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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 decwitidin kinetics of
methanol utilizing organisms at low temperatures, as methaneldisly used as an
external carbon source by the treatment plants in biologicalrifieation treatment
processes to achieve low effluent total nitrogen concentrations.d€hérification
parameters studied were the Specific denitrification @&8\NRs) and the Nitrate half
saturation constants {f{os-n). Most of the experimental studies were conducted for Blue
Plains (BP) Advanced Wastewater Treatment Plant (AWTP), howée tests were
also conducted for samples obtained from the Alexandria Sanitatidroityt(ASA)
Advanced Wastewater Treatment Plant (AWTP) in Virginia. Thests were conducted
at low temperatures in the range of’@2to 18C. Respirometer system was used to
conduct these tests on mixed liquor taken from the anoxic deniioficabnes of the
AWTPs using the suspended growth activated sludge process. phiermeter was used
to conduct the nitrate-limiting test where nitrate was lichi®dd excess COD and other
nutrients were present. A modified specific denitrification (S#BNR) test was utilized
which limited one of the substrates (such as nitrate) to run ouel&iothers. Different
Ks concentrations may exist not only for the different substrates,fdr different
processes as well. The maximum specific denitrification @BNR) were found to be
in the range of 3.05 to 5.44 mg/gm MLVSS/ hr for temperatures frd@ &218C for
samples obtained from BP. A higher temperature resulted in higDBlRS The

temperature dependency of SDNRs was evaluated and an Arrhenifisiertief 1) of



1.084 was obtained. The average values of nitrate half saturation cargtanéd using
the nitrate limiting tests (with excess COD present) conducted uspigorestery for the
same temperature intervals were estimated between 0.02 and 0.99 mg/L. C@ayennit

ratios in the range of 2.47 to 4.15 were estimated for temperatures fféno1PSC.
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CHAPTER I: INTRODUCTION

1.1 The Chesapeake Bay

The Chesapeake Bay is the largest estuary in the Unitesk Stlatl one of the most
diverse. It covers approximately 11,400 square kilometers and str@8Rdslometers
from Virginia Beach, Virginia, to Havre de Grace, Maryland, l& tmouth of the
Susquehanna River. Its watershed drains a region of 165,800 square kd8onhbte
Chesapeake is the shipping artery for Norfolk, Va., and Baltimore, ad.jt is highly
valued for its sea life, waterfowl, sport fishing, and recoeai boating. The Bay’s
mixture of fresh water and salt water promotes a fertileeplar organisms to grow. The
Chesapeake Bay's watershed covers 64,299 square miles (166%34 ttra District of
Columbia and parts of six states: New York, Pennsylvania, Detawdaryland,
Virginia, and West Virginia. For the people who live in its basin, Ghesapeake Bay
produces up to 500 million pounds of seafood per year and is enjoyed tretitionally

and commercially by 15 million people.

1.2 Environmental Concerns

Chesapeake Bay has experienced serious environmental degradagothesiearly
twentieth century. There had been reductions in sea grass, reanoadts of finfisrand
shellfish (especially oysters and crab), and seasonal aeydet dissolved oxygen, and

increases in sedimentation over a long period of time in the bay.oBmantal concerns



were voiced in the 1970s as it was discovered that the specieg watexrs were being
negatively affected, resulting in threats to the commercial anckational activities.
The Chesapeake Bay was discovered to contain one of the plasettefitified marine
dead zones, where hypoxic waters were so depleted of oxygehdkatére unable to
support life, resulting in massive fish kills. One of the main esusf pollution in
Chesapeake Bay has been eutrophication by the presence ofivexcessgen and
phosphorus in the water. The increased fertility of the bay'srsvhtes caused prolific
algal blooms. Algal concentrations in the water column and denseoimaggetation on
the water surface can shade out native aquatic plants. The oxygetiotepésulting
from the massive algal die-off disrupts the balance of the eenpsy¥he primary sources
of nitrogen and phosphorous have been the fertilizers and animal whieslands in
the basin. Excess nutrients enter into waterways by point soutaégroblnd non-point
source pollution. Nutrients that are washed off the ground from lsesluch as lawns,
crop lands, feedlots, parking lots, roads, etc contributes toward the mnnsporce
pollution, whereas, point source pollution generally comes from the watste
discharged from industrial facilities and municipal sewagertreat plants into rivers,

streams, lakes, and oceans.

1.3. The Chesapeake Bay Program

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

Protection Agency (EPA) recognized the Chesapeake Baylas\aged ecosystem. The
EPA conducted a $27 million research study from 1976 to 1983. This stadjuded

that immediate and intensive efforts were needed to save dhuarg and restore its



ecological health. In 1983, the Chesapeake Bay Agreement was sigddtie federal
government and the states of Maryland, Virginia, and Pennsylvaniaharididtrict of
Columbia pledged to take action to reverse its environmentaiatateon and to work
towards bay restoration (Chesapeake Bay Program, 2008). This pEaksaBay
Agreement initiated the formation of the Chesapeake Bay Progvemch is a
partnership among the states of Maryland, Virginia, Pennsylvdhe,District of
Columbia; along with the Chesapeake Bay Commission and the federahigewe. The
partnership has stated a number of bay protection and restora#ts gnd it strives to
mobilize the resources of the governmental sector with the prseater to achieve its
goals. The Chesapeake Bay Program operates as a voluntarporatilee resource
management program. Even after the efforts made towards potaod restoration of
Chesapeake Bay, it was still included in the EPA’s Impairatémbody listings in 2000.
Thus a new goal was set to reduce nutrient and sediment pollution enaegiote the
Bay and its tidal rivers from the EPA's impaired water bagtiny by 2010 (Chesapeake
Bay Program, 2008). As regulating point source pollution is moreigahcbmpared to
that of non-point source pollution, efforts are being made to conteotigcharge of
nutrients such as nitrogen and phosphorous concentrations from the wasteattent
plants in the area. With these new stricter regulations, munifapdities and other
wastewater treatment plants are focusing attention onniis lof technology (LOT) for
removing nutrients. The Blue Plains (BP) Advanced Wastewateatent Plant
(AWTP) located in Washington, D.C. and Alexandria Sanitation Authddyanced

Wastewater Treatment Plant (ASA AWTP) in Virginia dmo of the wastewater



treatment plants in the area focusing on nutrient removal to adhievew limits set by

EPA.

1.4 Blue Plains Advanced Wastewater Treatment Plant

Many utilities in the Chesapeake Bay watershed were foccedséarch new and
improved methods to reduce effluent nitrogen concentrations in thd haBlue Plains
Advanced Wastewater Treatment Plant is one of the largest @atl’anastewater
treatment plants in the world, with a capacity of 370 millionayellper day (MGD), a
peak capacity of 1.076 billion gallons per day and covering 150 acheseXisting
wastewater treatment processes at Blue Plains AWTP wnsispreliminary and
primary treatment, secondary treatment, nitrification/deraaifon, effluent filtration,
chlorination/dechlorination and post aeration. The plant has operated thealellBNR
system since 2000 to meet a goal of 7.5 mg/l total nitrogen onraraleaverage basis, or
8.4 million pounds per year (DCWASA, 2009). The plant was able to acthevéN
(total nitrogen) goal of 7.5mg/l, however, the annual performascerery much
dependent on temperature and rainfall-induced infiltration during thewemdther
months, which are beyond the plant’'s control. During winter, the wetgudrature drops
and this results in a decrease in growth rates of the lmacteeded for denitrification.

Thus, higher effluent total nitrogen concentrations are observed during this time.



Figure 1-1: The Blue Plains AWTP

1.5 Denitrification

Wastewater treatment plants typically use heterotrophidrifieation process for
nitrogen removal. Heterotrophic denitrification is a processwinch heterotrophic
bacteria utilize organic substrate as the electron donor to camuetie, the electron
acceptor, to nitrogen gas. In very simple terms, the reductionrrafento nitrogen gas is
what is generally referred to as denitrification. This biolalgtenitrification is a two step
process. First, ammonia (NHN) is oxidized to nitrate (N®N) and then nitrate is
reduced into nitrogen gas {]\ which is emitted into the atmosphere. Organic matter
naturally present in the wastewater can act as the @bedtmor for this reaction to take
place and both oxygen and nitrogen can act as an electron acceptoic Aoaditions
will have to be maintained for nitrate to act as the electroepor so that nitrate will be

used in the absence of oxygen.



If significant nitrogen removal is required, sometimes thgaoic matter naturally
present in the wastewater is insufficient to achieve theedeBmits. An external carbon
source is added to facilitate the denitrification reaction, eslhedd completion (near
complete removal of nitrate), when sufficient internal carbon igpregent. Some of the
external carbon sources include: methanol, lactic acid, acéticghgcose, glycerol etc.
Methanol is the most commonly used external carbon source bgé#tmént plants as it

is low in cost.

1.6 Importance and Scope of Research

As explained in the previous section, most treatment plants regldigoa of an
external carbon source, when the organic matter naturally presém wastewater is
insufficient to achieve desired levels of denitrification. Whiletmanol facilitated
denitrification is becoming increasingly popular for nitrogen rehavare research is
required to develop a better understanding of the kinetics of the meth@inohg
bacteria. The study of kinetic parameters such as Spdeifiitrification rates (SDNRS)
and half saturation constants are of importance. In particulanatheaturation kinetics
(Ky) of the bacteria are either unknown or have not been studied extgnsive study
of half saturation kinetics becomes especially important when ldatran donor or
acceptor concentrations are small. A highrésults in inefficient rates at low substrate
(both for the electron donor and acceptor) concentrations. To achieeeo$dhe very
low permit limits in the Chesapeake Bay, the effluent nitcatgcentration needs to be
0.5 mg/L or less. If the nitrate half saturation conceminas in this range, it will start to

impact growth rates of the biomass and the denitrification cdtédse electron acceptor.



The result would be a larger tank requirement to achieve dmaitigih to low nitrate
levels. Denitrifying bacteria are very sensitive to thenvienment and hence
denitrification is greatly affected by temperature changes. It hasdibserved that at low
temperatures, it is difficult to achieve desired levels of déadtion. It becomes more
difficult to attain the limit of technology (LOT) levels in wert when the mixed liquor
temperatures decrease and the anoxic retention time is redueew dhigher flows.
Therefore the kinetics of methanol utilizing organisms at lawptratures needs to be
studied to enhance the performance and to optimize the existirggyeam-removal

systems.

1.7 Research Objectives

e The first objective of this research was to estimate theif@pdenitrification
rates (SDNRs) of methanol utilizing organisms at low tematpees in the ranges
of 12°C to 18°C, and to determine the effect of temperature on the organisms.

e The second objective of this research was to estimate theabathtion constants
(Ko for methanol utilizing organisms at low temperaturehi@ranges of 12°C to
18°C under nitrate limiting conditions.

e The third objective of this research was to study the effectbiofmass
concentration on denitrification rates (DNRs) and SDNRs by comautdsts on
different mixed liquor volatile suspended solid (MLVSS) concentratminthe

same sample at low temperatures.



e The fourth objective of this research was to study the reldijorod nitrate half
saturation constants with DNRs and the maximum biomass producesn(kaf)
obtained from the SDNR tests.

To find these parameters, a modified specific denitrificatios t@st was conducted
using a Respirometer system. Tregpirometer was used to conduct the nitrate-limiting
test where nitrate was limited and excess COD (Chemigggyéh Demand) and other
nutrients were present. A modified specific denitrification (SBNR) test was utilized

which limited one of the substrates (such as nitrate).



CHAPTER II: LITERATURE REVIEW

2.1 Introduction

This chapter will focus on biological denitrification and the kirsetiof the
denitrification parameters involved. The last section will disquesst denitrification
studies, using methanol as the external carbon source, as a meanspafing results

that will be expounded later in Chapter VI.

2.2 Biological Wastewater Treatment

Biological wastewater treatment methods are employed towasgewater using
micro organisms that are native to wastewater. The idea behinidlabical methods of
wastewater treatment is to introduce contact with bactedbs)cwhich feed on the
organic materials in the wastewater. The overall objectiveseobiblogical treatment of
domestic wastewater are to 1)transform dissolved and particbiatgegradable
constituents into acceptable end products, 2) capture and incorporpendacss and
nonsettleable colloidal solids into a biological floc or biofilm, @nsform or remove
nutrients, such as nitrogen and phosphorus, and 4) in some cases, remowetsgETif
organic constituents and compounds. The principal biological processds farse
wastewater treatment can be divided into two main categotspesded growth, and
attached growth (or biofilm) processes. Suspended growth processéiseaones in
which the microorganisms responsible for the conversion of the orgatierror other
constituents in the wastewater to gases and cell tissue argamed in suspension

within the liquid. Attached growth processes are the biologieatrtrent processes in



which the microorganisms responsible for the conversion of the orgatierror other
constituents in the wastewater to gases and cell tissudarkesat to some inert medium,
such as rocks, slag, or specially designed ceramic or plaaterials. Attached growth
processes are also known as fixed-film processes. Combined proaesghe ones in
which both suspended and attached growth processes are used. Biologieadt nutri
removal (BNR) removes total nitrogen (TN) and total phosphorus f(oR) wastewater
through the use of microorganisms under different environmental conditiotise
treatment process (Metcalf and Eddy, 2003). The focus of thisrchsea nitrogen
removal and hence the following sections will discuss biologicabgetr removal in

detail.

2.3 Biological Nitrogen Removal

Biological nitrogen removal can occur in biological processeassimilating and
dissimilating nitrate reduction. Assimilating nitrate redoistinvolves the reduction of
nitrate to ammonia for use in cell synthesis. Dissimilatingatatreduction is also known
as biological denitrification. Figure 2-1 shows these Nitrogemsformations in
biological treatment processes. Biological denitrification isnéegral part of biological
nitrogen removal, which involves both nitrification and denitrification. @&jadal
nitrogen removal is used in wastewater treatment where therec@ncerns for
eutrophication, and where groundwater must be protected against @levatde
concentrations occurring due to the use of wastewater treatmenit gffuent for

groundwater recharge and other reclaimed water applications (MatchEddy, 2003).

10
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A 4
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I

Organic carbon

Figure 2-1: Nitrogen transformations in biological treatment pr ~ ocesses (Metcalf and

Eddy, 2003).

Wastewater typically contains nitrogen in the form of ammonieatej particulate
organic nitrogen, and soluble organic nitrogen. The biological procdsseprimarily
remove nitrogen are nitrification and denitrification. Nitrogemaogal can also be

achieved by air stripping. Air stripping removes only ammonia atesgscommon due

11



to process limitations which includes noise and air pollution, problerttssealing of

packed media and dramatic drop in efficiency at colder tempesgfeeavy et al. 1985).
While traveling through sewer pipes, the majority of theog#n contained in raw
sewage (urea and fecal material) is converted from orgamegait to ammonia through
a process called hydrolysis. The biological conversion of ammoniunitrébe nitrogen is
called Nitrification. Nitrification is a two-step process. dEjir bacteria known as
Nitrosomonasconvert ammonia and ammonium (NMHto nitrite (NQ) and then the
bacteria called Nitrobacteconverts the nitrite to nitrate (NQ. The reactions are
generally coupled and proceed rapidly to the nitrate form; therefdrge levels at any
given time are usually low. Equations 2.1, 2.2 show the energy-\ygetdactions taking
place during Nitrification. It is clear from equation 2.1 thatific&tion requires oxygen
and hence it occurs in an aerated zone.

2NH" + 3 @ ====2>2 NO, +4H'+ 2H,0 (2.1)

2NQ + O, === 2NO5 (2.2)

2.3.1 Denitrification

The second step of nitrogen removal is denitrification. The biologezhiction of
nitrate (NO3) to nitrogen gas (N2) using heterotrophic or fatudtédacteria in an anoxic
(unaerated) zone is called Denitrification. This method is commasdyg for nitrogen
removal as it is generally cost effective compared to othénods. Facultative bacteria
can get their oxygen by taking dissolved oxygen out of the watey taking it off of
nitrate molecules. Since denitrifying bacteria are faguétabrganisms, they can use

either dissolved oxygen or nitrate as an oxygen source for metataigraxidation of

12



organic matter. If dissolved oxygen and nitrate are presentyidaci# use the dissolved
oxygen first. That is, the bacteria will not lower the nitratacentration. Denitrification
occurs only under anaerobic or anoxic conditions. Denitrification ocghe oxygen
levels are depleted and nitrate becomes the primary oxygen ouroéroorganisms.
For denitrification to happen, certain factors or condition must be dbier These
include: anoxic conditions, presence of sufficient organic mattexct as an electron
donor in the influent wastewater, pH, nitrate concentration, temypeyatlkalinity, the
effects of trace metals and solids retention time (SRT)erd&bphic bacteria need a
carbon source as food to live. Sometimes, the organic matter hatprakent in
wastewater is not enough to achieve proper denitrification. le thiagations an external
carbon source is added to the wastewater and the carbon contentsigetieas the
chemical oxygen demand (COD). Methanol ¢OH) is widely used as an external
carbon source. Equation 2.3 shows the energy yielding denitrificagiaction with
methanol as the external carbon source (Metcalf and Eddy, 2003).

SCHOH+6NQ =>3N(g) +5CQ+7H0O+60H (2.3)

2.3.2 Biological Nitrogen Removal Process Configurations

Biological nitrogen removal systems achieve nitrification andtrdfiecation along
with BOD reduction in bioreactors followed by secondary clatifice Processes can be
either suspended growth or hybrid systems that use a combinataitaciied growth
(biofilms) and suspended growth technologies. The types of suspenddd grolgical
nitrogen-removal processes can be single-sludge or two-sludgesingle-siudge

processes only one solids separation device is used. In the twe-slygtgm, the most

13



common system consists of an aerobic process followed by arc gmogess, each with
its own clarifier, thus producing two sludges. Single-sludge systemused 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 wastevesttnént plants is
the Modified Ludzck Ettinger (MLE) process, which is considered adengtrification,
single sludge system. The process includes an initial aroxie, followed by an aerobic
zone (U.S. EPA, 1993). In the anoxic zone, nitrate produced in the aewmigciz
reduced to nitrogen gas. This process uses some of the BOD inctiming waste.
Nitrification occurs in the aerobic zone along with the removahos$t of the remaining
BOD. At the end of the aerobic zone, pumps recycle the nricitenixed liquor to the
anoxic zone for denitrification. A flow diagram of this pre-anadémitrification process
is shown in figure 2-2. A process is termed as post-anoxic demaitioih when the
nitrification precedes denitrification. As BOD removal takes @lbefore denitrification,
the only source of electron donor is from endogenous decay and thisimesdticed
reaction rates using wastewater BOD. In order to incrdeseate of denitrification to
achieve low levels of nitrate in post-anoxic denitrification, an erogs 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 fourstage Bardenpho process builds on the MLE process, with thawist

stages being identical to the MLE system (anoxic zone folldweah aeration zone with

a nitraterich recycle from the aeration to the anoxic zone). The thargesis a secondary

anoxic zone to provide denitrification to the portion of the flow thabisrecycled to the

primary anoxic zone. An external carbon source such as methanbkcaaded to this

zone to enhance denitrification. The fourth and final zone issan&ion zone that serves

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

process can achieve effluent TN levels of 3 to 5 mg/L (U.S. HBA3). Figure 2-3

shows a flow diagram of the four stage Bardenpho process.

Nitrified recycle D_‘

Effluent
Influent Anoxic Aeration Anoxic Aeration R
Tank Tank Tank Tank
[
L1
RAS pump

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 theemtflflow and directs
a portion of it to each of several anoxic zones, with the highegogron of influent
flow going to the first zone and steadily decreasing until teedaoxic zone prior to
clarification. The biomass in the later stages are not just treatingnbflow but are also
used to reduce nitrate from the upstream zones. The step feeah gysvides flexibility
for systems to handle weteather events. It can also be compatible with existing
conventional plug flow activated sludge processes and it does not réuirestallation
of recycle pumps and piping. Disadvantages include the need to contr@dQhe
concentration of aeration zones preceding the downstream anoxic nonee aneed to
control the flow splitting to the step feed points. Figure 2-4 shoflev diagram of step

feed process.

Influentl IanuentJ

Influent | Anoxic | Aeration | Anoxic | Aeration | Anoxic | Aeration Effluent
Tank Tank Tank Tank Tank Tank

RAS pump

Figure 2-4: Step-feed Process

2.3.3 Denitrifying Bacteria and Bacterial Growth Kinetics
A wide range of bacteria are capable of denitrification. Becteapable of

denitrification are both heterotrophic and autotrophic. Many heterotrapig@nisms
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exist that are capable of denitrifying. The heterotrophicrosgas include the following
genera: Achromobacter, Acinetobacter, Agrogacterium, Alcaligens, Arthrobacter,
Bacillus, Chromobacterium, Corynebacterium, Flavobacterium, Hypomicrobium,
Moraxella, Neisseria, Paracoccus, Propionibacterium, Pseudomonas, Rhizobium,
Rhodopseudomonas, Spirrillum, and Vibfdetcalf and Eddy, 2003). Pseudomonas are
the most common and widely distributed of all the denitrifiensl laave been shown to
use a wide array of organic compounds including hydrogen, methanobhgdrates,
organic acids, alcohols, benzoates, and other aromatic compounds (Mattdtddy,
2003). Denitrification with certain external carbon sources is woefl to be highly
selective for specific strains of bacteria (Dold et al. 2008). éxample, denitrification
with methanol is highly selective for thdyphomicrobiumspecies. Two strains of
HyphomicrobiumWC and B522, were also able to grow and denitrify with other sources
of external carbon including: ethanoh-propanol, n-butane, acetate, formate,
methylamine, glycerol and succinate (Hinojosa, 2008).

The rate of denitrification is related to the growth of l@tephs that use nitrate as
their terminal electron acceptor and are influenced by mangr&acelated to influent
wastewater characteristics, process configuration, pragesstion, and if supplemental
substrate addition is used. The performance of biological pracasee for wastewater
treatment depends on the dynamics of substrate utilization amdbmicgrowth. The
growth rate of denitrifying bacteria can be quantified usheg gpecific denitrification
rate (SDNR) test and maximum specific growth ratg.jtest. 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 isetim@val of substrate.
Substrate is the term used to denote organic matter or nuthahisré converted during
biological treatment or that may be limiting in biological tne@nt. Of the many models
developed for the analysis of growth rate, the most widely useddhe Monod model.
This model assumes that the rate of substrate utilization, anébtiecttee rate of biomass
production, is limited by the rate of enzyme reactions involving tibstgate that is in

shortest supply relative to its need. A graphical representatibtoindd model is shown

in Figure 2-5.
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Figure 2-5: Graphical representation of the Monod e  quation
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The Monod model can be expressed as:

,Ll = /umax ( S (24)

K,+S)
Where: = specific growth rate;t
nax= Maximum specific growth rate? t
S = concentration of substrate (food) in solution, mg/I
Ks = half-saturation constant, i.e., concentration of limiting food whemaif of

Hmax Mg/l

Based on the Monod equation and the figure 2-3, the system is cedsidebe
enzyme limited when there is an availability of excess amounts oingridod (S>> K).
In this case, the growth rate is approximately equal tondeamum growth rate. Another
situation arises when the substrate is limited (S§<Khis system then follows zero-
order kinetics and the growth rate of the biomass becomes indep@fdbatbiomass
present. The substrate concentration, when the growth rate of tizdt of the maximum
growth rate is called the half saturation constant. When thietirsubstrate is nitrate, the
half saturation constants are called nitrate half saturationacaagis nos-n) and when
the limited substrate is the COD (external carbon source$, ¢alled the COD half
saturation constants {lgop). A non-linear regression technique (Dold et al., 2008) was
used to develop a method for estimating the maximum specificlymate of methanol

utilizing bacteria based on the following principles:
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e The substrate concentration (S) in the batch test is high enouagtivédo the
half-saturation coefficient, &(S>>K) to ensure that the methanol utilizer growth

rate is at the maximum.

Svem -
~ HyvetH

Ksmern + Svemn (2.5)

H = HyeTH

e The initial methanol-utilizer concentration is small, and the eagrowth during
the test is exponential.

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

e The pH and alkalinity are controlled such that growth is not dichiby these
factors.

e Nutrients such as ammonia and phosphate are added to ensure thatgyrawth
nutrient limited.

e There is an insignificant accumulation of the denitrificationrmtdiate, nitrite,
during the test.

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

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

growth yield as follows:

dSyo 1Yy,  HMyeH

= - X " (2.6
dt 286 Y, METH (2.6
Where:
Xwmetn = Methanol utilizing biomass concentration, milighs COD per
Liter
Ym = biomass yield, milligrams biomass COD per mibigr substrate

2.86 = oxygenyjj@quivalent of N@N (g O/ g NOs-N) (Metcalf and
Eddy, 2003)
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The rate of change in biomass concentration, dXddhe result of growth and decay

of methanol-utilizers:

dX ey
dt

= My - Kyt — bMETH “Xyerh (2.7)

= (/uMETH —byery ) X vETH

Where, lyetn = biomass decay rate, 0.04 day

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

dXyerh

XMETH

= (“’METH - bMETH)' dt

(2.8)

t t
dX

J. METH. = J.(HMETH - bMETH)' dt

0 0

XMETH

— (mETH-DMETH )
XMETH,I - XMETH,O €

Where:

Xwmetnt = methanol-utilizer concentration at time t (mg @O)

Xwmetno= methanol-utilizer concentration at time zero (@@QD/L)

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

dSyo _ _1_ Yu HmeTH X
dt 286 Y, 0

—b, t
@ (METHBMETH)

dS,. 1-Yy HMweTH * Xvetho o (mETH-DUETH)t Gt

T 286 Y,
t t
IdSNO __ 1- YM . HmveTH * XMETH’O @(MmETH-PMETH) ¢
2.86 Yu
0 0
Syor = 1-Yy, Huern * Xvetho o (vETHDETH)!

NOO '
2.86 Yy - (Mmern —DPuvem)

+ 1-Yy  Hwverw * XuETHO
2.86 Yy - (Hyern —DByemn)

1-Y, UmeTH XMETHO {e(uMETH—bMETH )t _1}

Sy, = _ .
Hot Hos 2.86 YM '(“METH _bMETH) (2'9)
Where:
Ko, = nitrate concentration at time t (mg/L)
Ro,0 = nitrate concentration at time zero (mg/L)

The test leads to an estimate ofi€gy — buetH), Not tvetn explicitly. For estimating
(Umetn — bueTn), Non-linear regression is used to fit equatiéhtd.observed nitrate data.
The effective solids retention time (SRT) in thsttis very short, so decay does not have
a significant impact on nitrifier concentration.eWertheless, any error inbry will bias

the estimate of yern by the amount of the error inybrn. In the model, the value for
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buern Was assumed as 0.04 ddqy).S EPA, 1975). The maximum specific growth rate
can be estimated from the batch test data by applthe non-linear equation solver
functions available in spreadsheet programs sucMiesosoft Excel™ (Smith et al.,
1998). This same model can be also applied in stienation of nitrate half saturation

constants with few changes and it is discusseetaildn section 2.3.3.

2.3.4 Environmental Factors

The environmental factors that affect the rat denitrification are temperature, pH,
and the presence of dissolved oxygen. The pH ofMistewater is an important factor
for the growth rate of denitrifying bacteria. Tideal pH range for denitrification is 6 to
9 (Howard et al., 1985). No significant effectdenitrification has been reported for pH
between 7.0 and 8.0, however other sources indicateéhe denitrification rate decreases
as the pH decreases from 7.0 to 6.0 in batch aatdisntests (Metcalf and Eddy, 2003).
An optimum pH of 7.45 for the reduction of nitr§Wang and Baltzis, 1995) and similar
ranges of pH were found to be favorable for defiaaiion. The presence of DO also
impacts denitrification by inhibiting the nitrateduction enzyme. Denitrification occurs
when oxygen levels are depleted and nitrate becdheegprimary oxygen source for
microorganisms. The process is performed underiaramnditions, when the dissolved
oxygen concentration is less than 0.5 mg/L, ideddlgs than 0.2 mg/L. A DO
concentration of 0.2 mg/L and above has been regpdd inhibit denitrification for a
Pseudomonasulture as well as for activated sludge systermatitng domestic sewage

(WEF, 2005).
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An increase in temperature increasesbibmass growth rate and food utilization.
The increase in reaction rate with respect to teatpee approximately follows the Van't
Hoff-Arrhenius expression (equation 2.10) where tbaction rate doubles with every
10°C increase in temperature. The effect of teatpee on SDNR can be quantified by

applying equation 2.10 to SDNR data. This willdigcussed further in Chapters Ill and

V.

k = koot~ (2.10)
Where:
kr = reaction-rate coefficient at temperature, T, °C
koo = reaction-rate coefficient at 20°C
6 = temperature-activity coefficient or, Arrheniusetficient

T = temperature, °C

2.3.5 Half Saturation Constants (K)

Half saturation constant was previously definedsection 2.3.3 as the substrate
concentration when the bacterial growth rate (lgtikalf its maximum growth rate. The
substrate can be nitrate or the external carbordadto estimate the half saturation
constants, experiments must be substrate limi@échieve some of the very low permit
limits in the Chesapeake Bay, the effluent nit@acentration needs to be 0.5 mg/L or
less. If the nitrate half saturation concentrati®nn this range, it will start to impact
growth rates of the biomass and the denitrificatrates of the electron acceptor

Determining rate-limiting variables is important faoth process design and experimental
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studies. The nitrate limiting half saturation camst(Ksnos-n) can be calculated using a
model that was developed based on an integrated®leguation originally proposed by
Smith et al., (1998). The Monod Equation for thesitate utilization in a batch reactor

can be expressed as shown in equation 2.10.

[ﬂmaxjs
OS_L Y (2.10)

Where:

S = substrate concentration (mg/L)

t =timein days

Umax = Maximum specific biomass growth rate (g-neuvstgicells.d)

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

X = biomass concentration (mg/L)

Ks = half-saturation constant (mg/L)

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

changing, equation 2.10 can be rearranged to obtpiation 2.11 as shown below.

ds S
Pl (2.11)
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Equation 2.11 can be written as shown below,

K +S
K.S

K

dt= dS= K, (E +1j ds 212

Where:

K2 ) _( Y j
/umaxx

Integrating equation 2.12 from time zero to tinaad initial substrate concentration,t®

substrate concentration at time t, S

t= K{Ksln§+ S- s,} (2.13)

Y S
Y S

Where:
I'max= Maximum biomass production rate, g-biomass/(L.d}zXt
Equation 2.15 is applicable when the limiting substrate is melti@ectron donor). The

equation for nitrate limiting conditions can be written as

286Y S
t :(—m)(} |:KS(NO)6N) Ing +S - S) (216
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Where:
t = time in days
max =Maximumbiomass production rate, g-biomass/(L.d)
Y =biomass yield coefficient (g CQlamassproduced/g COD removed)
Ksivos-ny = half-saturation constant (mg/L)
9 = Initial nitrate Concentration
S = Nitrate concentration at time t

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

2.3.6 Carbon-to-Nitrogen Ratio

The amount of chemical oxygen demand (COD) astren donor required for
sufficient nitrate reduction is referred to as the carbonttogen ratio, or COD/N. The
amount of organic compounds in wastewater can be measisréCOD and for this
research, COD refers to the concentration of externdbnaor substrate that is in the
wastewater. The type of electron donor used and thensysperating conditions for a
test affect the COD/N values obtained from that test. COD/N catiobe used as an
indirect measurement to estimate the biomass yield (Y), whidbfised as the ratio of
the amount of biomass produced to the amount of subsiasimed (g biomass/g
substrate) using equation 2.17. Both parameters are ltypaefined relative to the
electron donor used (Metcalf and Eddy, 2003).

CODIN = 2.86mg COD/mgNG-N (2.17)
1-Y

Where:

2.86 = Q equivalent of N@N, g GJ/g NOs-N (Metcalf and Eddy, 2003)
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2.4 Past Denitrification Studies with Methanol

In this section, results of past denitrification studies wigdthanol to estimate the
Specific denitrification rates and half saturation constantsliaoeissedUsing methanol
as the substrate, values of maximum specific growth raggngufrom 0.2 to 2.0 d have
been observed (Gaudy and Gaudy, 1980). Stensel (MettdlEddy, 2003) estimated
other pnax values of 1.86/day at 10°C and 0.52/day at 20°C amrlienius coefficient
of 1.14. Dold et al. (2008) estimated maximum specifievfnorate of 1.3/day at 20°C
and a temperature dependency coefficiétof 1.13 and this value df indicated a
strong temperature dependency of the organisms. Nichals(@007) reports a slightly
lower maximum specific growth rate of 1.25/day at 20°C ksitmates the same
temperature dependency coefficient as Dold of 1.13. Hepdri et al. (2006) estimated
an Arrhenius coefficien®9f of 1.12 and a jky of 0.5/day and 1.0/day at a3 and 18C.
Hinojosa (2008) reported an Arrhenius coefficient of lahf auuax at 20°C of 1.13 per

day. All parameters estimated by these sources wereeddrivm experimental data.

2.4.1 Specific Denitrification Rate (SDNR)

An enrichment culture dflyphomicrobiumand Paracoccuswas utilized by Claus
and Kutzner (1985) to study the denitrification of nitrate @itric acid using methanol as
an external carbon source. They observed that 2.6retifanol was consumed and 0.56
g cells were produced for each g of N® reduction. Beccari et al. (1983) reported a
maximum denitrification rate of 0.32 mg NOI/mg VSS (13.3mg N&®N/g VSS/hr) at
25° C with a biomass concentration of 700 — 1000 mg VS8$. denitrification rate was

limited at organic carbon levels less than 40 mg COD/L. Inmpiedfects of nitrite
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(NOy) concentrations were found to be related to initial biomassertrations. Paskins
et al. (1978) reported denitrification rates of 1.8 mg N/ggitbur and 2.3 mg N/g
sludge/hour with glycerol and methanol respectively; usingtatiuced nitrified effluent
from domestic sewage. Grabinska-Loniewksa (Dold, 20@s)dwected denitrification
experiments with glycerol using an upflow anaerobic sludgekiet (UASB) reactor and
determined a nitrogen removal rate of 0.400 mg-N@ng VSS/day (16.7 mg N&EN/g
VSS/hr), which was lower than the rate obtained for methan0.470 mg N@N/mg
VSS/day (19.6 mg NON/g VSS/hr). Hallin et al. (1998) estimated denitrification rates
of 1.5 mg NQ@-N/g VSS/hr, 2.7 mg N&N/g VSS/hr, and 1.9 mg NEN/g VSS/hr using
pre-precipitated sewage as the carbon source (no extarbah added) for 0, 60, and 82
day acclimation respectively. Nichols (2008) reported arhekius coefficient of 1.09

for SDNRs and an SDNR of 8.5 mg W®/g VSS/hr at 26C.

2.4.2 Half Saturation Constant (k)

Using methanol as the substrate, half saturationiceetfKs values of 0.06 to 0.16
mg NG;-N/L have been observed (Gaudy and Gaudy, 1983gnsel (Metcalf and Eddy,
2003) observed Y values of 0.17 and 0.18 g VSS/g Cavid Ks values of 12.6 and 9.1
g/m® (12.6 and 9.1 mg/L), at 1@ and 20 C respectively. Moore et al. (1970 and 1971)
estimated a Kvalue of 0.1 mg/l for a nitrate limiting system using a Moeggression.
Engberg et al. (1975) continued this study and estimatedf gaturation constant of 0.16
mg/l also for a nitrogen limiting system. Wang et al. (1998ported, K values for

nitrate limiting conditions within the range of 1 to 2 mgN@L. Francis et al. (1997)
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estimated a Kvalue of 52 mg N@N/L with a high rate denitrification reactor used to

treat a high concentration of nitrate (1370 mgsNNZL).

2.5 Denitrification Processes at Blue Plains AWTP

The current system for nitrogen removal at BluenBlgs a modified aeration step-
feed activated-sludge process utilizing a two sludge configaratltere the first stage
exhibits a high rate non-nitrifying approach to removing B@DI¢ et al., 2008). The
nitrification stage or the second stage converts ammonia tgertrgas using 5 tanks in
series. The first two tanks and the fifth tank are aerapedhitrification. Dissolved
oxygen (DO) is stripped in the third tank and denitrificatidesaplace in the fourth tank
where anoxic conditions are maintained. Methanol is adddtisatstage to enhance
denitrification. The nitrate removal at Blue Plains is limited bpxam SRT (Solids
Retention Time) and it is also affected when the anoxic tBenmwashed out under
stressed conditions. This may be due to the plant configutidise of methanol as the
external carbon source. As of now, methanol is widelyd s the carbon source to
enhance denitrification rates. Figures 2-6 and 2-7 shoesflthv diagram of these

processes for Blue Plains (Dold et al., 2008).
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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 e&r850,000 people in the
City of Alexandria and some parts of Fairfax County.isTplant has a capacity of 54
million gallons per day (mgd). Current processes includénpraary, primary, and
secondary treatments followed by chemical addition (metal salphfosphorus removal,
sedimentation, filtration, ultraviolet (UV) disinfection and postraden. Solids
processing includes gravity thickening of primary and tertisiydges, mechanical
thickening of waste activated sludge, centrifuge dewaterimgagteurization, anaerobic
digestion and land application. The Biological Nutrient RemovBIRBsystem at ASA
consists of five biological reactor basins and six secgrekttling tanks. The biological
reactor basins are huge tanks each holding about 4 millilongaf liquid. They are
divided into anoxic (no oxygen added) zones and aerabiggén added) zones. The
aerobic zones, which are aerated by fine bubble air difugrow micro-organisms that
transform ammonia nitrogen (which is the main form of nitnogatering the plant) to
nitrate. The anoxic zones grow micro-organisms that tramdfoe nitrate to nitrogen gas,

which is released into the atmosphere. This process renappesximately 80% of the
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nitrogen that enters the plant. The biological reactor baswms thee flexibility to be
operated in several different treatment modes. The planthalsothe ability to add
methanol which aids the micro-organisms in converting the itrapmpounds (ASA,
2009).

After the biological reactor basins, the water flow® isecondary settling tanks,
which are six large basins approximately 12 feet deepsd@hanks allow the micro-
organisms to settle out. The settling process is aided bygaféatiic chloride, which also
helps remove phosphorus from the water. The settled sokdemoved from the bottom
of the tanks and a portion is returned to the biological redasins to continue their
work of removing nitrogen. The excess solids are wast#tketgolids handling system to
be converted into recyclable Class A biosolids. The tertiaggnvent process consists of
several steps which produces a high quality effluent ftbenwater from secondary
settling tanks. First, the water is passed through speciallgngessettling tanks which
contain closely spaced, inclined stainless steel plates. Sgcthrelwater passes through
gravity sand filters; the end result is significant additional r&ahof suspended solids,
turbidity, and phosphorus. Figure 2-8 shows a flow @iagof the single stage system for
ASA. From the clarifier, wastewater goes to the rapid naxciilation tanks. Blue Plains
and ASA AWTPs are continuously upgrading their treatmeotgsses to meet the future

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

3.1 Introduction

The objective of this research was to study the damition kinetics of methanol
utilizing organisms at low wastewater temperatures. The follokingtic parameters
were estimated: 1) specific denitrification rates (SDNRs) gnuiteate half saturation
constant (Knos-n), under nitrate limiting conditions with methanol as the external
carbon source. To estimate these parameters a modifieficspenitrification rate test
was conducted using a Challenge AER-200 Respirometinsy$est temperatures were
in the range of 1% to 18C. All experiments were carried out during the months of the
year when wastewater temperatures were near the destedrngperature. Most of the
tests were done for samples taken from the Blue Plains A\Wdwever, few tests were
also conducted for Alexandria Sanitation Authority’s AWTP iingihia to observe the
difference in half saturation constant values between the plalhtexperiments were
carried out at the Blue Plains Advanced Wastewater TreatRiant Laboratory. The

details of the test will be further explained in the followingtieas.

3.2 Estimation of Nitrate SDNRs and Half Saturation Constants using Resmmeter

A modified specific denitrification rate test was conducteaigisi Challenge AER-
200 Respirometer system to estimate the nitrate SDNRs andadtathtion constants
(Ksmos-n) With methanol as the external carbon soufé® respirometer was used to
conduct the nitrate-limiting test where nitrate was limited and ex€€3D and other

nutrients were present. A modified specific denitrificaticie (8DNR) test was utilized
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which limited one of the substrates (such as nitrate) toutibejore the others. Different
Ks concentrations may exist not only for the different sutesrabut for different

processes as well.

3.2.1 Challenge AER-200 Respirometer

The CHALLENGE AER-200 Respirometer System consists ological reaction
vessels, a stirring base for mixing the samples, a cek lbastaining eight flow
measuring cells, an interface module, and a computern\Wperating in the anaerobic
mode, gases produced by biological reactions flow throagh eell under the influence
of a slight pressure buildup caused by gas productioreimetiaction vessel and bubbles
of a fixed volume are formed in the lower section of tHe CEhese bubbles in turn pass
through a detection section thereby activating a counter imtrdace module. Finally,
the numbers of bubbles are registered by the computerouge a measure of
cumulative volume and rate of flow. This data is stored ey dbmputer for later
processing. The nitrate half saturation constant and SDNRsné&hanol utilizing
organisms were estimated under nitrate limiting conditions usigséh up shown in

Figure 3-1.
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Figure 3-1Diagram 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 liguor was collected from the plant in the anoxic dergatfon zones. A
sample volume of 5L was collected and substrates wered addéhis sample. The
concentration of chemicals added is shown in Table 3-1. &mum chloride and
potassium dihydrogen phosphate were added to providemnistteethe microorganisms.
Excess COD as methanol was added to provide nitrate limitinditmns. pH of the
sample was maintained between 6.7 and 7.0. Nitrogen gadgnitially purged in the
liquid to achieve anoxic conditions and to mix the sample. rApt&a was immediately
extracted and filtered to obtain initial concentrations of nitratatep COD, MLSS and
MLVSS. The mixed liquor was then poured into 500mL stofqmties having septa in
the cap to prevent ingress of atmospheric oxygen. Tul@sining a small amount of
30% Potassium hydroxide (KOH) were inserted in the boteésr® closing it to absorb
the CQ in the bottle. All the bottles were purged with nitrogen gasrbedtarting the

test. A stir bar rotating at a fixed 700 rpm was providedrdaing using a tachometer.
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The bottles were placed in a water bath that was maintainéditsr $emperature (+/-1
°C) as that of the samples obtained from the full-scale RWIhe production of nitrogen
gas was monitored (in mL) at 1.0 minute time intervals and dlageshown in figure 3-

2. Final nitrate, nitrite, COD were measured using HACH spplbtometer and
stoichiometric calculations were performed using these megsuitial and final values.
Some of the tests were performed for three different dilstminthe same sample to
analyze differences in SDNR and #s-n) values for the same set. These tests were

performed at different temperatures in the range € 1@ 18C.

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

Chemicals Added Amount in mg/L
KNO3 20
Methanol 280 mgCOD/L
NH,CI 5
KH,PO, 5
10
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Figure 3-2: Nitrogen Gas Production at 1 minute Intervals forB P at 17°C
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3.2.3 Analytical Methods
The DR 2800 Spectrophotometer (Hach Company,r&id) was used to analyze
nitrate, nitrite, and COD samples.

e Nitrate was analyzed using Dimethylphenol Method 10206 (IN&fual, 2007).

e Nitrite was analyzed using Diazotization Method 10019 (Hachudk 2007).

e For COD analysis a DRB 200 digital reactor block was #igedigestion of samples.
Reactor digestion method 8000 (Hach Manual, 2007).usad for analysis of both
low range (0 — 150 mg/L COD) and high range (20 —01&fy/L COD) COD
samples. The standard method used for COD analysisnett®d 5220 D., Closed
Reflux, Colorimetric method (APHA, 1998).

e pH and temperature were measured with an Accumet ExcéDXheter.

3.2.4 Sample Source

Samples from two wastewater treatment plants were examine@téomine the
differences in the nitrate SDNRs and half saturation congtdures. Most of the samples
examined were from the Blue Plains AWTP and few sampére also collected from
Alexandria Sanitation Authority AWTP. The ASA AWTP usesirgyle sludge step-feed
BNR process with a post anoxic zone for methanol assisadrification and Blue
Plains AWTP uses a two sludge step-feed modified aeratistrdeoitrification process.

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

Mixed liquor samples for the tests were obtained either withhéte of the plant
operator or by manually collecting the samples. The samgéemanually collected in
an aliquot by plunging a bucket into the appropriate basiruaimgy a funnel to pour the

contents into a 4-gallon aliquot.

3.2.6 Monitored Parameters

The parameters monitored for the test were:

e Temperature

e pH

e |Initial and final Nitrate

e |Initial and Final Nitrite

e Mixed liquor suspended solids (MLSS)

e Mixed liquor volatile suspended solids (MLVSS)

The temperatures of the tests conducted were inatige rof 12C to 18C. The
temperature for each test was set to be that of the sanmyperigure and this was
achieved by a water bath. The pH of the sample was nradthetween 6.70 and 7.0 to
provide suitable conditions for denitrification using a KOH tdagial and final Nitrate,
Nitrite and COD were measured as explained in section 322g8res 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 Is, 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 (SDNRSs)

Respirometer provides nitrogen gas production ddtarahute intervals as shown in
figure 3-2. From these data, cumulative NO3-N (mg/L) nored at 1 minute intervals
were calculated using equations 3-1 and 3-2 and the remaMd3-N (mg/L)
concentrations at 1 minute intervals were then calculated lastibg the cumulative
nitrate from the initial nitrate concentration. The assumptioa tsethat all the nitrate is
converted to nitrogen gas and as there is very little accumulatinitrite in these types
of tests. Figure 3-5 shows the graph obtained by plottingteimporal variation of

remaining NO3-N (mg/L). SDNR is then calculated using eqund8a®).
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PV
n=— 3.1
RT )

Where :
n = Number of moles of nitrogen gas produced
P =1 atmospheric pressure (atm)
R = 0.08206 L atmkmole?, the ideal gas constant
T = Temperature, K (273%)

V = Volume of nitrogen gas produced (L)

con 2molesN || 14gN {1000} 32
ImoleN, ||1moleN || 05

Where:
C = Cumulative nitrate (N§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

42



25

Remaining NO3-N{mg/L)

0 0.5 1 15 P 2.5 3 3.5
Time{hours)

Figure 3-5: Remaining NO 3-N(mg/L) for BP at 17 °C
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3.4 Estimation of Nitrate Half Saturation Constants (Ksnoz-n))

The nitrate half saturation constants were obtainedifferent temperatures using a
model developed based on the Monod kinetic expressiora apieadsheet interactive
search routine (Smith et al. 1998). Here two assumptiasnade based on previous
studies (Seth et al. 2008) conducted in the laboratory. @&reyl) There is very little
accumulation of nitrite during denitrification, and, 2) all the nitreteconverted to
nitrogen gas at the end of the test. These curves areltigad and a model is developed
to fit this curve. For developing this model, time is calculatesinf measured

concentrations and compared to actual sampling time. Tinaaslated using equation
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2.16. To implement the model employing Microsoft Excel andSbker function, the
following steps were followed:

e Stepl: Enter measured NOx-N (mg/L) and time (days) ddteeifirst and second

columns of the spreadsheet

e Step 2: Calculate the predicted time (days) in the third colusimgequation

2.16

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

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

e Step 4: Adjust the range of values used to obtain initial sibgee curve and end

of the curve

. Step 5: Estimate the initial slope of curve by specifyimgand $ manually, and

the end of the curve by specifying K
e Step 6: Use the Solver function to minimize the sum of tharsquweighted
errors on time (fitting the curve) by changingy Sand K.

Hence the model involves the estimation gfds.ny and other parameters by fitting
the integrated Monod equation to experimental data. These ateperformed using a
spreadsheet as shown in figure 3-6. In this spreadsheelymn with red color is used to
indicate the data points that are used for the evaluatién. dthe values with ‘0’ in the
red column next to it indicate that those points are not useanfdysis and the values
with ‘1’ next to it are used for analysisskos.n)Can also be estimated using a rough
method. The nitrate half saturation constant can also beedefis the nitrate (limiting

substrate) concentration when the denitrification rate (DNRjals of the maximum
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denitrification rate. Denitrification rate at a given time is cakedlaby the slope of the

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

solve rmay, ¢0 and Ks by minimizing K4 sum of squares |Parameters
choose endvalug 14170
050N ol -nnamncemamn

max dente rate
Cell A-f Data Modsl Y 0.4 yield
Tmehows  Time,d ~ NO3  NO3 cleaned Time, d T ermor (3'2) T ermor (82) Ks (.54 hatf saturation concentration
0 | 2% 10830 0001068 - -
.0166867| 0.0006%4| 24.790 10621 .000416 Wholerange
00333333 0.001389] 24.488 10.318 0.000528 1 -
06| 0002087 24185 | 10015 0001472 Rt
(.0666867| 0.002778| 23.862 9712 0.002419 ¢ Dee
00833333 0.003472] 23.672 9503 0.003075 LU
01| 0.004167| 23.463 9.29 0.003732
0.116667| 0.004861 23.160 8990 0.004652 3
0.133333( 0.009556 22.950 §.781 0.005341
(.15 0.00625 22741 857 0.006000 ) \
(.166667| 0.006%44 22438 §.268 0.006955 E’ i
0183333 0.00763% 22228 8059 0.007617] 3 ‘g\
02 0008333 22042 1872 0.008207 0
0.216667| 0.009028 21.739 7570 0.009167] g 4
0233333 0.009722) 21.530 7.360 0.009833 ?
0.25) 0.010417) 21.320 7150 0.010500 I )
(.266667| 0.011111] 21.110 6.941 0.011169 :
0283333 0011308 20.808 6638 0.012437] K
03 00125 20598 6428 0.012810 0 ‘ " ‘
0.316867| 0.0131%4] 20.388 6.219 0.013484
(.333333] 0.013689 20.202 6.0% 0.014085 1 e Time[de[ijy[\}‘:)l e
.35 0.014583) 19.992 5823 0.014763
(.366667| 0.015278| 19.783 2613 0.015442

Figure 3-6: Spreadsheet used for evaluation of ~ Kgno3-n)

3.5 Trouble shooting

The ability to produce nitrogen gas production data at 1 mintegeval is one of the
main advantages of using respirometer. However, piagrerhas to be taken to maintain
the test temperature in the reaction vessels and the wateraathe temperature

differences can cause suction in the respirometer flow aetisthe cell oil will flow in
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the reverse direction. This will delay the test and in mostscimetest will have to be
repeated. The silicon oil in the flow cells can come out ifgelamount of nitrogen gas
passes through it while purging to provide anoxic conditioh& dells won'’t register
accurate measurements if proper volume of oil is notepte§he flow cells should be
emptied and washed and the oil has to be refilled if oil spiisirs. The septas or rubber
caps of the reaction vessels should be replaced frequenibyevent the ingress of
oxygen. As only a small quantity of nitrate concentratioreddd the mixed liquor (15 to
20 mg/L), the test set up should be ready as fast atofafter putting the chemicals. If
a long time is taken for this, most of the nitrate in the sammpi@t get depleted before
the test is started. Also, while preparing replicates for eathdare should be taken to
get similar MLVSS in each bottle. One of the limitations of this ieshe difficulty in
collecting samples to measure the chemical oxygen dema@®)(@uring the test.

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

4.1 Specific Denitrification Rates (SDNRS)

The first part of this study was the investigation ofcsjedenitrification rates of
methanol-utilizing organisms for Blue plains and ASA AWTEDNRS were estimated
at low temperatures ranging from°C2to 18C and SDNRs at higher temperatures from
19°C to 26C were studied by Nazia Salam using the same methods Témeperatures
were observed during winter and summer at Blue plainshemde used as the test
temperature to study the temperature dependency of SIM#Banol was used as the
external carbon source and all the tests were conducted\tigtte limiting conditions.
Most of the tests were conducted for Blue plains (BP) AWAdRever some tests were
done for ASA AWTP, to study the temperature dependesfcynethanol utilizing
organisms for different systems. The two different prezessnployed by ASA and BP
include: 1) a single sludge step-feed pre-denitrification systigminternal recycle, (2) a
two sludge step-feed modified aeration post-denitrification gg®crespectively. Tests
were also conducted using different mixed liquor concentstifor the same
temperature. Figure 4.1 shows the SDNR values estimategl th&rRespirometer data
for temperatures in the ranges of@2o 18C for Blue Plains AWTP and SDNRs at
temperatures 2 and 18C for ASA AWTP and their standard deviations. SDNR for

each temperature is an average of 2 or more test values.
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SPECIFIC DENITRIFICATION RATES H Blue Plains
(Mixedliquor from BP and ASAAWTP) ASA
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SDNR (mg/'gm MLVSS/hr)
W

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

The SDNR values for the BP samples were foune toigher than those of the ASA
mixed liquor for most of the tests. The ASA plant uses desisigdge step-feed process
for BOD removal and for nitrification and denitrification and tetive fraction of the
methanol utilizing organisms should be lower than for Blue Rlaims explaining the
lower SDNRs. For ASA, as the test temperature increadeNRS also appeared to
increase. SDNRs for Blue plains were in the range & ®®.44 mg/gm MLVSS/hr for
temperatures ranging from %2 to 18C. To study the temperature dependency of
SDNRs for Blue plains, Arrhenius coefficient was calculaisohg the combined data
from the author and Nazia Salam. The Arrhenius coefticdas estimated to be 1.084
and this indicates a strong temperature dependency. This e is close to the

estimated a theta value of 1.09 for SDNR by Nichols (200&ple 4.1 shows the theta
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values for different growth rates obtained by past denittifinasstudies. These tests were
conducted in batch reactors and the difference in théteesyaan be attributed to the
methodology. Respirometer produces data at 1 minute inteamdlghis improves the
accuracy of the results obtained. Manual error that mayroehile sampling, filtering
and measuring the nitrate can be avoided using a respaorResults of some of the

past denitrification studies are discussed in literature review.

Table 4-1 Theta values for different temperatures

Arrhenius Temperature Reference
Coefficient (8) (°C)
1.19 20 Jeneva (2008)
1.13 20 Dold et al. (2008)
1.13 20 Nichols (2007)
13 Mokhayeri et al.
1.12 19 (2006)
10 Stensel (1973)
1.14 20

4.1.1 SDNRpaia Sets — Nitrate-time reduction graphs

This section presents the nitrate-time reduction gragthsthe various test
temperatures. Some of the tests were conducted foretiffeoncentrations of the same
sample at the same temperature. Figures 4-2 througlegr8sents the remaining MO
N(mg/L) with time for different temperatures in the ascegdirder for Blue Plains and
ASA AWTPs. One set of data is presented in each graph.r@sults 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)
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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 #ime sample for each temperature
and this resulted in different concentrations of biomadtanrespirometer bottles. The
biomass concentration was measured in terms of MLVSSerBidt dilutions of the same
sample were prepared in order to obtain samples with MLadSentrations higher and
lower than that of the original sample. Figures 4-10 thral@B shows the nitrate-time
reduction curves for different MLVSS concentrations at teatpees in the range of
12°C to 18C. As MLVSS increases, the active biomass fraction alseases resulting
in an increase in denitrification rates. Table 4-2 shows thBRDbbtained for different
MLVSS concentrations of the same sample. From the cwbtsned it is clear that
DNR increases with an increase in MLVSS. It is also obsettvat DNRs are different
for MLVSS concentrations at different temperatures. ACI®NR was estimated to be
13.52 mg/L.hr with MLVSS of 2500 mg/L. To obtain similaNR at the low temp of
12°C, the MLVSS needs to be increased by about 64 per€abte 4-3 shows the
SDNRs and DNRs for different MLVSS concentrations diC12Small differences in
SDNR values for different MLVSS concentrations of the saarmaple may be attributed
to the slightly different concentrations in each reaction Vesg¢ can occur while
transferring the mixed liquor to each bottle. SDNRs obtaineddiiberent MLVSS
concentrations of the same sample were almost similar fongletatures.

Same amount of nitrate was added to samples ofedhitf®LVSS concentrations for
a particular test, however, the initial nitrate concentrations shiowime graph for each
MLVSS concentration is different. This occurs due to theamagion time needed for

respirometer tests. After the chemicals are added to sacdmple of different
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concentration, it takes around a total of 30 minutes forgpiregp the bottles and purging
with nitrogen gas. The computer is then started and it monite@snitrogen gas
production from that point. Some of the nitrate added wad upeduring the first 30
minutes of preparation time resulting in a reduction of medsimniéal nitrate at the
beginning of the test. Since DNR increases with MLVSS aunagons, more nitrate is

used up for samples with higher MLVSS concentration duhiagreparation time.

Blue Plains- 12 deg C
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Figure 4-10: Nitrate-time reduction curves for BPa  t 12°C
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Figure 4-11: Nitrate-time reduction curves for BP a t 17°C
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Figure 4-12: Nitrate-time reduction curves for BP a t 18°C
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Figure 4-13: Nitrate-time reduction curves for ASA at 12°C

Table 4-2: DNRs for different MLVSS concentrations

Sample | Temperature MLVSS DNR
Source (C) (mg/L) (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 °C

Temperature MLVSS SDNR (mg/ gm DNR
(C) Concentrations MLVSS/hr) (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 nosz-n))

The second part of this study involves the evaluatibrKsnos-ny values for
temperatures ranging from 2 to 18C estimated under nitrate limiting conditions.
Methanol is used as the external carbon to enhance deaitoh. A curve as shown in
Figure 3-3 was plotted using the data obtained from the oesgier and it was used for
the analysis of nitrate half saturation constants. The analf/$ialf saturation constant
for nitrate limiting test was then performed using a model dpeelbased on the Monod
model for substrate utilization as discussed in chapter thhdeg apreadsheet interactive
search routine was used to find the best fit value of thiideat by minimizing the sum
of squared weighted errors. The average values oftenitnalf saturation constant
obtained using the nitrate limiting tests (with excess COD presentjucted using
respirometery for temperatures ranging frofiCL® 18C were estimated between 0.02
and 0.99 mg/L. Moore et al. (1970 and 1971) estimat&d @alue of 0.1 mg/l for a
nitrate limiting system using a Monod expression. Half saturatmmstants for past
denitrification studies conducted are listed in chapter ll.bErget al. (1975) continued
this study and estimated a half saturation constant of 0.16 atsgp for a nitrogen

limiting system. Wang et al. (1995) reported,élues for nitrate limiting conditions
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within the range of 1 to 2 mgN&EN/L. For respirometer tests, data is available at 1
minute interval and this improves the accuracy gfds.nycompared to other methods,
where the samples are collected manually. However, teadgheet analysis of K83-v)

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

estimation of half saturation constants.

4.2.1 Ksnos-ny Data Sets

Figures 4-14 through 4-21 present thesING time reduction with the blue markers
for data points and the red coloured line as the model detsig equation 2.16 in
chapter 2 for samples from the Blue Plains and ASA AWTHsese graphs were used to
calculate the half saturation constants as explained in chapger tiithe graphs for the
replicates of the tests are listed in Appendix B and the taiskd for the estimation of

Ksnos-nyare listed in appendix C.
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Figure 4-14: Ks Data Set # 1- Data and Model
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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 K§nos —nywith DNR and rmax

Figure 4-22 shows the curve obtained by plotting k& -~y values and the
denitrification rates (DNRs) obtained at various temperaturésddutions and figure 4-
23 represents the relationship between maximum biomasscpmduates (. and

Ksmos-ny for the combined data by the author and Nazia Salam.
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Figure 4-23: Ks Vs r . for temperature for the combined data
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In figures 4-22 and 4-23 a linear relationship iswsh More research is needed to
establish the reasons for this relationship betweefoks and DNR or fax. One
possibility is that an affinity constant relates Ks to groatidenitrification rate. Many
of the higher Ks values occur at higher temperaturesf@nohore concentrated sludge
samples, when the denitrification rates were also the high@werall, the Kgos-n
values seem to be dependent on the initial maximum denitrificegttentype 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, nigitd COD were
measured as it was necessary to keep the reaction velsseld at all times to achieve
proper denitrification without contamination. Carbon to nitrogation was then
calculated by estimating the consumption of COD and nitraaleT4.4 shows the
carbon to nitrogen ratio estimated for tests conducted at tampes from 12 to 18C.
These values may not be accurate if there is DO predeeh WOD is added in the
beginning of the test and while DO is present, COD couldrdmoved without
denitrification. The real issue is that if nitrate runs out, éhd COD might not be
meaningful as a result of anaerobic COD uptake. Bothesfethvould tend to bias the
CODI/N high.

Table 4-4: COD/N values for BP

Temp
(€) 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 objectivdstlan results obtained after
conducting the tests as described in the previous chaptexbjective of this research
was to get a better understanding of the denitrification paeasyespecially the Specific
denitrification rates (SDNRs) and the nitrate half saturatiosteots for the Blue Plains
AWTP (Advanced Wastewater Treatment Plant). Limited nhumbgtests were also
conducted for samples obtained from the Alexandria SanitAtibimority. These plants
are two large methanol-using Advanced Wastewater Treatatamnis in the Chesapeake
Bay region. These tests were conducted at low temperasiresld weather has a great
impact on the denitrification rates and more research wasree to study the kinetics of
methanol utilizing organisms under these conditions. Nitrate limitesfs were
conducted using a Challenge AER-200 Respirometer to deetter understanding of the

denitrification parameters.

5.1 Specific denitrification rates (SDNRS)

Specific denitrification rates were estimated for temperaturémirange of 1% to
18°C and their temperature dependency was studied. Theispkiftrification rates for
different systems were also compared to see whethesgghk obtained is different for

different systems.

66



e The Arrhenius coefficient of 1.084 indicates a strong teaipsx dependency
of SDNRs.

e As the temperature increased fronid20 18C, the SDNRs also increased
from 3.05 to 5.44 mg/g MLVSS/hr. There is significant r&adn in the
denitrification rates as the temperature goes down.

e The Specific denitrification rates for the Blue plains sampie® found to be

higher than those of the ASA mixed liquor for most of thestes

5.2 Effect of Biomass concentration

Denitrification rates and SDNRs were estimated forreéiffieMLVSS concentrations
of the same sample for a particular test temperature. Wests conducted at
temperatures in the range of'C2o 18C.

e DNRs (mg/L/hr) increased with an increase in MLVSS cotraéon.

e SDNRs (mg/g MLVSS/hr) were almost similar for different M&S

concentrations.

5.3 Nitrate Half Saturation Constants (Ksnos-n)
Nitrate half saturation constants were estimated for tatopes in the range of 4@
to 1&C under nitrate limiting conditions. Nitrate half saturation canistéor different
systems were evaluated and compared.
e There appears to be a broad linear relationship betweennitied
maximum denitrification rate (DNR) and the nitrate half saturation
constant for methanol utilizing organisms with a wide rangatadte half

saturations obtained (0.02 and 0.99 mg/L).
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e There also appears to be a broad relationship of an gsecieaKgnosz-n)
with an increase in temperature. More work is neededtablesh and
understand these relationships.

e The nitrate half saturation constants for ASA AWTP were sinolar
slightly less than that of the Blue Plains AWTP.

The results obtained using the respirometer werdftm be slightly different from
those obtained by using batch reactors by previous résesr®ata can be obtained at 1
minute interval using respirometer and as a respirometénsysas used to conduct
experiments to evaluate SDNRs and\Ksy) for this researclit helped in reducing the
manual error which might occur while sampling. It was olestrthat SDNRs have a
strong temperature dependency. At low temperatures, SD&tRises considerably and
as the temperature increased, there is an increase in tN® $Blues. A broad
relationship of an increase in K&s.nyWith an increase in temperature was observed. It is
important to study the half saturation kinetics of the denitriffiagteria to optimize the
treatment processes. The study of half saturation kineticarascespecially important
when the electron donor or acceptor concentrations raedl.sA high K results in
inefficient rates at low substrate (both for the electron doand acceptor)
concentrations. Effluent nitrate concentration needs to Han@/L or less to achieve
some of the very low permit limits in the Chesapeake Bayhel nitrate half saturation
concentration is in this range, it will start to impact growth rafefie biomass and the
denitrification rates of the electron acceptor. If such 8dnaarises, larger tanks will
have to be used to achieve denitrification to low nitrate leltels.difficult to achieve

low nitrate levels at low temperatures due to decrease in tatapepf the mixed liquor
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and the reduction in anoxic retention time due to higher flass research provides
useful insights into denitrification kinetics of methanol utilizing amigms as it

investigates the denitrification parameters at low temperatures.

5.4 Comments and Suggestions for Future Testing

One of the main advantages of using respirometeméasure Nitrogen gas
production was the accuracy as there is no need to ctiilesample manually and filter
to obtain the nitrate concentrations. Data is available at 1 mimetals and this helps
in the analysis of half saturation constants using the epoehdsheet. However, proper
care has to be taken to maintain the test temperature inaitteorevessels as well as the
water bath as the temperature differences can cause sactiwnrespirometer flow cells
and the cell oil will flow in the reverse direction. The data friw nitrate limiting test
can be used to predict the time interval for a COD limiting testiich most of the COD
is used up. This information will be helpful in collecting samp¢smore frequent
intervals at the critical time, thus improving the accuracy dlyasis of COD half
saturation constants.

The results obtained provide useful insights into denitrificatidraer of methanol
utilizing organisms. As explained earlier, there seems to bead relationship of an
increase in SDNR and K&az.ny With an increase in temperature. Also, there appears to be
a broad relationship of nitrate half saturation constant withialinimaximum
denitrification rates (DNR) and the maximum biomass productte (fay). More work
is needed to establish and understand these relationshipyy aClew tests were

conducted for the ASA AWTP and more tests needs tibhe to study the differences in
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the denitrification kinetics of different systems. Future studaesatso include measuring
COD limiting Ks for methanol utilizing organisms and developingadel to describe

the relationships determined in this study.
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APPENDIX A

Nitrate-time reduction graphs

Blue Plains- 12 deg C
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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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Blue Plains- 12 deg C
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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)

79



Blue Plains- 14 deg C
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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)
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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

Ks(NOS-N) Data Sets
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Figure B-2: Ks Data Set # 2- Data and Model
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Figure B-4: Ks Data Set # 4- Data and Model
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Figure B-6: Ks Data Set # 6- 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 Ksnos-ny Calculation

Table B-1 : Ksnos.n Data for Temp 12C for ASA

Cell A-4 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
0.000 0| 21 10.823 | 0.013386 - -

0.017 | 0.000694 | 20.880 | 10.703 0.014315 - -

0.033 | 0.001389 | 20.880 | 10.703 0.014315 - -

0.050 | 0.002083 | 20.784 | 10.607 0.015058 - -

0.067 | 0.002778 | 20.784 | 10.607 0.015058 - -

0.083 | 0.003472 | 20.665 | 10.488 0.015986 - -

0.100 | 0.004167 | 20.665 | 10.488 0.015986 - -

0.117 | 0.004861 | 20.569 | 10.392 0.016730 - -

0.133 | 0.005556 | 20.569 | 10.392 0.016730 - -

0.150 0.00625 | 20.449 | 10.272 0.017659 - -

0.167 | 0.006944 | 20.449 | 10.272 0.017659 - -

0.183 | 0.007639 | 20.353 | 10.176 0.018402 - -

0.200 | 0.008333 | 20.353 | 10.176 0.018402 - -

0.217 | 0.009028 | 20.234 | 10.057 0.019331 - -

0.233 | 0.009722 | 20.234 | 10.057 0.019331 - -

0.250 | 0.010417 | 20.138 | 9.961 0.020075 - -

0.267 | 0.011111 | 20.138 | 9.961 0.020075 - -

0.283 | 0.011806 | 20.018 | 9.841 0.021004 - -

0.300 0.0125 | 20.018 | 9.841 0.021004 - -

0.317 | 0.013194 | 20.018 | 9.841 0.021004 - -

0.333 | 0.013889 | 19.922 | 9.745 0.021748 - -

0.350 | 0.014583 | 19.803 | 9.626 0.022678 - -

0.367 | 0.015278 | 19.707 | 9.530 0.023421 - -

0.383 | 0.015972 | 19.587 | 9.410 0.024351 - -

0.400 | 0.016667 | 19.587 | 9.410 0.024351 - -

0.417 | 0.017361 | 19.491 | 9.314 0.025095 - -

0.433 | 0.018056 | 19.372 | 9.195 0.026025 - -

0.450 0.01875 | 19.276 | 9.099 0.026770 - -

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

Cell A-4 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
0.483 | 0.020139 | 19.156 | 8.979 0.027700 - -
0.500 | 0.020833 | 19.060 | 8.883 0.028444 - -
0.517 | 0.021528 | 19.060 | 8.883 0.028444 - -
0.533 | 0.022222 | 18.941 | 8.764 0.029375 - -
0.550 | 0.022917 | 18.941 | 8.764 0.029375 - -
0.567 | 0.023611 | 18.845 | 8.668 0.030120 - -
0.583 | 0.024306 | 18.725 | 8.548 0.031051 - -
0.600 0.025 | 18.725 | 8.548 0.031051 - -
0.617 | 0.025694 | 18.629 | 8.452 0.031795 - -
0.633 | 0.026389 | 18.629 | 8.452 0.031795 - -
0.650 | 0.027083 | 18.414 | 8.237 0.033472 - -
0.667 | 0.027778 | 18.414 | 8.237 0.033472 - -
0.683 | 0.028472 | 18.294 | 8.117 0.034403 - -
0.700 | 0.029167 | 18.175 | 7.998 0.035335 - -
0.747 | 0.029861 | 18.079 | 7.902 0.036080 - -
0.733 | 0.030556 | 18.079 | 7.902 0.036080 - -
0.750 | 0.03125 | 17.959 | 7.782 0.037012 - -
0.767 | 0.031944 | 17.863 | 7.686 0.037758 - -
0.783 | 0.032639 | 17.863 | 7.686 0.037758 - -
0.800 | 0.033333 | 17.744 | 7.567 0.038690 - -
0.817 | 0.034028 | 17.648 | 7.471 0.039436 - -
0.833 | 0.034722 | 17.648 | 7.471 0.039436 - -
0.850 | 0.035417 | 17.528 | 7.351 0.040369 - -
0.867 | 0.036111 | 17.432 | 7.255 0.041115 - -
0.883 | 0.036806 | 17.432 | 7.255 0.041115 - -
0.900 0.0375 | 17.312 | 7.135 0.042048 - -
0.917 | 0.038194 | 17.217 | 7.040 0.042795 - -
0.933 | 0.038889 | 17.217 | 7.040 0.042795 - -
0.950 | 0.039583 | 17.097 | 6.920 0.043728 - -
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Table B-1 (Continued).

Cell A-4 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
0.967 | 0.040278 | 17.001 | 6.824 | 0.044475 - -
0.983 | 0.040972 | 16.881 | 6.704 | 0.045409 - -
1.000 | 0.041667 | 16.786 | 6.609 | 0.046156 - -
1.017 | 0.042361 | 16.666 | 6.489 | 0.047091 - -
1.033 | 0.043055 | 16.570 | 6.393 | 0.047838 - -
1.050 | 0.04375 | 16.570 | 6.393 | 0.047838 - -
1.067 | 0.044445 | 16.450 | 6.273 | 0.048773 - -
1.083 | 0.045139 | 16.355 | 6.178 | 0.049521 - -
1.100 | 0.045833 | 16.235 | 6.058 | 0.050457 - -
1.117 | 0.046528 | 16.235 | 6.058 | 0.050457 - -
1.133 | 0.047222 | 16.235 | 6.058 | 0.050457 - -
1.150 | 0.047917 | 16.139 | 5.962 | 0.051205 - -
1.167 | 0.048611 | 16.019 | 5.842 | 0.052141 - -
1.183 | 0.049305 | 15.924 | 5.747 | 0.052890 - -
1.200 0.05 15.804 | 5.627 | 0.053827 - -
1.217 | 0.050695 | 15.804 | 5.627 | 0.053827 - -
1.233 | 0.051389 | 15.708 | 5.531 | 0.054576 - -
1.250 | 0.052083 | 15.588 | 5411 | 0.055513 - -
1.267 | 0.052778 | 15.588 | 5.411 | 0.055513 - -
1.283 | 0.053472 | 15.469 | 5292 | 0.056451 - -
1.300 | 0.054167 | 15.373 | 5.196 | 0.057201 - -
1.317 | 0.054861 | 15.373 | 5.196 | 0.057201 - -
1.333 | 0.055555 | 15.253 | 5.076 | 0.058140 - -
1.350 | 0.05625 | 15.253 | 5.076 | 0.058140 - -
1.367 | 0.056945 | 15.157 | 4.980 | 0.058891 - -
1.383 | 0.057639 | 15.038 | 4.861 | 0.059830 - -
1.400 | 0.058333 | 14.942 | 4.765 | 0.060582 - -
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Table B-1 (Continued).

Cell A-4 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
1.417 | 0.059028 | 14.942 | 4.765 | 0.060582 - -
1.433 | 0.059722 | 14.822 | 4.645 | 0.061522 - -
1.450 | 0.060417 | 14.726 | 4.549 | 0.062274 - -
1.467 | 0.061111 | 14.726 | 4.549 | 0.062274 - -
1.483 | 0.061805 | 14.607 | 4430 | 0.063215 - -
1.500 | 0.0625 | 14.511 | 4.334 | 0.063968 - -
1.517 | 0.063195 | 14.511 | 4.334 | 0.063968 - -
1.533 | 0.063889 | 14.391 | 4.214 | 0.064910 - -
1.550 | 0.064583 | 14.295 | 4.118 | 0.065664 - -
1.567 | 0.065278 | 14.295 | 4.118 | 0.065664 - -
1.583 | 0.065972 | 14.176 | 3.999 | 0.066607 - -
1.600 | 0.066667 | 14.080 | 3.903 | 0.067363 - -
1.617 | 0.067361 | 13.960 | 3.783 | 0.068307 - -
1.633 | 0.068055 | 13.960 | 3.783 | 0.068307 - -
1.650 | 0.06875 | 13.864 | 3.687 | 0.069063 |1 0.0085 -
1.667 | 0.069445 | 13.745 | 3.568 | 0.070009 | 1 0.0275 -
1.683 | 0.070139 | 13.649 | 3.472 | 0.070767 |1 0.0341 -
1.700 | 0.070833 | 13.649 | 3.472 | 0.070767 |1 0.0004 -
1.717 | 0.071528 | 13.529 | 3.352 | 0.071714 |1 0.0030 -
1.733 | 0.072222 | 13529 | 3.352 | 0.071714 |1 0.0223 -
1.750 | 0.072917 | 13.433 | 3.256 | 0.072473 |1 0.0170 -
1.767 | 0.073611 | 13.314 | 3.137 | 0.073423 |1 0.0031 -
1.783 | 0.074305 | 13.218 | 3.041 | 0.074183 |1 0.0013 -
1.800 0.075 |13.098 | 2921 | 0.075135 |1 0.0016 -
1.817 | 0.075695 | 13.098 | 2.921 | 0.075135 |1 0.0271 -
1.833 | 0.076389 | 13.002 | 2.825 | 0.075897 |1 0.0209 -
1.850 | 0.077083 | 12.883 | 2.706 | 0.076851 |1 0.0047 -
1.867 | 0.077778 | 12.763 | 2.586 | 0.077807 |1 0.0001 -
1.883 | 0.078472 | 12.667 | 2.490 | 0.078572 |1 0.0009 -
1.900 | 0.079167 | 12.547 | 2.370 | 0.079531 |1 0.0115 -
1.917 | 0.079861 | 12.547 | 2.370 | 0.079531 |1 0.0094 -
1.933 | 0.080555 | 12.452 | 2.275 | 0.080300 |1 0.0056 -
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Table B-1 (Continued).

Cell A-4 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
1.950 | 0.08125 |12.332 | 2.155 | 0.081262 |1 0.0000 -
1.967 | 0.081945 | 12.236 | 2.059 | 0.082034 |1 0.0007 -
1.983 | 0.082639 | 12.116 | 1.939 | 0.083001 |1 0.0114 -
2.000 | 0.083333 | 12.116 | 1.939 | 0.083001 |1 0.0095 -
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 - |1 0.0211
2100 | 0.0875 |11.590 | 1.413 | 0.087299 - |1 0.0035
2.117 | 0.088195 | 11.470 | 1.293 | 0.088289 - |1 0.0008
2.133 | 0.088889 | 11.374 | 1.197 | 0.089086 - |1 0.0034
2.150 | 0.089583 | 11.254 | 1.077 | 0.090089 - |1 0.0221
2.167 | 0.090278 | 11.254 | 1.077 | 0.090089 - |1 0.0031
2.183 | 0.090972 | 11.159 | 0.982 | 0.090899 - |1 0.0005
2.200 | 0.091667 | 11.039 | 0.862 | 0.091921 - |1 0.0056
2.217 | 0.092361 | 10.943 | 0.766 | 0.092750 - |1 0.0131
2.233 | 0.093055 | 10.943 | 0.766 | 0.092750 - |1 0.0080
2.250 | 0.09375 |10.823 | 0.646 | 0.093804 - |1 0.0003
2.267 | 0.094445 | 10.728 | 0.551 | 0.094667 - |1 0.0043
2.283 | 0.095139 | 10.728 | 0.551 | 0.094667 - |1 0.0192
2.300 | 0.095833 | 10.608 | 0.431 | 0.095781 - |1 0.0002
2.317 | 0.096528 | 10.608 | 0.431 | 0.095781 - |1 0.0483
2.333 | 0.097222 | 10512 | 0.335 | 0.096715 - |1 0.0222
2.350 | 0.097917 | 10.392 | 0.215 | 0.097984 - |1 0.0004
2.367 | 0.098611 | 10.297 | 0.120 | 0.099184 - |1 0.0284
2.383 | 0.099305 | 10.297 | 0.120 | 0.099184 - |1 0.0013
2.400 0.1 10.177 | 0.000 - -
2.417 | 0.100695 | 10.177 | 0.000 - -
2.433 | 0.101389 | 10.177 | 0.000 - -
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Table B-2 : Ksos.ny Data for Temp 14C for BP

Cell A-1 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time, d (s"2) (s"2)
0.000 0 25 19.155 | -0.024317 - -
0.017 | 0.000694 | 22.270 | 16.425 | -0.013379 - -
0.033 | 0.001389 | 21.235 | 15.390 | -0.009224 - -
0.050 | 0.002083 | 20.505 | 14.660 | -0.006296 - -
0.067 | 0.002778 | 19.870 | 14.025 | -0.003744 - -
0.083 | 0.003472 | 19.235 | 13.390 | -0.001190 - -
0.100 | 0.004167 | 18.811 | 12.966 | 0.000514 - -
0.117 | 0.004861 | 18.411 | 12.566 | 0.002123 - -
0.133 | 0.005556 | 18.082 | 12.237 | 0.003449 - -
0.150 | 0.00625 | 17.776 | 11.931 | 0.004681 - -
0.167 | 0.006944 | 17.564 | 11.719 | 0.005534 - -
0.183 | 0.007639 | 17.258 | 11.413 | 0.006766 - -
0.200 | 0.008333 | 17.046 | 11.201 | 0.007620 - -
0.217 | 0.009028 | 16.834 | 10.989 | 0.008474 - -
0.233 | 0.009722 | 16.623 | 10.778 | 0.009328 - -
0.250 | 0.010417 | 16.411 | 10.566 | 0.010183 - -
0.267 | 0.011111 | 16.199 | 10.354 | 0.011037 - -
0.283 | 0.011806 | 15.987 | 10.142 | 0.011892 - -
0.300 | 0.0125 |15.775| 9.930 | 0.012748 - -
0.317 | 0.013194 | 15564 | 9.719 | 0.013603 - -
0.333 | 0.013889 | 15.470 | 9.625 | 0.013984 - -
0.350 | 0.014583 | 15.258 | 9.413 | 0.014840 - -
0.367 | 0.015278 | 15.046 | 9.201 | 0.015697 - -
0.383 | 0.015972 | 14.834 | 8.989 | 0.016553 - -
0.400 | 0.016667 | 14.622 | 8.777 | 0.017411 - -
0.417 | 0.017361 | 14.528 | 8.683 | 0.017792 - -
0.433 | 0.018056 | 14.434 | 8.589 | 0.018173 - -
0.450 | 0.01875 |14.222 | 8.377 | 0.019031 - -
0.467 | 0.019444 | 14.105 | 8.260 | 0.019508 - -
0.483 | 0.020139 | 14.011 | 8.166 | 0.019890 - -
0.500 | 0.020833 | 13.893 | 8.048 | 0.020367 - -
0.517 | 0.021528 | 13.681 | 7.836 | 0.021227 - -
0.533 | 0.022222 | 13.587 | 7.742 0.021609 - -
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Table B-2 (Continued).

Cell A-1 Data Model

Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
0.550 | 0.022917 | 13.469 7.624 | 0.022087 - -
0.567 | 0.023611 | 13.281 7.436 | 0.022851 - -
0.583 | 0.024306 | 13.163 7.318 | 0.023330 - -
0.600 0.025 | 12.952 7.107 | 0.024191 - -
0.617 | 0.025694 | 12.740 6.895 | 0.025053 - -
0.633 | 0.026389 | 12.646 6.801 | 0.025436 - -
0.650 | 0.027083 | 12.434 6.589 | 0.026299 - -
0.667 | 0.027778 | 12.222 6.377 | 0.027163 - -
0.683 | 0.028472 | 12.128 6.283 | 0.027547 - -
0.700 | 0.029167 | 11.916 6.071 | 0.028412 - -
0.717 | 0.029861 | 11.704 5.859 | 0.029278 - -
0.733 | 0.030556 | 11.587 5.742 | 0.029760 - -
0.750 0.03125 | 11.375 5.530 | 0.030627 - -
0.767 | 0.031944 | 11.187 5.342 ] 0.031399 |1 0.0257 -
0.783 | 0.032639 | 10.975 5.130 | 0.032268 | 1 0.0119 -
0.800 | 0.033333 | 10.645 4,801 | 0.033623 | 1 0.0073 -
0.817 | 0.034028 | 10.434 4,589 | 0.034496 |1 0.0189 -
0.833 | 0.034722 | 10.340 4.495 ] 0.034884 | 1 0.0023 -
0.850 | 0.035417 | 10.128 4,283 | 0.035759 |1 0.0101 -
0.867 | 0.036111 | 10.034 4.189 ] 0.036149 | 1 0.0001 -
0.883 | 0.036806 | 9.822 3.977 ] 0.037027 | 1 0.0042 -
0.900 0.0375 | 9.704 3.859 | 0.037515 | 1 0.0000 -
0.917 | 0.038194 | 9.492 3.647 | 0.038396 | 1 0.0035 -
0.933 | 0.038889 | 9.398 3.553 ] 0.038789 | 1 0.0009 -
0.950 | 0.039583 | 9.187 3.342 | 0.039673 | 1 0.0007 -
0.967 | 0.040278 | 9.092 3.247 | 0.040067 | 1 0.0038 -
0.983 | 0.040972 | 8.881 3.036 | 0.040956 | 1 0.0000 -
1.000 | 0.041667 | 8.763 2.918 ] 0.041452 | 1 0.0040 -
1.017 | 0.042361 | 8.551 2.706 | 0.042347 |1 0.0000 -
1.033 | 0.043055 | 8.457 2.612 | 0.042746 | 1 0.0083 -
1.050 0.04375 | 8.245 2.400 ] 0.043647 | 1 0.0009 -
1.067 | 0.044445 | 8.033 2.188 | 0.044554 | 1 0.0010 -
1.083 | 0.045139 | 7.939 2.094 | 0.044960 | 1 0.0028 -
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Table B-2 (Continued).

Cell A-1 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time, d (s"2) (s"2)
1.100 | 0.045833 | 7.728 | 1.883 | 0.045877 0.0002 |1 0.0002
1.117 | 0.046528 | 7.610 | 1.765 | 0.046391 0.0016 |1 0.0016
1.133 | 0.047222 | 7.398 | 1.553 | 0.047324 - |1 0.0009
1.150 | 0.047917 | 7.304 | 1.459 | 0.047742 - |1 0.0026
1.167 | 0.048611 | 7.092 | 1.247 | 0.048696 - |1 0.0006
1.183 | 0.049305 | 6.998 | 1.153 | 0.049127 - |1 0.0028
1.200 0.05 |6.786| 0.941 | 0.050114 - |1 0.0011
1.217 | 0.050695 | 6.669 | 0.824 | 0.050678 - |1 0.0000
1.233 | 0.051389 | 6.457 | 0.612 | 0.051734 - |1 0.0103
1.250 | 0.052083 | 6.363 | 0.518 | 0.052229 - |1 0.0018
1.267 | 0.052778 | 6.245 | 0.400 | 0.052883 - |1 0.0010
1.283 | 0.053472 | 6.151 | 0.306 | 0.053451 - |1 0.0000
1.300 | 0.054167 | 6.057 | 0.212 | 0.054092 - |1 0.0005
1.317 | 0.054861 | 5.939 | 0.094 | 0.055148 - |1 0.0071
1.333 | 0.055555 | 5.939 | 0.094 | 0.055148 - |1 0.0143
1.350 | 0.05625 |5.845 | 0.000 - -
1.367 | 0.056945 | 5.845 | 0.000 - -
1.383 | 0.057639 | 5.845 | 0.000 - -
1.400 | 0.058333 | 5.845 | 0.000 - -
1.417 | 0.059028 | 5.845 | 0.000 - -
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Table B-3: Ksnos-n Data for Temp 15C for BP

Cell A-7 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
0.000 0 20 12.938 | -0.004905 - -
0.017 | 0.000694 | 19.787 | 12.724 | -0.002743 - -
0.033 | 0.001389 | 19.692 | 12.630 | -0.001782 - -
0.050 | 0.002083 | 19.597 | 12.535 | -0.000821 - -
0.067 | 0.002778 | 19.479 | 12.416 | 0.000381 - -
0.083 | 0.003472 | 19.289 | 12.227 | 0.002303 - -
0.100 | 0.004167 | 19.171 | 12.108 | 0.003505 - -
0.117 | 0.004861 | 19.076 | 12.014 | 0.004466 - -
0.133 | 0.005556 | 18.981 | 11.919 | 0.005428 - -
0.150 | 0.00625 | 18.863 | 11.800 | 0.006629 - -
0.167 | 0.006944 | 18.863 | 11.800 | 0.006629 - -
0.183 | 0.007639 | 18.768 | 11.706 | 0.007591 - -
0.200 | 0.008333 | 18.673 | 11.611 | 0.008553 - -
0.217 | 0.009028 | 18.555 | 11.492 | 0.009755 - -
0.233 | 0.009722 | 18.555 | 11.492 | 0.009755 - -
0.250 | 0.010417 | 18.460 | 11.397 | 0.010717 - -
0.267 | 0.011111 | 18.365 | 11.303 | 0.011679 - -
0.283 | 0.011806 | 18.247 | 11.184 | 0.012881 - -
0.300 | 0.0125 | 18.247 | 11.184 | 0.012881 - -
0.317 | 0.013194 | 18.152 | 11.089 | 0.013843 - -
0.333 | 0.013889 | 18.057 | 10.995 | 0.014805 - -
0.350 | 0.014583 | 18.057 | 10.995 | 0.014805 - -
0.367 | 0.015278 | 17.939 | 10.876 | 0.016008 - -
0.383 | 0.015972 | 17.844 | 10.781 | 0.016971 - -
0.400 | 0.016667 | 17.844 | 10.781 | 0.016971 - -
0.417 | 0.017361 | 17.844 | 10.781 | 0.016971 - -
0.433 | 0.018056 | 17.630 | 10.568 | 0.019136 - -
0.450 | 0.01875 | 17.630 | 10.568 | 0.019136 - -
0.467 | 0.019444 | 17.630 | 10.568 | 0.019136 - -
0.483 | 0.020139 | 17.536 | 10.473 | 0.020099 - -
0.500 | 0.020833 | 17.441 | 10.379 | 0.021061 - -
0.517 | 0.021528 | 17.322 | 10.260 | 0.022265 - -
0.533 | 0.022222 | 17.322 | 10.260 | 0.022265 - -
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Table B-3 (Continued).

Cell A-7 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time, d (s"2) (s"2)
0.550 | 0.022917 | 17.228 | 10.165 | 0.023228 - -
0.567 | 0.023611 | 17.228 | 10.165 | 0.023228 - -
0.583 | 0.024306 | 17.133 | 10.071 | 0.024191 - -
0.600 0.025 | 17.014 | 9.952 | 0.025395 - -
0.617 | 0.025694 | 16.920 | 9857 | 0.026358 - -
0.633 | 0.026389 | 16.825 | 9.763 | 0.027321 - -
0.650 | 0.027083 | 16.825 | 9.763 | 0.027321 - -
0.667 | 0.027778 | 16.706 | 9.644 | 0.028526 - -
0.683 | 0.028472 | 16.706 | 9644 | 0.028526 - -
0.700 | 0.029167 | 16.612 | 9.549 | 0.029489 - -
0.717 | 0.029861 | 16.517 | 9454 | 0.030453 - -
0.733 | 0.030556 | 16.517 | 9.454 | 0.030453 - -
0.750 | 0.03125 | 16.398 | 9-336 | 0.031658 - -
0.767 | 0.031944 | 16.398 | 9.336 | 0.031658 - -
0.783 | 0.032639 | 16.304 | 9.241 | 0.032621 - -
0.800 | 0.033333 | 16.209 | 9.146 | 0.033585 - -
0.817 | 0.034028 | 16.209 | 9.146 | 0.033585 - -
0.833 | 0.034722 | 16.090 | 9.028 | 0.034791 - -
0.850 | 0.035417 | 16.090 | 9.028 | 0.034791 - -
0.867 | 0.036111 | 15.995 | 8.933 | 0.035755 - -
0.883 | 0.036806 | 15.901 | 8.838 | 0.036719 - -
0.900 0.0375 | 15.901 | 8.838 | 0.036719 - -
0.917 | 0.038194 | 15.782 | 8.720 | 0.037925 - -
0.933 | 0.038889 | 15.687 | 8.625 | 0.038890 - -
0.950 | 0.039583 | 15.687 | 8.625 | 0.038890 - -
0.967 | 0.040278 | 15.593 | 8.530 | 0.039855 - -
0.983 | 0.040972 | 15,593 | 8.530 | 0.039855 - -
1.000 | 0.041667 | 15.379 | 8.317 | 0.042026 - -
1.017 | 0.042361 | 15.379 | 8.317 | 0.042026 - -
1.033 | 0.043055 | 15.379 | 8.317 | 0.042026 - -
1.050 | 0.04375 | 15.285 | 8.222 | 0.042991 - -
1.067 | 0.044445 | 15.166 | 8.104 | 0.044198 - -
1.083 | 0.045139 | 15.071 | 8.009 | 0.045164 - -
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Table B-3 (Continued).

Cell A-7 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
1.100 | 0.045833 | 15.071 | 8.009 | 0.045164 - -
1.117 | 0.046528 | 14.977 | 7.914 | 0.046129 - -
1.133 | 0.047222 | 14.977 | 7.914 | 0.046129 - -
1.150 | 0.047917 | 14.882 | 7.819 | 0.047095 - -
1.167 | 0.048611 | 14.763 | 7-701 | 0.048303 - -
1.183 | 0.049305 | 14.669 | 7.606 | 0.049269 - -
1.200 0.05 14.669 | 7.606 | 0.049269 - -
1.217 | 0.050695 | 14.574 | 7.511 | 0.050235 - -
1.233 | 0.051389 | 14.455 | 7.393 | 0.051444 - -
1.250 | 0.052083 | 14.360 | 7.298 | 0.052411 - -
1.267 | 0.052778 | 14.360 | 7.298 | 0.052411 - -
1.283 | 0.053472 | 14.266 | 7203 | 0.053378 - -
1.300 | 0.054167 | 14.147 | 7.085 | 0.054587 - -
1.317 | 0.054861 | 14.147 | 7.085 | 0.054587 - -
1.333 | 0.055555 | 14.052 | 6.990 | 0.055554 - -
1.350 | 0.05625 | 13.958 | 6.895 | 0.056522 - -
1.367 | 0.056945 | 13.958 | 6.895 | 0.056522 - -
1.383 | 0.057639 | 13.839 | 6.777 | 0.057732 - -
1.400 | 0.058333 | 13.839 | 6.777 | 0.057732 - -
1.417 | 0.059028 | 13.744 | 6.682 | 0.058700 - -
1.433 | 0.059722 | 13.650 | 6.587 | 0.059668 - -
1.450 | 0.060417 | 13.531 | 6.469 | 0.060879 - -
1.467 | 0.061111 | 13.531 | 6.469 | 0.060879 - -
1.483 | 0.061805 | 13.436 | 6.374 | 0.061848 - -
1.500 | 0.0625 |13.342 | 6.279 | 0.062817 - -
1.517 | 0.063195 | 13.223 | 6.161 | 0.064028 - -
1.533 | 0.063889 | 13.223 | 6.161 | 0.064028 - -
1.550 | 0.064583 | 13.128 | 6.066 | 0.064998 - -
1.567 | 0.065278 | 13.034 | 5.971 | 0.065968 - -
1.583 | 0.065972 | 12.915 | 5.853 | 0.067181 - -
1.600 | 0.066667 | 12.915 | 5853 | 0.067181 - -
1.617 | 0.067361 | 12.820 | 5.758 | 0.068151 - -
1.633 | 0.068055 | 12.820 | 9.758 | 0.068151 - -
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Table B-3 (Continued).

Cell A-7 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
1.650 | 0.06875 | 12.726 | 5.663 | 0.069122 - -
1.667 | 0.069445 | 12.607 | 5.545 | 0.070336 - -
1.683 | 0.070139 | 12.607 | 5545 | 0.070336 - -
1.700 | 0.070833 | 12.512 | 5.450 | 0.071307 - -
1.717 | 0.071528 | 12.512 | 5450 | 0.071307 - -
1.733 | 0.072222 | 12.417 | 5.355 | 0.072279 - -
1.750 | 0.072917 | 12.299 | 5.237 | 0.073494 - -
1.767 | 0.073611 | 12.299 | 5.237 | 0.073494 - -
1.783 | 0.074305 | 12.204 | 5.142 | 0.074467 - -
1.800 0.075 |12.109 | 5.047 | 0.075440 - -
1.817 | 0.075695 | 12.109 | 5.047 | 0.075440 - -
1.833 | 0.076389 | 11.991 | 4.929 | 0.076657 - -
1.850 | 0.077083 | 11.991 | 4.929 | 0.076657 - -
1.867 | 0.077778 | 11.896 | 4.834 | 0.077631 - -
1.883 | 0.078472 | 11.801 | 4.739 | 0.078605 - -
1.900 | 0.079167 | 11.683 | 4.621 | 0.079823 - -
1.917 | 0.079861 | 11.683 | 4.621 | 0.079823 - -
1.933 | 0.080555 | 11.588 | 4.526 | 0.080799 - -
1.950 | 0.08125 | 11.588 | 4.526 | 0.080799 - -
1.967 | 0.081945 | 11.493 | 4.431 | 0.081774 - -
1.983 | 0.082639 | 11.375 | 4.313 | 0.082995 - -
2.000 | 0.083333 | 11.375 | 4.313 | 0.082995 - -
2.017 | 0.084028 | 11.280 | 4.218 | 0.083972 - -
2.033 | 0.084722 | 11.280 | 4.218 | 0.083972 - -
2.050 | 0.085417 | 11.185 | 4.123 | 0.084949 - -
2.067 | 0.086111 | 11.067 | 4.005 | 0.086172 |1 0.0003 -
2.083 | 0.086805 | 10.972 | 3.910 | 0.087151 |1 0.0103 -
2.100 | 0.0875 | 10.972 | 3.910 | 0.087151 |1 0.0105 -
2.117 | 0.088195 | 10.877 | 3.815 | 0.088130 |1 0.0004 -
2.133 | 0.088889 | 10.759 | 3.696 | 0.089355 | 1 0.0188 -
2.150 | 0.089583 | 10.759 | 3.696 | 0.089355 |1 0.0045 -
2.167 | 0.090278 | 10.664 | 3.602 | 0.090336 | 1 0.0003 -
2.183 | 0.090972 | 10.569 | 3.507 | 0.091318 | 1 0.0103 -
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Table B-3 (Continued).

Cell A-7 Data Model

Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)

2.200 | 0.091667 | 10.569 | 3.507 | 0.091318 |1 0.0105 -
2.217 | 0.092361 | 10.451 | 3.388 | 0.092546 | 1 0.0030 -
2.233 | 0.093055 | 10.451 | 3.388 | 0.092546 |1 0.0224 -
2.250 | 0.09375 | 10.356 | 3.294 | 0.093530 |1 0.0042 -
2.267 | 0.094445 | 10.261 | 3.199 | 0.094514 |1 0.0004 -
2.283 | 0.095139 | 10.143 | 3.080 | 0.095746 |1 0.0319 -
2.300 | 0.095833 | 10.143 | 3.080 | 0.095746 |1 0.0007 -
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 - |1 0.0214
2.350 | 0.097917 | 9.953 | 2.891 | 0.097720 - |1 0.0033
2.367 | 0.098611 | 9.835 | 2.772 | 0.098957 - |1 0.0103
2.383 | 0.099305 | 9.835 | 2.772 | 0.098957 - |1 0.0105
2.400 0.1 9.740 | 2.678 | 0.099947 - |1 0.0002
2.417 | 0.100695 | 9.645 | 2.583 | 0.100939 - |1 0.0052
2.433 | 0.101389 | 9.645 | 2.583 | 0.100939 - |1 0.0175
2.450 | 0.102083 | 9.527 | 2.464 | 0.102181 - |1 0.0008
2.467 | 0.102778 | 9.527 | 2.464 | 0.102181 - |1 0.0308
2.483 | 0.103472 | 9.432 | 2.370 | 0.103176 - |1 0.0076
2.500 | 0.104167 | 9.337 | 2.275 | 0.104173 - |1 0.0000
2.517 | 0.104861 | 9.337 | 2.275 | 0.104173 - |1 0.0409
2.533 | 0.105555 | 9.219 | 2.156 | 0.105422 - |1 0.0015
2.550 | 0.10625 | 9.219 | 2.156 | 0.105422 - |1 0.0592
2.567 | 0.106945 | 9.124 | 2.061 | 0.106423 - |1 0.0235
2.583 | 0.107639 | 9.124 | 2.061 | 0.106423 - |1 0.1276
2.600 | 0.108333 | 9.029 | 1.967 | 0.107427 - |1 0.0710
2.617 | 0.109028 | 9.029 | 1.967 | 0.107427 - |1 0.2214
2.633 | 0.109722 | 8.911 | 1.848 | 0.108685 - |1 0.0929
2.650 | 0.110417 | 8.911 | 1.848 | 0.108685 - |1 0.2590
2.667 | 0.111111 | 8.816 | 1.753 | 0.109695 - |1 0.1733
2.683 | 0.111805 | 8.721 | 1.659 | 0.110708 - |1 0.1041
2.700 | 0.1125 | 8.721 | 1.659 | 0.110708 - |1 0.2774
2.717 | 0.113195 | 8.603 | 1.540 | 0.111979 - |1 0.1276
2.733 | 0.113889 | 8.603 | 1.540 | 0.111979 - |1 0.3151
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Table B-3 (Continued).

Cell A-7 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
2.750 | 0.114583 | 8.508 | 1.445 | 0.113001 - |1 0.2164
2.767 | 0.115278 | 8.508 | 1.445 | 0.113001 - |1 0.4480
2.783 | 0.115972 | 8.413 | 1.351 | 0.114027 - |1 0.3269
2.800 | 0.116667 | 8.413 | 1.351 | 0.114027 - |1 0.6021
2.817 | 0.117361 | 8.294 | 1.232 | 0.115317 - |1 0.3610
2.833 | 0.118055 | 8.294 | 1.232 | 0.115317 - |1 0.6478
2.850 | 0.11875 |8.200 | 1.137 | 0.116357 - |1 0.4950
2.867 | 0.119445 | 8.200 | 1.137 | 0.116357 - |1 0.8239
2.883 | 0.120139 | 8.105 | 1.043 | 0.117403 - |1 0.6464
2.900 | 0.120833 | 7.986 | 0.924 | 0.118725 - |1 0.3841
2.917 | 0.121528 | 7.986 | 0.924 | 0.118725 - |1 0.6789
2.933 | 0.122222 | 7.892 | 0.829 | 0.119795 - |1 0.5091
2.950 | 0.122917 | 7.892 | 0.829 | 0.119795 - |1 0.8421
2.967 | 0.123611 | 7.678 | 0.616 | 0.122260 - |1 0.1578
2.983 | 0.124305 | 7.678 | 0.616 | 0.122260 - |1 0.3615
3.000 0125 |7.584| 0521 | 0.123393 - |1 0.2231
3.017 | 0.125695 | 7.489 | 0.427 | 0.124563 - |1 0.1107
3.033 | 0.126389 | 7.370 | 0.308 | 0.126106 - |1 0.0069
3.050 | 0.127083 | 7.276 | 0.213 | 0.127456 - |1 0.0120
3.067 | 0.127778 | 7.181 | 0.118 | 0.129044 - |1 0.1384
3.083 | 0.128473 | 7.062 | 0.000 - -
3.100 | 0.129167 | 7.062 | 0.000 - -
3.117 | 0.129862 | 7.062 | 0.000 - -
3.133 | 0.130556 | 7.062 | 0.000 - -
3.150 | 0.131251 | 7.062 | 0.000 - -
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Table B-4: Ksnos-n Data for Temp 16'C for BP

Cell A-6 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
0.000 0 20 6.635 | -0.000062 - -
0.017 | 0.000694 | 19.787 | 6.423 | 0.001184 - -
0.033 | 0.001389 | 19.693 | 6.328 | 0.001737 - -
0.050 | 0.002083 | 19.575 | 6.210 | 0.002430 - -
0.067 | 0.002778 | 19.481 | 6.116 | 0.002984 - -
0.083 | 0.003472 | 19.362 | 5.998 | 0.003677 - -
0.100 | 0.004167 | 19.268 | 5.903 | 0.004231 - -
0.117 | 0.004861 | 19.150 | 5.785 | 0.004925 - -
0.133 | 0.005556 | 18.961 | 5.596 | 0.006035 - -
0.150 | 0.00625 | 18.843 | 5.478 | 0.006730 - -
0.167 | 0.006944 | 18.748 | 5.384 | 0.007285 - -
0.183 | 0.007639 | 18.630 | 5.266 | 0.007981 - -
0.200 | 0.008333 | 18.536 | 5.171 | 0.008537 - -
0.217 | 0.009028 | 18.418 | 5.053 | 0.009233 - -
0.233 | 0.009722 | 18.323 | 4.959 | 0.009790 - -
0.250 | 0.010417 | 18.229 | 4.864 | 0.010347 - -
0.267 | 0.011111 | 18.111 | 4.746 | 0.011044 - -
0.283 | 0.011806 | 18.016 | 4.652 | 0.011602 - -
0.300 | 0.0125 |17.898 | 4.534 | 0.012300 - -
0.317 | 0.013194 | 17.804 | 4.439 | 0.012859 - -
0.333 | 0.013889 | 17.686 | 4.321 | 0.013558 - -
0.350 | 0.014583 | 17.473 | 4.109 | 0.014817 - -
0.367 | 0.015278 | 17.379 | 4.014 | 0.015378 - -
0.383 | 0.015972 | 17.284 | 3.920 | 0.015939 - -
0.400 | 0.016667 | 17.166 | 3.802 | 0.016641 - -
0.417 | 0.017361 | 17.072 | 3.707 | 0.017203 - -
0.433 | 0.018056 | 16.859 | 3.495 | 0.018470 - -
0.450 | 0.01875 |16.741 | 3.377 | 0.019175 - -
0.467 | 0.019444 | 16.647 | 3.282 | 0.019739 - -
0.483 | 0.020139 | 16.529 | 3.164 | 0.020446 - -
0.500 | 0.020833 | 16.434 | 3.070 | 0.021012 - -
0.517 | 0.021528 | 16.340 | 2.975 | 0.021579 - -
0.533 | 0.022222 | 16.222 | 2.857 | 0.022289 - -
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Table B-4 (Continued).

Cell A-6 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time, d (s"2) (s"2)
0.550 | 0.022917 | 16.127 | 2.763 | 0.022858 - -
0.567 | 0.023611 | 16.009 | 2.645 | 0.023570 - -
0.583 | 0.024306 | 15.915 | 2.550 | 0.024142 - -
0.600 0.025 |15.797 | 2.432 | 0.024857 - -
0.617 | 0.025694 | 15.702 | 2.338 | 0.025431 - -
0.633 | 0.026389 | 15.608 | 2.243 | 0.026006 - -
0.650 | 0.027083 | 15.490 | 2.125 | 0.026727 - -
0.667 | 0.027778 | 15.395 | 2.031 | 0.027305 - -
0.683 | 0.028472 | 15.183 | 1.818 | 0.028613 - -
0.700 | 0.029167 | 15.065 | 1.700 | 0.029345 - -
0.717 | 0.029861 | 14.970 | 1.606 | 0.029933 - -
0.733 | 0.030556 | 14.852 | 1.488 | 0.030671 |1 | 0.0012 -
0.750 | 0.03125 | 14.758 | 1.393 | 0.031266 |1 | 0.0000 -
0.767 | 0.031944 | 14.663 | 1.299 | 0.031865 |1 | 0.0006 -
0.783 | 0.032639 | 14.545 | 1.181 | 0.032619 |1 | 0.0000 -
0.800 | 0.033333 | 14.451 | 1.086 | 0.033228 |1 | 0.0010 -
0.817 | 0.034028 | 14.333 | 0.968 | 0.033998 |1 | 0.0001 -
0.833 | 0.034722 | 14.238 | 0.874 | 0.034623 |1 | 0.0009 -
0.850 | 0.035417 | 14.120 | 0.756 | 0.035417 |1 | 0.0000 -
0.867 | 0.036111 | 14.026 | 0.661 | 0.036066 |1 | 0.0002 -
0.883 | 0.036806 | 13.908 | 0.543 | 0.036902 |1 | 0.0008 -
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 - |1 0.0172
0.950 | 0.039583 | 13.601 | 0.236 | 0.039335 - |1 0.0053
0.967 | 0.040278 | 13.506 | 0.142 | 0.040289 - |1 0.0000
0.983 | 0.040972 | 13.506 | 0.142 | 0.040289 - |1 0.0403
1.000 | 0.041667 | 13.388 | 0.024 | 0.042412 - |1 0.0481
1.017 | 0.042361 | 13.388 | 0.024 | 0.042412 - |1 0.0002
1.033 | 0.043055 | 13.388 | 0.024 | 0.042412 - |1 0.0357
1.050 | 0.04375 | 13.365 | 0.000 - -
1.067 | 0.044445 | 13.365 | 0.000 - -
1.083 | 0.045139 | 13.365 | 0.000 - -
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Table B-5: Ksnos-n Data for Temp 17C for BP

Cell A-1 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)
0.000 0 25 13.437 | -0.002055 - -
0.017 | 0.000694 | 24.576 | 13.013 | -0.000855 - -
0.033 | 0.001389 | 24.176 | 12.613 | 0.000280 - -
0.050 | 0.002083 | 23.870 | 12.307 | 0.001149 - -
0.067 | 0.002778 | 23.565 | 12.001 | 0.002018 - -
0.083 | 0.003472 | 23.235 | 11.672 | 0.002956 - -
0.100 | 0.004167 | 23.047 | 11.484 | 0.003492 - -
0.117 | 0.004861 | 22.747 | 11.154 | 0.004432 - -
0.133 | 0.005556 | 22.411 | 10.848 | 0.005306 - -
0.150 | 0.00625 | 22.200 | 10.636 | 0.005911 - -
0.167 | 0.006944 | 21.894 | 10.331 | 0.006787 - -
0.183 | 0.007639 | 21.706 | 10.142 | 0.007326 - -
0.200 | 0.008333 | 21.376 | 9.813 | 0.008271 - -
0.217 | 0.009028 | 21.188 | 9.625 | 0.008812 - -
0.233 | 0.009722 | 20.858 | 9.295 | 0.009760 - -
0.250 | 0.010417 | 20.670 | 9.107 | 0.010303 - -
0.267 | 0.011111 | 20.341 | 8.777 | 0.011253 - -
0.283 | 0.011806 | 20.152 | 8.589 | 0.011798 - -
0.300 | 0.0125 |19.823 | 8.260 | 0.012752 - -
0.317 | 0.013194 | 19.635 | 8.071 | 0.013298 - -
0.333 | 0.013889 | 19.329 | 7.766 | 0.014187 - -
0.350 | 0.014583 | 19.117 | 7.554 | 0.014804 - -
0.367 | 0.015278 | 18.811 | 7.248 | 0.015697 - -
0.383 | 0.015972 | 18.599 | 7.036 | 0.016317 - -
0.400 | 0.016667 | 18.388 | 6.824 | 0.016938 - -
0.417 | 0.017361 | 18.082 | 6.518 | 0.017838 - -
0.433 | 0.018056 | 17.964 | 6.401 | 0.018185 - -
0.450 | 0.01875 | 17.658 | 6.095 | 0.019089 - -
0.467 | 0.019444 | 17.470 | 5.907 | 0.019647 - -
0.483 | 0.020139 | 17.258 | 5.695 | 0.020277 - -
0.500 | 0.020833 | 16.952 | 5.389 | 0.021190 - -
0.517 | 0.021528 | 16.740 | 5.177 | 0.021825 - -
0.533 | 0.022222 | 16.528 | 4.965 | 0.022462 - -
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Table B-5 (Continued).

Cell A-1 Data Model

Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)

0.550 | 0.022917 | 16.317 | 4.753 0.023102 - -
0.567 | 0.023611 | 16.105 | 4.542 0.023745 - -
0.583 | 0.024306 | 15.917 | 4.353 0.024319 - -
0.600 0.025 15.705 | 4.142 0.024968 - -
0.617 | 0.025694 | 15.493 | 3.930 0.025621 - -
0.633 | 0.026389 | 15.187 3.624 0.026572 - -
0.650 | 0.027083 | 14.975 | 3.412 0.027236 | 1 0.0020 -
0.667 | 0.027778 | 14.764 | 3.200 0.027905 |1 0.0014 -
0.683 | 0.028472 | 14.575 | 3.012 0.028506 | 1 0.0001 -
0.700 | 0.029167 | 14.364 2.800 0.029188 |1 0.0000 -
0.717 | 0.029861 | 14.152 2.589 0.029879 |1 0.0000 -
0.733 | 0.030556 | 13.940 | 2.377 0.030579 | 1 0.0000 -
0.750 0.03125 | 13.728 2.165 0.031291 |1 0.0001 -
0.767 | 0.031944 | 13.540 | 1.977 0.031936 | 1 0.0000 -
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 - 1 0.0001
0.900 0.0375 12.081 0.518 0.037848 - 1 0.0104
0.917 | 0.038194 | 11.987 0.424 0.038394 - 1 0.0034
0.933 | 0.038889 | 11.869 | 0.306 0.039185 - 1 0.0076
0.950 | 0.039583 | 11.775 0.212 0.039973 - 1 0.0131
0.967 | 0.040278 | 11.775 | 0.212 0.039973 - 1 0.0080
0.983 | 0.040972 | 11.681 0.118 0.041080 - 1 0.0010
1.000 | 0.041667 | 11.681 | 0.118 0.041080 - 1 0.0298
1.017 | 0.042361 | 11.563 | 0.000 - -
1.033 | 0.043055 | 11.563 0.000 - -
1.050 0.04375 | 11.563 | 0.000 - -
1.067 | 0.044445 | 11.563 0.000 - -
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Table B-6: Ksnos-n Data for Temp 18'C for BP

Cell A-2 Data Model
Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time, d (s"2) (s"2)
0.000 0 20 10.536 | 0.001095 - -
0.017 | 0.000694 | 19.689 | 10.225 | 0.001817 - -
0.033 | 0.001389 | 19.353 | 9.889 | 0.002598 - -
0.050 | 0.002083 | 19.042 | 9.578 | 0.003325 - -
0.067 | 0.002778 | 18.731 | 9.267 | 0.004054 - -
0.083 | 0.003472 | 18.515 | 9.051 | 0.004560 - -
0.100 | 0.004167 | 18.204 | 8.740 | 0.005293 - -
0.117 | 0.004861 | 17.989 | 8.525 | 0.005802 - -
0.133 | 0.005556 | 17.773 | 8.309 | 0.006312 - -
0.150 | 0.00625 | 17.438 | 7.974 | 0.007109 - -
0.167 | 0.006944 | 17.127 | 7.663 | 0.007852 - -
0.183 | 0.007639 | 16.911 | 7.447 | 0.008368 - -
0.200 | 0.008333 | 16.600 | 7.136 | 0.009116 - -
0.217 | 0.009028 | 16.384 | 6.920 | 0.009637 - -
0.233 | 0.009722 | 16.169 | 6.705 | 0.010159 - -
0.250 | 0.010417 | 15.953 | 6.489 | 0.010684 - -
0.267 | 0.011111 | 15.642 | 6.178 | 0.011446 - -
0.283 | 0.011806 | 15.427 | 5.963 | 0.011976 - -
0.300 | 0.0125 |15.211 | 5.747 | 0.012509 - -
0.317 | 0.013194 | 14.900 | 5.436 | 0.013284 - -
0.333 | 0.013889 | 14.684 | 5.220 | 0.013824 - -
0.350 | 0.014583 | 14.373 | 4.909 | 0.014611 - -
0.367 | 0.015278 | 14.038 | 4.574 | 0.015467 - -
0.383 | 0.015972 | 13.822 | 4.358 | 0.016024 - -
0.400 | 0.016667 | 13.511 | 4.047 | 0.016836 - -
0.417 | 0.017361 | 13.295 | 3.831 | 0.017405 |1 | 0.0002 -
0.433 | 0.018056 | 13.080 | 3.616 | 0.017981 |1 | 0.0005 -
0.450 | 0.01875 | 12.769 | 3.305 | 0.018825 |1 | 0.0005 -
0.467 | 0.019444 | 12.553 | 3.089 | 0.019420 |1 | 0.0001 -
0.483 | 0.020139 | 12.338 | 2.874 | 0.020025 |1 | 0.0011 -
0.500 | 0.020833 | 12.026 | 2.562 | 0.020920 |1 | 0.0006 -
0.517 | 0.021528 | 11.811 | 2.347 | 0.021556 |1 | 0.0001 -
0.533 | 0.022222 | 11.595 | 2.131 | 0.022210 | 1| 0.0000 -
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Table B-6 (Continued).

Cell A-2 Data Model

Time NO3 T error T error
(hours) | Time,d | NO3 | cleaned | Time,d (s"2) (s"2)

0.550 | 0.022917 | 11.380 1.916 0.022884 | 1 0.0001 -
0.567 | 0.023611 | 11.164 | 1.700 0.023584 | 1 0.0001 -
0.583 | 0.024306 | 10.973 1.509 0.024234 | 1 0.0004 -
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 - 1 0.0022
0.700 | 0.029167 | 9.895 0.431 0.029064 - 1 0.0009
0.717 | 0.029861 | 9.800 0.336 0.029776 - 1 0.0006
0.733 | 0.030556 | 9.680 0.216 0.030926 - 1 0.0118
0.750 0.03125 9.680 0.216 0.030926 - 1 0.0091
0.767 | 0.031944 | 9.584 0.120 0.032318 - 1 0.0121
0.783 | 0.032639 | 9.584 0.120 0.032318 - 1 0.0089
0.800 | 0.033333 | 9.464 0.000 0.044875 - -
0.817 | 0.034028 | 9.464 0.000 0.044875 - -
0.833 | 0.034722 | 9.464 0.000 0.044875 - -
0.850 | 0.035417 | 9.464 0.000 0.044875 - -
0.867 | 0.036111 | 9.464 0.000 0.044875 - -
0.883 | 0.036806 | 9.464 0.000 0.044875 - -
0.900 0.0375 9.464 0.000 0.044875 - -
0.917 | 0.038194 | 9.464 0.000 0.044875 - -
0.933 | 0.038889 | 9.464 0.000 0.044875 - -
0.950 | 0.039583 | 9.464 0.000 0.044875 - -
0.967 | 0.040278 | 9.464 0.000 0.044875 - -
0.983 | 0.040972 | 9.464 0.000 0.044875 - -
1.000 | 0.041667 | 9.464 0.000 0.044875 - -
1.017 | 0.042361 | 9.464 0.000 0.044875 - -
1.033 | 0.043055 | 9.464 0.000 0.044875 - -
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APPENDIX D

Table for calculating predicted SDNR and Standard Deviation

Temp MSaDsﬁ rRed Pric?itltlzd [S);?/?gt?gﬂ 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
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