 

temperatures ranging from 120C to 180C estimated under nitrate limiting conditions. 

Methanol is used as the external carbon to enhance denitrification. A curve as shown in 

Figure 3-3 was plotted using the data obtained from the respirometer and it was used for 

the analysis of nitrate half saturation constants. 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 as discussed in chapter three, 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. The average values of nitrate half saturation constant 

obtained using the nitrate limiting tests (with excess COD present) conducted using 

respirometery for temperatures ranging from 120C to 180C were estimated  between 0.02 

and 0.99 mg/L. Moore et al. (1970 and 1971) estimated a Ks value of 0.1 mg/l for a 

nitrate limiting system using a Monod expression. Half saturation constants for past 

denitrification studies conducted are listed in chapter II. Engberg et al. (1975) continued 

this study and estimated a half saturation constant of 0.16 mg/l also for a nitrogen 

limiting system.  Wang et al. (1995)  reported, Ks values for nitrate limiting conditions 
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within the range of 1 to 2 mgNO3-N/L. For respirometer tests, data is available at 1 

minute interval and this improves the accuracy of Ks(NO3-N) compared to other methods, 

where the samples are collected manually. However, the spreadsheet analysis of Ks(NO3-N) 

is very sensitive and the selection of data points for analysis can be critical in the 

estimation of half saturation constants. 

 

4.2.1 Ks(NO3-N) Data Sets  

      Figures 4-14 through 4-21 present the NO3-N - time reduction with the blue markers 

for data points and the red coloured line as the model derived using equation 2.16 in 

chapter 2 for samples from the Blue Plains and ASA AWTPs.  These graphs were used to 

calculate the half saturation constants as explained in chapter three.  The graphs for the 

replicates of the tests are listed in Appendix B and the tables used for the estimation of 

Ks(NO3-N) are listed in appendix C. 
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Figure 4-14: Ks Data Set # 1- Data and Model  
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Figure 4-15: Ks Data Set # 2- Data and Model 
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Figure 4-16: Ks Data Set # 3- Data and Model 
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Figure 4-17: Ks Data Set # 4- Data and Model 
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Figure 4-18: Ks Data Set # 5- Data and Model  
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Figure 4-19: Ks Data Set # 6- Data and Model 

 

 

Figure 4-20: Ks Data Set # 7- Data and Model 
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Figure 4-21: Ks Data Set # 8- Data and Model 

 
 

4.2.2 Relationship of Ks (NO3 –N) with DNR and rmax 

Figure 4-22 shows the curve obtained by plotting Ks (NO3 –N) values and the 

denitrification rates (DNRs) obtained at various temperatures and dilutions and figure 4-

23 represents the relationship between maximum biomass production rates (rmax) and 

Ks(NO3-N) for the combined data by the author and Nazia Salam. 
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Figure 4-22: Ks Vs DNR for temperature for the comb ined data 
 

 

             Figure 4-23: Ks Vs r max  for temperature for the combined data 
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     In figures 4-22 and 4-23 a linear relationship is shown. More research is needed to 

establish the reasons for this relationship between Ks(NO3-N) and DNR or rmax. 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 Ks(NO3-N) 

values seem to be dependent on the initial maximum denitrification rate, type of process, 

as well as sample temperature and mixed liquor concentration.  

4.3 Carbon-to-Nitrogen Ratio 

      In the respirometer tests, only the initial and final nitrate, nitrite and COD were 

measured as it was necessary to keep the reaction vessels closed at all times to achieve 

proper denitrification without contamination.  Carbon to nitrogen ration was then 

calculated by estimating the consumption of COD and nitrate. Table 4.4 shows the 

carbon to nitrogen ratio estimated for tests conducted at temperatures from 120C to 180C. 

These values may not be accurate if there is DO present when COD is added in the 

beginning of the test and while DO is present, COD could be removed without 

denitrification.  The real issue is that if nitrate runs out, the end COD might not be 

meaningful as a result of anaerobic COD uptake.  Both of these would tend to bias the 

COD/N high. 

Table 4-4: COD/N values for BP 

Temp 

(C) 
COD/N 

12 3.27 

14 3.99 

16 2.47 

17 4.09 

18 4.15 
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CHAPTER V: CONCLUSION` 

 

      This chapter summarizes the research objectives and the results obtained after 

conducting the tests as described in the previous chapters. The objective of this research 

was to get a better understanding of the denitrification parameters, especially the Specific 

denitrification rates (SDNRs) and the nitrate half saturation constants for the Blue Plains 

AWTP (Advanced Wastewater Treatment Plant).  Limited numbers of tests were also 

conducted for samples obtained from the Alexandria Sanitation Authority.  These plants 

are two large methanol-using Advanced Wastewater Treatment Plants in the Chesapeake 

Bay region. These tests were conducted at low temperatures as cold weather has a great 

impact on the denitrification rates and more research was required to study the kinetics of 

methanol utilizing organisms under these conditions. Nitrate limiting tests were 

conducted using a Challenge AER-200 Respirometer to gain a better understanding of the 

denitrification parameters.  

 

5.1 Specific denitrification rates (SDNRs) 

Specific denitrification rates were estimated for temperatures in the range of 120C to 

180C and their temperature dependency was studied. The specific denitrification rates for 

different systems were also compared to see whether the result obtained is different for 

different systems.  
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• The Arrhenius coefficient of 1.084 indicates a strong temperature dependency 

of SDNRs. 

•  As the temperature increased from 120C to 180C, the SDNRs also increased 

from 3.05 to 5.44 mg/g MLVSS/hr. There is significant reduction in the 

denitrification rates as the temperature goes down. 

• The Specific denitrification rates for the Blue plains samples were found to be 

higher than those of the ASA mixed liquor for most of the tests.   

 

5.2 Effect of Biomass concentration 

      Denitrification rates and SDNRs were estimated for different MLVSS concentrations 

of the same sample for a particular test temperature.  Tests were conducted at 

temperatures in the range of 120C to 180C. 

• DNRs (mg/L/hr) increased with an increase in MLVSS concentration. 

• SDNRs (mg/g MLVSS/hr) were almost similar for different MLVSS 

concentrations.  

 
5.3 Nitrate Half Saturation Constants (Ks(NO3-N)) 
 
      Nitrate half saturation constants were estimated for temperatures in the range of 120C 

to 180C under nitrate limiting conditions.  Nitrate half saturation constants for different 

systems were evaluated and compared.  

• 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 0.99 mg/L). 
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• There also appears to be a broad relationship of an increase in Ks(NO3-N) 

with an increase in temperature.  More work is needed to establish and 

understand these relationships. 

• The nitrate half saturation constants for ASA AWTP were similar or 

slightly less than that of the Blue Plains AWTP. 

      The results obtained using the respirometer were found to be slightly different from 

those obtained by using batch reactors by previous researchers. Data can be obtained at 1 

minute interval using respirometer and as a respirometer system was used to conduct 

experiments to evaluate SDNRs and Ks(NO3-N) for this research, it helped in reducing the 

manual error which might occur while sampling. It was observed that SDNRs have a 

strong temperature dependency. At low temperatures, SDNRs reduces considerably and 

as the temperature increased, there is an increase in the SDNR values. A broad 

relationship of an increase in Ks(NO3-N) with an increase in temperature was observed. It is 

important to study the half saturation kinetics of the denitrifying bacteria to optimize the 

treatment processes. The study of half saturation kinetics becomes especially important 

when the electron donor or acceptor concentrations are small. A high Ks results in 

inefficient rates at low substrate (both for the electron donor and acceptor) 

concentrations. Effluent nitrate concentration needs to be 0.5 mg/L or less to achieve 

some of the very low permit limits in the Chesapeake Bay.  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. If such situation arises, larger tanks will 

have to be used to achieve denitrification to low nitrate levels. It is difficult to achieve 

low nitrate levels at low temperatures due to decrease in temperature of the mixed liquor 
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and the reduction in anoxic retention time due to higher flows. This research provides 

useful insights into denitrification kinetics of methanol utilizing organisms as it 

investigates the denitrification parameters at low temperatures. 

 

5.4 Comments and Suggestions for Future Testing 

      One of the main advantages of using respirometer to measure Nitrogen gas 

production was the accuracy as there is no need to collect the sample manually and filter 

to obtain the nitrate concentrations. Data is available at 1 minute intervals and this helps 

in the analysis of half saturation constants using the excel spreadsheet. However, proper 

care has to be taken to maintain the test temperature in the reaction vessels as well as the 

water bath as the temperature differences can cause suction in the respirometer flow cells 

and the cell oil will flow in the reverse direction. The data from the nitrate limiting test 

can be used to predict the time interval for a COD limiting test in which most of the COD 

is used up. This information will be helpful in collecting samples at more frequent 

intervals at the critical time, thus improving the accuracy of analysis of COD half 

saturation constants. 

The results obtained provide useful insights into denitrification behavior of methanol 

utilizing organisms. As explained earlier, there seems to be a broad relationship of an 

increase in SDNR and Ks(NO3-N) with an increase in temperature. Also, there appears to be 

a broad relationship of nitrate half saturation constant with initial maximum 

denitrification rates (DNR) and the maximum biomass production rate (rmax). More work 

is needed to establish and understand these relationships.  Only a few tests were 

conducted for the ASA AWTP and more tests needs to be done to study the differences in 
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the denitrification kinetics of different systems. Future studies can also 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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APPENDIX A 

Nitrate-time reduction graphs 

Blue Plains- 12 deg C

0

5

10

15

20

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Time (hours)

R
e
m

a
in

in
g
 N

O
3
-N

 (
m

g
/L

)

 

Figure A-1: Data Set #1–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2300 mg/L)  
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Figure A-2: Data Set #1–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=4100 mg/L) 
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Figure A-3: Data Set #1–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1400 mg/L) 
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Figure A-4: Data Set #1–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=4100 mg/L)  
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Figure A-5: Data Set #2–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2900 mg/L) 
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Figure A-6: Data Set #2–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2000 mg/L) 
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Figure A-7: Data Set #2–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2000 mg/L) 
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Figure A-8: Data Set #3–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2800 mg/L) 
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Figure A-9: Data Set #3–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1700 mg/L) 
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Figure A-10: Data Set #4–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1000 mg/L) 
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Figure A-11: Data Set #5–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1700 mg/L) 
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Figure A-12: Data Set #6–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1900 mg/L) 
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Figure A-13: Data Set #6–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1900 mg/L) 
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Figure A-14: Data Set #6–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1900 mg/L) 
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Figure A-15: Data Set #6–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1900 mg/L) 
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Figure A-16: Data Set #8–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1300 mg/L) 
 



 84

Blue Plains- 17 deg C

0

5

10

15

20

25

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Time(hours)

R
e

m
a

in
in

g
 N

O
3

-N
(m

g
/L

)

 
Figure A-17: Data Set #8–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2200 mg/L) 
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Figure A-18: Data Set #8–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=700 mg/L) 
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Figure A-19: Data Set #8–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2500 mg/L) 
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Figure A-20: Data Set #8–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1200 mg/L)  
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Figure A-21: Data Set #8–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=2000 mg/L) 
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Figure A-22: Data Set #8–Remaining NO 3-N(mg/L) Vs time(hours) (MLVSS=1200 mg/L)  
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APPENDIX B 

K s(NO3-N) Data Sets 
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Figure B-1: Ks Data Set # 1- Data and Model 
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Figure B-2: Ks Data Set # 2- Data and Model  
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Figure B-3: Ks Data Set # 3- Data and Model 

 

Figure B-4: Ks Data Set # 4- Data and Model 
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Figure B-5: Ks Data Set # 5- Data and Model 

 

Figure B-6: Ks Data Set # 6- Data and Model 
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Figure B-7: Ks Data Set # 7- Data and Model 
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Figure B-8: Ks Data Set # 8- Data and Model 
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Figure B-9: Ks Data Set # 9- Data and Model 
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APPENDIX C 

 

Raw Data for Ks(NO3-N)  Calculation 

Table B-1 : Ks(NO3-N) Data for Temp 120C for ASA 

Cell A-4 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.000 0 21 10.823 0.013386 0          -    0          -    

0.017 0.000694 20.880 10.703 0.014315 0          -    0          -    

0.033 0.001389 20.880 10.703 0.014315 0          -    0          -    

0.050 0.002083 20.784 10.607 0.015058 0          -    0          -    

0.067 0.002778 20.784 10.607 0.015058 0          -    0          -    

0.083 0.003472 20.665 10.488 0.015986 0          -    0          -    

0.100 0.004167 20.665 10.488 0.015986 0          -    0          -    

0.117 0.004861 20.569 10.392 0.016730 0          -    0          -    

0.133 0.005556 20.569 10.392 0.016730 0          -    0          -    

0.150 0.00625 20.449 10.272 0.017659 0          -    0          -    

0.167 0.006944 20.449 10.272 0.017659 0          -    0          -    

0.183 0.007639 20.353 10.176 0.018402 0          -    0          -    

0.200 0.008333 20.353 10.176 0.018402 0          -    0          -    

0.217 0.009028 20.234 10.057 0.019331 0          -    0          -    

0.233 0.009722 20.234 10.057 0.019331 0          -    0          -    

0.250 0.010417 20.138 9.961 0.020075 0          -    0          -    

0.267 0.011111 20.138 9.961 0.020075 0          -    0          -    

0.283 0.011806 20.018 9.841 0.021004 0          -    0          -    

0.300 0.0125 20.018 9.841 0.021004 0          -    0          -    

0.317 0.013194 20.018 9.841 0.021004 0          -    0          -    

0.333 0.013889 19.922 9.745 0.021748 0          -    0          -    

0.350 0.014583 19.803 9.626 0.022678 0          -    0          -    

0.367 0.015278 19.707 9.530 0.023421 0          -    0          -    

0.383 0.015972 19.587 9.410 0.024351 0          -    0          -    

0.400 0.016667 19.587 9.410 0.024351 0          -    0          -    

0.417 0.017361 19.491 9.314 0.025095 0          -    0          -    

0.433 0.018056 19.372 9.195 0.026025 0          -    0          -    

0.450 0.01875 19.276 9.099 0.026770 0          -    0          -    

0.467 0.019444 19.276 9.099 0.026770 0          -    0          -    
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Table B-1( Continued). 

Cell A-4 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.483 0.020139 19.156 8.979 0.027700 0          -    0          -    

0.500 0.020833 19.060 8.883 0.028444 0          -    0          -    

0.517 0.021528 19.060 8.883 0.028444 0          -    0          -    

0.533 0.022222 18.941 8.764 0.029375 0          -    0          -    

0.550 0.022917 18.941 8.764 0.029375 0          -    0          -    

0.567 0.023611 18.845 8.668 0.030120 0          -    0          -    

0.583 0.024306 18.725 8.548 0.031051 0          -    0          -    

0.600 0.025 18.725 8.548 0.031051 0          -    0          -    

0.617 0.025694 18.629 8.452 0.031795 0          -    0          -    

0.633 0.026389 18.629 8.452 0.031795 0          -    0          -    

0.650 0.027083 18.414 8.237 0.033472 0          -    0          -    

0.667 0.027778 18.414 8.237 0.033472 0          -    0          -    

0.683 0.028472 18.294 8.117 0.034403 0          -    0          -    

0.700 0.029167 18.175 7.998 0.035335 0          -    0          -    

0.717 0.029861 18.079 7.902 0.036080 0          -    0          -    

0.733 0.030556 18.079 7.902 0.036080 0          -    0          -    

0.750 0.03125 17.959 7.782 0.037012 0          -    0          -    

0.767 0.031944 17.863 7.686 0.037758 0          -    0          -    

0.783 0.032639 17.863 7.686 0.037758 0          -    0          -    

0.800 0.033333 17.744 7.567 0.038690 0          -    0          -    

0.817 0.034028 17.648 7.471 0.039436 0          -    0          -    

0.833 0.034722 17.648 7.471 0.039436 0          -    0          -    

0.850 0.035417 17.528 7.351 0.040369 0          -    0          -    

0.867 0.036111 17.432 7.255 0.041115 0          -    0          -    

0.883 0.036806 17.432 7.255 0.041115 0          -    0          -    

0.900 0.0375 17.312 7.135 0.042048 0          -    0          -    

0.917 0.038194 17.217 7.040 0.042795 0          -    0          -    

0.933 0.038889 17.217 7.040 0.042795 0          -    0          -    

0.950 0.039583 17.097 6.920 0.043728 0          -    0          -    
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Table B-1 (Continued). 

Cell A-4 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.967 0.040278 17.001 6.824 0.044475 0          -    0          -    

0.983 0.040972 16.881 6.704 0.045409 0          -    0          -    

1.000 0.041667 16.786 6.609 0.046156 0          -    0          -    

1.017 0.042361 16.666 6.489 0.047091 0          -    0          -    

1.033 0.043055 16.570 6.393 0.047838 0          -    0          -    

1.050 0.04375 16.570 6.393 0.047838 0          -    0          -    

1.067 0.044445 16.450 6.273 0.048773 0          -    0          -    

1.083 0.045139 16.355 6.178 0.049521 0          -    0          -    

1.100 0.045833 16.235 6.058 0.050457 0          -    0          -    

1.117 0.046528 16.235 6.058 0.050457 0          -    0          -    

1.133 0.047222 16.235 6.058 0.050457 0          -    0          -    

1.150 0.047917 16.139 5.962 0.051205 0          -    0          -    

1.167 0.048611 16.019 5.842 0.052141 0          -    0          -    

1.183 0.049305 15.924 5.747 0.052890 0          -    0          -    

1.200 0.05 15.804 5.627 0.053827 0          -    0          -    

1.217 0.050695 15.804 5.627 0.053827 0          -    0          -    

1.233 0.051389 15.708 5.531 0.054576 0          -    0          -    

1.250 0.052083 15.588 5.411 0.055513 0          -    0          -    

1.267 0.052778 15.588 5.411 0.055513 0          -    0          -    

1.283 0.053472 15.469 5.292 0.056451 0          -    0          -    

1.300 0.054167 15.373 5.196 0.057201 0          -    0          -    

1.317 0.054861 15.373 5.196 0.057201 0          -    0          -    

1.333 0.055555 15.253 5.076 0.058140 0          -    0          -    

1.350 0.05625 15.253 5.076 0.058140 0          -    0          -    

1.367 0.056945 15.157 4.980 0.058891 0          -    0          -    

1.383 0.057639 15.038 4.861 0.059830 0          -    0          -    

1.400 0.058333 14.942 4.765 0.060582 0          -    0          -    
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Table B-1 (Continued). 

Cell A-4 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

1.417 0.059028 14.942 4.765 0.060582 0          -    0          -    

1.433 0.059722 14.822 4.645 0.061522 0          -    0          -    

1.450 0.060417 14.726 4.549 0.062274 0          -    0          -    

1.467 0.061111 14.726 4.549 0.062274 0          -    0          -    

1.483 0.061805 14.607 4.430 0.063215 0          -    0          -    

1.500 0.0625 14.511 4.334 0.063968 0          -    0          -    

1.517 0.063195 14.511 4.334 0.063968 0          -    0          -    

1.533 0.063889 14.391 4.214 0.064910 0          -    0          -    

1.550 0.064583 14.295 4.118 0.065664 0          -    0          -    

1.567 0.065278 14.295 4.118 0.065664 0          -    0          -    

1.583 0.065972 14.176 3.999 0.066607 0          -    0          -    

1.600 0.066667 14.080 3.903 0.067363 0          -    0          -    

1.617 0.067361 13.960 3.783 0.068307 0          -    0          -    

1.633 0.068055 13.960 3.783 0.068307 0          -    0          -    

1.650 0.06875 13.864 3.687 0.069063 1   0.0085  0          -    

1.667 0.069445 13.745 3.568 0.070009 1   0.0275  0          -    

1.683 0.070139 13.649 3.472 0.070767 1   0.0341  0          -    

1.700 0.070833 13.649 3.472 0.070767 1   0.0004  0          -    

1.717 0.071528 13.529 3.352 0.071714 1   0.0030  0          -    

1.733 0.072222 13.529 3.352 0.071714 1   0.0223  0          -    

1.750 0.072917 13.433 3.256 0.072473 1   0.0170  0          -    

1.767 0.073611 13.314 3.137 0.073423 1   0.0031  0          -    

1.783 0.074305 13.218 3.041 0.074183 1   0.0013  0          -    

1.800 0.075 13.098 2.921 0.075135 1   0.0016  0          -    

1.817 0.075695 13.098 2.921 0.075135 1   0.0271  0          -    

1.833 0.076389 13.002 2.825 0.075897 1   0.0209  0          -    

1.850 0.077083 12.883 2.706 0.076851 1   0.0047  0          -    

1.867 0.077778 12.763 2.586 0.077807 1   0.0001  0          -    

1.883 0.078472 12.667 2.490 0.078572 1   0.0009  0          -    

1.900 0.079167 12.547 2.370 0.079531 1   0.0115  0          -    

1.917 0.079861 12.547 2.370 0.079531 1   0.0094  0          -    

1.933 0.080555 12.452 2.275 0.080300 1   0.0056  0          -    
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Table B-1 (Continued). 

Cell A-4 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

1.950 0.08125 12.332 2.155 0.081262 1   0.0000  0          -    

1.967 0.081945 12.236 2.059 0.082034 1   0.0007  0          -    

1.983 0.082639 12.116 1.939 0.083001 1   0.0114  0          -    

2.000 0.083333 12.116 1.939 0.083001 1   0.0095  0          -    

2.017 0.084028 12.021 1.844 0.083777 1   0.0054  1   0.0054  

2.033 0.084722 11.901 1.724 0.084750 1   0.0001  1   0.0001  

2.050 0.085417 11.805 1.628 0.085531 1   0.0011  1   0.0011  

2.067 0.086111 11.685 1.508 0.086512 1   0.0139  1   0.0139  

2.083 0.086805 11.590 1.413 0.087299 0          -    1   0.0211  

2.100 0.0875 11.590 1.413 0.087299 0          -    1   0.0035  

2.117 0.088195 11.470 1.293 0.088289 0          -    1   0.0008  

2.133 0.088889 11.374 1.197 0.089086 0          -    1   0.0034  

2.150 0.089583 11.254 1.077 0.090089 0          -    1   0.0221  

2.167 0.090278 11.254 1.077 0.090089 0          -    1   0.0031  

2.183 0.090972 11.159 0.982 0.090899 0          -    1   0.0005  

2.200 0.091667 11.039 0.862 0.091921 0          -    1   0.0056  

2.217 0.092361 10.943 0.766 0.092750 0          -    1   0.0131  

2.233 0.093055 10.943 0.766 0.092750 0          -    1   0.0080  

2.250 0.09375 10.823 0.646 0.093804 0          -    1   0.0003  

2.267 0.094445 10.728 0.551 0.094667 0          -    1   0.0043  

2.283 0.095139 10.728 0.551 0.094667 0          -    1   0.0192  

2.300 0.095833 10.608 0.431 0.095781 0          -    1   0.0002  

2.317 0.096528 10.608 0.431 0.095781 0          -    1   0.0483  

2.333 0.097222 10.512 0.335 0.096715 0          -    1   0.0222  

2.350 0.097917 10.392 0.215 0.097984 0          -    1   0.0004  

2.367 0.098611 10.297 0.120 0.099184 0          -    1   0.0284  

2.383 0.099305 10.297 0.120 0.099184 0          -    1   0.0013  

2.400 0.1 10.177 0.000   0          -    0          -    

2.417 0.100695 10.177 0.000   0          -    0          -    

2.433 0.101389 10.177 0.000   0          -    0          -    
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Table B-2 : Ks(NO3-N) Data for Temp 140C for BP 

Cell A-1 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.000 0 25 19.155 -0.024317 0          -    0          -    

0.017 0.000694 22.270 16.425 -0.013379 0          -    0          -    

0.033 0.001389 21.235 15.390 -0.009224 0          -    0          -    

0.050 0.002083 20.505 14.660 -0.006296 0          -    0          -    

0.067 0.002778 19.870 14.025 -0.003744 0          -    0          -    

0.083 0.003472 19.235 13.390 -0.001190 0          -    0          -    

0.100 0.004167 18.811 12.966 0.000514 0          -    0          -    

0.117 0.004861 18.411 12.566 0.002123 0          -    0          -    

0.133 0.005556 18.082 12.237 0.003449 0          -    0          -    

0.150 0.00625 17.776 11.931 0.004681 0          -    0          -    

0.167 0.006944 17.564 11.719 0.005534 0          -    0          -    

0.183 0.007639 17.258 11.413 0.006766 0          -    0          -    

0.200 0.008333 17.046 11.201 0.007620 0          -    0          -    

0.217 0.009028 16.834 10.989 0.008474 0          -    0          -    

0.233 0.009722 16.623 10.778 0.009328 0          -    0          -    

0.250 0.010417 16.411 10.566 0.010183 0          -    0          -    

0.267 0.011111 16.199 10.354 0.011037 0          -    0          -    

0.283 0.011806 15.987 10.142 0.011892 0          -    0          -    

0.300 0.0125 15.775 9.930 0.012748 0          -    0          -    

0.317 0.013194 15.564 9.719 0.013603 0          -    0          -    

0.333 0.013889 15.470 9.625 0.013984 0          -    0          -    

0.350 0.014583 15.258 9.413 0.014840 0          -    0          -    

0.367 0.015278 15.046 9.201 0.015697 0          -    0          -    

0.383 0.015972 14.834 8.989 0.016553 0          -    0          -    

0.400 0.016667 14.622 8.777 0.017411 0          -    0          -    

0.417 0.017361 14.528 8.683 0.017792 0          -    0          -    

0.433 0.018056 14.434 8.589 0.018173 0          -    0          -    

0.450 0.01875 14.222 8.377 0.019031 0          -    0          -    

0.467 0.019444 14.105 8.260 0.019508 0          -    0          -    

0.483 0.020139 14.011 8.166 0.019890 0          -    0          -    

0.500 0.020833 13.893 8.048 0.020367 0          -    0          -    

0.517 0.021528 13.681 7.836 0.021227 0          -    0          -    

0.533 0.022222 13.587 7.742 0.021609 0          -    0          -    
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Table B-2 (Continued). 

Cell A-1 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.550 0.022917 13.469 7.624 0.022087 0          -    0          -    

0.567 0.023611 13.281 7.436 0.022851 0          -    0          -    

0.583 0.024306 13.163 7.318 0.023330 0          -    0          -    

0.600 0.025 12.952 7.107 0.024191 0          -    0          -    

0.617 0.025694 12.740 6.895 0.025053 0          -    0          -    

0.633 0.026389 12.646 6.801 0.025436 0          -    0          -    

0.650 0.027083 12.434 6.589 0.026299 0          -    0          -    

0.667 0.027778 12.222 6.377 0.027163 0          -    0          -    

0.683 0.028472 12.128 6.283 0.027547 0          -    0          -    

0.700 0.029167 11.916 6.071 0.028412 0          -    0          -    

0.717 0.029861 11.704 5.859 0.029278 0          -    0          -    

0.733 0.030556 11.587 5.742 0.029760 0          -    0          -    

0.750 0.03125 11.375 5.530 0.030627 0          -    0          -    

0.767 0.031944 11.187 5.342 0.031399 1   0.0257  0          -    

0.783 0.032639 10.975 5.130 0.032268 1   0.0119  0          -    

0.800 0.033333 10.645 4.801 0.033623 1   0.0073  0          -    

0.817 0.034028 10.434 4.589 0.034496 1   0.0189  0          -    

0.833 0.034722 10.340 4.495 0.034884 1   0.0023  0          -    

0.850 0.035417 10.128 4.283 0.035759 1   0.0101  0          -    

0.867 0.036111 10.034 4.189 0.036149 1   0.0001  0          -    

0.883 0.036806 9.822 3.977 0.037027 1   0.0042  0          -    

0.900 0.0375 9.704 3.859 0.037515 1   0.0000  0          -    

0.917 0.038194 9.492 3.647 0.038396 1   0.0035  0          -    

0.933 0.038889 9.398 3.553 0.038789 1   0.0009  0          -    

0.950 0.039583 9.187 3.342 0.039673 1   0.0007  0          -    

0.967 0.040278 9.092 3.247 0.040067 1   0.0038  0          -    

0.983 0.040972 8.881 3.036 0.040956 1   0.0000  0          -    

1.000 0.041667 8.763 2.918 0.041452 1   0.0040  0          -    

1.017 0.042361 8.551 2.706 0.042347 1   0.0000  0          -    

1.033 0.043055 8.457 2.612 0.042746 1   0.0083  0          -    

1.050 0.04375 8.245 2.400 0.043647 1   0.0009  0          -    

1.067 0.044445 8.033 2.188 0.044554 1   0.0010  0          -    

1.083 0.045139 7.939 2.094 0.044960 1   0.0028  0          -    
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Table B-2 (Continued). 

Cell A-1 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

1.100 0.045833 7.728 1.883 0.045877 1   0.0002  1   0.0002  

1.117 0.046528 7.610 1.765 0.046391 1   0.0016  1   0.0016  

1.133 0.047222 7.398 1.553 0.047324 0          -    1   0.0009  

1.150 0.047917 7.304 1.459 0.047742 0          -    1   0.0026  

1.167 0.048611 7.092 1.247 0.048696 0          -    1   0.0006  

1.183 0.049305 6.998 1.153 0.049127 0          -    1   0.0028  

1.200 0.05 6.786 0.941 0.050114 0          -    1   0.0011  

1.217 0.050695 6.669 0.824 0.050678 0          -    1   0.0000  

1.233 0.051389 6.457 0.612 0.051734 0          -    1   0.0103  

1.250 0.052083 6.363 0.518 0.052229 0          -    1   0.0018  

1.267 0.052778 6.245 0.400 0.052883 0          -    1   0.0010  

1.283 0.053472 6.151 0.306 0.053451 0          -    1   0.0000  

1.300 0.054167 6.057 0.212 0.054092 0          -    1   0.0005  

1.317 0.054861 5.939 0.094 0.055148 0          -    1   0.0071  

1.333 0.055555 5.939 0.094 0.055148 0          -    1   0.0143  

1.350 0.05625 5.845 0.000   0          -    0          -    

1.367 0.056945 5.845 0.000   0          -    0          -    

1.383 0.057639 5.845 0.000   0          -    0          -    

1.400 0.058333 5.845 0.000   0          -    0          -    

1.417 0.059028 5.845 0.000   0          -    0          -    
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Table B-3: Ks(NO3-N) Data for Temp 150C for BP 

Cell A-7 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.000 0 20 12.938 -0.004905 0          -    0           -    

0.017 0.000694 19.787 12.724 -0.002743 0          -    0           -    

0.033 0.001389 19.692 12.630 -0.001782 0          -    0           -    

0.050 0.002083 19.597 12.535 -0.000821 0          -    0           -    

0.067 0.002778 19.479 12.416 0.000381 0          -    0           -    

0.083 0.003472 19.289 12.227 0.002303 0          -    0           -    

0.100 0.004167 19.171 12.108 0.003505 0          -    0           -    

0.117 0.004861 19.076 12.014 0.004466 0          -    0           -    

0.133 0.005556 18.981 11.919 0.005428 0          -    0           -    

0.150 0.00625 18.863 11.800 0.006629 0          -    0           -    

0.167 0.006944 18.863 11.800 0.006629 0          -    0           -    

0.183 0.007639 18.768 11.706 0.007591 0          -    0           -    

0.200 0.008333 18.673 11.611 0.008553 0          -    0           -    

0.217 0.009028 18.555 11.492 0.009755 0          -    0           -    

0.233 0.009722 18.555 11.492 0.009755 0          -    0           -    

0.250 0.010417 18.460 11.397 0.010717 0          -    0           -    

0.267 0.011111 18.365 11.303 0.011679 0          -    0           -    

0.283 0.011806 18.247 11.184 0.012881 0          -    0           -    

0.300 0.0125 18.247 11.184 0.012881 0          -    0           -    

0.317 0.013194 18.152 11.089 0.013843 0          -    0           -    

0.333 0.013889 18.057 10.995 0.014805 0          -    0           -    

0.350 0.014583 18.057 10.995 0.014805 0          -    0           -    

0.367 0.015278 17.939 10.876 0.016008 0          -    0           -    

0.383 0.015972 17.844 10.781 0.016971 0          -    0           -    

0.400 0.016667 17.844 10.781 0.016971 0          -    0           -    

0.417 0.017361 17.844 10.781 0.016971 0          -    0           -    

0.433 0.018056 17.630 10.568 0.019136 0          -    0           -    

0.450 0.01875 17.630 10.568 0.019136 0          -    0           -    

0.467 0.019444 17.630 10.568 0.019136 0          -    0           -    

0.483 0.020139 17.536 10.473 0.020099 0          -    0           -    

0.500 0.020833 17.441 10.379 0.021061 0          -    0           -    

0.517 0.021528 17.322 10.260 0.022265 0          -    0           -    

0.533 0.022222 17.322 10.260 0.022265 0          -    0           -    
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Table B-3 (Continued). 

Cell A-7 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.550 0.022917 17.228 10.165 0.023228 0          -    0           -    

0.567 0.023611 17.228 10.165 0.023228 0          -    0           -    

0.583 0.024306 17.133 10.071 0.024191 0          -    0           -    

0.600 0.025 17.014 9.952 0.025395 0          -    0           -    

0.617 0.025694 16.920 9.857 0.026358 0          -    0           -    

0.633 0.026389 16.825 9.763 0.027321 0          -    0           -    

0.650 0.027083 16.825 9.763 0.027321 0          -    0           -    

0.667 0.027778 16.706 9.644 0.028526 0          -    0           -    

0.683 0.028472 16.706 9.644 0.028526 0          -    0           -    

0.700 0.029167 16.612 9.549 0.029489 0          -    0           -    

0.717 0.029861 16.517 9.454 0.030453 0          -    0           -    

0.733 0.030556 16.517 9.454 0.030453 0          -    0           -    

0.750 0.03125 16.398 9.336 0.031658 0          -    0           -    

0.767 0.031944 16.398 9.336 0.031658 0          -    0           -    

0.783 0.032639 16.304 9.241 0.032621 0          -    0           -    

0.800 0.033333 16.209 9.146 0.033585 0          -    0           -    

0.817 0.034028 16.209 9.146 0.033585 0          -    0           -    

0.833 0.034722 16.090 9.028 0.034791 0          -    0           -    

0.850 0.035417 16.090 9.028 0.034791 0          -    0           -    

0.867 0.036111 15.995 8.933 0.035755 0          -    0           -    

0.883 0.036806 15.901 8.838 0.036719 0          -    0           -    

0.900 0.0375 15.901 8.838 0.036719 0          -    0           -    

0.917 0.038194 15.782 8.720 0.037925 0          -    0           -    

0.933 0.038889 15.687 8.625 0.038890 0          -    0           -    

0.950 0.039583 15.687 8.625 0.038890 0          -    0           -    

0.967 0.040278 15.593 8.530 0.039855 0          -    0           -    

0.983 0.040972 15.593 8.530 0.039855 0          -    0           -    

1.000 0.041667 15.379 8.317 0.042026 0          -    0           -    

1.017 0.042361 15.379 8.317 0.042026 0          -    0           -    

1.033 0.043055 15.379 8.317 0.042026 0          -    0           -    

1.050 0.04375 15.285 8.222 0.042991 0          -    0           -    

1.067 0.044445 15.166 8.104 0.044198 0          -    0           -    

1.083 0.045139 15.071 8.009 0.045164 0          -    0           -    



 102

Table B-3 (Continued). 

Cell A-7 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

1.100 0.045833 15.071 8.009 0.045164 0          -    0           -    

1.117 0.046528 14.977 7.914 0.046129 0          -    0           -    

1.133 0.047222 14.977 7.914 0.046129 0          -    0           -    

1.150 0.047917 14.882 7.819 0.047095 0          -    0           -    

1.167 0.048611 14.763 7.701 0.048303 0          -    0           -    

1.183 0.049305 14.669 7.606 0.049269 0          -    0           -    

1.200 0.05 14.669 7.606 0.049269 0          -    0           -    

1.217 0.050695 14.574 7.511 0.050235 0          -    0           -    

1.233 0.051389 14.455 7.393 0.051444 0          -    0           -    

1.250 0.052083 14.360 7.298 0.052411 0          -    0           -    

1.267 0.052778 14.360 7.298 0.052411 0          -    0           -    

1.283 0.053472 14.266 7.203 0.053378 0          -    0           -    

1.300 0.054167 14.147 7.085 0.054587 0          -    0           -    

1.317 0.054861 14.147 7.085 0.054587 0          -    0           -    

1.333 0.055555 14.052 6.990 0.055554 0          -    0           -    

1.350 0.05625 13.958 6.895 0.056522 0          -    0           -    

1.367 0.056945 13.958 6.895 0.056522 0          -    0           -    

1.383 0.057639 13.839 6.777 0.057732 0          -    0           -    

1.400 0.058333 13.839 6.777 0.057732 0          -    0           -    

1.417 0.059028 13.744 6.682 0.058700 0          -    0           -    

1.433 0.059722 13.650 6.587 0.059668 0          -    0           -    

1.450 0.060417 13.531 6.469 0.060879 0          -    0           -    

1.467 0.061111 13.531 6.469 0.060879 0          -    0           -    

1.483 0.061805 13.436 6.374 0.061848 0          -    0           -    

1.500 0.0625 13.342 6.279 0.062817 0          -    0           -    

1.517 0.063195 13.223 6.161 0.064028 0          -    0           -    

1.533 0.063889 13.223 6.161 0.064028 0          -    0           -    

1.550 0.064583 13.128 6.066 0.064998 0          -    0           -    

1.567 0.065278 13.034 5.971 0.065968 0          -    0           -    

1.583 0.065972 12.915 5.853 0.067181 0          -    0           -    

1.600 0.066667 12.915 5.853 0.067181 0          -    0           -    

1.617 0.067361 12.820 5.758 0.068151 0          -    0           -    

1.633 0.068055 12.820 5.758 0.068151 0          -    0           -    
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Table B-3 (Continued). 

Cell A-7 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

1.650 0.06875 12.726 5.663 0.069122 0          -    0           -    

1.667 0.069445 12.607 5.545 0.070336 0          -    0           -    

1.683 0.070139 12.607 5.545 0.070336 0          -    0           -    

1.700 0.070833 12.512 5.450 0.071307 0          -    0           -    

1.717 0.071528 12.512 5.450 0.071307 0          -    0           -    

1.733 0.072222 12.417 5.355 0.072279 0          -    0           -    

1.750 0.072917 12.299 5.237 0.073494 0          -    0           -    

1.767 0.073611 12.299 5.237 0.073494 0          -    0           -    

1.783 0.074305 12.204 5.142 0.074467 0          -    0           -    

1.800 0.075 12.109 5.047 0.075440 0          -    0           -    

1.817 0.075695 12.109 5.047 0.075440 0          -    0           -    

1.833 0.076389 11.991 4.929 0.076657 0          -    0           -    

1.850 0.077083 11.991 4.929 0.076657 0          -    0           -    

1.867 0.077778 11.896 4.834 0.077631 0          -    0           -    

1.883 0.078472 11.801 4.739 0.078605 0          -    0           -    

1.900 0.079167 11.683 4.621 0.079823 0          -    0           -    

1.917 0.079861 11.683 4.621 0.079823 0          -    0           -    

1.933 0.080555 11.588 4.526 0.080799 0          -    0           -    

1.950 0.08125 11.588 4.526 0.080799 0          -    0           -    

1.967 0.081945 11.493 4.431 0.081774 0          -    0           -    

1.983 0.082639 11.375 4.313 0.082995 0          -    0           -    

2.000 0.083333 11.375 4.313 0.082995 0          -    0           -    

2.017 0.084028 11.280 4.218 0.083972 0          -    0           -    

2.033 0.084722 11.280 4.218 0.083972 0          -    0           -    

2.050 0.085417 11.185 4.123 0.084949 0          -    0           -    

2.067 0.086111 11.067 4.005 0.086172 1   0.0003  0           -    

2.083 0.086805 10.972 3.910 0.087151 1   0.0103  0           -    

2.100 0.0875 10.972 3.910 0.087151 1   0.0105  0           -    

2.117 0.088195 10.877 3.815 0.088130 1   0.0004  0           -    

2.133 0.088889 10.759 3.696 0.089355 1   0.0188  0           -    

2.150 0.089583 10.759 3.696 0.089355 1   0.0045  0           -    

2.167 0.090278 10.664 3.602 0.090336 1   0.0003  0           -    

2.183 0.090972 10.569 3.507 0.091318 1   0.0103  0           -    
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Table B-3 (Continued). 

Cell A-7 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

2.200 0.091667 10.569 3.507 0.091318 1   0.0105  0           -    

2.217 0.092361 10.451 3.388 0.092546 1   0.0030  0           -    

2.233 0.093055 10.451 3.388 0.092546 1   0.0224  0           -    

2.250 0.09375 10.356 3.294 0.093530 1   0.0042  0           -    

2.267 0.094445 10.261 3.199 0.094514 1   0.0004  0           -    

2.283 0.095139 10.143 3.080 0.095746 1   0.0319  0           -    

2.300 0.095833 10.143 3.080 0.095746 1   0.0007  0           -    

2.317 0.096528 10.048 2.986 0.096733 1   0.0036  1    0.0036  

2.333 0.097222 9.953 2.891 0.097720 0          -    1    0.0214  

2.350 0.097917 9.953 2.891 0.097720 0          -    1    0.0033  

2.367 0.098611 9.835 2.772 0.098957 0          -    1    0.0103  

2.383 0.099305 9.835 2.772 0.098957 0          -    1    0.0105  

2.400 0.1 9.740 2.678 0.099947 0          -    1    0.0002  

2.417 0.100695 9.645 2.583 0.100939 0          -    1    0.0052  

2.433 0.101389 9.645 2.583 0.100939 0          -    1    0.0175  

2.450 0.102083 9.527 2.464 0.102181 0          -    1    0.0008  

2.467 0.102778 9.527 2.464 0.102181 0          -    1    0.0308  

2.483 0.103472 9.432 2.370 0.103176 0          -    1    0.0076  

2.500 0.104167 9.337 2.275 0.104173 0          -    1    0.0000  

2.517 0.104861 9.337 2.275 0.104173 0          -    1    0.0409  

2.533 0.105555 9.219 2.156 0.105422 0          -    1    0.0015  

2.550 0.10625 9.219 2.156 0.105422 0          -    1    0.0592  

2.567 0.106945 9.124 2.061 0.106423 0          -    1    0.0235  

2.583 0.107639 9.124 2.061 0.106423 0          -    1    0.1276  

2.600 0.108333 9.029 1.967 0.107427 0          -    1    0.0710  

2.617 0.109028 9.029 1.967 0.107427 0          -    1    0.2214  

2.633 0.109722 8.911 1.848 0.108685 0          -    1    0.0929  

2.650 0.110417 8.911 1.848 0.108685 0          -    1    0.2590  

2.667 0.111111 8.816 1.753 0.109695 0          -    1    0.1733  

2.683 0.111805 8.721 1.659 0.110708 0          -    1    0.1041  

2.700 0.1125 8.721 1.659 0.110708 0          -    1    0.2774  

2.717 0.113195 8.603 1.540 0.111979 0          -    1    0.1276  

2.733 0.113889 8.603 1.540 0.111979 0          -    1    0.3151  
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Table B-3 (Continued). 

Cell A-7 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

2.750 0.114583 8.508 1.445 0.113001 0          -    1    0.2164  

2.767 0.115278 8.508 1.445 0.113001 0          -    1    0.4480  

2.783 0.115972 8.413 1.351 0.114027 0          -    1    0.3269  

2.800 0.116667 8.413 1.351 0.114027 0          -    1    0.6021  

2.817 0.117361 8.294 1.232 0.115317 0          -    1    0.3610  

2.833 0.118055 8.294 1.232 0.115317 0          -    1    0.6478  

2.850 0.11875 8.200 1.137 0.116357 0          -    1    0.4950  

2.867 0.119445 8.200 1.137 0.116357 0          -    1    0.8239  

2.883 0.120139 8.105 1.043 0.117403 0          -    1    0.6464  

2.900 0.120833 7.986 0.924 0.118725 0          -    1    0.3841  

2.917 0.121528 7.986 0.924 0.118725 0          -    1    0.6789  

2.933 0.122222 7.892 0.829 0.119795 0          -    1    0.5091  

2.950 0.122917 7.892 0.829 0.119795 0          -    1    0.8421  

2.967 0.123611 7.678 0.616 0.122260 0          -    1    0.1578  

2.983 0.124305 7.678 0.616 0.122260 0          -    1    0.3615  

3.000 0.125 7.584 0.521 0.123393 0          -    1    0.2231  

3.017 0.125695 7.489 0.427 0.124563 0          -    1    0.1107  

3.033 0.126389 7.370 0.308 0.126106 0          -    1    0.0069  

3.050 0.127083 7.276 0.213 0.127456 0          -    1    0.0120  

3.067 0.127778 7.181 0.118 0.129044 0          -    1    0.1384  

3.083 0.128473 7.062 0.000   0          -    0           -    

3.100 0.129167 7.062 0.000   0          -    0           -    

3.117 0.129862 7.062 0.000   0          -    0           -    

3.133 0.130556 7.062 0.000   0          -    0           -    

3.150 0.131251 7.062 0.000   0          -    0           -    
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Table B-4: Ks(NO3-N) Data for Temp 160C for BP 

Cell A-6 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.000 0 20 6.635 -0.000062 0          -    0           -    

0.017 0.000694 19.787 6.423 0.001184 0          -    0           -    

0.033 0.001389 19.693 6.328 0.001737 0          -    0           -    

0.050 0.002083 19.575 6.210 0.002430 0          -    0           -    

0.067 0.002778 19.481 6.116 0.002984 0          -    0           -    

0.083 0.003472 19.362 5.998 0.003677 0          -    0           -    

0.100 0.004167 19.268 5.903 0.004231 0          -    0           -    

0.117 0.004861 19.150 5.785 0.004925 0          -    0           -    

0.133 0.005556 18.961 5.596 0.006035 0          -    0           -    

0.150 0.00625 18.843 5.478 0.006730 0          -    0           -    

0.167 0.006944 18.748 5.384 0.007285 0          -    0           -    

0.183 0.007639 18.630 5.266 0.007981 0          -    0           -    

0.200 0.008333 18.536 5.171 0.008537 0          -    0           -    

0.217 0.009028 18.418 5.053 0.009233 0          -    0           -    

0.233 0.009722 18.323 4.959 0.009790 0          -    0           -    

0.250 0.010417 18.229 4.864 0.010347 0          -    0           -    

0.267 0.011111 18.111 4.746 0.011044 0          -    0           -    

0.283 0.011806 18.016 4.652 0.011602 0          -    0           -    

0.300 0.0125 17.898 4.534 0.012300 0          -    0           -    

0.317 0.013194 17.804 4.439 0.012859 0          -    0           -    

0.333 0.013889 17.686 4.321 0.013558 0          -    0           -    

0.350 0.014583 17.473 4.109 0.014817 0          -    0           -    

0.367 0.015278 17.379 4.014 0.015378 0          -    0           -    

0.383 0.015972 17.284 3.920 0.015939 0          -    0           -    

0.400 0.016667 17.166 3.802 0.016641 0          -    0           -    

0.417 0.017361 17.072 3.707 0.017203 0          -    0           -    

0.433 0.018056 16.859 3.495 0.018470 0          -    0           -    

0.450 0.01875 16.741 3.377 0.019175 0          -    0           -    

0.467 0.019444 16.647 3.282 0.019739 0          -    0           -    

0.483 0.020139 16.529 3.164 0.020446 0          -    0           -    

0.500 0.020833 16.434 3.070 0.021012 0          -    0           -    

0.517 0.021528 16.340 2.975 0.021579 0          -    0           -    

0.533 0.022222 16.222 2.857 0.022289 0          -    0           -    
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Table B-4 (Continued). 

Cell A-6 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.550 0.022917 16.127 2.763 0.022858 0          -    0           -    

0.567 0.023611 16.009 2.645 0.023570 0          -    0           -    

0.583 0.024306 15.915 2.550 0.024142 0          -    0           -    

0.600 0.025 15.797 2.432 0.024857 0          -    0           -    

0.617 0.025694 15.702 2.338 0.025431 0          -    0           -    

0.633 0.026389 15.608 2.243 0.026006 0          -    0           -    

0.650 0.027083 15.490 2.125 0.026727 0          -    0           -    

0.667 0.027778 15.395 2.031 0.027305 0          -    0           -    

0.683 0.028472 15.183 1.818 0.028613 0          -    0           -    

0.700 0.029167 15.065 1.700 0.029345 0          -    0           -    

0.717 0.029861 14.970 1.606 0.029933 0          -    0           -    

0.733 0.030556 14.852 1.488 0.030671 1   0.0012  0           -    

0.750 0.03125 14.758 1.393 0.031266 1   0.0000  0           -    

0.767 0.031944 14.663 1.299 0.031865 1   0.0006  0           -    

0.783 0.032639 14.545 1.181 0.032619 1   0.0000  0           -    

0.800 0.033333 14.451 1.086 0.033228 1   0.0010  0           -    

0.817 0.034028 14.333 0.968 0.033998 1   0.0001  0           -    

0.833 0.034722 14.238 0.874 0.034623 1   0.0009  0           -    

0.850 0.035417 14.120 0.756 0.035417 1   0.0000  0           -    

0.867 0.036111 14.026 0.661 0.036066 1   0.0002  0           -    

0.883 0.036806 13.908 0.543 0.036902 1   0.0008  0           -    

0.900 0.0375 13.813 0.449 0.037598 1   0.0008  1    0.0008  

0.917 0.038194 13.719 0.354 0.038331 1   0.0016  1    0.0016  

0.933 0.038889 13.601 0.236 0.039335 0          -    1    0.0172  

0.950 0.039583 13.601 0.236 0.039335 0          -    1    0.0053  

0.967 0.040278 13.506 0.142 0.040289 0          -    1    0.0000  

0.983 0.040972 13.506 0.142 0.040289 0          -    1    0.0403  

1.000 0.041667 13.388 0.024 0.042412 0          -    1    0.0481  

1.017 0.042361 13.388 0.024 0.042412 0          -    1    0.0002  

1.033 0.043055 13.388 0.024 0.042412 0          -    1    0.0357  

1.050 0.04375 13.365 0.000   0          -    0           -    

1.067 0.044445 13.365 0.000   0          -    0           -    

1.083 0.045139 13.365 0.000   0          -    0           -    
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Table B-5: Ks(NO3-N) Data for Temp 170C for BP 

Cell A-1 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.000 0 25 13.437 -0.002055 0          -    0           -    

0.017 0.000694 24.576 13.013 -0.000855 0          -    0           -    

0.033 0.001389 24.176 12.613 0.000280 0          -    0           -    

0.050 0.002083 23.870 12.307 0.001149 0          -    0           -    

0.067 0.002778 23.565 12.001 0.002018 0          -    0           -    

0.083 0.003472 23.235 11.672 0.002956 0          -    0           -    

0.100 0.004167 23.047 11.484 0.003492 0          -    0           -    

0.117 0.004861 22.717 11.154 0.004432 0          -    0           -    

0.133 0.005556 22.411 10.848 0.005306 0          -    0           -    

0.150 0.00625 22.200 10.636 0.005911 0          -    0           -    

0.167 0.006944 21.894 10.331 0.006787 0          -    0           -    

0.183 0.007639 21.706 10.142 0.007326 0          -    0           -    

0.200 0.008333 21.376 9.813 0.008271 0          -    0           -    

0.217 0.009028 21.188 9.625 0.008812 0          -    0           -    

0.233 0.009722 20.858 9.295 0.009760 0          -    0           -    

0.250 0.010417 20.670 9.107 0.010303 0          -    0           -    

0.267 0.011111 20.341 8.777 0.011253 0          -    0           -    

0.283 0.011806 20.152 8.589 0.011798 0          -    0           -    

0.300 0.0125 19.823 8.260 0.012752 0          -    0           -    

0.317 0.013194 19.635 8.071 0.013298 0          -    0           -    

0.333 0.013889 19.329 7.766 0.014187 0          -    0           -    

0.350 0.014583 19.117 7.554 0.014804 0          -    0           -    

0.367 0.015278 18.811 7.248 0.015697 0          -    0           -    

0.383 0.015972 18.599 7.036 0.016317 0          -    0           -    

0.400 0.016667 18.388 6.824 0.016938 0          -    0           -    

0.417 0.017361 18.082 6.518 0.017838 0          -    0           -    

0.433 0.018056 17.964 6.401 0.018185 0          -    0           -    

0.450 0.01875 17.658 6.095 0.019089 0          -    0           -    

0.467 0.019444 17.470 5.907 0.019647 0          -    0           -    

0.483 0.020139 17.258 5.695 0.020277 0          -    0           -    

0.500 0.020833 16.952 5.389 0.021190 0          -    0           -    

0.517 0.021528 16.740 5.177 0.021825 0          -    0           -    

0.533 0.022222 16.528 4.965 0.022462 0          -    0           -    
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Table B-5 (Continued). 

Cell A-1 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.550 0.022917 16.317 4.753 0.023102 0          -    0           -    

0.567 0.023611 16.105 4.542 0.023745 0          -    0           -    

0.583 0.024306 15.917 4.353 0.024319 0          -    0           -    

0.600 0.025 15.705 4.142 0.024968 0          -    0           -    

0.617 0.025694 15.493 3.930 0.025621 0          -    0           -    

0.633 0.026389 15.187 3.624 0.026572 0          -    0           -    

0.650 0.027083 14.975 3.412 0.027236 1   0.0020  0           -    

0.667 0.027778 14.764 3.200 0.027905 1   0.0014  0           -    

0.683 0.028472 14.575 3.012 0.028506 1   0.0001  0           -    

0.700 0.029167 14.364 2.800 0.029188 1   0.0000  0           -    

0.717 0.029861 14.152 2.589 0.029879 1   0.0000  0           -    

0.733 0.030556 13.940 2.377 0.030579 1   0.0000  0           -    

0.750 0.03125 13.728 2.165 0.031291 1   0.0001  0           -    

0.767 0.031944 13.540 1.977 0.031936 1   0.0000  0           -    

0.783 0.032639 13.328 1.765 0.032676 1   0.0001  1    0.0001  

0.800 0.033333 13.234 1.671 0.033012 1   0.0089  1    0.0089  

0.817 0.034028 13.022 1.459 0.033785 1   0.0051  1    0.0051  

0.833 0.034722 12.810 1.247 0.034589 1   0.0015  1    0.0015  

0.850 0.035417 12.599 1.035 0.035435 1   0.0000  1    0.0000  

0.867 0.036111 12.387 0.824 0.036343 1   0.0046  1    0.0046  

0.883 0.036806 12.293 0.729 0.036775 0          -    1    0.0001  

0.900 0.0375 12.081 0.518 0.037848 0          -    1    0.0104  

0.917 0.038194 11.987 0.424 0.038394 0          -    1    0.0034  

0.933 0.038889 11.869 0.306 0.039185 0          -    1    0.0076  

0.950 0.039583 11.775 0.212 0.039973 0          -    1    0.0131  

0.967 0.040278 11.775 0.212 0.039973 0          -    1    0.0080  

0.983 0.040972 11.681 0.118 0.041080 0          -    1    0.0010  

1.000 0.041667 11.681 0.118 0.041080 0          -    1    0.0298  

1.017 0.042361 11.563 0.000   0          -    0           -    

1.033 0.043055 11.563 0.000   0          -    0           -    

1.050 0.04375 11.563 0.000   0          -    0           -    

1.067 0.044445 11.563 0.000   0          -    0           -    
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Table B-6: Ks(NO3-N) Data for Temp 180C for BP 

Cell A-2 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.000 0 20 10.536 0.001095 0          -    0           -    

0.017 0.000694 19.689 10.225 0.001817 0          -    0           -    

0.033 0.001389 19.353 9.889 0.002598 0          -    0           -    

0.050 0.002083 19.042 9.578 0.003325 0          -    0           -    

0.067 0.002778 18.731 9.267 0.004054 0          -    0           -    

0.083 0.003472 18.515 9.051 0.004560 0          -    0           -    

0.100 0.004167 18.204 8.740 0.005293 0          -    0           -    

0.117 0.004861 17.989 8.525 0.005802 0          -    0           -    

0.133 0.005556 17.773 8.309 0.006312 0          -    0           -    

0.150 0.00625 17.438 7.974 0.007109 0          -    0           -    

0.167 0.006944 17.127 7.663 0.007852 0          -    0           -    

0.183 0.007639 16.911 7.447 0.008368 0          -    0           -    

0.200 0.008333 16.600 7.136 0.009116 0          -    0           -    

0.217 0.009028 16.384 6.920 0.009637 0          -    0           -    

0.233 0.009722 16.169 6.705 0.010159 0          -    0           -    

0.250 0.010417 15.953 6.489 0.010684 0          -    0           -    

0.267 0.011111 15.642 6.178 0.011446 0          -    0           -    

0.283 0.011806 15.427 5.963 0.011976 0          -    0           -    

0.300 0.0125 15.211 5.747 0.012509 0          -    0           -    

0.317 0.013194 14.900 5.436 0.013284 0          -    0           -    

0.333 0.013889 14.684 5.220 0.013824 0          -    0           -    

0.350 0.014583 14.373 4.909 0.014611 0          -    0           -    

0.367 0.015278 14.038 4.574 0.015467 0          -    0           -    

0.383 0.015972 13.822 4.358 0.016024 0          -    0           -    

0.400 0.016667 13.511 4.047 0.016836 0          -    0           -    

0.417 0.017361 13.295 3.831 0.017405 1   0.0002  0           -    

0.433 0.018056 13.080 3.616 0.017981 1   0.0005  0           -    

0.450 0.01875 12.769 3.305 0.018825 1   0.0005  0           -    

0.467 0.019444 12.553 3.089 0.019420 1   0.0001  0           -    

0.483 0.020139 12.338 2.874 0.020025 1   0.0011  0           -    

0.500 0.020833 12.026 2.562 0.020920 1   0.0006  0           -    

0.517 0.021528 11.811 2.347 0.021556 1   0.0001  0           -    

0.533 0.022222 11.595 2.131 0.022210 1   0.0000  0           -    
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Table B-6 (Continued). 

Cell A-2 Data Model 

Time 
(hours) Time, d NO3 

NO3 
cleaned Time, d   

T error 
(s^2)   

T error 
(s^2) 

0.550 0.022917 11.380 1.916 0.022884 1   0.0001  0           -    

0.567 0.023611 11.164 1.700 0.023584 1   0.0001  0           -    

0.583 0.024306 10.973 1.509 0.024234 1   0.0004  0           -    

0.600 0.025 10.757 1.293 0.025005 1   0.0000  1    0.0000  

0.617 0.025694 10.542 1.078 0.025832 1   0.0016  1    0.0016  

0.633 0.026389 10.422 0.958 0.026326 1   0.0003  1    0.0003  

0.650 0.027083 10.231 0.767 0.027185 1   0.0009  1    0.0009  

0.667 0.027778 10.111 0.647 0.027784 1   0.0000  1    0.0000  

0.683 0.028472 10.015 0.551 0.028313 0          -    1    0.0022  

0.700 0.029167 9.895 0.431 0.029064 0          -    1    0.0009  

0.717 0.029861 9.800 0.336 0.029776 0          -    1    0.0006  

0.733 0.030556 9.680 0.216 0.030926 0          -    1    0.0118  

0.750 0.03125 9.680 0.216 0.030926 0          -    1    0.0091  

0.767 0.031944 9.584 0.120 0.032318 0          -    1    0.0121  

0.783 0.032639 9.584 0.120 0.032318 0          -    1    0.0089  

0.800 0.033333 9.464 0.000 0.044875 0          -    0           -    

0.817 0.034028 9.464 0.000 0.044875 0          -    0           -    

0.833 0.034722 9.464 0.000 0.044875 0          -    0           -    

0.850 0.035417 9.464 0.000 0.044875 0          -    0           -    

0.867 0.036111 9.464 0.000 0.044875 0          -    0           -    

0.883 0.036806 9.464 0.000 0.044875 0          -    0           -    

0.900 0.0375 9.464 0.000 0.044875 0          -    0           -    

0.917 0.038194 9.464 0.000 0.044875 0          -    0           -    

0.933 0.038889 9.464 0.000 0.044875 0          -    0           -    

0.950 0.039583 9.464 0.000 0.044875 0          -    0           -    

0.967 0.040278 9.464 0.000 0.044875 0          -    0           -    

0.983 0.040972 9.464 0.000 0.044875 0          -    0           -    

1.000 0.041667 9.464 0.000 0.044875 0          -    0           -    

1.017 0.042361 9.464 0.000 0.044875 0          -    0           -    

1.033 0.043055 9.464 0.000 0.044875 0          -    0           -    
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APPENDIX D 

 

Table for calculating  predicted SDNR and Standard Deviation 

Temp 
SDNR 

Measured 
SDNR 

Predicted 
Standard 
Deviation Theta K20 

12 3.05 3.418 0.23    
14 4.03 4.016 0.83 1.150 9.346 
15 3.65 4.354 0.60 0.906 2.226 
16 3.44 4.719 0.30 0.942 2.711 
18 4.82 5.546 0.42 1.184 6.754 
19 6.43 6.011 0.98 1.335 8.585 
20 7.45 6.516 1.25 1.159 7.454 
24 7.46 8.998 0.18 1.000 7.454 
25 6.97 9.754 0.44 0.933 9.832 
26 8.54 10.573 1.87 1.226 2.520 
27 8.58 11.461 2.21 1.005 8.283 

   Average 1.084 6.516 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


