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ABSTRACT

The Biological Removal O f Phosphorus At The Clark 
County Sanitation District Wastewater 

Treatment Plant

by

Jon Robert Becker

Dr. Jacimaria Ramos Batista, Examination Committee Chair 
Professor of Envnonmental Engineering 

University of Nevada, Las Vegas

This research exammes the influence of operating parameters on the enhanced 

biological phosphorus removal ^BPR) fiom the effluent o f the Clark County 

Sanitation District (CCSD) wastewater treatment plant. Several parameters that 

mfluence EBPR were mvestigated, including wastewater composition: (e.g. BOD, 

nitrate, nitrite, ammonia. Total P, Ortho-P, alkalinity, pH), dissolved oxygen levels, 

oxidation reduction potential, microbiolo^, volatile fatty acid concentrations, fiaction 

of P in wasted sludge, and nitrification levels. Analysis o f nitrate and effluent 

phosphorus levels indicated a strong correlation between the two parameters. Very 

strong dénitrification, evidenced by very low nitrate levels, produced nitrogen gas that 

lifted microbes mto the clarifier effluent Weak dénitrification allowed for the release 

o f Ortho-P finm the microbes into the clarifier effluent Moderate amounts o f 

dénitrification stalled phosphorus release and did not lift microbes into the effluent

ut

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE OF CONTENTS

ABSTRACT.......................................................................................................................iii

LIST OF FIGURES...........................................................................................................vi

LIST OF TABLES............................................................................................................. ix

ACKNOWLEDGEMENTS................................................................................................ x

CHAPTER I STATEMENT OF THE PROBLEM.................................................. I
1.1 Specific Objectives............................................................................................ 2

CHAPTER 2 LITERATURE REVIEW...................................................................4
2.1 Phosphorus: Properties and Characteristics....................................................... 4

2.1.1 Phosphorus m Eutrophication............................................................................ 4
2.12 Phosphorus -  The Lmiitmg Nutrient................................................................. 7
2.1.3 Natural Characteristics o f Phosphorus............................................................. 1 1

2.1.4 Phosphorus in Cells..........................................................................................15
2.1.5 Phosphorus in Wastewater.........................  17

2 2  Background on Specific Topics Related to EBPR_____________________ .22
22.1 Stoichiometric Models and Metabolic Pathways for EBPR Systems.............. 22
2 2 2  Solids and Hydraulic Retention Tunes (SRTs and HRTs)_______________28
22.3 Organic Carbon Substrates______________________  30
22.4  Volatile Fatty Acids and Fermentation............................................................ 33
22.5 Oxidation Reduction Potential (ORP) and Anaerobiosis________________ 33
22.6 Effects o f Nitrogen: Nitrates, Ammonia, and Total Kjeldahl Nitrogen_______

......................................................................................................................... 36
2.2.7 Important Cations (Metals) in the P Removal Process.....................................41
2.2.8 Wastewater Designs fi>r EBPR ................................................................ .42

CHAPTER 3 METHODS AND MATERIALS___________________________.47
3.1 The Selected R^earch Site----------------------------------------------------------- .47
3 2  Sampling Locations-------------------------------------------------------------------- 51

3.2.1 Sampling Locations V^thin the Plant_______________________________ 51
3 2 2  Samplmg Locations Within Basin and Clarifier #4-------------------------------33

33  Important Opoating Parameters----------------------------------------------------- 57
33.1 Solids Retention T une---------------------------------------------------------------- 38
3 3 2  The Food to Mcrobes Ratio---------------------------------------------------------- 59

IV

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3.4 Analytical Methods.......................................................................................... 60
3.4.1 Sample Collection and Preservation............................. 60
3.42 The HydroLab Probe........................................................................................ 62

3.42.1 HydroLab Calibration................................................................................... 64
3.4.3 HydroLab Measurements o f DO, ORP, Conductivity, pH and Temp______ .65
3.4.4 Measurements of TSS, TDS, VSS, and COD.................................................. 65
3.4.5 Measurements of NH4, NO2, NO3, and TKN................................................... 67
3.4.6 Measurements of BOD5-L BOD5-U, and BOD5-IS......................................... 6 8

3.4.7 Measurements o f Alkalinity and Temperature ............................................... 6 8

3.4.8 Measurements o f Ortho and Total Phosphorus________________________ 69
3.4.9 Measurements o f Free (Dissolved) &on_____________________________ 70
3.4.10 Measurements of VFA Concentrations_________ 71

CHAPTER 4 RESULTS AND ANALYSIS ......................................................72
4.1 Solids Residence Time (SRT), F/M Ratio and Related Parameters------------.72
4 2  Intra-Basin Measurement....................................  78

4.2.1 ORP (Oxidation Reduction Potential)________________ .....78
4 2 2  DO (Dissolved Oxygen)______________________ 83
42.3 DO vs. ORP___________________________  87
42 .4  Nitrogen: Ammonia and M trates____________________  .90
4.2.5 Phosphorus Concentrations.............................................................................. 98
42.6  Suspended Solids and COD________________________  103
42.7 Microbiology, Basin # 4 _________________________________________ 107

43 Inter-Basin Measurements______________________   112
43.1 Mass Balance o f Phosphorus Throughout the Plant............................   112
4 3 2  Phosphorus Removal Efficiencies m Primaries, FeCl; Addition.................. 117
4.33 Phosphorus Removal Efficiencies and BOD Concentrations------------------ 119
4.3.4 Phosphorus: Fractional Weight of the WAS_________________________ 122
4.3.5 Volatile Fatty A dds____________________________________________ 129
4.3.6 Effluent Phosphorus Levels_____________________________ 132
4.3.7 Vulnerability o f Effluent Phosphorus Concentrations to P Micro-Release ...137
4.3.8 Dénitrification Effects on Effluent Phosphorus Concentration___________ 139

CHAPTER 5 CONCLUSIONS AND RECOMMENDATIONS____________ 150

APPENDICES____________________________________________  157
Appendix A - AWT Laboratory Data, Phase I, BIO-P Removal Study----------------- 157
Appendix B - HydroLab Data, Phase I, BIO-P Removal Study_________________ 169
Appendix C - Statistical Methods, Pha% I, BIO-P Removal Study--------------  181
Appendix D - CCSD Wastewater Plant Design Specifications-------------------------- 184
Appendix E - Free (Dissolved) Iron Measurements----------------------------------------189

REFERENCES_______________________________________________________ 199

VITA_______________________________________________________________205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



LIST OF FIGURES

Figure 2.1 The Global Phosphorus Cycle: Its Reservoirs and Pathways..........................
^ rom  Bolin and Cook, 1983)...................................................................... 13

Figure 2 2  The Mino Model Under Anaerobic Conditions............................................24
Figure 2.3 The Comeau/Wentzel Model Under Anaerobic Conditions.........................25
Figure 2.4 The Mmo Model Under Aerobic Conditions--------------------------- 26
Figure 2.5 The Comeau/Wentzel Model Under Aerobic Conditions ..........................27
Figure 2.6 The Patented Phostrip Process..................................................................... 43
Figure 2.7 The Mamstream Process.— ------   ,..44
Figure 2.8 The Modified Five Stage Bardenpho Process------------------------------------44
Figure 2.9 The University o f Cape Town (UCI^ Process..............................................45
Figure 2.10 The Original A^/O Process........................................................................... 46
Figure 2.11 The Modified a VO Process......................................................................... 46
Figure 3.1 Location of the Cladc County, Las Vegas and Haiderson Treatment Plants..

-------------------------------------------------------------------------------------------- -48
Figure 3.2 CCSD Plant Flow and Recycle Flow Block Diagram..................................49
Figure 3.3 The Archimedes Lift Pumps at CABI -  Central Aeration Basin Influent... 53
Figure 3.4 Treatment Unit #4 and Associated Samplmg Points ..............................54
Figure 3.5 The Anaerobic Cells o f Basin #4, Clark County Sanitation District______ 56
Figure 3.6 The Aeration Basin fiom ABI.......................................................................56
Figure 3.7 The Clarifier Sampling Points......................................................................57
Figure 3.9 CCSD Plant's 24 hour Composite Sample Bottles_______________  61
Figure 3.10 The HydroLab Sensor Complex...................................................................63
Figure 4.1 Target SRT Values for the Aeration Basins at CCSD ........................73
Figure 4 2  Wastewater Temperature, Target and Actual SRT Values........................... 74
Figure 4.3 MLSS, WAS Concentrations and WAS Mass Wasted/Day____________ 75
Figure 4.4 ORP Before the Change, by Flow Sequenced.............................................. 79
Figure 4.5 ORP After the Change, by Flow Sequence---------------------------------------79
Figure 4.6 O R P-The Anaerobic Zones------------------------------------------------------ 80
Figure4.7 O R P-The Aerobic Zones-------------------------------------------------------- 81
Figure 4.8 ORP -T he Clarifier Zones------------------------------   82
Figure 4.9 DO by Flow Sequence...............................  83
Figure 4.10 DO in the Anaerobic Zones, a  Function o f Time.___________________ 84
Figure 4.11 DO m the Aerobic Zones, a Function of Time---------------------------------85
Figure 4.12 DO in the Clarifier Zones, a  Function of Time---------------------------------85
Figure 4.13 DO vs. ORP in the Anaerobic Zones--------------------------------------------- 8 8

Figure 4.14 DO vs. ORP in the Aerobic Zones------------ .-.--------------------------------- 8 8

Figure 4.15 DO vs. ORP in the Clarifier Zones------------------------------------------------89

VI

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figure 4.16 Ammonia by Flow Sequence, Before the Change...................................... 90
Figure 4.17 Ammonia by Flow Sequence, After the Change........................................ 91
Figure 4.18 Nitrates by Flow Sequence, Before the Change......................................... 92
Figure 4.19 Nitrates by Flow Sequence, After the Change............................................ 92
Figure 420 RAS Nitrate Concentrations, Basins #4, Phase II Bio P .............................93
Figure 421 RAS Nitrate Concentrations, Basins #l-#4, April Through August........... 94
Figure 4.22 RAS Nitrate Concentrations, Basins #S-#8 , April Through August........... 95
Figure 423 Alkalinity by Flow Sequence, Before the Change...................................... 96
Figure 424 Alkalinity by Flow Sequence, After the Change......................................... 97
Figure 425 Ortho Phosphorus Concentrations, by Flow Sequence, Before the Change ...

_________________________________________________________ 98
Figure 426 Ortho Phosphorus Concentrations, by Flow Sequence, After the Change.. 99 
Figure 4.27 Soluble Phosphorus Concentration, (TP and OP), by Flow Sequence —  100
Figure 428 Total Phosphorus, by Flow Sequence, Before the Change....................... 101
Figure 4.29 Total Phosphorus, by Flow Sequence, After the Change ................... 102
Figure 430 COD, Basin #4, by Flow Sequence, Before the Change.......................... 104
Figure 431 COD, Basin #4, by Flow Sequence, October 1999 (Phase H BIO-P) 104
Figure 4.32 Volatile Suspended Solids (VSS), Basm #4, by Flow Sequence, Phase H 105
Figure 4.33 COD and Total P, Basm #4, by Mow Sequence, Phase II BIOP.............. 106
Figure 4.34 A Gram Stain Slide ofPACis From Anaerobic Cell A l, Basin #4,

Using a Phase Contrast Lens o f lOOX, and Ocular Power o f 10 X  107
Figure 435 A Gram Stam Slide ofPAOs From Anaerobic Cell A4, Basin #4,

Using a Phase Contrast Lens o f lOOX, and Ocular Power o f 10 X  109
Figure 4.36 A Cluster of Acinetobacter From Anaerobic Cell A4, Basin #4,

Using a Phase Contrast Lens o f lOOX, and Ocular Power o f 10 X  109
Figure 4.37 A Cluster o f Ectended Nocardia From Anaerobic Cell A4, Basin #4,

Using a Phase Contrast Lens o f lOOX, and Ocular Power of 10 X  110
Figure 4.38 A Cluster of Nocardia and PHA Granule, From Anaerobic Cell A4, Basin

#4, Using a Phase Contrast Lens o f lOOX, and Ocular Power of 10 X  110
Figure 4.39 A Cluster o f Nocardia From Anaerobic Cell A4, Basin #4,

Using a Phase Contrast Lens o f lOOX, and Ocular Power o f 10 X  111
Figure 4.40 A Gram Stam o f Foam fiom Basin # 4 , Using a Phase Contrast Lens of

KWX, and Ocular Power of 10 X_______________ _______________ I l l
Figure 4.41 Absolute TP Concentrations Lost in Primary Clarifiera and Basm #4..... 113
Figure 4.42 TP Absolute Removal Efficiencies in Primary Clarifiera and Basin #4— 115 
Figure 4.43 Ferric Chloride Addition to East and West Primaries, and TP Removal... 118
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CHAPTERl

STATEMENT OF THE PROBLEM 

This research examines the mfluence o f operating parameters on the biological 

removal o f phosphorus fiom the effluent o f the Clark County Sanitation District (CCSD) 

wastewater treatment plant

The CCSD plant currently uses a process known as the Anoxic/Anaerobic/Oxic 

(A^/0) to unplonent enhanced biological phosphorus removal (EBPR). The A^/0 

proceeds by initially exposing the (acclimated) return activated sludge (RAS) to the 

influent wastewater under non-aerated (anoxic/anaerobic) conditions, and subsequently 

to aerated (oxic) conditions.

In the BOD rich anaerobic stages, OP (ortho-phosphate) is released into the 

water fiom polyP stored within the cells of phosphate accumulating organisms (PAOs). 

The release o f polyP provides the energy necessary for the uptake of volatile fatty acids 

(VFAs), also referred to as short chain fatty acids (SCFAs), and lower fatty acids 

(LFAs). The VFAs are then taken up and stored as polyhydroxyalkanoates ^H A ) under 

anoxi^anaerobic conditions. Under aerobic conditions, the PAOs alter thefi metabolism 

to use the stored PHA for cell growth, polyP synthesis and glycogen formation. The 

uptake o f P to form polyP is commonly referred to as luxury uptake, smce the microbes 

store P m access o f their biological requirement Stored poIyP within the cell is 

removed finm the treatment train as wasted microbial growth, termed waste activated

1
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sludge (WAS). The treated CCSD wastewater with low P concentratiou is then 

channeled into the Las Vegas Wash, fiom where it flows into Lake Mead.

CCSD records document that the EBPR process has been able to lower the 

phosphorus to average concentrations around 0.25 mg/L m the effluent. However, the 

effluent phosphorus concentrations occasionally exceed the NPDES permit target value 

(0.5 mg/L). It is necessary to operate the plant on a consistent, daily basis with 

dependably high removal efflciencies. The objective o f this research is to determine 

which operating parameters consistently minimize the mean effluent phosphorus 

concentration, and identify factors that are associated with occasional destabilization 

o f the EBPR.

The ultimate goal in removing phosphorus fiom treated wastewater is prevention 

o f eutrophication in Lake Mead and the natural waterways below Hoover Dam through 

which the Colorado River flows. This work is supportive o f the higher water effluent 

standards being sought by State and Federal Government regulations, as well as public 

demand.

1.1 Specific Objectives

The specific objectives o f this research are:

1. To investigate the effects o f solids retention time (SRT) on phosphorus 

removal and numerous related plant parameters.

2. To evaluate the overall efficiency o f phosphorus removal in the plant by 

chemical and biological means.
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3. To perform a mass balance of phosphorus and identify its fate at the unit 

processes within the plant treatment train.

4. To study the effects of wastewater composition and several operating 

parameters on EBPR system at CCSD.

5. To analyze the mteractions of denitrification and phosphorus removal in the 

plant

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 2

LITERATURE REVIEW

2.1 Phosphorus: Properties and Characteristics

2.1.1 Phosphorus in Eutrophication

The major goal o f removing phosphorus fiom wastewater effluent is to minimize 

eutrophication of receiving waters. Many descriptions exist for the effects of 

eutrophication and the level at which it is present in a body o f water. Beginning  with a 

standard reference of that description, Webster’s Dictionary (1994) defines a eutrophic 

state as one in which the “concentrations of algae, phytoplankton, and other plant life 

have diminished the oxygen supplies to the extent that animal life cannot co-exist”.

Simpler definitions for eutrophic mean nutrient rich, nutrient referring to a broad 

complement o f organic nitrogen and phosphates that will be found in the water. Once a 

lake has become visibly green in color, it is generally assumed to have entered the first 

and easily identifiable stage o f eutrophication.

Naturally occurring bodies o f water such as the Florida Everglades are 

assemblies o f many forms o f animal, plant and pond lifo m continuai competition with 

each other. By inspection, these living organisms form their own, individual but 

diversified zones o f competition, and each o f these has its own eutrophic level. Delicate
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mineral and organic cycles sustain these life forms without allowing any single form to 

take control. Wetlands such as these are important to maintaining diversity in plant and 

animal life.

Eutrophication becomes a problem when a large influx of water which is used 

domestically, is returned to natural waterways. Because this water has received only 

remedial treatment and not complete cleansing, it is returned with additional solids and 

nutrients which begin the waterway fouling process.

In the first stages o f eutrophication, the water body may have a green tint in its 

color, but still remains home to thriving fish, plant, and bottom feeder populations such 

as mollusks and nematodes that flourish in the benthos. Oxygen is generated in the 

water during carbon fixing cycles by algae and other aquatic plant life, hi these fixing 

cycles, carbon dioxide and water are used in the presence o f light and chlorophyll to 

form carbohydrates and starches, the energy storage molecule. Respiration cycles that 

build cellular structures require oxygen, and this anabolic process consumes a portion of 

the daythne oxygen production.

Beyond that o f green water, increasing nutrient levels spawn more serious stages 

of eutrophication, in which the small fish cannot exist because o f high turbidity 

combined with low oxygen levels. Multiplying algae cells at the surface develop 

overcrowded conditions and diffusion o f the cells downward increase the attenuation of 

light at lower depths. Algae cells m dimmished light ulthnately use more oxygen then 

they produce and begin to suffocate. At the surface howevor, protozoans may still 

flourish, while ançhibians and reptiles forage fiom the shallow waters.
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The slow build up o f dead and decaymg cells fiom the surface continues to 

reduce the dissolved ojcygea level at depth to near zero, but the BOD{ continues to 

increase. Higher eutrophic levels might permit only protozoans and protists to survive 

near the surface o f the water. At the same time, heavy depositions o f decaying biomass 

have driven the bottom sediments anaerobic, killing all but a few, select species of 

obligate anaerobes. High levels o f dissolved nutrients that continue to flow into the 

body o f water will mcrease the BOD, eventually building a plethora o f decay related 

toxins, breeding putrefaction and spawning pathogenic organisms often associated with 

anaerobic conditions. Once the decaying biomass builds such a demand in waterways, it 

often has to be physically removed because the microbiology is not capable of 

eliminating this demand m any near term period of time.

Countless numbers o f inland lakes and watercourses have been identified as 

eutrophic and in need of support to reverse this trend, but not just fieshwater has been 

affected. Malakoff (1998) locates a number of oxygen-starved coastal dead zones, the 

number o f which have tripled around the world durmg the past 30 years. One o f these 

zones, attributed to agricultural fertilizer, is located near Mississippi River delta and is 

nearly 400 km long and 100 km in width. Much of Louisiana’s fishing industry is 

considered to be in jeopardy, along with the food and nutritional supplements it once 

provided. The Baltic Sea is another «cample o f very severe eutrophication.

Raw wastewater has such a large «tygen demand fiom dissolved organic carbon 

that it can keep oxygen levels at near zero for a long time if  not treated. An «cample of 

the potential oxygen depletion that might exist without water treatment can be seen in 

the records o f Clark County’s raw wastewater, which averaged a  BODs o f249 mg/L for
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1998. Since the o^tygen saturation level in fiesh water at the elevation o f Las Vegas is 

approximately 8.3 mg/L at temperatures o f ̂ proximately 25°C, more than thirty times 

the mass o f otygen required to saturate fiesh water would have to be passed into the 

water.

2.12 Phosphorus -  The Limiting Nutrient

Phosphorus is often called the limiting nutrient because of its relatively small 

mass ftaction as compared to the remaining biomass that it controls. A quantification of 

this small mass ftaction can be seen finm what is know as the Redfield Formula-For 

Protoplasm, cited by Motel and Hermg (1993) as:

Cio6 H 263 O lio  Ni6 P  eq. 2.1

This formula is generalized to cover phytoplankton, algae and single celled 

animal life forms. The protoplasm o f Redfield’s formula has an atomic weight of 3550 

Da. Therefore, the dry mass ftaction of phosphorus, having an atomic weight of 30.9, is

0.00871, or approximately 0.9%. Assuming water content in algae and other single cell 

organisms to be approximately 90%, the wet fractional weight of phosphorus in simple 

cells is reduced to -0.09% or 1 part in 1034. This allows one pound o f phosphorus to 

control the growth o f over 1 0 0 0  pounds o f algae or phytoplankton, by its presence or 

absence.

By first calculating the potentW mass of algae that might be grown from the 

CCSD wastewater effluent, an *q*preciation of the potential eutrophic impact on Lake 

Mead can be gained. Using the 1998 average P mfluent concentration and flow from
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section 2.1.3, it is found that a daily mass o f3062 lbs. P enters the CCSD plant through 

the sewers and would be passed out into the Las Vegas Wash were it not removed. 

Using the Redfield formula and assuming adequate nitrogen, carbon, and 100% 

utilization by the cells, this influent phosphorus represents a growth potential o f 

îçproximately 3.17 million lbs. o f algae per day, or 1.16 billion lbs. per year.

Next is an estimation o f the surfoce area or volume needed to distribute this algae 

mass. To choose a convenient starting point, a concentration o f 1000 mg/L is chosen. 

This value would leave the water unmistakably green, in the same sense that an MLSS 

concentration o f 1000 mg/L would leave wastewater unmistakably brown. Experience 

with grab samples in basin #4, shows that the bottle d is^ e a rs  at a  depth of 3 to 4 

inches while operating at an MLSS concentration between 2000 and 2400 mg/L. 

Halving these values and allowmg all the attenuation to come finm simple mass o f cells, 

an MLSS o f 1000 mg/L would then hide a bottle at a depth o f 6  to 8  inches. Using that 

perspective, an algae concentration o f 1000 mg/L would appear almost solid green at the 

surface. Volumes derived fiom other concentrations are easily achieved by scalmg.

Mixing one year’s algae production to a concentration o f 1000 mg/L would 

require 426,000 acre foet o f water. This volume, to a  depth o f one foot, is equal to 665 

square miles or an area 29 miles in diameter, nearly the North-South length o f Lake 

Mead itself. Yet, this volume o f water does not include contributions o f effluents fiom 

the cities o f Las Vegas and North Las Vegas. This biomass would have a tremendous 

hnpact on Lake Mead and waterways below Hoover Dam, if  the effluents were not 

treated and controlled.
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Before continiiing to the next section, it is important to point out the two main 

features that secure phosphorus the title o f limiting nutrient

These features are:

1. the required mass fraction in cells as described is actually too large for 

concentrations in most naturally occurring water bodies to support algae growth at 

eutrophic levels. This prevents environmental sources from contributing nutrient P after 

it has been taken out o f the wastewater.

2 . there is no gaseous form of the element that can be fixed by microbial 

life, similar to the fixing o f inorganic carbon, oxygen, or nitrogen for organic usage. 

Lack o f a gaseous form o f P prevents uptake by algae from atmospheric sources.

The first feature can be easily understood by considering the same proposition 

for iron, a necessary and «ctremely small mass component o f chlorophyll. Remove iron 

completely and algae dies because it cannot convert CO2  to glucose during sunlight 

hours and, for that reason, iron becomes a Imiiting nutrient. Unfortunately, iron 

concentrations appear to exist in most waterways to ample proportions that support algae 

at any growth level. For that reason, taking iron out o f the wastewater has no effect, but 

this is not the case for phosphorus.

Lean and Pick (1981) measured carbon uptake in nutrient-deficient (clear) water 

in Lake Erie and neighbormg Kootenay and Jack’s lakes. The research sampled water at 

various depths, and measured the initial phytoplankton populations along with N and P 

concentrations. Enrichments o f N  and P were added and carbon uptake measured. P 

concentrations are often a function o f depth and turbulence m the water, but soluble
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reactive phosphorus was measured in concentrations between 021 and .92 ^g-P/I. 

Enrichment P concentrations began at 10 pg-P/l. Using the 1:1034 Redfield ratio, 

natural occurring phytoplankton might be expected at levels of 1.0 mg/L. Measured 

population biomass fiom the study cited 1.97 mg/L for diatoms in one case. In another 

study by Elser et. al. (1990), chlorophyll was found at concentrations in (oligotrophic) 

Lake S t Clair to measure 0.54 pg/l to 35.0 pg/l in eutrophic Clear Lake.

The second feature is unlike carbon, hydrogen or nitrogen, because are all readily 

fixed into organic forms by microorganisms of various species. Nitrogen, though not 

useable in its gaseous form, can be fixed into the organic form by certain species of 

bacteria into nitrates and ammonia. Griffith (1973) identifies specific species of 

cyanobacteria such as Anabaena^ Gleotrichia, Aphanizomenon^ and NostoCy as having 

the ability to fix nitrogen fiom atmospheric nitrogen gas (Nz), thereby creating nitrate 

and ammonia, the only forms o f nitrogen usable to plant life. Lim (1998) adds the 

nitrogen fixing bacteria species o f Azotobacter, KtebsieilOy Clostridiunty and Rhizobium 

to this list o f fixing microbes. Thus, even if  nitrogen was completely removed fiom the 

treated wastewater, blooms o f nitrogen fixing algae could again return it to the aquatic 

environment. Nitrogen is also present m the wash due to dramage fiom anthropogenic 

sources such as plant fertilizers and animal &ces.

The vast amount o f phosphorus mputs to water result fiom human populations, 

and not inorganic sources or microbial fodng. Therefore, once taken out of these 

sources, the water remams nutrient (kficient, and the most effective technique of 

delaying the onset o f eutrophication is removal o f phosphorus fiom return flows.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



I l

2.1.3 Natural Characteristics o f Phosphorus

Phosphorus is an. essential element in all life on Earth, fiom the virus, through 

single cell organisms, to plants and animals. It is the tenth most abundant element 

constituting ̂ proxhnately 0 .1 % o f the earth’s crust by weight.

Elemental phosphorus can exist in liquid, solid and vapor states, the v ^ o r 

consisting o f tetrahedral P4  molecules. B u t (1994) describes phosphorus as highly 

reactive with a tendency for spontaneous ignition in air. For that reason, it is normally 

found in nature, existing in the form of phosphate compounds ( -POâ *)- Isolated fiom 

these natural states, phosphorus has 19 allotropes, the three main varieties being prefixed 

as black, red and white. White phosphorus can be found in liquid and solid phases, both 

o f which are quite poisonous and bum the skm on contact Exposure to air will cause it 

to glow a greenish color, giving off white fûmes. Muterais containing phosphorus 

compounds or phosphors, are visible in the daric when illuminated by black lamps that 

radiate ultraviolet wavelengths, fit some minerals, this illumination can persist a long 

time after the lamp radiation has been removed. The attribute o f phosphorescence, 

meaning to glow in the dark, provided phosphorus with its name.

The highly reactive, elemental phosphorus began to combme with oxygen to 

form mineral phosphates while the Earth’s crust was still molten, and became bound in 

the rocks. Phosphate leaching fiom Precambrian rocks was accelerated by sulfate 

emissions originating in volcanic activity. When mixed with water v ^ r  in the afi, a 

portion of the sulfate anions will generate sulfuric add, and return to the Earth as add in 

the rain. Phosphorus pentoxide (P2O5), a  naturally occurring phosphate, readily absorbs 

moisture ficm the atmosphere to form phosphoric add.
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As water bodies began accumulating other salts in solution, the high solubility 

and chemical reactivity o f phosphates combined with acidic rain run-off, Anther 

enhanced leaching fiom early rocks. At some point in time, the phosphates in mineral 

rich water were accepted as obligate compounds in lifo, assuming irreplaceable roles in 

function and evolution o f all organisms.

Much o f the modem phosphate rock formations had biological origins, having 

been accumulated in the sediment of prehistoric seas fiom guano, metabolic wastes, 

decomposed bodies, urine and the skeletons o f animals (Birk, 1994). Phosphate rock 

beds have also formed after precipitation from water. Further concentration o f  the 

phosphate sediments resulted fiom natural chemical condensations. These sediments 

ultimately being agglutinated by hydrogeologic and regolith pressure, generated by the 

convolution and burial o f geologic strata, into the modem phosphate bearing rock.

The most abundant source o f phosphate according to Butcher et. al., (1992) is 

found in apatite, a sedimentary rock that accounts for more than 95% of all phosphorus 

m the Earth’s crust. Apatite has many forms, the generic formula being Caio(P04)6Xz 

Common substitutes for X are OH", (hydroityapatite or simply apatite), F ' (fluorapatite), 

and c r  (chlorapatite). A partial list for occasional substitutes o f Ca^  ̂can be Na% K% 

Ag% Mn^% M g^, Zn^  ̂and Cd^.

Basic phosphate rock or calcium phosphate [Ca3(P04)z], reacts with sulfiiric 

acid, formmg phosphoric acid according to the following reaction:

Ca3(P04)z(s) + 3 H2SO4  +  6 % 0 ■ ► 3CaS042Hz0(s) +  2&P04(aq) eq. 2 2
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Phosphoric acid (in the orthophosphate form) readily dissociates in water and has 

three forms;

H 3?04(aq ) 

H 2?04'(aq) 

HP04 '̂ (aq)

H + H2P04'(aq) 

H" + HP04^'(aq) 

+ P04^'(aq)
By combining all three reactions, the stoichiometry becomes: 

H3P04(aq) ----- ► 3H"' + P04^(aq)

eq.2.3 

eq. 2.4 

eq. 2.5

eq. 2.6

Bolin and Cook (1983) in a SCOPE report (Scientific Committee on Problems of 

the Environment) proposed a model for the Global Phosphorus Cycle (Figure 2.1). The 

numbers in the Figure are millions of metric tons, MMX, while fluxes are in MMT/yr.
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Figure 2.1 —The Global Phosphorus Cycle: Its Reservoirs and Pathways 
(From Bolin and Cook, 1983)
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A second cycle proposed by Lerman (1975) and Graham (1977) estimates most 

o f the same reservoir sizes to be within a  factor o f two o f Bolin and Cook, except for the 

accumulated marine sediment in their model, which are approximated at 40 X 10̂  

MMT.

A reference to mineable P, shown in Figure 2.1, represents deposits of this 

phosphate rock that are preferential m the making o f fertilizer because of the rich 

phosphorus content. Plant life is responsible for bringing the majority of phosphorus 

into biological cycles, taking its supply hom the soil (Tiessen e t al., 1995). Animals 

consume the plants and pass on the phosphates up the food chain. Replenishment of 

phosphorus that is lost fiom the ground due to crop harvesting and rain runoff, is needed 

to maintam agricultural production, and phosphate rock is the source of that 

replenishment. Fertilizers made 6 om bovine or other manure, and rendering plants that 

process animal skeletons into bone meal, recycle the phosphorus back to plants and 

other animals, but do not return that which is lost to waterways and sediments.

Average P concentrations in phosphate rock vary from 125 mg/g (12.5%) in 

Oceania to 156 mg/g (15.6%) in the former Soviet Union. Rock types which are not 

considered to be phosphorus bearmg, such as lunestone, contain average P 

concentrations o f 6  mg/g (0.6%). Basalt contains 3.5 mg/g (0.35%), calcareous siltstone 

1-2 mg/g (0.1-0.2%), and GrQfwacke sandstone ~0.5 mg/g (0.05%). A small fraction of 

apatite, varying between 0.02% and 13%, has been found in igneous rocks (Tiessen et. 

al., 1995).

A major illusion created by numbers m the Global Phosphorus Cycle, is that the 

magnitude o f phosphate reserves, estimated at 19 x 10  ̂MMT, t^ e a r  that they might
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last for over a thousand years when compared to the withdrawal (mming) rate o f only 14 

MMT/yr. To the contrary, a sunple calculation indicates these reserves will be 

ochausted m just over 110 years from 1999, at a point when the Earth’s population 

reaches approximately 120 billion people. This calculation can be performed by 

assummg that (a) the rate of mining increases identically to the present rate of increase 

in the population (i.e. 3.0%), (b) a 1999 population o f 4.5 billion, and that (c) 

calculations begin in 1983, the year the model was published. This is a  conservative 

calculation, smce the mining rate o f phosphate rock has increased an average o f 1 0 % per 

year since 1900 ^alHng-Sorensen e t aL, 1993).

2.1.4 Phosphorus m Cells

Though small in numbers as compared to the carbon, nitrogen and hydrogen 

molecules o f Redfield’s protoplaan (eq. 2.1), phosphorus is found in a wide variety of 

functions in life. Its functions mclude (a) being an irreplaceable link in maintaining 

heredity, (b) a major component o f bones and teeth, (c) a facilitator o f many metabolic 

pathways, (d) a participant m carbon fixation, creating carbohydrates, (e) a structural 

member o f cell membranes and organelles, and (Q ATP, the en er^  carrier found in all 

life forms from microbes to mammals.

In heredity, the phosphate molecule connects the individual deoxy-ribose 

molecules that Ime the nucleic bases in both the DNA and the RNA family o f molecules: 

messenger, transfer and tibosomal. Lim (1998) describes how the phosphate molecule 

makes up the hydrophilic (outer) side o f the phospholipid molecule found in cell 

membranes. Alberts et. al., (1998) illustrates how the phosphate molecule participates m
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all steps o f the anaerobic EMP, or glycolytic pathway, that oxidizes glucose into two 

molecules o f pyruvate while generating ATP in the process. Phosphates are intrinsically 

involved with photosynthesis in cyanobacteria (once referred to as blue-green algae), 

algae and plants by way o f the ATP and the NADPH molecule (from NADP^ which 

provides reducing power needed fr>r hydrogen ion transfer. ATP and NADPH are used 

within the choloroplast to drive the carbon fixation cycle to produce glucose from CO2 , 

H2O and light. The phosphate molecule transfers chemical energy when it is removed 

from ATP (adenosine triphosphate) leaving ADP (adenosine diphosphate). Organic 

phosphates can be found in phospholipids and nucleotides. In hydroxylated aldehydes 

and ketones, they are referred to as sugar phosphates. Organic phosphates are 

essentially the orthophosphate form but are tied up in biochemical compounds.

Qasim (1999) reports that organic phosphorus is bound m amino acids and 

proteins. That is true in the sense that phosphates form weak relationships with amino 

acids in proteins, in contrast with the mandatory relationship to DNA. Harrington, 

(1998) describes weak relationship to mean that phosphorus can be associated with 

amino acids and protems, but is not found as a required member o f all.

Stryer (1995) identifies the fixed set o f twenty amino acids that are used by 

living organisms. To make proteins, only acids from this group are used. They are 

chained together in a Imear series by peptide bonds. A three nucleotide base called a 

codon in the DNA double helix molecule specifies the order m which th ^  are chained. 

The codon sequence specifies the amino acids and their order in the protein, but not 

explicitly a metal or other compound. Proteins perform thehr fimction because o f the 

three dimensional shape or conformation that results from the amino acid sequence, hi
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some confonnatîons, phosphate may be found associated with certain amino acids such 

as serine and threonine, the site o f phosphate residues m proteins (Unz, 1999). Not only 

phosphorus but other trace elements and metals such as iron can be found in proteins. 

One such example o f a protem with an iron molecule, described by Alberts et. al., 

(1998) is hemoglobin, found in blood. Phosphate however, is not part of the 

hemoglobin proteuL

Just as it is distributed throughout living forms, so it is found in foods. Table 

2.1, an abbreviated form from Petersen (1949), describes the amount o f phosphorus (in 

percent) found in crops and food products. Dicalcium and monocalicum phosphates are 

placed in many livestock and poultry feeds.

Table 2.1 Phosphorus Content ofEoods, Percent o f Wet Mass
Crop % P Crop %P Crop % P

Apples 0 . 0 1 1 Grapes 0.018 Potatoes 0.053
Beans 0.055 Rice, whole 0.31 Soybeans 0.633
Celery 0 . 1 0 1 Peanuts 0.394 Walnuts 0309
Com 0 . 1 1 Peas 0.124 Wheat 0342

Product % P Product %P Product %P
Beef 0.198 Eggs 0 .1 1 1 Pork 0.262

Butter 0.004 Fish 0321 Sardines 0.55
Cheese, hard 0.547 Flour, white 0.096 Veal 0.235

(Thicken 0318 Milk 0.088 Wheat bran 1.43

2.1.5 Phosphorus in Wastewater

Greater than 9&% o f the phosphorus taken in with nourishment is lost from the 

body in the form of perspiration or body wastes. This is where it enters the wastewater 

treatment cycle. Metcalf and Eddy (1991) state that phosphorus in wastewater occurs
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mainly in one o f three forms: (1) orthophosphate, (2) polyphosphates and (3) organic 

phosphate. The ortho-P species is characterized by one phosphate (P O /' ) molecule. 

Polyphosphates have also been referred to as macromolecular colloidal phosphates, as 

well as meta-, and condensed-,. Representatives o f these groups are pyrophosphate, 

tripolyphosphate, and trhnetaphosphate.

Typical fractional concentrations o f these three forms in U.S. sewage reported by 

Halling-Sorensen (1993) are ortho- 49%, poly- 38%, and organic 13%. This estimate, 

however, is an extremely variable estimate because wastewater composition depends 

upon the clientele, or industry generating the waste stream, fofrequent but large 

contributions might come from storm runoff in a  residential area, carrying with it the 

fertilizer residuals from lawns.

Sedlak (1991) claims that contributions o f phosphorus to wastewater made from 

domestic sanitary sewer systems origmate from three mam sources:

(1) human waste (including disposed food), 0.6 kg P/capita/yr.

(2) laundry detergents (without legal limitation), 0.3 kg P/capita/yr.

(3) other household detergents and cleaners, 0.1 kg P/capita/yr.

(4) Using 100 gal/capita/day as a representative volume for an individual’s 

sewer discharge rate, the 0.6 kg P/capita/yr. value amounts to an average concentration 

o f 4.3 mg-P/1. For Clark County in 1998, a figure o f 0.736 kg TP(total 

phosphorus)/capitatyr. is calculated using the plant reported (average) influent TP 

concentration o f the wastewater as 533 mg-TP/1, an average flow o f 68.9 MŒ) and a 

typical personal discharge rate o f 1 0 0  gal/capita/day.
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In a compendium of articles, Horan (1994) reported data on flows, 

concentrations and absolute weights o f wastewater phosphorus at locations around the 

world. A sampling o f that report is reproduced in Table 23. The average P 

concentration of total Ibs/day mfluent (column four) is 7.7 mg/L.

Table 2 3  Phosphorus Concentrations in  Wastewater Global Samplmg

Location
Flow in 

Reported Units
Flow
MGD

Total-P
mg/L

Total-P
lbs/day

Richmond, VA 1^7m3/s 45 3 -5 1501
Seneca, MD 032 m3/s 5.0 5 -7 3 254
Elkhart, IN 0.88 m3/s 2 0 4 667
Dale Mabry, FL 036 m3/s 5.9 6.5 320
Blue Plains, D C. 163 m3/s 370 3.6-63 15120
Alexandria, VA 237m 3/s 54 4 -7 2477
Komeuburg, Austria 1535 m3/hr 584 15.6 75981
Parkway WWTP, ChesapMke Bay 28,373 m3/d 7.5 6 375
Temeuzen WTP, Nethorlands 1140 m3/h 73 7 3 432
Kelwona, British Columbia 22.5 ML/day 5.9 6.5 320
WaibHngen WTP, Germany 8280 m3/d 0.5 8.3 35
S t Jean dUlac, France 2100 m3/d 2 3 18 330

All o f these concentrations were taken at least two years after the U.S. ban of 

phosphates in detergents from 1988. The drop in influent P concentration resulting from 

the ban, is seen in many o f the charts to range between a fector o f 1.5 and 3.

The phosphorus m detei^ents came from pentasodium triphosphate (NasPsOio), 

also known as sodium tripolyphosphate (STP). STP used as a detergent builder, one o f 

the two main components o f modem detergents. The second component is the active 

ingredient, surfactant, or tyndet, which can be manufactured with anionic, cationic, 

nonionic or amphoteric ion adsorption properties. A popular surfactant is linear

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



20

alkylbenzene sulfonate, or LAS (Wang, 1992). ADtyl sulfates as a chemical group, are 

readily biodegradable, but may be substituted with other sulfonic or caiboxylic acid 

groups. The environmental effects, focusing on the biodegradability o f modem 

surfactants, are still under intense scrutiny, but at this point

STP was first introduced nnmediately after WWII ^cG ucken, 1991). These 

builders sequester calcium and magnesium ions in hard water and allow the syndets and 

bleaches to better perform then functions. With mcreased production, the 

eutrophication and saprobion problems in open waterways advanced quickly. Beginning 

around the mid 1980’s, many countries have legislated a reduction or elimination o f STP 

from detergents.

Kiessling, (1997), defines a optimum detergent builder as one «chibiting the 

properties o f (a) sequestering o f the magnesium and calcium ions, (b) dispersion of 

sparingly soluble precipitates, (c) support o f the active detergent surfactants m soil 

removal, (d) stabilization o f the colloidally distributed soil in the washing liquor, (e) 

sufficient buffering effect (keeping the pH value constant), and (Q ensuring good 

powder structure.

STP was able to meet the large number o f requirements for a builder by itself. 

On the other hand, findmg a  smgle substitute that exhibited all these properties has not 

been possible, so combmations o f non-phosphate substitutes are used. Sittmg (1979), 

identifies some o f these substitutes as derivatives o f oxalic, malonic, succinic, citric, and 

glucaric adds. Additional inorganic compounds used as builders have been alummate 

salts, sodium silicate, sodium tetraborate ^orax), and zeolites. Zeolites are not water
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soluble and act primarily as an ion exchangers, taking up calcium ions and releasing 

sodium ions in exchange (Kiessling, 1997).

Dudzinska and Montusiewicz (1996) discuss the use in Poland o f chelating 

ligands like ethylenediaminetetraacetic acid (EDTA) and nitrylotriamineacetic acid 

(NTA) as builder substitutes. These were selected because they also have many uses in 

commercial processes such as plating, metal complication, metal separation, and 

stabilization o f herbicides, cosmetics and carbonated beverages. EDTA however, is not 

biodegradable in activated sludge. NTA appears to be biodegradable but its

complexation compounds may not. It should be noted that Polish law defines 

Phosphate-Free as lacking polyphosphates only.

Introduced in the early 1980s and more widely accepted as o f recent, have been 

poly(acrylic acid) and co-poly(acrylic-maleic acid)s. These two compounds are used in 

combination with zeolites and come fix>m the larger group o f compounds known as 

polymeric carboxylic acids (PCAs). The optimum molar mass for these compounds 

ranges between 40,000 and 70,000 Da, and have very good dispersive effects that 

prevent graying o f textiles and scaling on washing machine parts. The negative features 

o f PCAs are poor biodegradability in the aqueous envhonment, resulting in an 

increasing accumulation o f these acids in the envnonment ^ a ik , Simon, Swift, 1996). 

The challenge now is to increase desnability by discovering a formulation that will be 

highly biodegradable.
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2 3  Background on Specific Topics Related to EBPR

2 3 .1 Stoichiometric Models and Metabolic Pathways for EBPR Systems

Mino ef. al. (1994) proposed three different metabolic models for PAOs during 

anaerobiosis. These models describe the anaerobic uptake o f acetate and propionate and 

subsequent conversion to polyhydroxyalkanoates (PHAs) by utilizing the reducing 

power of NADH, the reduced form of N A D \ or nicotinamide adenine dinucleotide 

(Stryer, 1995). NADH is supplied via the Embdenr-Meyerfaof-Pamas (EMP) pathway 

when producing pymvate from glucose. The EMP is also called the fermentative 

pathway because it occurs only under anaerobic conditions. Use o f the EMP can cause a 

drop m pH (Koneman, 1997). Two other pathways used by bacteria, that hydrolyse 

glucose into pyruvate are the Entner-Douderoff (ED) and the Warburg-Dickins or 

Hexose MonoPhosphate (HMP) pathways. The ED pathway is also called the aerobic 

pathway because o f the strict requirement for the presence o f oxygen for the metabolism 

to occur. The HMP is sometimes called the pentose cycle because it also provides a 

means of metabolizing pentose sugars and glucose by a number of bacterial species 

which are facultatively anaerobic (Koneman, 1997). The HMP can be thought o f as a 

hybrid of the HMD and ED pathways, because it begins similar to the ED and ends more 

similar to the EMP pathway.

The ability to oxidize substrates under anaerobic conditions, in particular VFAs 

is essential for PAOs to gam a  competitive advantage over other bacteria in the 

activated sludge process. Mino et. al. (1994) also describes a  probable metabolism of 

the G Bacterium, a  competitor to Acmetobacteria. The G bacterium, first described by
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Cech et. al. (1990), also accumulates phosphates but does not sequence through the 

release and uptake cycles of phosphate removing PAOs. Glucose can stimulate the G 

bacterium to multiply to the extoit o f degrading a normally functioning EBPR.

Other researchers have attempted to evaluate microbial processes of EBPR both 

stoichiometrically and kinetically without the presence o f a pure culture. Using the 

work o f Harder (1977), Shapiro (1984, 1991), and Noack (1986), van Loosdrecht (1997) 

noted that only ten generations from isolated (pure) cell line can change the 

characteristics o f the future generations to such an extmt that they no longer represent 

the characteristics o f the original cells. Therefore, to study one variety o f PAO .and 

attempt to predict a dependable outcome in an activated sludge process is extremely 

unproductive. Bacteria have such a large range o f responses for surviving in a 

dynamically changing environment that predicting a specific outcome requires a 

multivariate measurement matrix o f the entire wastewater chemistry.

Many substantial and intricate biochemical models describing the metabolic 

pathways o f EBPR wAAdnetobacter spp. have also been developed by authors such as 

M.C. Wentzel, L ü . Letter, T. Mino (1994), T. Matsuo (1994), K.J. Hall (1995), T. 

Fukase (1984), M .CM  Loosdrecht (1997), NichoUs, HA. (1986), Osbom, D.W. (1986), 

and M. Shibata (1984). The results o f these authors is a study in itself but a concise 

summary o f these models is presented in two p^ers by Wentzel et. al. (1986 and 1990). 

The summary clearly organizes the research findings o f his own and other scientists, 

some o f which are mentioned above.

En his 1990 paper, Wentzel states that there are two main models. These are 

termed the Comeau/Wentzel model (Comeau, HaH, Hancock and Oldham, 1995;
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Wentzel, Lototter, Loewenthal and Marais, 1986), and the Mino model (Mino, Arun, 

Tsuzuki and Matsuo, 1987.)

A schematic o f the Mino model under anaerobic conditions is first shown in 

Figure 2.2. It describes acetate being brought through the cell wall, where the energy to 

process it first to acetyl c o -e m ^ e  A (acetylCoA) and then to PHB, is supplied by ATP. 

PolyP stored inside the cell provides one source of energy to drive ADP to ATP, and 

then the ortho-P molecule is released firom the cell. The second source of energy for the 

oxidation o f carbohydrates to pyruvate employs the EMP pathway that also provides 

protons to reduce NAD^ to the NADH2  required for reduction of acetylCoA to 

intracellular PHB.

Outside 
the Cell

Acetate '

Pt

Inside 
the Cell

Acetate

PofyPn ATP ^  ATP

PolyPn-i

Pi

Carbohydrate

H e

acetylCoA 

IæNADHz

pathway

Pyruvate

Figure 2.2 The Mino Model Under Anaerobic Conditions
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The anaerobic Comeau/Wentzel model and its contrast with the Mino model are 

presented in Figure 2.3. Acetate is taken in through the cell wall as before, but a hraction 

of the acetylCoA is instead, brought into the TCA (tricarboxylic acid, citric acid or 

Krebs) cycle which then supplies the proton to needed by NAD to build the remaining 

ace^lCoA into PHB. Comeau/Wentzel model inserts a path for cations (M^) exiting 

and protons (H^) entering the cell. Stored poly? alone supplies the energy needed by 

ADP/ATP for the entire process. Phosphate leaves the cell in the form of phosphoric 

acid fig u re  23) while bringing in a hydroxyl ion in to balance the pH. Supported by 

each o f the models, is the uptake o f VFAs and release of phosphate during the anaerobic 

phase.

Outside 
the Cell

CHsCOOH

CHaCOO
+ H"'

Inside 
the Cell

► CHaCOOH

acetylCoA

NADH,

H2PO4 H2PO4

Figure 2 3  The Comeau/Wentzel Moctel Under Anaerobic Conditions
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The aerobic phase o f the Mino and Comeau/Wentzel models are shown in 

Figures 2.4 and 2.5, respectively. Uptake and external phosphate and storage as 

intracellular polyP is accomplished with energy firom the ATP molecule. The ADP 

transforms to ATP using a proton firom NADifc. PHB stored during the anaerobic 

phase, is now degraded to acetylCoA and carbohydrates. Part o f the reducing power to 

generate NADHz comes firom this breakdown, and part comes firom the TCA and 

glycolytic cycles used in the electron transport which creates water as an end product.

Outside 
the Cell

Inside 
the Cell

HzO

V.
synthesis 

PolyP. ATP

PotyP..! ADP ^

Û2

Carbohydrate

NADHz

acetylCoA

synthesis

Pi

electron
transfer

TCA
+

Glyoxylate 
Cvcles

NADHz

Figure 2.4 The Mino Model Under Aerobic Conditions

The major difference between the NGno and the Comeau/Wentzel aerobic 

models, is that PHB is not used to generate carbohychates, but transferms to acetylCoA 

only. The paths o f cations and phosphoric acid through the cell wall are now just 

reversed.
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Figure 2.5 The Comeau/Wentzel Model Under Aerobic Conditions

Wentzel et. al. (1986) concluded that the main regulation for accumulation and 

degradation of PHB and polyP are the ratios ATP/ADP and NADH/NAD. These ratios 

are in turn controlled by substrate concentration, internal PHB, extracellular acetate, and 

the degree to which electron acceptors are present

1 2 2  Solids and Hydraulic Retention Tunes (SRTs and HRTs)

The solids retention time (SRT), often called the mean cell residence time 

(MCRT), is most often calculated as the ratio o f the mass o f microbes (MLVSS) in the 

active sludge basin divided by the steady state rate at which the microbes are wasted, or 

wasted activated sludge (WAS). While compact as a  definition, researchers have used 

varied approaches to redefine the SRT and then evaluate its effects on biological P (and
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N) removal. They have also tailored the definition to reflect the differences between 

batch, continuous, laboratory, and full scale facilities. Each o f these approaches lead to 

unique adjustments that could be considered system specific in the factors influencing P 

and N removal.

During the investigation of anaerobic SRTs, Gerber and Winter (1984) 

determined that phosphate removal capacity per unit MLSS mcreased with increasing 

anaerobic retention time. Four parallel batch (Phoredox) systems were operated 

simultaneously, each with constant flow, COD, P (@20 mg/L) and separate total 

treatment volumes and anaerobic fiactions. Anaerobic retention times were set at 6 ,12 , 

18 and 24 hours. Anaerobic SRTs o f 6  hours were found to remove phosphates between 

9 and 10 mg/L, while 12 hour periods removed up to 15 mg/L. The longer anaerobic 

SRTs were also more reliable in P removal. The COD, TSS, nitrification and sludge 

separation characteristics were unaffected after long periods of anaerobiosis. Nitrates 

ranged firom 1.7 to 18 mg N0 3 -N/(g-MLSS-hr).

Matsuo et. al., (1994) independently made similar observations to Gerber and 

Winter (1984) in evaluating three mamstream, laboratory scale systems. They found 

that short anaerobic SRTs failed to stabilize P removal performances. This was due in 

part, to a culture o f microbes that were able to take up dissolved carbon in the anaerobic 

zone without releasmg phosphates. Long anaerobic SRT seems to aid polyP 

accumulators competing with other heterotrophs, but is not always a requisite. The 

amount o f dissolved organic carbon ^ O Q  absorbed m the anaerobic zones, did not 

vary with PO4-P (amount o f phosphorus released in the anaerobic zones), but a Px 

(phosphorus content in the sludge) varied directly with PO4-P This was highly
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noticeable when the anaerobic SRT was dropped firom 6.4 to 03  hr, the maximum range. 

Oxic SRTs varied fix>m 3.8 to 5.9 hours.

Fukase e t al. (1984) discovered that creating an anaerobic zone ahead o f an 

aerated zone did not necessarily cause excess removal o f phosphorus. BOD could be 

absorbed under anaerobic conditions without storing or releasing polyphosphates, or 

storing PHB within the cell in anaerobic conditions. Detention times were controlled by 

flow changes, and SRTs began at 142 days, but were then changed to 54.0 and 27.9 

days m the last two phases. This lead to microbes other than polyP that dominated the 

non-aerated zone, and P removal failed and yields dropped fi-om about 0.55 to 030. .

An experiment by Janssen e t  al. (1987) showed that anaerobic HRT that were 

greater than the aerobic HRTs were a benefit to P removal. This woric involved two 

similar, fiiU scale continuous feed systems, each with two activated basins and a forward 

contacting (non-aerated) tank where recycled sludge was mixed with the influent This 

work determined that longer, non-aerated periods prior to the aerated (mostly) tank 

provided a higher P removal efficiency when the influent contained higher N and carbon 

substrate loading. The unaerated periods in the first tank lasted up to 83% of the day, 

while the second tank was aerated 75% of the day.

23.3 Organic Carbon Substrates

The concentration o f influent carbonaceous biological oxygen demand (CBOD) 

has an unmistakable correlation between BODs and total phosphorus removed. Qasim 

et. al. (1996) used the results fiom a ten year period of research, perfermed at the 

University o f Tocas, Arlington. B aich scale and pilot plant operations contributed data
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used to develop two mathematical functions, each expressing the same, closely 

correlated relationship between phosphorus removed and BOD:

(1) P removed% = 98.6*(l-exp(-.0200* So )), R = 0.95 eq. 2.8

(2) P removed^ = -10.9+236* So + 0.0215* So^+9.03E-5*So  ̂- 1.40E-7* Sô  eq. 2.9 

where: So<200mg/L;R=0.98.

P removed% represents the % average phosphorus removed, and So the average 

concentration o f BODs (w/So > 25 mg/L). Plotting these functions reveals that an So = 

200 mg/L will remove at least 97% o f influent P, regardless of the influent P 

concentration. This cu^e fit appears to reflect only the COD/P requirements for a 

mainstream system. Phosphorus removal in a (sidestream) stripper has been measured 

at 2 mg-COD/mg-P, as compared with a mainstream process that is closer to 20mg- 

COD/mg-P. The sidestream requirements for COD/P are ten times lower polyP biomass 

concentration than the mainstream process (Smolders e t  al., 1996).

Table 2.3 describes a compilation o f research fiom Liu e t ai. (1997). The Table 

describes a strong relationship between P content o f the influent (% TSS) and other 

parameters associated with increased P removal capabilities.

Liu e t  al. (1997) found that the P/C feeding ratio (wt/wt) was a key factor in 

determining the competitive outcome between the polyphosphate-accumulating bacteria 

(PAB) or glycogen-accumulating bacteria (GAB). Measurements found that when the 

P/C ratio was 030 or greater, the PAB could consistently out-compete the GAB species 

in faster uptake o f acetate and higher P accumulation. Reduction o f the P/C ratio below
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0.02 favored growth and majority spéciation by the GAB. Phosphorus and PHA 

accumulations within the bacteria cell also increased with mcreasing P/C ratio and 

reached steady state (maximum) values o f Px = 8 % (Pi=polyP weight fiaction).

Table 2 3  Max Amount and Rate ofAnaetobic Pi Release and Acetate Uptake
Reference Date P Fraction 

(%TSS)
NbxP

Released
(mgP/gVSS)

Max acetate 
Taken up 

(mgQgVSS)

P Release 
Rate 

(mgP/gVSS-hr)

Acetate Uptake 
Rate 

(mgC/gVSS-hr)
Fukase 1984 2 5.9 108.6 3 60
Mino 1987 3 14 40.4 14 42
Mino 1987 6 . 1 63.7 63.6 52 71
Smolders 1994 7.0-7.5 ND ND 42-130 41 •
Fukase 1984 9.6-10.0 1253 133 1 0 0 - 1 1 0 105-139
Wentzel 1988 14.6-15.4 196.6 245.8 114-155 48-112

From l i t t  e t  al., 1997

Kuba e t al. (1996) was able to use a two sludge system with sequencing batch 

reactors (SBRs) to achieve P removal by sludge uptake in the anoxic zone. This process 

reduces aeration requirements (30% to 50%) and COD demands (up to 50%) less than 

for conventional aerobic P and N removal systems. The SBRs consumed only 3.8 g 

COD/g-N, allowing the removal o f 15 mg/L P and 105 mg/L N using only 400 mg 

COD/L Hac (acetic acid). Optimum P and N removal were obtained near an influent 

N/P ratio o f 7/1 and approximately 3.4 g COD/g-N. Above the 3.4 ratio, P removal 

efficiency dropped precipitously. The process depends on (1) culturing a species of 

denitritying phosphate removmg bacteria (DPB) which absorb P b^ond normal 

biological requhements and (2 ) usmg a two sludge system with the aerobic zone ahead 

of the anoxic reactor, and the influent flow bemg sent to the anaerobic reactor.
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Glycogen (starch), a  branched chain o f glucose molecules joined by hydrolysis, 

has been individually investigated to determine its role in polyhydroxyalkanoate (PHA) 

synthesis. The results o f anaerobic inhibition studies supported the assumption that 

glycogen degradation through glycolysis supplies the required ATP and reducing power 

for PHA synthesis fiom acetate and consumed glycogen. Under aerobic conditions to 

follow, the accumulated PHAs were depleted and the consumed glycogen recovered to 

the same level as that at the start o f the anaerobic phase (Liu et. al., 1994). The smdy 

suggested that external glycogen could be used as an energy source for PHA synthesis 

rather than intracellular polyphosphates while in the anaerobic phase.

Continued investigations by Liu e t al. (1997) reinforced earlier findings that 

separate species o f glucose metabolizing bacteria were able to absorb short chain acids, 

thereby accumulating deposits o f PHA granules with the potential to dominate the water 

culture.

Earlier, Satoh et. al. (1992) demonstrated that glycolysis of intracellular 

carbohydrates provided the energy for formation of PHAs fiom acetate and/or 

propionate, rather than by polyphosphate hydrolysis. At the same time, glycogen can 

regulate the redox balance withm the cell. Thus, bacteria exhibiting glycogen storage 

might provide competition for the polyP bacteria under certain conditions, affecting the 

P removal efficiencies. The influent water contained a low P/C ratio for mhibition of 

polyP accumulating bacteria.
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23.4 Volatile Fatty Acids and Fermentation

The carboxylic acid sequence, limited to four or five carbons including the 

branched isomeric constructions, have been referred to as VFAs, SCFAs or lower fatty 

acids (LFAs). These are considered to play an important role as the preferred substrate 

for the polyP bacteria in the A^ (anaerobic/anoxic) zones. Addition (or sufficient 

presence) of these products o f fermentation has increased the strength o f P release under 

anaerobic conditions which is intrmsically cormected to the P uptake in the aerobic 

zones. Hang-Bae et. al., (1997) evaluated five kinds o f these short chain (carbon) 

substrates in three different laboratory sequencing batch reactors. The acids were acetic, 

propionic, butyric, and valeric (caprionic) varieties. P release was greatest during the 

anoxic period when using acetate alone, while a 50% combination o f glucose and acids 

had about half the effectiveness. Acetate alone produced a sludge with poor settling 

characteristics. Findings also mdicated that TOC above 200 mg/L could inhibit P 

release.

23.5 Oxidation Reduction Potential (ORP) and Anaerobiosis

The oxidation-reduction potential (ORP) is an electromotive potential that has 

been attributed by de la Menardiere e t  al. (1991) as being a descriptor o f anaerobiosis. 

hi wastewater, anaerobiosis is the biochemical state o f oxygen starved water which is 

concurrently occiq>ied by living organisms and nutrients. Under non-oitygenated 

conditions, the ORP becomes increasingly more negative with tune. In the presence of 

aeration, the decrease in the ORP value may be gradual, remain constant or increase

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



34

with time, depending upon the influx of oxygen and the immediate biological, chemical 

and nutritional state o f the water.

ORP has been mvestigated for use as a indication parameter in optimizing the 

biological nutrient removal o f P and N, together and separately. The overwhelming 

majority o f investigations found that ORP did not ochibit a relationship with P removal 

processes, but was a very effective predictor o f N  removal.

Wareham e t al. (1995) found that the presence o f nitrates slowed the rate o f drop 

in the ORP, but once the nitrates were exhausted, the drop in ORP accelerated. This 

salient knee in time sequenced data could be relied upon to indicate exactly when 

complete dénitrification had occurred. Also investigated was whether strong P release, 

which is required for a  strong uptake, could be promoted by adding VFAs at the moment 

o f nitrate exhaustion, thereby give polyP bacteria an advantage in substrate uptake over 

other denitrifiers present. This behavior, however, was never seen.

hi a municipal treatment plant m France, de la Menardiere et. al. (1991) found 

successfully located constant values for the ORP which maximized nitrogen removal by 

opthnizmg the aerated and non-aerated periods.

Schon et. al. (1993) suggested that ORP could be used to optimize the aeration 

rate for N removal, and simultaneously produce compact sludge floes with a low sludge 

volume index (SVI) rather than small, dispersed floes grown with non-optimized 

aeration and non-aeration periods. T h ^  also concluded that dissolved oxygen 0 ^0 ) 

concentration controlled the polyP bactoia release/uptake cycles while the value o f the 

ORP had little predictable effect
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Lo e t al. (1994) mvestigated ORP as a retrofit process control on existing 

Extended Aeration Treatment System (EATS) batch reactors around Hong Kong. They 

were able to empirically determine fixed ORP limits, which consistently aided the 

reduction o f effiuent NO3 and boosted P removal efficiencies in random cases. It was 

clearly noted that the ORP value was a function of zone location or position along the 

tank, and did not represent a fixed value that could guarantee similar efficiencies in 

another geometry.

Using sequencing batch reactors (SBRs), Randall et. al. (1994) determined that 

EBPR was dependent on acidogenesis creating fermentation products ahead of. the 

anaerobic zones. Responsibility for improvement of P removal resulted firom the 

presence o f C1-C5  carboxylic acids, with the exception of formate. Branched isomers 

showed improved response to the linear molecular form o f the acid. The presence of 

alcohols C1-C3 did no aid or disrupt the P removal process. Substrates with detrimental 

effects included glucose and amino-rich substrates. Although a numerical value was not 

specifically called out in the paper, this comment mdicates that a high TKN/COD ratio 

would also have detrhnental results on an anaerobic/aerated P removal process.

Gerber et. al. (1986) supported these conclusions by stating that anaerobiosis 

provides the environment in which compounds are converted to (acidogenic) products 

that trigger phosphorus release. Therefore, EBPR is primarily dependent on the nature 

o f the substrate interacting with the bacterial mass, and not an anaerobic state. The 

proper substrate and its concentration (i.e. COD) initiates a strong P release, which in 

turn sthaulates a strong P uptake.
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Skalsky and Daigger (1995) mvestigated on-site fermentation of volatile acids 

(VA) at the Orange County Water and Sewer Authority (OWASA) in California, using 

two full scale designs for the purpose o f EBPR performance. The thickened WAS is 

then mixed with the sludge fiom the primary clarifiers before entering the holding tank. 

The VA yield averaged 0.05 mg/mg volatile solids (VS) fiom the primary sludge that 

were sent to the holding tank. The average VA composition of the first fermented 

product stream consisted o f 41% acetic, 44% propionic, 9% butyric and 5% valeric 

acid(s) (Skalsky, 1995). The product concentrations in the stream of the second 

fermented product were within 20% of the first The only drawback to the process 

might have been found in phosphorus recycle. Approximately 25-40% of total-P was 

released in the first four hours after mixing the WAS with the sludge. This recycle 

might increase P concentrations at the mfluent 20 to 30%. This is not a problem where 

the influent P is not high enough to support a strong EBPR process, as the recycled P 

might help to strengthen i t

2.2.6 Effects of Nitrogen: Nitrates, Ammonia, and Total Kjeldahl Nitrogen

The biological removal o f phosphorus is an integral part of the overall task of 

biological nutrient removal ^N R ) fiom wastewater. BNR includes the removal o f the 

nitrogen compounds, principally NH3-N and NO3-N, which are the only forms of 

nitrogen useable to plants (Griffith et. al., 1973). The oxidation/reduction steps mainly 

identified with removing NHj-N and NO3-N, respectively, are nitrification and 

denitrification.
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Nitrification is the oxidation of ammonia NHs -N  to nitrate NO3 -N. The first 

oxidation step is carried out by Nitrosomonas, creating the species NO2  . The 

approximate anabolic oxidation equation for the Nitrosomonas bacteria is:

5 5 NH4" + 7602 + 109HCÛ3 —► C5H7O2N + 54NÜ2* + 57HzO + IO4 H2CO3 eq. 2.10

The second step creating NO3 is carried out by Nitrobacter. The approximate 

equation for Nitrobacter oxidation is:

4 OONO2 +NH4^+4H2C03+HC03* +19502 —► C5H7O2N+3 H2O+4 OONO3* eq. 2.11

Stoichiometry for the combined two nitrification steps requires 11.1 mg of O2  

and 8.6 mg HCO3 for each mg of NKt^-N consumed (Qasim, 1999).

The oxygen requhement in nitrification is referred to as the NBOD or 

nitrogenous oxygen demand. Usmg an immature microbial broth, Nitrosomonas can 

take up to 8 days for incubation, and over 28 days for the NBOD to be completely 

exerted. When added to the BOD over this longer period, the UBOD or ultimate 

biological oxygen demand o f the water is determined.

Qasim (1999) has also found that nitrifymg bacteria are sensitive organisms and 

extremely susceptible to a wide variety o f inhibitors. A narrow pH range between 7.5 to 

8.6 allows for best nitrification, but acclimated systems have successfully nitrified at 

lower pH. Dissolved ojtygen concentrations above 1 mg/L are essential for nitrification 

to occur.
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Metcalf & Eddy (1991) identify two general denitrifying pathways that use NO3 

-N as an electron acceptor, thereby convert NO3 to reduced nitrogen forms such as 

and N2 gas. One of the two paths is termed assimilatory, converting NO3 -N to NH3-N 

for use by cells in biosynthesis. NO3’reduction occurs when it is the only existing form 

of nitrogen. The other is called the dissimulatory path, this reducing NO3 -N to Nz gas, 

which escapes the water. The second path is more commonly known in wastewater 

treatment as the dénitrification process and occurs only under anoxic conditions 

(Metcalf & Eddy, 1991).

Once nitrates have been reduced to N% , specialized microorganisms are able to 

utilize NH4  ̂ and HCO3 (inorganic carbon) in biomass synthesis. Examples o f these 

organisms, are cyanobacteria, phytoplankton and algae, all o f which contain chlorophyll.

From Qasim (1999), the biomass synthesis fiom ammonia and bicarbonate can 

be written as:

NH4"' + HCG3' + 4CG2 + H2G —► C5H7O2N + 5 O2  eq. 2.12

The stoichiometry in the equation above requhes 4.4 mg HCO3 and 12.5 mg 

CO2  consumed for each mg of -N oxidized.

The biosynthesis reaction using oxygen, bicarbonate and ammonia can be 

written:

NH4Vi .83Ü2+1.98HCÜ3*->0.021C5H7G2N+0.98NQ3+1.041HiG+1.88H2C03 eq. 2.13
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Stoichiometry in the equation above requires 4.3 mg O2  and 8.64 mg HCO3'  

consumed for each mg ofNH*^-N oxidized (Qasim, 1999).

Denitrifiers are classified as heterotrophic microorganisms because they need a 

source o f organic carbon for biosynthesis. The empirical equation (eq. 2.14) from 

Metcalf and Eddy (1991) was developed on the basis o f laboratory studies. It provides a 

Stoichiometric relationship for the nitrate-removal reaction for bacteria when nitrate was 

the only source of nitrogen, and methanol the source o f carbon:

NO3+1.08CH3OH+H'’ -►  O.O65C5H7O2N+O.47N2+O.76CO2+2.44H2O eq.2.14

This relationship states that 2.6 mg methanol are consumed for each 1.0 mg NO3* 

-N. Normally, when nitrites and dissolved oxygen are present in the wastewater, the 

expression for the concentration of methanol required (Cmeth) needed for denitrification 

was found closer to:

Cmeth = 2.47 NO3'  +1.53 NO2* + 0.87 DO eq. 2.15

Udn, the specific denitrification rate gb. N03]/[lb. MLVSS-day], is controlled by 

temperature and DO m the following equation:

Udh = U<te*[ 1 .09™  ]*[1 mg/L - DO] eq. 2.16

where T is °C and DO is dissolved ojygen. Typical Uda values are found to 

range from 0.12 to 0.20 [lb. NOsJ/Qb. MLVSS-day] at 20 **0 using methanol, and from 

0.03 to 0.11 (lb. N03]/[lb. MLVSS-day] when wastewater temperatures are between 15 

and 27 “C.
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It is widely accepted that the presence of nitrate and subsequent dénitrification to 

the anaerobic zone competes with the phosphorus ÇP) release process. A number of 

BEPR (biological excess phosphorus removal) systems have been designed to prevent 

the presence o f nitrate in the anaerobic zones (Barker et. al., 1996). One of the 

interpretations for this competition is being that (non-polyP) denitrifying bacteria out- 

compete the polyP bacteria for the available VFA substrate. Support for this conclusion 

came fix>m Kuba et. al. (1994) by observing that the presence o f denitrifying phosphorus 

removing bacteria ̂ P B ) utilize acetic acid (EIAc) for denitrification and not phosphorus 

release. Similar m behavior to the polyP bacteria, PBB was always stored during the 

anaerobic phase and phosphorus was released by DPB microorganisms when nitrate and 

HAc were simultaneously present.

Opposition to that view is written in a paper by Barker et. al. (1996). The 

collective data from this paper find that a significant firaction of polyP bacteria are able 

use nitrate as an electron acceptor in the absence of oxygen for oxidation of the stored 

PHB, with simultaneous uptake of phosphorus (Barker et. al. 1996). Thus, some polyP 

bacteria which participate m denitrification within the anaerobic zone, can create a 

simultaneous and opposing metabolic reaction of normal polyP organisms, which 

release P to obtam the energy for uptake o f acetate and other VFAs to be stored as PHB.

A unique opportunify to study BNR efficiencies related to influent 

concentrations o f P and N came at two wastewater treatment plants in the Netherlands. 

These plants had very similar physical and process designs but were mcperiencing 

contrasting P removal efficiencies. The plant with the high P removal received effluent 

finm a lemonade factory, while the second accepted mfluent with a high nitrogen
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concentration from the fishing mdustry. It was concluded that the wastewater with the 

high percentage o f easily biodegradable compounds and the low N-content of the 

Bunnik (Netherlands) wastewater have a positive influence on the excess P-removal. 

The high percentage o f Nitrogen in the wastewater of Bunschoten and Bennekom causes 

less P-removal (Janssen e t  al., 1987). This again supports the theory that a high 

TKN/COD ratio is detrimental to the P removal process.

2.2.7 Important Cations (Metals) in the P Removal Process

Microorganisms require various nutrients in the form o f cations. Cations as 

potassium, magnesium, calcium and iron, must be present above critical concentrations 

in culture media (Drdjaovic et. al., 1996). Lim (1998) states that magnesium affects the 

stability o f the ribosomes, membranes, and nucleic acids. It is also a component of 

chlorophyll and a cofactor for en^m es. Calcium is also a cofactor fbr some enzymes 

and provides endospores with heat resistance, fron is a constituent o f cytochromes, a 

cofactor for some enzymes and is associated with nitrogen fixation. Potassium is one of 

the principal inorganic cations, a cofactor for some en^rmes and constitutes nearly 1% 

o f the dry weight o f the microbial cell.

It was shown by Drdjanovic (1996), that when a severe shortage o f potassium 

persisted over several days, that polyphosphate concentration decreased exponentially 

and phosphorus removal CMsed. The potassium concentration in domestic sewage can 

be based on human production o f the potassium mccreted with fèces and urine, and m the 

potassium content o f the tsq» water. Since the normal K/P ratio in excreted faces and
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urine of humans is 0.8 and 1.9 mg K/mg P respectively, a severe shortage of K is 

unlikely in domestic sewage.

Fukase (1984) found a strong relationship between P uptake and Mg  ̂ and K*" 

uptake was measured in the sludge content, the molar ratios for Mg/P and K/P being 

0.335 and 0.29 respectively. In sludges having low P uptake, little Mg^ or JC was found 

in the sludge.

2.2.8 Wastewater Designs for EBPR

The biological removal o f phosphorus is accomplished using two general 

processes: (1) mainstream and (2) sidestream. Both rely on subjecting systems having 

acclimatized and specialized polyP microbes to alternating non-oxygenated 

(anaerobic/anoxic) and oxygenated (aerobic) zones. Anaerobiosis produces a strong 

release o f phosphates into the water, while the subsequent aeration produces a luxury 

uptake in which the polyP bacteria store phosphates in concentrations up to eight times 

greater than required for normal cell functioning.

The sidestream process diverts part o f the settled sludge from the clarifier into an 

anaerobic zone or stripper tank where the polyP microbes release their stored 

phosphates. The P-rich supernatant from the stripper is sent to a chemical precipitation 

tank where a compound such as CaO (lime) or FeQ j (ferric chloride) is ofren used as the 

precipitating agent. The P s tr^ e d  sludge and supernatant fiom the stripper tank is then 

sent back to the aeration basins. The major functional groups in a  sidetream removal 

method known as the (patented) PhoStiip process is shown (n«(t) in Figure 2.6.
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Influent 
—►

Lime 
Addition Stripper Aerobic

Chemical
Precipitation

Clarifier Effluent 

►

Phosphate
Sludge
Waste

Figure 2.6 The Patented Phostrip Process

One issue in performance with the PhoStrip process is that the carbon substrate 

in the stripper zone is not high enough to permit denitrification, although complete 

nitrogen removal is not required in some operations.

In contrast, the mainstream approach removes phosphorus by wasting a portion 

o f the flocculated, settled, polyP microbes firom the 2  ̂clarifier afier luxury uptake in the 

aeration basin has occurred. The majority o f the P-enriched sludge is returned to the 

anoxic or anaerobic zones where P release into the water begins again. The functional 

groups of a mainstream process are shown (next) in Figure 2.7.

Desirability o f the mainstream systems permit design configurations which are 

capable o f concurrent nitrification and denitrification, i.e. the removal o f nitrogen. In 

comparison, the mainstream is a  completely biological process where sidestream is 

actually a  bio-chemical process.
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r
Clarifier

Influent

Waste
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T
Clarifier

Effluent

Figure 2.7 The Mainstream Process

Three variants most often used in the mainstream removal designs are: (I) the 

Bardenpho (five stage), origmally proposed by Barnard (1973) as a four stage process, 

(2) the UCT (University o f Capetown, SA.) and the A^/0 (Anoxic/Anaerobic/Oxic) 

processes.

The five stage Bardenpho process, shown in Figure 2.8, is capable o f removing 

phosphorus, nitrogen and carbon. '  ■ -----------

Anaerobic
Zone

Aerobic
Zone

Clarifier 

Influent

Aerobic
Zone

T
Clarifier

Effluent

■ IAnoxic
Zone

isimii

Waste

Figure 2.8 The Modified Five Stage Bardet^ho Process
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It uses recycled sludge from the 2° clarifier mixed with the influent, combined 

with intermediate recycle o f sludge for the purpose of denitrifying. Phosphorus is 

removed in the fifth stage through luxury uptake and wasted as sludge, settled from the 

clarifier. Nz gas is also stripped from the water during fifth stage aeration.

The UCT approach, shown in Figure 2.9, incorporates two intermediate sludge 

recycle lines with return settled sludge brought back to the anoxic zone instead of the 

influent The objective of returning nitrified sludge fiom the aeration to the anoxic zone 

leaves an anaerobic zone to combme with the influent, thereby promoting fermentation 

and short chain fatfy acid production to promote stronger release o f P in the anoxic zone.

The original version o f the A^/0 process, shown in Figure 2.10, returns the 

sludge with nitrates to the first zone downstream of the anaerobic influent. CCSD uses 

this hydraulic configuration m basin #1 only. For the remaining seven basins, CCSD 

uses the modified A^/0 process shown in Figure 2.11.

Anaerobic Anoxic 
Zone Zone

Aerobic
Zone

Clarifier

Influent

Waste

F.ffluent

Clarifier

Sk*.V.VV.NW >î>*.V>ï.

Recycle #2Recycle #1

Figure 2.9 The University o f Cape Town (UCT) Process
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Figure 2.10 The Original A /O  Process
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Figure 2.11 The Modified A /G  Process
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CHAPTERS

METHODS AND MATERIALS

3.1 The Selected Research Site

The investigation took place at the Clark County Sanitation District (CCSD) 

wastewater treatment plant The plant is located at the eastern end o f Flamingo Road 

and situated near the Las Vegas Wash, into which the plant effluent is discharged. 

Located upstream is the sewage treatment plant from the City o f Las Vegas, while 

downstream is the City o f Henderson’s treatment plant, both o f which discharge 

effluent into the Wash (Figure 3.1).

The plant is comprised o f eight individual treatment units, an activated sludge 

basm and dedicated secondary clarifier, grouped mto two groups o f four units, the 

eastern and western cluster. These units remove carbonaceous BOD, nitrogeneous 

BOD and phosphorus. A block diagram describing the plant’s treatment train and 

water sampling points is shown in Figure 3.2.

This research, with the agreement of the CCSD personnel, chose Basin #4 and 

its respective clarifier as the site for the «(périment. It is positioned at the SE comer o f 

the plant’s western cluster and also identified in Figure 32 . Isolation of unit #4 from 

the other seven was possible because o f the unique physical design o f the basms, which

47
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hydraulically couple each o f the activated sludge basins to a  single clarifier. Thus, each 

basin and clarifier is an independent system.

Figure 3.1 Location of the Clark Counfy, Las Vegas and Henderson Treatment Plants

The flow in Figure 3.2 begins at the plant influent (PI), where the wastewater 

enters the plant and splits into the eastern (square) and western (round) primary 

clarifiers, passing through the two points central plant west influent (CPWI) and central 

plant east influent (CPEI). Settled sludge fiom both primaries is sent to the gravity 

thickener overflows (GTOs), and the thickened GTO sludge is sent to a mixing tank 

next to the dissolved air flotation thickener (DAFT).
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C lark Coonfy Sanitation D ktrict, W astewater Plant Block Diagram

Influent PI
Plant Influent

Supernatant Supernatant

CPWI 
Central Plant West Mluent

jE

I

CPEI
Central Plant East Influent

(Six) East

GTO #2

CPWPE
Central Plant West Prmiary Effluent

GTO#l
Gravity Thickener Overflow

Î

0 0/0
0/0 0

CPEPEl CPEPE2

Central Plant East Prhnary Effluent

CABI
Central Aeration Basm Influent

GTO Sludge is Sent, Mbced 
With Sludge From DAFT 111! N

IUnit Clusters

Basin #4

AB4, 
CLRO :

DAFT 
Dissolved Air 

Floatation Thickener

CE
Central Effluent

AWT 1
Advanced Water (

-M l
Subnatant —►

f

"N  Mixer
rrv r

Press Filter OverflowJ ^

The Apec Dump The Las Vegas Wash

Figure 3 2  CCSD Plant Flow and R e^cle Flow Block Diagram
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Overflow fiom the western primaries passes through central plant west primary 

effluent (CPWPQ and fiom the eastern primaries, through the two points central plant 

east primary effluent #1 and if2 (CPEPEl and CPEPE2). Both primary overflows 

collect at the central aeration basin mfluent (CABI), the cylmdrical objects in Figure 

32 . This point is visually referenced on the plant by the Archimedes lift pumps (see 

Figure 3.3).

Settled wastewater is then distributed to the eight treatment units. Waste 

activated sludge (WAS) fiom the secondary clarifiers is pumped to the DAFT, where 

the supernatant (microbes) are mixed with the GTO sludge and then sent to the press 

filter overflow (PFO). Dewatermg and processing o f the combined sludge is performed 

at PFO, and the solids loaded onto a truck and sent to the APEX dump.

Overflow fiom the secondaries collects at the central effluent (CE) location, and is then 

sent to the advanced water treatment (AWT) plant for filtration and disinfection. A UV 

lamp array has now replaced the chlormator for the disinfection step. The chlorination 

equipment, however, has been retained as a back-up and remams fimctional in the event 

o f unforeseen necessities.

While individual treatment units are isolated firom each other hydraulically, the 

small volume return flows, shown in Figure 3 2 , still couple all the basins together 

microbiologically. These are the supernatant fix>m the GTOs, returning just above 

CPWI, the subruUant fiom the DAFT and that fiom dewatering at PFO, both returning 

just above CPEI. The strongest coupling, i.e. mixmg o f microbes fix>m all eight basms 

and subsequort redistribtUion through the treatment train results finm the DAFT 

subnatant A small percentage o f the microbes left in the clarified subnatant are
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ultimately dispersed between all six eastern primaries fiom CPEI. This distribution 

permits a single basin, perhi^s having a growth o f detrimental microorganisms, to 

spread its imbalances over all eight basins within a period o f time.

3 2  Sampling Locations

32.1 Sampling Locations Within the Plant

Water samples fbr the research were collected within the plant at the normal 

monitoring locations, and withm basin and clarifier #4. Table 3.1 provides.the 

designated names o f the sampling locations, the specific water quality tests and the 

fiequency at which th ^  were perfonned. In the Table, the first eight sample points 

with them names and labels are shown as placed in a top-down, flow sequenced order as 

they would occur within the plant These plant locations can also be located on Figure

3.2. The last three points, beghming with the designation AWT, are found at the 

advanced water treatment facility, located on the eastern (opposite) side o f the Las 

Vegas fiom the Central P lant T h ^  were not used fbr sampling.

The data produced fiom analytical measuranents at the locations listed in Table

3.1 are given as part o f the CCSD, AWT Laboratory’s daily reporting log.
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Table 3.1 CCSD Plant Sampling Pomts, Measuremoits, and Periods
Measurements Taken Daify Takoi Weekly

1. PL Plant Influent VPA
B0D_1 b ü d _ L i TSS NK4" OP IP N03 N02 

TDS ALK
TKN

Cl
2. CPWI: Central Plant West Influent
BOD_l BOD_U IÎJS NH4 OP IP TKN VFA

3. CPEL Central Plant East hofluent
BOD_i BÜÜ_U TSS NH4 TP UP TKN VFA

4. CPWPE: Central Plant West Primary Effluoit
BOD 1 BUD U i'SS BOD IS TP UP TKN VFA
NH4

5. CPEPEl: CartralPIantH ast Primary Effluent Source # 1

BOD_l BOD_U BOD_lS I'SS OP TP IK JN VFA
NH4 W -

Î - T

6 . CPEPE2: Central Plant E ast Primaqr Effluent Source
BOD I BOD U TSS BOD IS OP IP TKN VFA
NH4

7. CABI: Central Aeration Basin hifiuent Oplant average)
BOD_i BOD_U BOD_lS ISS OP IP TKN VFA
TEMP ALK COD_T COD_S NH4 N03

8. CB: Central ̂ lan t) ̂ u e n t  ̂ tan t average)
BOD 1 BOD U COD 1 CUD S TP NH4 TKN
NH4 N03 N02 ALK

Plant monitoring points below are not used fo r in Bio-P project
9. AWT H: Advanced Water Treatment, Headworks 

TSS TP OP NH4 N03
Ï. -

N02
10. AWT P: Advanced Water Treatment, Primary 

CI2 pH Temp
11. AWTEFF: Advanced Water Treatment Effluent %
BOD_I BODJJ TSS TP OP C12 TKN ALK
NH4 N03 N02 pH Temp TDS Cl

A view o f CABI is shown in Figure 3.3 on the n«ct page. This is where the 

effluent fiom the primary clarifiers is combmed. Water samples are taken by the 

automated compositor which is seen on the walkway, below the cylinder that is second 

fiom left
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Figure 3.3 The Archimedes Lift Pumps at CABI -  Central Aeration Basin Influent

3 2 2  Sampling Locations Within Basin and Clarifier #4

The Activated Sludge basin #4 consists o f four anaerobic cells that are 

connected in series to form a quasi-plug flow channel with the aerobic zone following. 

This is the ftmdamental A^/0 configuration. The anaerobic zones and the relationship 

o f the secondary clarifier to the basin are drawn in Figure 3.4.

Grab samples withm the basin, and clarifier were taken three times a week ftom 

nine, individual locations, identified in Figure 3.4 as small, shaded circles with their 

respective labels immediately adjacent. Sampling at locations internal to the basin and 

clarifier was a  unique activity smce these locations are not normally monitored. A
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further description of those nine points, and the volumetric and hydraulic characteristics 

of zones within the basin are given in Table 32.

Effluent
Weir Feedwell

(Influent)

Figure 3.4 Treatment Unit #4 and Associated Sampling Points

The flow o f 10.94 MGD in the third column of Table 32  represents the 

maximum average when all eight treatment basins are in service and the plant is 

operating at the maximum average designed flow o f 88.0 MGD. Typical diumal flows 

measured by the plant’s supervisory control and data acquisition (SCADA) system can 

vary fiom a high o f 14 MGD around 11:30 am to 7 MGD around 3:00 am.

Chemical analysis o f the grab samples were performed by the CCSD Advanced 

Water Treatment Lab (AWT Lab), and water parameter readings measurements were 

taken by UNLV. The Plant process lab made measurements o f Total- and Ortho-P
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fiom a 24-hour compositor located by clarifier #4. A description o f the measurement 

responsibilities by AWT Labs, plant process labs and UNLV are provided in Table 3.3.

Table 3 2  Location and Description, o f Samplmg Points, Basm Dimensions
Sampling 
Point ID

Description o f ID  and Watër Content HRT, Hours 
@10.94 MGD

Vol., MG 
(Net)

A l Anaerobic Zone 1 ^RAS+ Influent) 027 0 . 1 2

A2 Anaerobic 2fone 2 ^tAS+ Influent) 027 0 . 1 2

A3 Anaerobic Zone 3 (RAS+lhfluent) 027 0 . 1 2

A4 Anaerobic Zone 4 (RAS+hifluent) 027 0 . 1 2

A1-A4 Total, Zones 1 -4 1.06 0.49
ABI Aeration Basin, Initial Point; Sludge

420 1.91 'ABM Aeration Basin, Mid Point; Sludge
ABE Aeration Basin, Effluent Point; Sludge

CLRO Clarifier, Outer ( Near Weir); Effluent
3.54 1.61CLRI Clarifier, Inner (Inside Feedwell); Sludge

Table 33  Basin #4 W ater Chemistry Measurements

Measured by UNLV

DO -  Dissolved Oxygen ORP -  Oxidation Reduction Potential
Temp -  Water Temperature Cond - Conductivify
pH -  The ‘pH’ of the water COD — Chemical Oxygen Demand
TSS -  Total Suspended Solids VSS -  Volatile Suspended Solids
TDS -  Total Dissolved Solids VFA -  Volatile Fatty Acids

Measured by AWT Laboratory
T-PO4 (TP)-TotalPhosphorus O-PO4 / OP - Ortho Phosphorus
NH3  -  Ammonia TKN—Total Kjedahl Nitrogen
ALK-Alkalinity NO3NO2 -Mtrate and Nitrite, Combmed

Measuredby Plant ProcessLabs

T-PO4 (TP)-TotalPhosphorus@AB4 O-PO4 / OP - Ortho Phosphorus @ AB4
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A view o f the anoxic zones as they would appear, standing by location A4, is 

given in Figure 3.5. The photograph is taken on the walkway between A4 and ABI.

Figure 3.5 The Anaerobic Ceils o f Basin #4, Clark County Sanitation District

Figure 3.6 shows a view fiom ABI with Sunrise Mountain is in the background.

Figure 3.6 The Aeration Basm fiom ABI
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The clarifier sampling locations CLRI and CLRO are visible in Figure 3.7-

Figure 3.7 The Clarifier Sampling Points

The location CLRI is just inside the feedwell (inner ring), and CLRO is near the 

weirs (outer cement retainer). In the background is the brick control house, seen at the 

top of the aeration basins in Figures 3.4 and 3.5.

3.3. Important Operating Parameters

Two major parameters which characterize and guide the operation of the CCSD 

plant are solids retention time (SRT) and Food to Microbes Ratio (F/M). Numerical 

descriptions, plots and tables o f the SRT and F/M ratio during the experimental period 

are given in section 4.4.
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3.3.1 Solids Retention Time

The mathematical definition of SRT, used by the SCADA system software, is 

given as:

Microbe Mass in Treatment Basin (MLSS concl * BasinVolume
S R T - -  —

Microbe Mass Wasted/Day (WAS cone) * OWAS Eq. 3.1

Where: Cone = concentration, mg/L

WAS = waste activated sludge

QWAS = WAS flow (as taken from the 2° clarifier), Volume/Day •

A mass to conversion ratio, Ibsigal or kg/m^, appears in the numerator and 

denominator o f the second term, forcing mutual cancellation.

The SCADA system uses only the WAS concentration and WAS flow to 

calculate the mass o f sludge wasted per day. In truth, there are two other factors that 

can potentially alter the mass wasted. These are (1) the MLSS that flows in the 

secondary clarifier effluent, and (2 ) the microbe fraction m the return flows from the 

DAFT (see Figure 3.2 and section 3.1 for returned flows).

The two factors modifying the denominator in eq. 3.1 are shown m eq. 32.

(MLSS concl * BasinVolume
SRTtrue”  —

[ (WAS cone) ♦ QWAS ♦ (DAFT efficiency) 1+ (2 Eff cone) * QAB4

E q.32
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vdiere: DAFT efficiency > 99% (estimated)

2° Eff Cone = MLSS concentration in the secondary effluent 

QAB4 = Flow through basin #4 

The SCADA system is not equipped to measure these two parameters, but an 

estimate by CCSD operating personnel reduces the target SRT by approximately 10%. 

CCSD plant data shows the average total suspended solids (TSS) at CE averages 8.0 

mg/L between April 1 and August 31, 1999. However, none of the factors in equation 

3 2  were taken into account

3.32 The Food to Microbes Ratio

Another important parameter in the operation o f an activated sludge basin is the 

F/M, or Food to Microorganisms ratio.

Qasim e t  al., (1996), defines this parameter as:

Food Mass [BOD; as IbsTday] (BOD;_U) * Qbasin {Inf}
F/M =

Microbe Mass in Basm (MLVSS cone) * Basin_Vol.

Eq. 33

Where: MLVSS ~  MLSS concentration, mg/L (fr/ SCADA)

BOD;_U = BOD; Nz-Uninhib. @CABI (fr/AWT Labs)

Qbasin= Basin influent flow, MG (fi/ SCADA)

Basin_Vol. = 2.3 MG (fi/ design specifications)

Widely published in design literature is that low F/M ratio often leads to 

formation o f bulking sludge and scum on the basin surfiice. Nocardia spp. was
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observed to form during the higher SRT period (see Figure 3.6). Magnified 

photographs o f Nocardia spp. and Acinetobater spp., the most populous PAOs fiom 

basin #4, are shown in section 4.1.7.

3.4 Analytical Methods

The data set from the measurements taken fiom water samples o f basin #4 are 

given in Appendix A, AWT Laboratory Data, Phase I, BIO-P Removal Study. The data 

set from in-situ measurements of basin #4 water, taken by UNLV using the HydroLab 

probe, are given in Appendix B, HydroLab Data, Phase L BIO-P Removal Study.

3.4.1 Sample Collection and Preservation

Water samples fiom the eight plant locations described in Table 3.1, result from 

automated hardware mstalled at each sample location, that periodically withdraws a 

small volume o f wastewater from the underlying flow. These small volumes are then 

deposited into a refrigerated, two-gallon container that forms a 24 hour composite 

which is collected each day at midnight and placed into refrigerators at the AWT Lab. 

Processing o f those samples by lab personnel begins at 6:00 am each morning.

The water sample used to measure non levels m the water was collected from 

these containers m 250-mL bottles and taken back to UNLV m a cooler for atomic 

absorption analysis. The same eight plant locations, plus GTO #1 and PFO are used to 

collect samples fixr VFA analysis. One o f the CCSD electric carts is used to transport 

UNLV personnel to each location, where a  small sample o f wastewater is «ctracted 

fiom the flows using the manual options o f the automated hardware and used to fill a
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small glass jar. From the jar, a syringe is filled and emptied twice with the water, the 

third volume being passed through a 0.45 micron filter to fill a 2.0 ml vial completely. 

Using a hand operated crimper, an aluminum cap was molded around the vial opening 

to seal it completely firom the atmosphere. The sealed vial and capped jar were then 

placed into a cooler for transport to UNLV.

Figure 3.9 shows the wastewater compositor jugs used by the compositors to 

hold samples, as they appeared in the lab in the morning. Grab sample collection firom 

the nine basin locations was accomplished using a two liter, polyethylene bottle 

connected to the end o f a twelve foot pole. This allowed water collection down to a 

depth o f approximately two feet The continuous mixing o f all basin zones however, 

prevents any measurable stratification from occurring. The bottle is submerged and 

emptied at least once at each new location, and the funnel is rinsed once with that 

wastewater.

Figure 3.9 CCSD Plant’s 24 hour Composite Sample Bottles

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



62

AWT Lab analysis requires two, one-quart polyethylene aliquots to be filled at 

each basin location with the unfiltered water. One aliquot is preserved with 1 ml of 

concentrated H2SO4, and nnmediately thereafter placed into a cooler o f ice. Attached 

to the aliquots are prmted labels prepared by CCSD, that have the sampling point ID 

(fiom Table 3.3) and bar coded information necessary for them to be entered into the 

Lab’s chain o f custody and processing management system.

hi addition, one 250 ml bottle is also filled with unfiltered, non-preserved 

wastewater fiom a grab sample for UNLV analysis and placed in another ice cooler. 

The 250 ml bottles are labeled with their respective location using a marking pen,, are 

taken back for COD, TDS and TSS measurements.

3.4.2 The HydroLab Probe

A HydroLab H20 probe was used to make each of the water parameter readings 

simultaneously available on a  LCD screen, and measurements were confined to 

readings in the basm. This mstrument is a hand held device in the shape o f a  cylinder 

approxhnately five feet long with six individual sensing capabilities, grouped together 

at one end to form a sensor complex, seen in Figure 3.10.

When placed into service, the sensor complex is surrounded with a protective 

cover made o f heavy plastic that is perforated to allow the firee passage o f the water 

around the sensor to chculate through the compI«c. The HydroLab is connected to a 

portable processor designated the Scout H via a  50 foot cable. The length o f the cable 

had no impact on the calibration o f the sensor.
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In order to take the readings in the treatment basin, the HydroLab was taped to 

one end of a twelve foot long, collapsible steel pole. The submergence depth into the 

water averaged about 3 feet. A twenty foot pole was used in the beginning, increasing 

the submergence depth on the Scout H to approximately eleven feet. This extra depth 

however, did not produce any distinct differences in the readings, primarily because 

each o f the anaerobic zones was well mixed through the use o f submerged propellers. 

The mixing process in the aerobic zones was also quite complete, facilitated by the 

upwelling o f the difhised air which is fed into the basin at rates varying between 3500 

and 5500 SCFM. The air flow to the basins utilizes energy at a rate of approximately 

35,000 kilowatt hours/day.

Figure 3.10 The HydroLab Sensor Complex
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3.42.1 HydroLab Calibration

Calibration was carried out according to the manufacturer instructions, the exact 

details o f which are duplicated in Appendix AA Temperature measurements were the 

only readout not requiring calibration other than at the factory. Comparative 

measurements m water using a VWR Scientific #61016-046 mercury thermometer 

demonstrated identical readings to an absolute degree, the limit o f the thermometer.

Conductivity was calibrated according to the type o f water and band of 

conductance expected, in this case fieshwater ranging fiom 1.5 to 10 milliSehnens/cm 

(mS/cm). This range was found to be suitable as the conductance excursions 

encountered withm treatment unit #4 ranged fiom 1700 ^S/cm to 2100 ^S/cm. 

Calibration was achieved by using the best fit molar concentration o f KCI, that of 

0.292M, with a conductance o f 2.0 mS/cm as called out in the HydroLab 

manu&cturer’s calibration manual (p. 37).

pH was calibrated similar to other pH probes by usmg two buffer solutions of 

known pH, m this case 7.0 and 10.0. The 7.0 solution located the readouts absolute 

sense, while the 1 0 . 0  solution provided the *end point' with which to set the slope on 

points in between.

The method for calibrating dissolved oxygen fiom the manual required only the 

current barometric pressure reading to be mput to the Scout II. The temperature 

readings necessary finr the internal atmospheric density calculations by the Scout II 

were taken fiom the HychoLab itself. The pressure reading came fiom a mercury 

column barometer located m the UNLV Ventilation and Acoustic Systems Laboratory 

(VAST). This instrument, model 453, serial #W13406, was manufactured by Princo,
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Inc., o f Southhampton, PA 18966. The barometer offered a vernier scale with an 

accuracy o f +/- 0,1 mm Hg. A common pressure in Las Vegas is approximately 715 

mm Hg. Air temperature measurements immediately next to the barometer were 

available from a Hg thermometer, a  VWR Scientific #61099-035, ASTM 63C, 2V9837.

3 .4J HydroLab Measurements o f DO, GRP, Conductivity, pH and Temp

The HydroLab sùnultaneously measures (1) dissolved oxygen or DO, (2) 

oxidation-reduction potential or GRP, (3) conductivity, (4) pH, (5) temperature and (6) 

depth. These values are presented on the LCD screen o f the Scout n  and recorded 

manually on a small card. The reason for the card is that the basin surface at times, 

would be completely covered with several inches o f scum. While being taken out of 

the water after a measurement, the HydroLab and pole would be covered with a thick 

scum that also coated the gloves. The pen and paper would often become stained with 

this scum, particularly when the wmd bl«v. Therefore, a temporary recording medium, 

one that could be discarded was required.

3.4.4 Measurements o f TSS, TDS, VSS, and COD

The measurement o f total suspended solids (TSS), total dissolved solids (TDS) 

and volatile suspended solids (VSS) are interdependent TSS in units o f mg/L, began 

by placing a  0.45 micron glass filter m a small, aluminum sample dish and placmg them 

mside a dessicator for twenty four hours. The filter and dish were w e ired  on a 

Sargent-Welch gram scale with four decimal sensitivity. The calibration by Precise 

Weighmg Systems is guaranteed accurate th ro u ^  March, 2000.
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A thoroughly shaken, 50 ml sample o f wastewater was then passed through this 

filter. The filter and dish were placed m an oven for one hour at 105 °C, then put into a 

dessicator for fifteen minutes to reach room temperature, and afterward weighed. The 

difference in weight over the initial 50 mg water sample constitutes the TSS 

measurement.

VSS in units o f mg/L, begin n e tt by placing the same filter and dish in a furnace 

at 550 °C for Vx hour, then back mto a dessicator for fifteen mmutes to reach room 

temperature. The dish is weighed again, and the difference over that fiom the initial 50 

mg water sample constitutes the VSS measurement

TDS measurements m units o f mg/L, start with 20 ml o f the filtrate generated 

finm the TSS procedure which is placed into a previously weighed, aluminum that has 

just been in a dessicator for twenty four hours. The filtrate is completely evaporated in 

the dish above a steam evaporator, placed m an oven at 105 °C for 24 hours, and then 

through a dessicator for fifteen mmutes and finally weighed. The extra mass over that 

o f the empty dish constitutes the TDS measurement

Water for the COD, also with units of mg/L, was placed in a  blender until 

homogenized. Five hundred (500) ^L was then put into Each Hi-range COD vials, 1.5 

ml o f DI water added, the esq) was closed and the vial then shaken until well mixed. 

This solution was then incubated for two hrs and allowed to cool before being placed 

into a Hach Spectronic 20 spectrophotometer. The transmission readmg is translated 

directly into a COD level using a  look-up table prmted by Hach. A blank vial with two 

ml ofD I water was used to calibrate the spectrophotometer each day it was used.
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Soluble COD measurements were performed in the same manner, except that 

the samples were filtered through a one micron glass fiber filter, prior to sample 

digestion in the COD reactor.

3.4.5 Measurements o f NH4, NO2, NO3, and TKN

Approved procedures for measuring ammonia are described in STDM_18 by 

4 5 OO-NH3 H, EPA 350.1 and lab SOP 41. NH4"̂ is measured in mg-N/L with an 

automated phenate, colorimetric method and the preserved water samples. as well 

as N0% and NO3/NO2 are taken with the BRAN LUBBE/Technicon TRAACS .800 

continuous flow analyzer, though not simultaneously.

Approved procedures for measurmg nitrite are described in STDM_18 by 4500- 

NO2 H, EPA 353.1 and lab SOP 8 8 . NO2, is labeled NO2JHYZ in the lab data base and 

measured in mg-N/L with an automated, colorimetric method without hydrazine 

reduction on the non-preserved samples.

Approved procedures for measuring nitrate are described in STDM_18 by 4500- 

NO3 H, EPA 353.1 and lab SOP 45. (NO3NO2  and NO2  have the same EPA procedure 

number.) NO3NO2 , is labeled N0 3 N0 2 _HYZ in the lab data base is measured in mg 

N/L with an automated, colorimetric method with hydrazme reduction on the preserved 

water samples. NO3  can be known by subtracting the NO3NO2  fit)m theN0 2 .

Approved procedures for measurmg TKN are described in ^ A  3512 and lab 

SOP 135. TKN is measured using a steam distillation, titrimetric method. This 

particular procedure is labeled TKNJDIST in the data. After distillation, a  BucM 339
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distillation unit takes the measurements and prints them out on a  paper strip. The 

numbers are then manually input to the AWT Lab database.

3.4.6 Measurements o f BOD5-L BOD5-U, and BOD5-IS

All BOD test procedures are EPA approved with procedures described in 

STDM_18. by method 5210B (Standard Methods, Vol. 18, procedure 5210B) and EPA 

405.1. AWT Lab SOP references are 9 for BODjJ, 10 for BODyJS, and 11 for BODy. 

U. The parameters BODyJ, BODy.U and BODyJS are all five day biochemical oxygen 

demand, carbonaceous (BOD;) tests, measured in units o f mg DO/L. BODyl is 

nitrification mhibited, BODy.U is nitrogen uninhibited, and BODyJS is soluble BOD. 

The soluble sample is filtered through a 0.45 micron filter which removes (most 

wastewater) bacteria, and must therefore be seeded to produce the demand 

measurement. The seed used is called Polyseed® fiom InterBio, Inc., a dehydrated,

non-refiigerated inocuium stored inside a capsule o f precisely known volume, that is 

prepared each day before the BODyJS tests. The automated measurements are taken 

with a YSI model 59 DO meter and a YSI5905 BOD probe. Readmgs are taken after a 

thirty second period where jitter is less than +/- 0.03 mg/L, then transferred via an 

RS232 cable and input to the data base program BOD Magic, authored by Labtronics, 

Inc. BOD Magic further qualifies the readmgs for validity using several, pre- 

established criteria.

3.4.7 Measurements o f Alkalinity and Temperature

The improved procedures finr measurmg alkalmity (ALK) are described m
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STDM_18 by method 2320B, EPA 3102, and lab SOP 3. ALK is measured as 

mgCaCOg/L using an automated, titrimetric method with an end point at pH 4.5. 

Automated measurements are taken on a Mettler DL21 titrator connected via an RS232 

cable to a dbase program, which stores the numbers on the hard drive.

3.4.8 Measurements o f Ortho and Total Phosphorus

Ortho phosphorus, at times called ‘reactive phosphorus’, is labeled PO_FIA in 

the lab data base, and measured m mg P/L using a colorimetric, ascorbic acid method 

on the non-preserved, not filtered and not digested sample. Approved procediures for 

measurement are described in STDM18 by 4500-P F, EPA 365.1 and lab SOP 150. 

Ortho- and total phosphorus are both measured on an automated process using the 

ALPKEM FS3000 flow injection analyzer. The data is transferred via an RS232 cable 

to proprietary software written by ALPKEM and stored on the hard drive.

A second ortho phosphorus measurement (AB4) is performed by the plant 

process laboratories usmg Hach chemistry and designated the “PhosVer 3 Method, 

TesfN  Tube Procedure”. The procédure is described in Hach Method 8048. It is a 

USEPA accepted method for reportmg wastewater analysis. It is a  colorimetric 

technique that measures transmission at 890 nm. Hach chemical reagents and 

proprietary laboratory equipment are requhred to recreate this measurement.

Approved procedures for measurmg Total phosphorus are described in 

STDM_18 by 4500-PB 5F, EPA 365.1 and lab SOP 152. (Total and ortho phosphorus 

have the same ^ A  procedure number.) Total phosphorus, labeled PT_FIA m the lab
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data base and TP in this report, is measured in mg-P/L usmg the colorimetric, ascorbic 

acid method on the non-preserved, not filtered, the sample being digested with H2SO4 .

A second total phosphorus measurement (AB4) is performed by the plant 

process laboratories using Hach chemistry and designated the “PhosVer 3 Method with 

Acid Persulfate Digestion; Test’N Tube Procedure”. The procedure is described in 

Hach Method 8190. It is a USEPA accepted method for reportmg wastewater analysis. 

It is an acid digestion, colorimetric technique that measures transmission at a 

wavelength of 890 nm. Hach reagents and proprietary laboratory equipment are also 

required to recreate this measurement

3.4.9 Measurements o f Free ̂ sso lved) Iron

One hundred (100) ml, unfiltered samples o f wastewater fiom each plant 

location m Table 3.1 except AWT-P were taken at the Labs three times a week, placed 

in a cooler and brought to UNLV. A disposable, plastic syringe was used to extract 

three volumes, the last volume only bemg passed through a 0.45 micron filter until 

approximately 5 ml was collected in a small vial. This sample was then analyzed for 

fiee iron concentration usmg a Perkin Elmer AAnalyst 100, atomic absorption 

spectrometer with an absolute sensitivity of 0.1 mg/L. The critical flame parameters 

used a monitoring wavelength o f 248.3 nm and a Imear calibration profile with an 

endpoint at 5 mg/L. A t that wavelength, changes in iron concentrations alter the optical 

path absorption Imearly, up to 6  mg/L.

The entire data set fiom file fiee iron (ion) measurements is given in Appendix 

E, Iron Measurements.
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3.4.1 0 Measurements o f VFA Concentrations

Vials collected fiom the ten collection points described in section 3.3.1 were 

used to extract a liquid sample to be analyzed by a Hewlett Packard 5890A Gas 

Chromatograph. The column used was a Nukol, Fused Silica capillary column, 

30mx025mmx025|xm (film thickness).
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CHAPTER. 4 

RESULTS AND ANALYSIS

4.1 Solids Residence Time (SRT), F/M Ratio and Related Parameters

SRT is one o f the dynamic parameters used by the SCADA system at CCSD to 

operate and control each individual basin on a real tune basis, and was selected as the 

operating parameter to be increased during the second part o f the experimental period. 

The value o f the SRT was changed fiom the normal value o f 4.85 days for this time o f 

the year, to 6.0 days. Throughout the remainder o f this Thesis, the word “before” (the 

change) refers to the SRT o f 4.85 days, and “after” (the change) refers to the longer SRT 

value o f 6 . 0  days.

The mathematical definition o f the target SRT is given m section 3.3.1 by eq. 

3.1. All basms normally use the same target value for operation, and this value varies as 

a function o f temperature over the year. Figure 4.1 describes the profile o f the target 

SRT and the approximate times of foe year when they change radically. As can be seen 

in foe Figure, foe desired SRT is above seven days finm foe first week in November, and 

through foe winter until foe middle o f April, at which time foe water temperature rises 

above 23 ^C. The target SRT then drops rapidly to a value o f five days by foe end o f 

May, when the water tanpoature rises to 25 °C.

72
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Target SRT Vahie, Aeiatioa Basms, CCSD
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Figure 4.1 Target SRT Values for the Aeration Basins at CCSD

After the first week o f October, the SRT begins to climb rapidly to a value of 

seven days which is reached in the first week o f November.

The three functions describing the SRT target profiles are given in Table 4.1.

Table 4.1 The Controllmg SRT Functions
Temperature Range Function Ramp Type
Less than 23 ^C = [9 3 -0 .1 * "C ] Shallow
23 to 25 “C: = [30 .0 -1 .0*“C ] Steep
25 "C and greater = [7 .5-0 .1*"C ] Shallow

Figure 4.2 shows the daily water temperature for the plant, the target and actual 

values o f the SRT mtperienced fi;om June I to August 13,1999, the eiqierimental period.
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Figure 4.2 Wastewater Temperature, Target and Actual SRT Values

It shows that by Jtme I, the measured daily water temperature had reached 25 °C. 

The target SRT was now foimd on the slowly changmg, (stable) shallow ramp, shown in 

Figure 4.1. Therefore, June 1 was the day selected as the beginning o f the “before” 

period because the profile had reached 5.0 days along the slowly changing profile.

The end of the “before” period is July 7, the beginning o f the transition period, as 

indicated by the left-most dashed Ime. During this period, the true value o f the the SRT 

became artificially high because the basm wasting rate was severely reduced, and these 

artificially high SRT values were not plotted nor them effects analyzed.

The right most dashed line indicates that the SRT value of 6.0 days was reached 

on July 24, the beginning o f the “after” period, and continued until August 13, the end o f
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the “after” period. The 6.0 day SRT period was not varied with temperature during the 

“after” period. Figure 4.2 continues to show that the actual SRT values remained very 

close to the downward ramp o f the target SRT during the “before” period, and very close 

to the 6.0 day value during the “after” period. The target SRT, shown during the “after” 

period, was the guide for the remainder o f the seven basins

Figure 4.3 shows the three related parameters o f MLSS and WAS concentrations, 

along with the pounds of WAS wasted each day. It can be seen that none of these 

parameters remained constant on a daily basis during the experimental period. In 

contrast, the SRT was held very close to it^s desired value (Figure 4.2).

M L SS , W A S  C o n c e n tra t io n s ,  a n d  W A S  M a s s  W a s te d /D a y

12000
W A SI

aII
1
3

I
u>
<

a
z

Before
10000 "

lb s /d a y  W A S  W a s te d

8000 • -

6000
A fte r

4000

M L S S
2000

6(11 6/21 7/21 7/316/1 7/1 7/11 8/10

'M L S S  G o n e • W A S C b n c >lb s .  W A S  W a s te d /D a y D a te

Figure 4 3  MLSS, WAS Concentrations and WAS Mass Wasted/Day

Figure 4 3  and Table 4.2 show that the MLSS increased ftom a minimum of 

about 1640 mg/L during the “before** period, to 2470 mg/L during the “after** period.
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and increase o f about 50%. The wasted WAS dropped sharply during the transition 

period, and then returned to a high value o f approximately 8200 IbsVday, from which it 

is seen to gradually decrease during the “after** period

Table 4J2 sRT Related Parameters During the lâqienment

MLSS #4 WAS #4 QWAS#4 WAS
Wasting

Rate

W t.of 
MLSS 

in Basin #4

SRT

Befare^^^ ^  mg/L mg/L gpm IbsJday lbs. days
Average 1641 5,559 W J, 6,554 31,623 4.83
Stdev 2 1 0 975 S.9 844 4046 0.116

After mg/L mg/L gpm IbsJdcQ^ lbs. days
Average 2,471 y,757 6hjl 7,y36 47,447 5.98
Stdev 78 835 6.3 345 1466 0.18

After/Before (the change)
Average 50.5% ■ 75.5% ■" -312% 21.1% 50.0% “ Z47J%

Entire Period mg/L mg/L gpm IbsJday lbs. days
Average 2,007 7,281 84.8 7,034 38,672 5.55
Stdev 414 2,025 ■ T 8 . 6 1,114 7983 121

Table 4.2 shows the average values o f parameters that are associated with, and 

deteimining the length o f the SRT. The average mcrease o f 50.5% in the MLSS is more 

than the approxnnate 24% increase that steady state kinetic theory would require, using 

equation 3.1. The table also shows that the WAS mass wasting rate increased 21% 

during the higher SRT period, when steady state kinetic theory would have required it to 

be negative with a  constant mfluent BOD. Reference to Table 4.16 shows that the 

mfluent BOD to basin #4 dropped and average 13.7% during the “after** period, 

furthermg the requirement that the SRT should go negative.
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The mcrease in WAS mass wasted/day, however, is an artifact of the SRT being 

adjusted in the plant by the SCADA system, hi actuality, excess sludge had 

accumulated in the basin during the transition period, was bemg withdrawn from tank at 

a slow rate. A regression analysis o f the slopping WAS wasting data in Figure 4.3 

indicates a change in the rate o f change o f-42.4 IbsJday^. At some future point, the rate 

o f change for the wasting rate would have dropped to zero when the SCADA system 

found steady state conditions.

Table 4.3 shows the SRT related parameters o f F/M ratios, the BOD and the SVI 

for the entire experimental period.

Table 4 3  r/M KahoandÂssociated Values
SRT F/M F/M BÜD1 BODU SVI
Days Nz-lnhib. N j- IbsVday IbsVday

B ^ore ■ '■ -
Average 4.83 0:074 0.087 — 2:302 2,722 185
Stdev 0.12 0.018 0.026 503 846 31
After
Average 5.98 Ü.Ü45 0.051 2,126 2,429 1U4
Stdev 0.18 0.005 0.006 255 299 8

After/Before - / (the change)
Average 24% -40% -41% -8% ■ -11% -44%

Entire Period 6/1—8/13
Average 5.55 0.060 0.073 2,193 2,709 149

Stdev 121 Ü.Ü2Ü 0.025 424 721 ■ 43

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



78

The change in F/M ratio at -41%, followed the change in SVI more closely than 

the theoretical change o f —23%, dictated by the relationship to SRT;

F/M ~l/SR T + bo.

where bgds the slope intercept o f the F/M ratio.

42  hitra-Basin Measurement

4.2.1 ORP (Oxidation Reduction Potential)

GRP was monitored during the experimentation process (using a HydroLab 

H20G probe), and it’s relationship to phosphorus removal eicammed. Figures 4.4 and 

4.5 show the ORP profile as it was measured m basin #4 during the periods “before” and 

“after” the SRT change, respectively. ORP values are plotted in the order o f hydraulic 

fiow (fiow sequenced) that is experienced in the basin. The plots describe the typical 

behavior o f the ORP that was found in each o f the two periods.

The abscissa in all ORP plots reference the hydrogen ^ 2) equivalent probe. 

This readings are always 200 mV below those o f the AgCI probe used by the HychoLab 

for ORP measurements. (Researchers must identify the specific type o f ORP probe 

used.)

Both Figures show that the ORP continue to drop as it passes ftom the first 

anaerobic cell AI, to the last cell A4. The longer the anaerobic period, the more the 

potential (hops. Once into the aeration zone near ABI, the potential rises sharply as the 

water passes through the remainder o f the basin and clarifier.
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ORP - By Flow Sequence
200I
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6 /2 86 /2 3 6 /2 5 6/30 Location

Figure 4.4 ORP Before the Change, by Flow Sequenced

ORP - By Flow Sequence
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Figure 4.5 ORP After the Change, by Flow Sequence
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Notice that ia the anaerobic zones, the ORP value did not level off. In the 

aerobic zones however, it quickly reached a maximum value around 75 mV and leveled 

off as it passed through the clarifier. Lack o f aeration in the clarifiers, where the DO 

levels reach anaerobic values (Figure 4.12), does not lower the ORP back to the 

anaerobic cell values. It can then be concluded that ORP values and DO levels are not 

directly correlated.

Figures 4.6,4.7, and 4.8 and Table 4.4 display the same ORP data as a function 

of time for the anaerobic, aerobic and clarifier zones respectively.

I ORP - Anaerobic Zones, by Date
100

B e fo re  ^ A f t e r
5 0  -

1 •
3  -5 0  
§■ŝ -ICO
s

-1 5 0  "

-200
6/10 7 /4 7 /1 2 7 /2 0 7 /2 8 8 /5

A 4 -A 3 - A 2 - A I D a te

Figure 4.6 O R P-The Anaerobic Zones

The ORP values of the anaerobic zones fig u re  4.6) experience the largest 

changes between the two SRT periods. However, the ORP contmued to decrease during
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the “before” period, to a value close to that of the “after” period. The only water 

parameter to change measurably during the “before” period was the temperature, 

increasing fiom -25.0 °C on 6/1 to -26.8 ®C on 7/6. hicreased temperature would 

increase microbial activity, and might result in the lower the ORP value as shown 

(Figure 4.6).

Interesting to note in Figures 4.7 and 4.8 is the abrupt, shock like behavior in the 

ORP at the beginning o f the “after” period that was measured in the aerobic and clarifier 

zones, respectively. This point in time corresponds only to the sludge wasting valve 

being reopened. No other significant changes were introduced into the operation of the 

aeration basin. This suggests that the microbial activity in the entire basin is somehow 

affected by the sludge wasting function. No other explanation is known at this time.

ORP - Aerobic Zones, by Date
200

150
B e fo re After

I
iI

I
II -ISO

-200
6 /1 0  6 / I S  6 /2 6 7 /1 2  7 /2 0  7 /287 /4 8 /5 8 /13

A B I A B M A B E D a te

Figure 4.7 ORP—The Aerobic Zones
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ORP - Chiifier Zones, by Date
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-C L R I -CLRO D ate

Figure 4.8 O RP-The Clarifier Zones

Table 4.4 ORP Readmgs
AI A2 A3 A4 ABI ABM ABE CLRI CLRO

Before mV (H2 probe equivalent reading)
Average -29.7 -70.8 -103.7 -1355 -17.0 27.8 44.1 51.1 485
Stdev M l 36.8 28.0 20.0 15.0 115 16.9 16.9 17.1
After mV (H2 probe equivalent reading)
Average -903 -U1.6 -121.4 -129.8 12.8 673 83.7 855 91.9
Stdev 223 11.9 12.1 7.7 21.6 403 355 40.8 28.1
AAer/BeAie-l
Note: (-) or (+) = the percentage Iv  which ORP became more negative or positive, respectively
Average (-)206% (-)58% (-)17% (+)4% |(+)175% (+)142% (+)90% (+)68% (+)88%
Entire Period mF (H2probe equivalent readmgf
Average -56.0 -87.6 -109.8 -131.4 -11.7 41.4 58.1 63.8 63.4
Stdev 462 333 23.8 163 34.1 305 292 29.8 275
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4 2 2  DO QDissolved Oxygen)

Figures 4.9 shows the DO concentrations in basin #4 in flow sequence. The 

behavior is ^ ic a l  o f that found on most other days that the data were collected, before 

and after the change.

Notice in Figure 4.9, that the DO concentrations in the anaerobic zones gradually 

decrease firom 0.38 to 0.25 mg/L, while in the aerobic zone, DO concentrations increase 

from about 1 mg/L at ABI to 3 mg/L at ABE. Once the water has left the aeration basin, 

the drop in DO concentration is abrupt DO levels in the clarifier (~0.4 mg/L), measured 

at the surface, are nearly the same as those in the anaerobic zones (-0.3 mg/L).

i

! Dissolved 0 ) ^ n  (DO) - By Flow Sequence

3 .0  -
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Figure 4.9 DO by Flow Sequence

Figures 4.10, 4.11, 4.12, and Table 4.5 describe the DO concentrations as a 

fimction o f time for the anaerobic, aerobic and clarifier zones, respectively. Figures 4.10
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and 4.11 show that the DO concentration changed little in the anaerobic or aerobic zones 

during the two SRT periods. Such levels of DO in the anaerobic zone are conducive to 

phosphorus release if  sufGcient levels o f VFAs were present, for once the settled 

microbes (RAS) are returned to anaerobic zone A l, the breakdown o f intracellular 

polyphosphates into dissolved, ortho-phosphates begins immediately.

Figure 4.12 shows that the clarifier zones did experience a large drop in DO 

concentration during the higher SRT period, but the DO appear to be dropping 

throughout the entire experimental period, and not just the transition between the 

“before” and “after” periods.

Dissolved O ĝrgen gX)) - Anaerobic Zones, by Date
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Figure 4.10 DO in the Anaerobic Zones, a  Fimction of Time
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Figure 4.11 DO in the Aerobic Zones, a Function of Time
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Figure 4.12 DO m the Clarifier Zones, a  Function of Tune

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



86

Table 4.5 Dissolved Lhqrgen Readmgs

DO DO DO DO DO DO DO DO DO
A l' AZ A3 A4 A B T ABM ABB C u a CLRO

Before mg/L
Average ■ 0 3 ? 019 3 2 5 3 2 4 Ü.85 2.71 2.92 0.59 3 :59"

Stdev 0.Ü9 0.05 "3.05 0.04 ■" 0:36 034 "0.42 0.13 0.13"
After mg/L
Average U.38 0.33 0.28 026 1.03 2.54 "2.67 0.35 0.35

Stdev Ü.03 U.02 3.02 0.02 0.64 0.3u 026 0.01 o.or
After/Befibre-/
Average 2% 13% ISVo 5% 21% -6% -9% -41% -41%

Entire Period mg/L
Average 0.39 ■0.31 027 "3 2 5 034" 234"' 2.78 0.47 0.47"

Stdev ■"037" 034 U.U4 0.03 Ü.46 Ü.46 " 3 3 5 " 0.15 0.15

Table 4.6 displays the averaged, total ahrflow fed to each basin as recorded by 

SCADA. The conclusion fiom this data, as it relates to the aerobic zones, is that the 

increased MLSS that occurred after the SRT change (+50% change. Figure 4.3), did not 

require a noticeable increase o f ahr flow when compared to the other seven basins.

Table 4.6 Air Flows to Aeratton Basms
ABI AB2 AB3 AB4 AB5 AB6 AB7 AB8

B ^ore SCFM
Average 1571" 3972 1607 "3590 " 5005 4652 64l2 2092
Stdev 304 828 373 "423 742 565 ■?07 287
After SCFM
Average 2030 5006 "1791 4o74 4358 4038 3944 1892
Stdev 108 2 5 2 140 237 7 1T 386 1818 208
After/Befbre-I
Average 29.2% 26.U% 11.4% 10.4% -12.9% -132% -38.5% -9.6%
Entire Period SCFM
Average 1,803 4,513 1,741 3,870 4,509 4,193 5,334 1,908
Stdev 300 751 301 369 824 634 1,676 309
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4.2.3 DO vs. ORP

ORP has been investigated by researchers such as de la Menardiere e t al. (1991), 

Schon e t al. (1993), Lo e t al. (1994), and R>und to be a reliable indicator for use in 

optimization o f nitrification. Those and other researchers have also looked to ORP as a 

process control indicator for phosphorus removal. For this reason, ORP was monitored 

during the experimentation process, and it’s functional relationship to phosphorus 

removal examined.

The functional relationship is defined as the linear form:

DO = m*ORP + bo eq. 4.1

Where: DO = dissolved oxygen concentration

ORP = oxidation reduction potential 

m = the slope of the line relationship 

bo = the line intercept

The relationship between ORP and DO that was measured is shown in Figures 

4.13,4.14 and 4.15, representing the anaerobic, aerobic and clarifier zones respectively. 

The data points in the Figures represent the combined values o f DO and ORP on 

separate days, and grouped by sampling point (A l, A2, ABM, etc.) using a common 

marker label that is identified in the legend.

The Figures all show that there appears to be a grouping that forms a centroid of 

unique coordinates, based iqpon the sampling point chosen. It is the regression analysis 

o f each data set taken at one samplmg pomt, however, that defoies the existence o f the
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functional relationship. Therefore, a  regression analysis was run for 15 data points taken 

&om each of the four anaerobic cells, during the “before” period.

1 DO vs. GRP - The Anaerobic Zones
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0.6 ■ '

□ o<
EbsrJ
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50•200 -50 0 100-150 -100

OAI DA2 A A3 OA4 ORP H2 Equiv. electrode

Figure 4.13 DO vs. ORP in the Anaerobic Zones
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Figure 4.14 DO vs. ORP in the Aerobic Zones
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DO vs. ORP: The Clarifier Zones
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Figiôe 4.15 DO vs. ORP in the Clarifier Zones

Table 4.7 gives the results o f that analysis. It is clear firom the values of the slope 

given in the Table* that a linear functional relationship does not exist between DO and 

ORP. Similar conclusions were made fi>r the aerobic and clarifier zones.

Table 4.7 Regression Results on DD vs. ORP

Variable AI A2 A3 A4
Slope* m (DO, mg/L)/(ORP, mV) 0.00085 0.00072 0.00087 0.00063
Intercept* bo Ĝ O* mg/L) 0.401 0343 0.340 0.329
R Square 0.213 0345 0.253 O.lOl
"t" Statistic on Slope 1.725 1.888 1.929 1.109
P-value (in 6vor o f relationship) 0 .II2 0.086 0.080 0391

A description o f the method used to compute the 'Y* Statistic and P-value given 

in Table 4.7 are described in Appendix C, Statistical Methods* Phase I* BIO-P Ranoval 

Study.
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4JL4 Nitrogen: Ammonia and Nitrates

The ammonia concentrations by flow sequence before and after the change are 

shown in Figures 4.16 and 4.17, respectively . The influent ammonia concentration in 

the anaerobic zones remains basically the same 6om cell A1 through A4.

This behavior is expected, since the oxygen levels in these regions are not 

conducive to nitrification. Immediately after entering the aerobic zone at ABI, most of 

the ammonia is nitrified in the first, small portion o f the aerobic zone. It drops fiom 

approximately 16 mg/L to 5 mg/L, in about 0.44 hours, a rate o f 25.0 mg-NHg/l-hr. This 

rate o f decrease is based upon a volume o f 0.20 MG for the ABI zone (Figure 3.4), and a 

basin flow of 11 MOD. This small zone has the dimensions o f approximately 43.5’L x 

35’W x l8 ’D.

Ammonk - by Ftow Sequence, Before the Chan^

16 —  '

12

L o ca tio n

A B E  C LR I CLROA 2A I A 3 A4 A B I A B M

6 /1 6 7 /26/30 6/14

Figure 4.16 Ammonia by Flow Sequence, Before the Change
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After ABI, the ammonia concentrations throughout the tank dropped nearly to 

zero. A similar behavior for ammonia was observed after the change. As expected, the 

change in SRT did not affect ammonia.

Figures 4.18 and 4.19 show the nitrates in basin #4 by flow sequence, before and 

after the SRT was increased. No change in the pattern of nitrate levels was observed as 

a  result o f the SRT change.

Ammonk '  by Fbw Sequence, After the Change

16 ■

,12
I

Î
L o ca tio n

C LR I CLROA 2 A 3 A B I A B M  A B EA I A 4

-7 /23 -7 /2 6 -7 /28 -7 /3 0 - 8/2 -8 /4

Figure 4.17 Ammonia by Flow Sequence, After the Change

The two Figures indicate that there is no measurable concentration o f nitrates in 

the anaerobic zones. The nitrate level increases sharply by the time the flow has reached 

ABI, and levels o ff to a  value o f about 12 mg/L m the aeration zones and effluent o f the 

clarifier (CUtO). The SRT change did not appear to affect the nitrification process.
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Nftrates - by Fbw Sequence, Before the Change

s
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Figure 4.18 Nitrates by Flow Sequence, Before the Change

NüratBS - by Fbw Sequence, After the Change
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Figure 4.19 Nitrates by Flow Sequence, After the Change
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Because the clarifier effluent has been found to contain nitrate (Figures 4.18 and 

4.19), it would be expected that the return activated sludge which is pumped fiom the 

sludge blanket at the bottom o f the clarifier, would contain the same concentration of 

nitrate. Interesting to note, however, is that nitrate is not detected in zone A l, even 

though this is the location where RAS is returned to the basin fiom the clarifier. One 

explanation for this is that the RAS itself has lowered levels o f nitrate which can drop to 

zero by the time they reach the anaerobic cell A l.

Figure 420 shows the nitrate concentration in the RAS of basin #4 that was 

measured during the second phase BioP program (beginning in Sept 1999). The Figure 

shows that nitrate concentrations are consistently around 7.5 mg/L, lower than the 12 

mg/L found in the clarifier effluent This indicates that denitrification is taking place the 

sludge blanket and/or RAS.

Nitrate in the RAS, Basin #4
9 .0

8.0

E  7 .0

m
^  6.0

From Phase D BioP
5 .0

4 .0
10/13

Date
9 /8 9/29 10/6

N03-N

Figure 420 RAS hfitrate Concentrations, Basins #4, Phase II Bio P
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Nitrate concentrations in the RAS, measured by the plant process labs, are 

plotted in Figure 421 for the western four-basin cluster (basins #I-#4) during April 

through August, 1999. The thicker line in Figure 421 corresponds to the concentrations 

found in basin #4.

As can be seen, nitrate concentrations in the RAS vary from near zero to 12 

mg/L, the maximum concentration found in the secondary clarifier effluent. The nitrate 

concentrations can vary somewhat independently fiom one another, indicating that each 

basin and clarifier combination operates as individual units.

Figure 422 shows the RAS nitrate levels for the eastern four-basin cluster 

(basins 5-#8) during the entire experimental period. Observe that the nitrate levels are 

still somewhat independent, but much lower than those in the western cluster.

RAS Nitrate Concentrations: Basns #1-4, April Through August

14.0

12.0 "I

10.0 - ■

?  8.0 
8

4 .0  "

2.0 -

I 0.0
7 /1 05/11 6/20 7/304/1 4 /21 5/31 8/19

D a teA B 2 A B 4A B 3A B I

Figure 421 RAS Nitrate Concentrations, Basins #l-#4, April Through August
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For reasons not yet discovered, the fluctuation periods of the nitrate levels in 

both basin clusters appear to be approximately tw en^ days. Also not identified is the 

reason why denitrification in the RAS of the eastern cluster is much stronger, even 

though both clusters are given the same influent fiom CABI and are physical copies of 

one another. One contribution to the non-similar denitrification is that the mixing of the 

efQuents fiom the east and west groups o f primary clarifiers is not complete. The effect 

of this would have the western cluster o f basins receiving more influent fiom the 

western primary clarifiers, and the eastern cluster receiving more influent fiom the 

eastern primaries. Another contribution might be due to difierences in the average 

sludge blanket thickness between the two clusters.

I RAS Nitrate Concentrations: Basns #5-8, April Throng August

14.0 -

12.0 •

10.0 ----

?  8 .0  - --

O ‘

1 “

4 .0  ■

2 .0

0 .0  ■
*f\
-A B 5

4/21 5 /U 5/31 6/20 7 /1 0

- A B 6 -A B 7 -A B S

7/30

D a te

8/19

Figure 422 RAS Nitrate Concentrations, Basms #5-#8, April Through August
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Figures 423, 42 4  and Table 4.8 show the alkalinity data for the flow sequence 

in basin #4. The change in alkaliniQr in the anaerobic zones (Figure 4.23) is 

insignificant, since nitrification is not taking place due to a lack of oxygen. Once into 

the aerobic zones, the alkalinity decreases moderately, possibly due to the consumption 

o f alkalinity by the nitrification process. The alkalinity continues to decrease as the 

water reaches the clarifier.

Alkalnky - by Fbw Sequence, Bebte the Chaise
600

I

500 •

=  400

300 -

200
!j

too
L o ca tio n

A 2 A B I A B M  A B E  CLRI CLROA l A 4A 3

-7 /2 -6 /3 0 -6 /28 -6 /2 5 - 6/21 -6 /1 8

Figure 4.23 Alkalinity by Flow Sequence, Before the Change

As the Figures and Tables mdicate, the alkalmity increased signffîcantly in both 

the anaerobic and aerobic zones when the SRT was changed to 6.0 days. The anaerobic 

zones experienced an increase o f about 30%, vdule the aerobic zones increased 56%. 

Alkalinity in the clarifier zones remained almost constant, changing less than 2%.
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Alkalni^- byFbw Sequence  ̂Afier the Changej
600

500  -

40 0  ■

m  300 
8
g  200 •

100

A l A 2 A 3 A 4 A B I A B M  A B E

-7/23 - 7 /2 6 -7/28 -7/30 8/2

CLRI CLRO 

L o ca tio n8 /4

Figure 424 Alkalinity by Flow Sequence, After the Change

Table 4.8 Alkalinity, as mg-CaCCVL @ pH4
Al A2 A3 A4 ABI ABM ABE CLRO

Before me/L
Average 286.1 277.1 271.5 285.7 218.9 200.5 2202 129.0
Stdev 322 19.8 12.9 50.3 16.5 20.5 32.0 2 2

After mg/L
A verse 343.8 380.6 3633 372.7 328.4 349.0 317.5 131.0
Stdev 106.5 96.7 45.3 79.5 84.8 91.7 662 4.1

Afier/Be/bre-^I (the change/
Average 202% 37.3% 33.8% 30.4% 50.0% 74.0% 44.1% 1.6%

Entire Period mg/L
Average 306.0 328.9 325.7 326.7 275.3 2752 267.8 130.9
Stdev 82.8 762 64.9 702 79.4 94.1 70.5 9.9
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42.5 Phosphorus Concentrations

hi Figure 425, the concentrations o f OP by flow sequence are shown. It can be 

seen that the OP increases slightly as the water goes from basin A l to basin A4, a result 

o f phosphorus release by the microbes in the anaerobic cells. As the flow passes 

through the aerobic zones, there is a  sharp decrease in OP, which reaches a minimum at 

the clarifier effluent (CLRO). No major difference in OP concentrations throughout the 

basin was observed with the increase in SRT. The analysis of phosphorus for the data 

reported in Figures 425 and 426 was performed using unfiltered mixed liquor samples. 

Because of the high concentration o f microbes and the time required to process these 

samples, the results shown do not reflect the soluble P in the wastewater,

!

Ortho Phosphorus, by Fbw Sequence, Before the Change

L o ca tio n

A 2 A 3 A 4 A B I A B M A B E  C L R I C LR OA l

O P .6 /2 3  ------ O P -7 /2

Figure 425 Ortho Phosphorus Concentrations, by Flow Sequence, Before the Change
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Figure 4^7  and Table 4.9 describe the soluble TP and OP concentrations as 

measured using filtered samples o f the wastewater. Notice that when the soluble P 

results firom a microbial connected release, the TP and OP concentrations firom the same 

day are nearly the same (Legend, Figure 427). This indicates that OP is the major 

phosphate form released by the microbes. This Figure also shows very clearly, that the 

soluble phosphorus concentrations in the anaerobic zones increases as it travels fiom Al 

to A4, this being the result o f OP release by the PAOs. In addition, it shows that the 

phosphorus concentration decreases sharply m the aerobic zones, as it is taken up by the 

same PAOs fiom Wiich it was released. A second important feature found in the Figure, 

is the TP/OP concentration in the RAS, which increases to levels higher than those of 

the aeration basin (ABE) and clarifier (CLRO) effluents. This is an indication that P 

release is taking place in the underflow o f the clarifier, prior to reaching the anaerobic 

cell A l.

Ortho Phosphorus, by Fbw Sequence, After the Change

Ieu 6

L o c a tio n
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Figure 426  Ortho Phosphorus Concentrations, by Flow Sequence, After the Change
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Sohibie Phosphorus, (TP and OP), by Ftow Sequence, Bask #4
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Figure 4.27 Soluble Phosphorus Concentration, (TP and OP), by Flow Sequence

Notice in Figure 4.27, that there is a slight uptake in P after the flow leaves the 

aeration basin (ABE) and becomes the clarifier (CLRO) effluent P concentrations in 

the RAS are noticeably greater than in the clarifier effluent

Table 4.9 TP, OP Average Concentrations, Basin #4,9/29 -10/8/99, Filtered Samples
AomFigure427 Unitsmmg/L

CABI Al A l A3 A4 ABI ABE CLRO RAS
TP 2.84 4.87 6.19 6.41 7.43 2.65 0.40 026 2.07
OP 2.57 4.51 5.89 6.17 7.55 2.59 0.27 0.18 1.84

Figures 428, 429, return to the «cperimental “before” and “after” periods, 

respectively. They show that there was a significant increase in total phosphorus 

concentration durmg the highor SRT.
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Total Phosphorus, by Fbw Sequence, Before the Change
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Figiure 428 Total Phosphorus, by Flow Sequence, Before the Change

The reason for this is that return activated sludge concentration (RAS or WAS) 

increased during the "after** period, as indicated in Figure 4.3. The phosphorus 

concentrations for the anaerobic, aerobic and clarifier zones as a function of time and as 

measured during the entire «cperimental period, are shown in Appendix A.

Table 4.10 summarizes the statistics for the TP and OP concentrations in the 

anaerobic zones for the unfiltered samples, sample points of which are plotted in Figures 

42 8  and 4 2 9 . Table 4.11 summarizes the statistics for the TP and OP concentrations in 

the aerobic and clarifier zones for the unfiltered samples, sample points of which are 

also plotted in Figures 4 2 8  and 429 .
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Total Phosphorus, by Flow Sequence, After the Chaise
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Figure 429 Total Phosphorus, by Flow Sequence, After the Change

Table 4.10 TP and OP Concentrations* Anaerobic 2k)nes, Unfiltered Samples

Al A2 A3 A4
TP OP TP OP TP OP TP OP

Before mg/L
Average 49.4 9.9 542 9.9 51.5 10.4 50.4 10.4
Stdev 29.5 2.1 242 13 21.8 1.6 21.6 1.2

After mg/L
Average 77.1 10.9 91.7 11.3 88.3 11.3 95.8 11.0
Stdev 15.6 1.8 17.1 2.9 IS S 2.7 14.8 2.7

Afier/Before~l {the change)
Average 562% 10.0% 69.1% 152% 71.6% 92% 902% 5.3%

BiürePeriod mg/L
Average 63.8 9.7 73.5 102 71.7 10.4 75.4 10.4
Stdev 24.4 2.3 24.8 2.6 24.8 2.4 263 2.3
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Table 4.11 11* and UP Concentrations, Aerobic and Claniier Zones, Unfiltered Sample
ABI ABM ABE CLRO

TP OP TP OP TP OP TP OP
Before ingÆ.
Average 57.7 4.6 55.2 2.8 57.3 2.3 1.6 0.3
Stdev 26.3 ■■ 1.9 "25.7 1.9 24.5 " T T 2 3 0.3

mg/L
Average 95.7 0.7 94.8 3.1 100.0 " U S 0 2 0.1
Stdev “ 2 1 X  ■ 0.7 25.7 1.6 16.7 0.5 on. 0.0
Afier/Befare~l (theehange)
Average 65.9% -84.4% 71.7% 11.5% 74.7% -60.5% -81.9% -76.5%
Entire Period mg/L
Average 80.9 2.5 77.8 2.7 81.4 1.4 0.8 0.1
Stdev 29.8 2.6 28.y 1.7 "273 1.1 1.7 0.2

42.6  Suspended Solids and COD

Figure 4.30 shows the COD for unfiltered samples by the flow sequence in basin 

#4. As can be seen, the COD seems to remain constant in the anaerobic zones, but 

decreases sharply m the settled effiuent. Smce this measurement includes contributions 

firom the MLVSS, the disappearance o f VFAs is difficult to see. However, if  the COD is 

measured using filtered samples, the smaller, soluble fiaction becomes very visible 

(Figure 4.31).

Figure 4.31 shows those soluble COD values, as measured finm filtered samples 

taken during phase H o f the BioP program. Observe that the soluble COD decreases 

fiom about 110 mg/L at the influent (CABI) to ^roxfinately  50 mg/L in cell A l. This 

is an indication that there is a  large and unmediate utilization o f soluble COD within cell 

A l. From cell A l to cell A4, there is a  slow decrease m soluble COD.
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COD, Basin #4, By Fbw Sequence, Before the Change
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Figure 4 JO COD, Basin #4, by Flow Sequence, Before the Change

Phase n  BIOP: Soiubb COD, Basin #4, by Fbw  Sequence
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Figure 4 J1  COD, Basin #4, by Flow Sequence, October 1999 ^hase H BIO-P)
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However, there is a  sharp decrease in soluble COD after the ftow enters the ftrst 

aerated zone. The largest usage o f soluble COD happens in cell Al and in the ABI zone. 

In cell A l, the COD usage is related to biological phosphorus removal while in ABI 

(aerated) zone, it is related to carbonaceous BOD removal.

Figure 4 J2  shows the volatile suspended solids (VSS) of basin #4 by ftow 

sequence, during a few days in  the phase H BIO-P program. The figure indicates that 

VSS increases very little in the anaerobic zones, but appears to rise more rapidly as the 

ftow passes through the aerated zones.

%

Phase n  BIOP: VSS, B asin#

O c to b e r  1999

3000  •

2000

C A B I  A l A 2 A 3 A 4 A B -I  A B -E  C L R O  R A S

; - A - I O / I - # — 10/6 A 10/8 - # — 10/13 L o c a tm n
j 1 ■ t 1 0 /IS - # - 1 0 / 2 0 - # — 10/22 - # — 1 0 /2 7

Figure 432 Volatile Suspended Solids (VSS), Basin # ,  by Flow Sequence, Phase H

Averages, calculated ftom  data used to plot the Figure, show that the VSS 

increases only 0.6 %  (1779 to 1790 mg/L) while travelmg fimm anaerobic cell A2 to A4,
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and increases 14.8 % (1790 to 2054 mg/L), while traveling firom anaerobic cell A4 to the 

aeration basin effluent (ABE). Cell A l is not used for reference because the mixing of 

the influents firom the RAS and CABI flows may not be complete, as it is are by the time 

the flow has reached cell A2.

Figure 433 shows the combined behavior o f the soluble COD (Figure 4.31) and 

soluble TP (Figure 437) fi)r an unfiltered sample. Notice that in the anaerobic cells, the 

TP release increases with the flow sequence, while for the same sequence, the COD 

decreases. This confirms again, the relationship between P released and organic carbon 

usage in the anaerobic zones.

Phase Q BIOP: Sohibie COD and TP, Basm #4, by Flow Sequence
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Figure 433 COD and Total P, Basin #4, by Flow Sequence, Phase H BIOP
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4.2.7 Microbiology, Basin #4

Figure 4.34 shows a Gram stained slide of a floe from cell A l. Acinetobacren 

(Gram Negative) and Mocardia (Gram Positive) were identified as the major 

microorgainisms present. On the right, Acinetobacter appears as the plume shaped 

object, and at center and to the left are the filamentous Mocardia spp- Notice the large 

polyphosphate granules (dark, dotted points) inside the Nocardia filaments. This slide 

illustrates the abundance o f polyphosphate stored within the PAOs at the beginning of 

the four anaerobic cells.

Figure 434  A Gram Stain Slide of PAOs From Anaerobic Cell A l, Basin #4, Using a 

Phase Contrast Lens o f lOOX, and Ocular Power of 10 X

Figure 435 shows a  Gram stained slide of a  floe from cell A4. Notice the Gram 

Negative and Gram Positive nature o f the floe. Notice also, that some o f the Noccardia
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filaments are firee o f polyP and appear almost transparent This is an indication that 

polyP has been released and converted to OP.

Figures 4.36 and 4.37 show the composition o f the microbial floc in cell A4. A 

cluster o f Acinetobacter fig u re  436) and a cluster o f Acinetobacter with extended 

Nocardia (Figure 4.37) are seen, reinforcing the fact that these two species are the most 

PAOs to be found in this process.

Figure 4.38 shows filaments o f Nocardia spp. with polyP (dark granules) and 

chunks ofPHA outside and mside the floc. Figure 439  shows that agglomerated PHA, 

that is found free in the media. These two Figures clearly demonstrate PHA formation 

by the time the flow has reached cell A4.

Figure 4.40 is a Gram stained slide o f foam occasionally found at basin #4. 

Notice the overwhelming Gram Negative of the floc which has been identified as 

Nocardia- Therefore, Nocardia has a dual role in the biological process taking place in 

basin #4. On the one hand, Nocardia is a PAO microorganism, and therefore important 

in removing phosphorus from the effluent. On the other hand, Nocardia becomes a 

nuisance, causing foaming throughout the enthe treatment unit. The investigation of 

conditions that promote foaming and the identification o f possible remedial actions to 

solve this problem is the subject for another study.

All the slides shown this for prove that a true, biological phosphorus removal 

process is taking place at the Qaflc County Sanitation D istrict
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Figure 4.35 A Gram Stain Slide of PAOs From Anaerobic Cell A4, Basin #4, Using a 

Phase Contrast Lens o f lOOX, and Ocular Power of 10 X

Figure 436 A Cluster o f Acinetobacter From Anaerobic Cell A4, Basm #4, Using a 

Phase Contrast Lens o f lOOX, and Ocular Power of 10 X
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Figure 437  A Cluster o f Extended Nocardia From Anaerobic Cell A4, Basin #4, Using 

a Phase Contrast Lens of lOOX, and Ocular Power o f 10 X

Figure 438 A Cluster o f Nocardia and PHA Granule, From Anaerobic Cell A4, Basin 

#4, Using a Phase Contrast Lens o f lOOX, and Ocular Power o f 10 X
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Figure 4.39 A Cluster o f Nocardia From Anaerobic Cell A4, Basin #4, Using a Phase 

Contrast Lens o f lOOX, and Ocular Power of 10 X

Figure 4.40 A Gram Stain o f Foam from Basin #4, Using a Phase Contrast Lens of

lOOX, and Ocular Power o f 10 X
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4.3 Mer-Basm Measurements

This section evaluates and characterizes plant operating parameters during the 

experimental periods, and how they affect basin #4 performance.

4.3.1 Mass Balance o f Phosphorus Throughout the Plant

This section evaluates the amount o f phosphorus removed in the plant primaries, 

the combined (eight) plant basins, and basin #4 individually. Since the change in SRT 

took affect only in basm #4, the comparison o f phosphorus removal between these unit 

processes places a perspective on the effluent measurements of basin #4 alone.

Figure 4.41 and Tables 4.12 and 4.13 summarize the overall mass balance in 

basin #4 and in the plant Shown Figure 4.41, are the plant influent TP concentration, 

the TP concentration removed in the primaries, and the TP lost in basin #4.

The concentrations and losses, identified by their plant sampling location label, 

are calculated as follows:

Influent P concentration= PI (daily composite sample)

Loss m the primaries= PI-CABI (daily composite sample)

Loss in basin # 4 = CABI-AB4 (daily plant and basm #4 composite sample) 

Table 4.12 shows that the average influent TP concentration was 5.8 mg/L, and 

6.07 m the "after" period. Table 4.13 shows average OP concentration m the effluent 

was 2.88 mg/L in the "before” period, and 2.66 mg/L m the "after” period. However, 

the changes are not statistically significant when compared to the standard deviations 

(Table 4.12 and 4.13).
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T o ta l  P h o s p h o T u s :  f o f l u e n t  C o n c e n t r a t io n s ,  w i th  
C o n c e n t r a t io n  D r o p s  I n  P r h n a r y  C la r i f i e r s  a n d  B a s m  # 4

12.0

B e f in e After
10.0

8.0 P I - M u e n t

I
I
a.

6.0 D ro p  in  B a s in  #4

4 .0

2.0

D r o p m P r im a iy s0.0
6/1 6 /7  6 /1 3  6 /1 9  6 /2 5  7 /1  7 /7  7 /13  7 /1 9  7 /2 5  7 /3 1  8 /6  8 /12

P I-C A B I •C A B I-A B 4 'PI D a te

Figure 4.41 Absolute TP Concentrations Lost in Primary Clarifîers and Basin #4

Table 4.12 Total Phosphorus Concentrations Riemoved in Unit Processes
24 hour Composite Grab

Plant Inf Basin Inf Primaries Plant Basin #4 Basin #4
PI CABI PI-CABI CABI-CE CAB1-AB4 CABl-

Before mg/L mg/L mg/L removed
Average 5.83 3.99 1.84 3.68 329 3.30
Stdev 2.28 0.80 1.72 0.78 0.88 0.76
A fter mg/L mg/L mg/L removed
Average 6.07 3.90 2.17 3.70 3.65 3.61
Stdev 1.19 0.41 1.34 0.39 0.42 020
A fter/B efbre~i (thechange) means a  greater loss fo r the
Average 4.3% -2.3% 18.5% 0.7% 10.9% 9.5%
B uire Period mg/L mg/L m j^  removed
Average 5.77 3.87 1.91 3.62 3 J6 338
Stdev 1.83 0.68 1.47 0.66 0.74 0.63
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Similarly, the changes in absolute phosphorus concentration lost in the primaries 

for the period under consideration were not statistically significant For basin #4 

however, a 10.9% mcrease in phosphorus lost was detected.

Table 4.13 Urttao Fbosphoms Concentrations Removed, m Unit Processes
24 hour Composite Crab

Plant Intl. Basin Intl. Prunanes Plant Basm #4 Basm #4
PI CABI Pl-CABl CABl-CH Ca b i-AB4 CABI-

B ^ore mg/L mg/L mg/L removed
Average 2.8W 1.77 1.11 1.63 120 1.59
Stdev Ü2ÎT o24 0.40 "0 2 0 "024 024
After mg/L mg/L mg/L removed
Average 2.66 138" 0.98 1.60 1.5o 1.62
Stdev 022 027 0.41 027 0 2 6 0.32
After/Beft>re~I (the change) “+ "means a greater loss fo r  the differences
Average -7.7% -5.3% -11.5% -2.1% 23.2% 1.8%
AH Periods mg/L wgÆ mg/L removed
Average 2.725 ■ 1:63 1.09 1.52 126 1.50
Stdev 0.306 0 32 TÎ39' ■ 0.30 0.34 0.34

Figure 4.42 and Table 4.14 show the phosphorus removal in the (averaged) 

primary clarifiers and (averaged) aeration basins in terms of absolute efSciencies. The 

fimctions used to calculate absolute removal efficiency (relative to plant mfiuent) are 

also given in Table 4.14 above each column of numbers. A five-day running average for 

each efficiency profile is also shown.

In other words, the maximum storage opacity o f the microbes cells has not been 

reached, and additional amounts o f phosphorus might be removed biologically in the 

basins. Availability o f this resiliency uptake potential is essential to maintammg a low, 

effluent TP level, and it implies that less FeCl; could be used. However, further studies 

are needed to explore the ultimate Ihnitations o f the BioP removal system.
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" T o t a l  P h o s p h o r u s "  R e m o v a l  E f f i c i e n c y  
in  t h e  P r h n a r i e s  a n d  B a s i n  # 4
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Figure 4.42 TP Absolute Removal Efficiencies in Primary Clarifîers and Basin #4

Table 4.14 shows that about 32% o f the influent TP is removed in the primaries 

by FeCl] coagulation, while about 63% o f the TP is removed biologically in the plant’s 

basins. The Table also shows that P removal m basin #4 (56.5%) dming the “before” 

period, was somewhat lower than the rest o f the plant

However, as the conditions became more stable, basin #4 began to operate like 

the rest o f the plant It is interesting to notice, that the phosphorus removal in basin #4, 

calculated fix)m the 24 hour composite (AB4) and flom the once a  day grab data 

(CLRO), gives very similar results (Table 4.14).
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Table 4 .l4  Absolute Removal RQiciency (to P i Cone) tor TP and UP
Primary

(PI-CABI)/PI
Basins (Plant) 
(CABI-CE)/PI

Basm#4(AB4)
(CABI-AB4)/PI

Basin #4 (Grab) 
(CABI-CLRO)/PI

TP UP TP UP TP OP TP OP
Before fraction o f the total irflvent
Average "31.5% 38.5% 633% 56.7% 56.5% 41.5% 56.6% "55.3%"
A fter fraction c f  the total ùftuent
Average “ J5.8% 36.9% 61.0% 60.1% 60.1% 56.4% 59.3% 61.0%
After/Before-l (the change)
Average 13.6% -4.1% -3.5% 6.0% 6.3% "35.7% 5D% 10.3%
AU Periods fraction o f the total influent
Average 33.0% 40.1% 62.6% 55.9% 583% 46.3% 58.6% 55.0%

Table 4.15 continues with the same theme o f Figure 4.42 by displaying the 

relative removal efficiencies for the two SRT periods. The word ‘Relative’ means 

relative to the influent o f the Unit process under scmtmy. The equations used for these 

calculations is given at the top o f each column m the table. Table 4.15, column #2 also 

indicates that the (average) plant basin efficiency in removing TP began at about 92%. 

Notice that during the “before” period, basin #4 efficiencies were slightly less than the 

eight basin ^lant) average, but during the “after” period, mcreased to nearly the same 

removal efficiencies as the rest o f the plant During that same period, basin #4 was 

prevented ftom becoming more efficient, because it had already reached the upper 

efficiency Ihnits (section 43.3).
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Table 4.15 IP  and ÜP Relative Removal Ethciency (to Influent Cone at PI)

Prnnaries Basins (Plant) Basm #4 Basin #4 (Grab)
■ l-CABiyPI 1-CE/CABl I-AB4/CAB1 l-CLROyCABl
TF OP TP UP TP OP TP UP

B ^ore
Average 31.5% 38.5% 92J3% 923% 82.5% 67.5% 86.8% 88.9%
After
Average 35.8% 36.9% 95.0% 95.3% 93.6% 89.3% 93.0% 96.8%
After/B^ore - 1

Average 13.6% -4.T% 3.0% 3.4% 13.4% 32.3% 73% 8.9%
A ll Periods

Average 33.0% 40.1% 93.5% 93.4% 86.9% 77.3% 90.3% 92.4%

4.33 Phosphorus Removal Efficiencies in Primaries, FeCI; Addition

Ferric chloride, FeClg, is used as a type H coagulant and added to the influent 

wastewater to improve primary sedimentation. It is added just above the two plant 

sampling points CPEI and CPWI, which are both above the primaries. Because 

phosphorus can also be removed ftom wastewater chemically by the addition of 

coagulants, such as FeCl; and aluminum sulfate (Al2(S04)3-14 H2O)), it was an objective 

o f this research to determme what percentage o f the influent P is removed chemically at 

theCCSD.

Figure 4.43 shows the FeCl^ concentrations added above each primary group and 

the TP removal efficiency, relative to the influent P concentration at PI. As it can be 

seen, tqiproximately 32% o f the incoming TP is removed chemically in the prnnaries. 

Notice also that the addition o f FECLj is relatively constant, despite the erratic nature of 

the P concaitration chemically removed in the primaries. The reason can be seen in the 

erratic plant influait P concentrations at PL
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Ferrie Chloride Addition, East and West Primaries 
and TP Removal Efficiency

100%
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Figure 4.43 Ferric Chloride Addition to East and West Primaries, and TP Removal

Figure 4.44 shows the concentration of iron found in the water after the primaries 

(at CABI) and in the effluent o f the plant basins (at CE). The two lines labeled CPWPE- 

After and CPEPEI-After represent the iron concentration measured in the effluent of the 

west and east primary groups, respectively.

The Figure indicates that most o f the iron entering the primaries is taken out 

while passing through the coagulation and settlmg processes, leaving an exiting 

concentration o f tqiproximately 035 mg/L to enter the treatment basins. The average 

iron concentration leaves the aeration basins (CQ at about 0.1 mg/L, a removal of only 

0.15 mg/L. This s m a l l  loss o f non mdicates that it does not contribute appreciably to 

chemical phosphorus removal in the basins.
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Free (DssolvecQ Iron, After East & West Prmiarys
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Figure 4.44 Dissolved Fe^* Before and After the Primaries

4.3.3 Phosphorus Removal EfSciencies and BOD Concentrations

BOD supplies the energy necessary for uptake and storage o f poIyP. It also 

supplies energy for denitriftcation, and the catabolic and anabolic processes connected 

with carbonaceous BOD removal. After ten years o f wastewater research, Qasim et. al., 

(1996) found a strong, statistical correlation between phosphorus removal and BOD; 

(the combined carbonaceous and nitrogenous ftve day oxygen demands). The two 

equations noted in section 2 2 3  are plotted in Figure 4.45 to illustrate this relationship.

Figure 4.46 displays the BOD$_I (nitrogen inhibited, five day demand) and the 

BODs_U (nitrogen uninhibited, five day demand) taken fiom AWT Lab data at the 

influent to all plant aeration basins (CABI). The relative removal efficiency of basin #4, 

is also plotted and scaled o n th e r i^  axis.
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Phosphorus Removed vs. BODS 
Qasnnet AL, Univ. of Texas» Admgton.
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Figure 4.45 BOD; and P Removal Efficiency 
From Qasim et. al., 1999

BODS-I an d -U» at CABI and 
Rehthe TP Removal EfBciency a t B ash #4
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Figure 4.46 BODs_I, BODsJLT, and TP Removal ̂ Sciency, Before the Change

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



121

As can. be seen, basin #4 begins the '%e6 re" period with an efficiency somewhat 

lower than at the end of the “before” period, despite the fact that the BOD changed little 

over the entire period. Figure 4.47 profiles the same data during the “after” period. One 

clear observation is that removal efficiency is nearly constant and very high throughout 

the entire period.

Table 4.16 shows that the BOD5-U at the basin influent decreased in basin #4 

ftom 145.2 mg/L to 126.1 mg/L, while the TP removal efficiencies increased ftom 

82.5% to 93.6% (Table 4.15). This shows that removal efficiencies can vary 

independently o f BOD, even though long term relationships, such as those ftom Qasim 

(Figure 4.45), have been discovered.

B0D5 -I and -U, at CABI and 
Relative TP Removal E&iency, Basin #4
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Figure 4.47 BODs_I, BODjJCJ, and TP Removal Efficiency, After the Change
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Table 4.16 SRT BUD5-I,-U  Concentrations m the Plant
CABI CEHfi (CA BI-CE)Ett'

BOD5-I BÜD5-U BODj*! BÜD5-U BUÜ5-I BÜD5-U
Before mg/L

Average 1 2 2 . 8 1453 5 . 8 10.3 113.9 109.5
Stdev l O 37.4 ■■ 2 . 8 3.Ü 243/ 24.6

After mg/L
Average 1103 126.1 5 3 8.7 105.1 101.7

Stdev 1 1 1 15.5 3 3 3.5 ■ 113) I I .6

After/B^ore~iI (the change)
Average - 1 0 .1% -133% -9.3% -16.0% -7.7% -7.1%

Entire Period mg/L
Average 115.4 142.6 53 9.3 108.6 104.7

Stdev 17.5 33.8 2 . 8 3.1 20.7 20.3

4.3.4 Phosphorus: Fractional Weight o f the WAS

An indicator o f success m the P removal process as cited in the literature, is the 

fractional weight o f the phosphorus m the WAS. This parameter also assists in 

quantifying phosphorus concentrations found m the ciaiifier’s effluent, which can be 

measured at CE, AB4 or CLRO.

Table 4.17 provides the equations used to calculate the fractional weight o f P in 

the WAS, the P concentrations m the basin and RAS, the source o f the data used, and the 

weight o f WAS wasted each day.

The concentrations and additional parameters called out by the equations in 

Table 4.17 are taken from definitions identified by the control volume, shown in Figure 

4.48 as a dotted line.
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Table 4.17 Fractional Weight Calculations, Phosphorus m WAS
Description Value, Units Msmt Source
Microbe Cone, @AB4 MLSS, mg/L SCADA
Wasted Sludge Cone, @AB4 WAS, mg/L SCADA
Concentration o f P Lost/Day (CABI-AB4), mg/L AWT, Plant Labs
Water Flow into @AB4 QAB4,inMGD SCADA System
Weight of P Lost/Day (CABI - AB4) ♦ QAB4 ♦ 8.34, lbs. Calculation
WAS Flow/Day, @AB4 QWAS, MOD SCADA System
Weight o f WAS/Day QWAS*WAS*834, lbs. Calculation
Fractional Wt. o f P in WAS [(CABI - AB4) * QAB4]/[QWAS*MLSSWAS]
Concentration o f P in WAS (W t o f P Lost lbs7Day)/(Wt o f QWAS, IbsTDay)

mg/L
Concentration o f P in MLSS (Concentration o f P in WAS)*(MLSS/WAS)

m i/L

As an example, the Figure indicates that parameters using to calculate the 

quantity “Weight o f P Lost/Day” is taken from the (daily) difference in concentrations 

between CABI and AB4, then multiplied by the daily (water) weight flow through basin 

#4. Internal flows and recycle flows o f basin #4 are not taken into consideration. 

Therefore, the values calculated and presented in this section should be considered 

typical, rather then ocact on a  daily basis.

CABI
Anaerobic Aerobic Clarifier

QWAS

Figure 4.48 The Control Volume for Phosphorus Concentration Calculations
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Figures 4.49,4.50,4.51, and Table 4.18 describe the resulting fraction of TP and 

OP in the WAS that was calculated for the ‘̂before”, transitional and “after” periods, 

relative to the SRT. Five day running averages were added to the Figures for reduction 

of uncertainties caused by the erratic, raw data. The Figures and Table indicate that the 

OP concentration is only about 25% of the TP value, whereas in the plant influent at PI, 

the OP was about 50% of the TP value. This indicates that about half of the OP at PI 

was converted into TP in the aeration basins by the biological phosphorus removal 

process, also pointing out that luxury uptake is occurring.

Figure 4.49 and 4.51, covering the “before” and “after” periods, show that the 

fractional weight o f P can vary between 3% and 5.5% during periods when the SRT is 

stable.

I Total Pbospbonis, the Percent We%bt of the WAS, Basm #4
[ M a s s  F ra c tio n  o f P  m  t h e  M ic ro b e  (O nfy) M a ss  o f  t h e  W A S ]

B ero re  t h e  S R T  C h a n g e 3 D ay  R u n n in g  A v e rag e s
7.0%

10%

Tot^S

Figure 4.49 Fractional Weight o f Phosphorus in the WAS, Before the Change
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Total Phosphorus, the Percent Weijght of the WAS, Basm #4
[ M a s s  F ra c tn n  o f P  m  t h e  M k io b e  (O nfy) M a s s  o f t h e  W A S ]
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Figure 4.50 Total Phosphorus, the Percent Weight of the WAS, During Transition

These firactional weight levels are comparable to those found in other BIO-P 

removal systems described in the literature, and specifically by Matsuo e t al. (1994), 

Fukase e t al. (1984) and Liu e t  al. (1997). A summary o f fiactional weight of P, 

evaluated by many researchers is also given in Table 2.3.

Table 4.18 verifies that the average fiactional weight o f P did not change 

significantly when the SRT was increased. Figure 4.50 plots the transition period firom 

7/12 to 7/21, and primarily illustrates the upward ramp in the fiactional weight of P 

during this period. The fractional weight o f P is shown to increase while the wasting 

rate o f basin #4 was radically reduced, while increasing the MLSS concentration.
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Total Phosphorus: Percent W e ^  of WAS - Bask #4
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Figure 4.51 Total Phosphorus, Percent weight o f the WAS, After the Change

Figure 4.51 shows that during the “after’* period, the increased fractional weight 

of P returned quickly (within two days) to approximately the same value (4%) as that in 

the “before” period. For this reason, the WAS related calculations began on 7/24, rather 

than 7/22, considered to be the formal beginning for the higher SRT period.

Table 4.18 Summary: Fractional Weight o f Phosphorus in the WAS
TP OP 1 TP OP

Before 6/1 — 7/7 Entire Period 6/1 -  8/13
Average 4.04% 1.46% Ave 4.03% 1.51%
Stdev 1.16% 0.46% Stdev 1.13% 0.44%
After 7/22-8/13 After/Before - /
Average I 4.05% 1.68% Ave 030% 14.8%
Stdev I 0.97% 037% Stdev -16.8% -18.8%
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Figure 4.52 displays the concentratioii o f P in the WAS (mg/L) as calculated by 

equations given in Table 4.17. The Figure shows that the WAS concentration for both 

TP and OP increased 75% and 96%, respectively, during the “after” period. This 

increase in concentration corresponds roughly to the increased WAS concentration 

(5,000 mg/L to 12,000 mg/L), shown in Figure 438.

Figure 4.53 and Table 4.19 show that the increase of TP and OP concentrations 

in the MLSS (52.2% and 713%, respectively), experience a lower rate of increase as 

those in the RAS (75.5% and 96.1%, respectively). This is due to the fact that the MLSS 

concentration did not increase in the same proportion as the RAS concentration duïing 

the higher SRT period (Figure 4.3).

Phosphorus Concentration mthe WAS, Bash #4 
[  C b n c e n tia tk > h  o f ?  m  th e  C o m b in e d  M ic ro b e  a n d  W a te r  M a s s  o f  t h e  W A S  ] 

600

m  8/12

T o t-P  5  D a y O r-P 5 D a yT o t-P

Figure 4.52 Phosphorus Concentration in the WAS, Basin #4
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Phosphorus ConcentrathaiaMLSS, Basm #4 
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Note: Reduced
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Figure 4.53 Phosphorus Concentration in Basin #4

Table 4.19 shows that the TP concentration in the MLSS is 65.7 mg/L during the 

“before” period, and rises to 100 mg/L during the “after” period.

Table 4.19 Statistics: Phosphorus Concentrations in the MLSS and WAS

MLSS P Cone (calculated) WAS P Cone (calculated)
TP OP TP OP

Before mg/L
Average 65.7 24.2 223.3 83.1
Stdev 18.8 8.4 68.9 33.6

After mg/L
Average 100.0 41.4 391.8 163.0
Stdev 24.7 8.5 93.4 39.0
After/Before-l ftke change)
Average 523% 713% 75.5% 96.1%
Entire Period mg/L
Average 80.8 30.6 293.0 112.4
Stdev 28.7 11.8 114.5 50.4
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These concentrations were also measured directly by the AWT Labs (Figures 

438 and 439), and the results are nearly equal for both periods. This demonstrates that 

the method used to estimate the RAS and MLSS concentrations, and the fractional 

weight o f P in the WAS, provide very similar values to those directly measured by the 

Labs.

4.3.5 Volatile Fatty Acids

Due to the reported influence o f volatile fotty acids (VFAs) on biological 

phosphorus removal, the concentration o f these acids was measured in several locations 

throughout the plant The concentrations of acetic, propionic, isobutyric, butyric, 

isovaleric and valeric acids were initially investigated. At measurable levels, only acetic 

and propionic acids were detected at all locations except at the gravity thickener 

overflow (GTO) and the press filter overflow (PFO) where small concentrations of 

butyric and valeric adds were found.

Figure 4.54 and 4.55 show the concentrations o f acetic add at several locations 

in the plant. Notice that acetic add concentrations are much higher at PFO (268 mg/L). 

This is expected, because o f the opportunity for fermentation to take place in these Unit 

process. Although the acetic add concentration at PFO is very high, the overall impact 

o f this stream, which is returned just above CPEI, is not significant, due to its small 

flow.

The acetic add concentration at CABI, the mfiuent to the anaerobic cells, is 

about 16 m ^ .  In sevoal other locations throughout the plant, the acetic add 

concentration is around 12 m ^ .
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Figure 4.54 Acetic Acid Concentrations, Without the PFO Location
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Figure 4.55 Acetic Acid Concentrations, With the PFO Location
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Figures 4.56 and 4.57 show the propionic acid concentration at several points 

within the plant. Notice that the propionic acid concentrations are much lower than the 

acetic acid concentrations. Again, PFO has the highest propionic concentration of all the 

locations, approximately Vz that of acetic acid. The propionic acid concentrations at 

CABI averages 3.9 mg/L, about 21% o f the acetic acid concentration.

Propionic Acü

IZ5

10.0 ■ -

0.0
S p; aa. mm

-6/4 - 6/11 -6/14 -^6 -6/18 L o ca tio n

Figure 4.56 Propionic Acid Concentrations, Without the PFO Location

Table 4.20 gives the average values of acetic and propionic acids during the time 

period indicated in the legend o f Figure 4.57.
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Figure 4.57 Propionic Acid Concentrations, With the PFO Location

Table4.20 Acetic and Propionic AcM Concentrations indie CCSD Plant, in mg/L
PI CPEI CPWI CPEPEI CPEPE2 CPWPE CABI GTO PFO

Acetic 153 10.8 223 93 13.0 93 15.9 20.6 268.0

Propionic 2.0 22 33 1.1 1.8 0.6 3.4 12.0 1273

4 J  .6 Effluent Phosphorus Levels

Figure 4.58 shows the effluent P concentration in basin #4 (AB4) and the eight 

basin plant average (CE). Recall that AB4 are water samples measured by the plant 

process lab using Hach chemistry, and that CE is a  m âture o f effluent from all operating 

basins, measured by the AWT Labs. Notice the large excursions o f phosphorus in the 

AB4 profiles between 6/3 and 6/20, are much higher than the plant average at CE.
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Figure 4.58 TP and OP Effluent Concentrations, AB4 and CE, Before the Change

EfOuent Phosphorus: Bash #4 (AB4) & "Central EfOuent" (CE)
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Figure 4.59 TP and OP Effluent Concentrations, AB4 and CE» After the Change
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This shows that the basin was perfonnmg less efficiently than the plant average, 

and that most o f the reduction in effluent P concentration 6om basin #4 was experienced 

before the transition period was reached. Effluent phosphorus levels, similar to those in 

the “after” period, were reached by the end o f the “before” period.

Figure 4.59 shows the effluent phosphorus concentrations for AB4 and CE 

during the “after” period. Here, basin #4 is performing nearly identical to the rest of the 

plant, except for the last eight days, where a small excursion of TP is noticeable at AB4.

Figures 4.60 and 4.61 and Table 4.21 summarize the effluent phosphorus 

concentrations based on the grab samples taken at CLRO (secondary clarifier effluent). 

The time at which all samples were taken was approximately 10:30 am, close to the 

maximum daily flow for the plant.

During this time of the day, the peak basin mfiuent rate is approximately 14 

MGD, exceeding the average design of 11 MOD by 27%. hicluding return flows of 

40% influent, the true basin flow at this thne is about 19.6 MGD or 78% greater than the 

average. The nature o f the sampling creates a new measurement which is actually an 

indication of how the phosphorus removal is operating at a point in thne when flows 

«cceeding the design average.

Notice in Figure 4.60, 4.61 and Table 4.21, that independent o f the type of 

sample takm  (composite AB4, grab @ CLRO, and composite CE), the TP and OP in the 

effluent, both decreased in the “after” period. However, the decrease in OP 

concentration was much more prominent than that for TP.
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TP and OP, Grab Sample, Basm #4 (@CLRO
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Figure 4.60 TP and OP Concentrations, Grab Sample, Basin #4, Before the Change
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Figure 4.61 TP and OP Concentrations, Grab Sample, Basin #4, After the Change
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It appears as though increasing the SRT had a significant and beneficial response 

in basin #4, indicated by the significance ’ test performed and shown in Table 422. 

However, the basin was actually operating at a lower relative removal efficiency than 

the plant average during the “before” period (Table 4.14 and 4.15). A comparison of the 

phosphorus concentrations o f the “before” and “after” period would not be a true 

representation of the effect of SRT changes in that basin.

Table 421 Total and Ortho Phosphorus, (hifluent and) Effiuent Concentrations
24 Hr Composite 24 %  Composite Grab Sample 24 Ifr Composite

PI (Influent) @AB4 CLRO CE
TP OP TP OP TP OP TP OP

Before * 777 .........  mg/L
Ave 5.84 2.89 0.698 0.575 0.433 0224 0309 0.139
Stdev 228 029 0.422 0.429 0.326 0251 0.160 0.089

After 7 ^ 4  - 8/13
Ave 5.99 2.69 0.337 0.185 0280 0.060 0.194 0.079
Stdev 1.19 0.18 0.132 0.041 0.114 0.041 0.043 0.023

Change (After/Before—I) means lower concentration
Ave 1 2.6% -7.0% -51.8% -67.8% -353% -73.1% -37.2% -42.9%

Hypothesis testing was performed on the difference between the two average 

effiuent phosphorus concentrations, (Xt -X 2) , to determine the numerical (statistical) 

significance o f the change (Mendenhall, 1995). The test statistic used to evaluate the 

difference was a single tailed, students “f* with modifications to small-sample tests 

about (Xt — ̂ 2Üldien the variances o f the two independent data sets were not equal (d^- ̂

(T̂ )̂. The resulth% p-values are given in Table 422, and a description o f the method 

used to compute the “f* Statistic and P-value (Mendenhall, 1995) are presented in
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Appendix C -  Statistical Methods, Phase I, BIO-P Removal Study.

The Table shows that with the exception of TP measured from the grab sample, 

the information in support o f the null Hypothesis is nearly zero. Thus, statistical 

evidence supports the claim that a change in concentrations definitely occurred.

Table 422 Phosphorus Vtdues m  Si^port o f the Hypothesis:

AB4 CLRO (grab) Plant Ave @ CE
TP OP TP OP TP OP

P value= l.t  0.001 L t 0.001 g .t 0.1 1.L 0.032 Lt. 0.003 l.t  0.002
(X1 -X 2) = 0361 0390 0.153 0.164 0.115 0.06

t= 4.84 5.49 1.46 2.31 4.14 3.86
v ~ 7 6 4 4 7 7

4.3.7 VulnerabiliQr o f Effluent Phosphorus Concentrations to P Micro-Release 

It has been shown that nitrate concentrations in anaerobic cell A l are (near) zero 

(Figures 4.18 and 4.19), also a  suggestion that denitrification might take place in the 

sludge blanket o f the secondary clarifier, before the RAS traveled to A l. Denitrification 

requfres the same anaerobic conditions, fr)und in the clarifier and cells A l through A4, 

that are needed for release of polyP from P AOs.

The sludge blanket may contain a large amount o f phosphorus, a small part of 

which may be released back into the secondary clarifier. To evaluate the fractional 

amount o f P in the sludge blanket that would need to be released in order to raise the 

clarifier volume to a  constant numerical value, the following assumptions and 

calculations were made:

I. Assume the P concentration in the sludge blanket is 300 mg/L (consistent 

with Figure 4.52 and Table 4.19). Calculate the total mass o f P m the
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blanket

2. Assume that the Claiîfîer and sludge blanket have the dimensions and 

characteristics, taken hrom plant specifications shown in Table 4.23.

3. Assume a P concentration in the clarifier effluent is 0.4 mg/L (0.1 mg/L 

below the NPDES permit level).

4. Calculate the mass o f P released into the volume o f water in the clarifier, that 

would result in a clarifier concentration of 0.4 mg-P/L.

5. Use the results fix>m #4 to calculate the fraction o f P to be released, using the 

equation below.

Dissolved Mass o f P in Clarifier Water w/Conc = 0.4 mg/L
Fraction = ■' "     -  Eq. 4.2

Mass of P Stored in Sludge Blanket, depth = 1.5 f t, @300 mg/L

The results are shown in Table 4.23 demonstrating that only 0.55% o f the total 

mass of P stored in the sludge blanket would have to be released to create a  clarifier 

concentration o f 0.4 mg-P/L under completely static conditions. A reduction in that 

fraction occurs if  one considers that the hydraulic retention time o f the sludge blanket is 

only 2.75 hours, as compared to an HRT o f 4.0 hours frir the clarifier overflow. The true 

mass fraction is reduced to about 0.38%.

The dimensions o f the secondary clarifier in Table 4.23, and all other CCSD 

plant design specifications are given m Appendnc D, CCSD Wastewater Plant Design 

Specifications.
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Table 4JZ3 Secondary Clanlier Release Parameters
Cone Depth (1:12 slope) 5.83 ft
Clarifier Diameter 14U ft
Sludge Cone (Inverted) Volume, It̂ 38,089 tt^ 1,078,609 liters
Sludge Cylinder Volume, @ 1.5' height 23,091 ft’ 653,880 liters
Total Cone and Cylinder Volume 61,180 f f  ■ 1,732,489 liters
Cylindrical Volume of Clarifier, 14 it high 215,404 ft’ 6,099,785 hters
Total Clarifier Cyhner and Cone Volume 253,493 “ T f 7,178394 hters
Phosphorus Mass in the Sludge Blanket, P cone = 3oiI) mg/L 519.8 kg
Phosphorus Mass m Clarifier, tor P cone = U.4 mg/L 2.87 kg
Mass Fraction P Released from Sludge in Blanket: Static Cnds 0.55%

Effects from  Non Equal Hydraulic Retention lim es
BRI ot Sludge Blanket, Emptied by Recycle Flow (4.4 MUD) 2.75 hr
HRT ot 2° Clarifier, Emptied by Basin Flow (11 MüD) 4.Ü hr
Actual Mass Fraction P Released trom Sludge m Blanket 038%

This shows that excursions, far m excess o f the NPDES permit, would occur 

even if  only a small fraction o f the P stored were to be released. Preventing only the 

smallest o f fractions of P finm bemg released as the sludge passes through the clarifier, 

is needed to prevent «cceeding permit levels.

4.3.8 Denitrification Effects on Effluent Phosphorus Concentration

Measurements o f nitrates and phosphorus in the RAS and clarifier effluent 

indicate that two main sources contribute to the concentration of phosphorus in the 

effluent, both, o f which, are related to dénitrification.

43.8.1 Phosphorus Release Under Weak to Moderate Dénitrification 

Figure 4.62 plots the same phosphorus concentration data o f Figure 438, but 

with the addition o f the (once a  week) RAS nitrate measurements from basm #4, scaled
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on the right axis. The right axis maximum, 12 mg NO3-N/L, represents the average 

nitrate concentration found in the efSuent of the clarifier.

Notice in the Figure, that nitrate concentrations are relatively high when the 

phosphorus concentrations are high, and drop when the phosphorus concentrations 

decrease. The high nitrate concentrations range firom 5 mg/L to 10.4 mg/L, while the 

lowered nitrate concentrations range firom 0.2 mg/L to about 2.0 mg/L. Therefore, 

dénitrification is taking place in the clarifier.

RAS Nitrate, Phosphorus, Basm #4, Before the Change
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Figure 4.62 Nitrates in the RAS, Efifiuent Phosphorus, Basin #4, Before the Change

Also important to note, is that TP and OP are nearly the same value at most 

points sampled, regardless o f their value. This is an indication that when nitrates are 

high (denitrffîcation was weak), P release is significant, while when denitrification is
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moderate (low nitrates), P release is inhibited. This is the same competition between the 

denitrifîers and the PAOs that is known to exist in the anaerobic zones o f biological 

phosphorus removal systems.

An indication that P excursions in the basin #4 efSuent are the result o f P release 

by the microbes, is that the OP and TP values are nearly the same. This is consistent 

with P release concentrations o f OP and TP shown in Figure 427.

Figure 4.63 replaces the nitrate values o f Figure 4.62 with TSS which is scaled 

on the right axis. The scale size was selected such that 10 mg-TSS/L would correspond 

to 0.4 mg-P/L, this corresponding to the 4% fractional weight o f P found in the WAS 

(section 42.6). Arrows on the Figure scales indicate this proportion.

hnportant to note in Figure 4.63, is that TSS does not follow the TP/OP profiles 

during the period 6/4 to 6/21, when the P values are high. This fiirther mdicates that 

microbe cells containing phosphorus are not responsible for the high TP efQuent levels 

shown when high nitrates occur. However, if  this were the case, TP would be the 

dominant phosphate species found because o f the stored polyP in the cells.

Figures 4.64 and 4.65 reinforce the same themes o f Figures 4.62 and 4.63, but 

during the earlier months o f April and May. Figure 4.64 shows that when nitrate levels 

are high, the efQuent phosphorus levels are high, and nitrate levels drop when the 

phosphorus levels decrease.
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Figure 4.63 TSS and EfQuent Phosphorus, Basin #4, Before the Change

RAS Nitrate, Phosphorus: Basni #4, April and May
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Figure 4.64 RAS Nitrates and EfQuent Phosphorus, Basm #4, April and May
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TSS, Phosphorus: Bash #4, ̂ r 3  and May
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Figure 4.65 TSS and Effluent Phosphorus, Basin #4, April and May

The values o f TP and OP are nearly the same throughout the entire period. This 

indicates that the phosphorus in the water was released by the microbes in the sludge 

blanket. In Figure 4.65, the TSS level is again scaled to equate 0.4 mg-P/L to 10 mg- 

TSS/L. It is clear that the TSS values do not follow the TP/OP profiles during most of 

the time period plotted. This again indicates that the phosphorus concentration results 

fiom a  P re-release, originating fiom the polyP in the microbial cells. ^  the phosphorus 

m the cells were being measured, the TP values would be much larger than the OP.

All o f the previous Figures (4.62,4.63, 4.64 and 4.65), characterize what may 

result when weak to moderate levels of denitrification takes place. Weak denitrification 

corresponds to high nitrate leveb, ixhich are defined here as approximately 50% to 90%
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of the clarifier effluent level (12 mg NO3-N/L). Also, the TP and OP levels are rather 

high, nearly equal to each other, and the TSS profile does not follow the P profiles. 

Moderate levels o f denitrification correspond to nitrate levels approximately 10% to 

50% o f the clarifier efQuent level, and the TSS and P concentrations are also very low. 

Moderate denitrification results in low amounts of P being released.

Denitrifymg and polyP bacteria are strong competitors for VFAs and other 

sources o f carbon, a behavior observed in the anaerobic cells. Being the stronger 

competitor, the denitrifiers are able to stall phosphorus release until all o f the nitrates are 

consumed. This competitive behavior appears to be taking place in the sludge blanket 

and RAS o f the secondary clarifier.

4.3.8JZ Total Phosphorus in the EfQuent Under Strong Denitrification 

Figure 4.66 characterizes a  différait relationship between nitrates and efQuent P 

concentrations fitund in basm # 6  durmg May and June. Basin # 6  was chosen to 

represent this example, because basin #4 did not exhibit this behavior. Important to note 

in the Figure, is that TP and OP concentrations are not equal, and nitrate levels are 

consistently very low, averaging 0.67 mg NO3-N/L or less than 10% o f the clarifier 

efQuent. Also, the TP values clearly lie above those of the OP.

Figure 4.67 plots TSS values m place o f the nitrates m Figure 4.66. The TSS 

scale agam equates 0.4 mg-P/L with 10 mg-TSS/L in the efQuent, and the TSS profile is 

shown to follow the TP profile quite well, throughout the period shown.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



145

RAS NâiatBS, Phosphoius: Basm. #6» N^y and June
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Figure 4.66 RAS Nitrates and EfQuent Phosphorus, Basin #6, May and June
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Figure 4.67 TSS and ̂ Q uent Phosphorus, Basin #6, May and June

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



146

The scaling o f the right axis is chosen to equate 0.4 mg-P/L with a 10 mg/L TSS 

concentration, a conditions consistent with P being 4% of the mass o f the WAS cells. If 

the fractional weight o f the WAS were greater than 4%, the TSS profile would lie above 

the TP profile. I f  the fiaction were less than 4%, the TSS would lie below the TP 

profile.

Figures 4.68 and 4.69 reinforce the same theme as in Figures 4.66 and 4.67. 

Both o f the previous Figures indicate that when the TP concentration is clearly higher 

than the OP, the nitrates remain extremely low and the TSS follows the TP profile.

Since poIyP bacteria axe not the only microbes present, the TSS profile will 

follow the TP profile, but still extend above the TP profile at times. The excursions of 

TSS at select points along the TP profile indicate additional varieties o f microbes that 

are present in the TSS figures 4.68 and 4.69).

I RAS Nitrate, Phosphorus: Basin #5, April and May
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Figure 4.68 RAS Nitrates and Effluent Phosphorus, Basin #5, April and May
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Strong denitrification, identified by very low nitrate levels, produces large 

amounts of nitrogen gas that can potentially raise fioc in the sludge blanket to the 

sur6ce o f the clarifier. Under these conditions, the TSS profile will to follow the TP 

profile.

TSS, Phosphorus: Bash #5, April and May
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Figure 4.69 TSS and EfQuent Phosphorus, Basin #5, April and May

4.3.8.3 Multiple Levels o f Denitrification in Basin #4 

Figures 4.70 and 4.71 plot the RAS nitrates and TSS of basin #4 along with 

efQuent P levels in the secondary clarifier during the "afieri* period. These Figures show 

that during the days 7/22 to 8/1, the TP and OP levels are both low and approximately 

equal to each other, and the TSS level also lemams low.
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RAS Nitrates  ̂Phospborus: Basm #4, Afier the Change
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Figure 4.70 RAS Nitrates and EfQuent Phosphorus, Basin #4, After the Change
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Figure 4.71 TSS and EfQuent Phosphorus, Basm #4, After the Change
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Moderate demtrifîcatîoa appears to be taking place during this period, because 

the nitrate levels are low but the amount of nitrogen gas required to lift the floc is not yet 

being produced. Strong denitrification appears fiom 8/1 to 8/13, as the TP and OP levels 

separate and the TSS begins to emulate the TP profile.

Figure 4.72 shows the typical nitrate and phosphorus concentrations that were 

measured in the clarifier. The reduction o f nitrates and the increase o f phosphates with 

depth are the result o f combined stratification caused by settling of the Activated Sludge, 

and anaerobiosis.

CLRO CLRO

0.1 < TP<0,25mg/L I..,,, i ► NO,- 1 2 mg/L

O.KTP/OP< 3.0 mg/L < --------- ■!— T  -► O.K NO3 < 12 mg/L
RAS

Figure 4.72 Nitrates and Phosphates Found in the Secondary Clarifier

It is not expected that the entire sludge blanket is contributing to P release or 

strong dénitrification; this may occur only under specific conditions and in locations. 

Controllmg denitrffîcation so that it remains withm moderate proportions, appears to 

prevent phosphorus release and phosphorus containing microbe cells, fiom raising the 

measured P concmtrations m the secondary clarifier effiuent concentration beyond 

acceptable Ihnits.
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CHAPTERS 

CONCLUSIONS AND RECOMMENDATIONS 

The following conclusions are drawn from this research:

hitra-Basin Measurements*

1. The ORP values m the anaerobic zones of die basin drop continuously as the 

wastewater passes fiom cell A1 to A 4 The values rise rapidly m the aeration 

zones. Low DO levels and lack o f aeration in the clarifier zone do not decrease 

the ORP to values found in the anaerobic zones. The decrease in the ORP values 

during the ‘foefore” period, was probably the result o f increased microbial 

activity, caused by an increase in temperature during that period.

2. The DO reaches levels (0.5 mg/L) m cell A I, and contmues to drop as the water 

flows through each cell to A4. Similar DO levels are found in the clarifier. 

Changing the SRT did not significantly affect DO levels in the aerobic and 

anaerobic zones.

A Imear, functional relationsh^ between DO levels and ORP was not found to 

mdst for the studied basm.

3. Ammonia levels in  the anaerobic zones remained nearly constant (15 mg/L), 

indicating that nitrification was not taking place, h i the aerobic zones, ammonia
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levels dropped sharply and in less than half an hour, decreased to about 4 mg/L.

4. The change in SRT had no detectable effect on the nitrification process. Nitrate 

was not detected in any o f the anaerobic cells, but formed quickly in the aeration 

zone, rising to nearly 8 mg/L in half an hour, and reaching 12 mg/L at the basin’s 

effiuent. Nitrate levels at the aeration basin and clarifier effiuents were similar 

Nitrate levels in the RAS, varied significantly, fiom near zero to the same values 

found in the aeration basin effiuent (12 mg/L), indicating that denitrification 

takes place in the RAS on an inconsistent basis.

The eastern four-basin cluster (basins #5-8) experienced much stronger 

denitrification than the western cluster (basins #1-4), for reasons yet unidentified.

5. The alkalinity m the basins decrease slightly with flow sequence through the 

anaerobic zones, and decrease faster once into the aerobic zones. The increased 

SRT brought about a large increase in alkalinity in all zones except the clarifier, 

where it remained nearly constant

6. Ortho-phosphate (OP) concentrations by flow sequence on unfiltered water 

samples was not mdicative o f the soluble P in the wastewater. However, 

measurements o f filtered samples, show a strong increase o f OP within the 

anaerobic zones, indicating the release o f polyphosphate by PAOs. The 

measurements also show a strong uptake o f OP in the aerobic zones. The TP and 

OP concentrations for the same locations are nearly identical when the soluble P 

concentration originates the release o f OP fiom stored polyP by the PAOs. P 

uptake continues as the water flows fiom. the aeration basin to the clarifier, but is 

released again in the RAS.
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7. Soluble COD and suspended solids wore difficult to assess using unfiltered 

samples, due to the mass o f microbes present Filtered samples, however, 

indicate that the soluble COD drops to about half the influent value (CABl) after 

entering cell A l. A slow decrease in COD continues through the anaerobic 

zones, and then drops sharply at the first aeration basin sampling point (ABl). 

VSS concentration in the anaerobic zones is constant (about 1785 mg/L), but 

rises to 14.8% (2054 mg/L) while traveling though the aerobic zones. Combined 

plots o f soluble COD and P release confirms the relationship between P released 

and organic carbon usage in the anaerobic zones.

8. Microscope slides showing the microbiology fiom the basin’s mixed liquor, 

indicate that the predominant PAOs found at CCSD are Acinetobacter spp. and 

Nocardia spp.. The photographs show polyphosphate granules stored in slides 

representing samples fiom anaerobic cell A I, and also show PHA being formed 

in samples fiom cell A4. This confirms that polyP stored in the aerobic zones is 

released m the anaerobic zones, while PHAs are formed m the anaerobic zones. 

In addition, photographs o f scum sometimes found at CCSD shows that 

Nocctrdia is the foaming causing microorganism. Thus, Nocardia has a double 

role in  this system; it is a  PAO, but also a foam causing microorganism.

hiter-Basin Measurements-

9. Analysis o f the WAS concentrations, WAS flow (QWAS) and MLSS revealed 

that the SCADA Syston kept the basm operating at exactly foe proper SRT 

values that were designated for foe two periods. The wasting rate was shown to
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increase during the “after” period, but this was an anomalous, transient condition 

that originated fiom plant operations. As a result o f this condition, the F/M ratio 

dropped more than kmetic theory would require.

10. A mass balance performed on the avaage TP concentration as it passed through 

the plant, indicated that TP concentrations varied erratically on a daily basis. A 

second evaluation o f the same mass balance using absolute removal efficiency as 

the comparative parameter revealed that the aeration basins compensated for any 

decrease in  TP removal efficiency that occurred in the primaries. The removal 

efficiencies indicated that basin #4 was not operating as efficiently as. the 

remainder o f the basins m the plant during the “before” period (56.3% for basin 

#4, and 63.2% TP removal efficiency).

11. Evaluation o f chemical removal o f TP in the primaries showed that about 35% o f 

the P entering the plant is removed chemically in the primaries. The erratic 

variations o f the TP concentration leaving the primaries is not due to fluctuations 

in the amount ofFeCls added. A very small amount o f non leaves the primaries 

and it does not influence phosphorus removal in the basin. Therefore, 

phosphorus removal in the basins is delusively biological.

12. Investigation o f the effects o f BOD on TP removal during the two SRT periods, 

show that despite the well documented relationships between the two parameters, 

removal efficiencies can still vary mdq^endently o f BOD.

13. The fiactional weight o f phosphorus in the mass o f the WAS was calculated to 

be about 4% during the entfie experimental period, and was not altered by the 

larger SRT. Subsequent calculations were made on the P concentration in the
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WAS mixed liquor and MLSS mixed liquor. Measurements of P made on the 

MLSS by the AWT Labs were in close agreement w ith the predictions made 

fiom the calculations.

14. Measurements o f volatile fkttŷ  acids found that acetic and propionic acids are the 

major acids found throughout the plant An exception to this occurred at the 

gravity thickener overflow (GTO) and the press filter overflow (PFO) where 

small concentrations o f butyric and valeric acids were found. Acetic and 

propionic acid concentrations found at the GTO and PFO were the highest 

recorded in the plant.

15. During the period o f higher SRT, TP and OP for all measurement types (CE, 

AB4 and CLRO) decreased. At the first glance, the SRT seemed to produce an 

improvement in removal efficiencies, because an evaluation involvmg hypothesis 

testing o f the difference o f two means, demonstrated that statistically, a change 

had occurred, hi reality, basin #4 was found to be operating at removal 

efficiencies less than the plant average before the SRT was increased. The basin 

continued to improve its performance, approaching plant performance levels in 

terms o f effiuent phosphorus concentration toward the end o f the “before” 

period. As a result, quantitying the extent to which the role o f SRT played in the 

improvement o f P removal was difficult.

16. The DO levels o f the secondary clarifier are shnilar to the anaerobic zones where 

P release takes place. Calculations show that a fiactional release o f only 0.38% 

o f the total mass o f P, passing through the sludge blanket m the secondary 

clarifier during the HRT o f the clarifier overflow, would raise the P
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concentration in the effluent to 0.4 mg/L.

17. When dénitrification is weak, P release takes place in the sludge blanket. 

Indicators o f P release are high nitrates m the RAS, an OP concentration equal to 

a TP concentration, and TSS varying independently firom the TP profile. 

Moderate levels o f denitrification prevent P release firom taking place due to 

competition between the polyP and denitrifying microbes. A similar competition 

occurs in the anaerobic cells, hidicators o f moderate dénitrification are low 

nitrates m the RAS, low OP and TP concentrations, and low TSS concentrations 

in the clarifier effluent, which do not correlate w ith either the OP or. TP 

concentrations.

Strong denitrification produces enough nitrogen gas to lift the phosphorus 

bearing microbes into the efflumL hidicators o f this are very low nitrates in the 

RAS, a TP concentration that is noticeably higher then the OP concentration and 

a TSS profile that correlates with the TP profile m the clarifier effluent. The TSS 

profile w ill overlay the TP profile when the fiuctional weight o f P in the WAS is 

matched w ith the respective TSS concentration.

18. Controlling denitrification such that it remains within moderate proportions 

appears to prevent phosphorus release fiom the sludge blanket during weak 

denitrification, and also the formation o f nitrogen gas during strong 

denitrification that hfis the P bearing microbe cells mto the clarifier effluent. P 

release and P microbes w ith stored polyP are responsible for most o f the P 

concentration excursions m the effluent. The mtroduction o f controls on 

denitrification w ill allow CCSD to operate at considerably higher mfiuent plant
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flows and remam below the maximum concentrations dictated by the NPDES 

perm it
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TOT-P
myP/L

QEL=E
mgP/L

ÜQ2
myN/L

NH4
myN/Ld a te

NQ3N02
mgN/L

IKN
myN/L

5/17 A2 303.0 4350 8.19 15.86 0.08 0.08 125.4
5/17 A3 326.9 61.08 8.42 15J6 0.08 0.08 157.4
5/17 A4 277.2 46.12 9.77 14.86 0.08 0.10 1472
5/17 ABI 207.2 78.33 0.92 0.63 0.08 1126 128.1
5/17 ABM 326.5 67.77 2.87 4.17 0523 8.89 125.4
5/17 ABE 248.9 74.82 1.11 0.60 0.08 12.06 89.4
5/17 CLRI 147.0 15J5 0.35 0.14 0.08 12.55 505
5/17 CLRO 123.5 0.34 024 0.08 0.08 12.43 0.7

5/19 A2 2642 66.68 7.43 1626 0.08 0.08 93.0
5/19 A3 313.6 65.86 6.92 13.60 0.08 0.08 173.3
5/19 A4 320.4 6126 8.87 13.52 0.08 0.08 123.0
5/19 ABI 169.9 79.66 059 0.78 0.08 1158 111.5
5/19 ABM 269.7 76.07 1.73 2.62 0.135 10.05 772
5/19 ABE 385.3 77.90 0.33 055 0.08 1254 218.5
5/19 CLRI 1975 23.82 0.43 0.19 0.08 1354 18.4
5/19 CLRO 120.7 055 055 0.08 0.08 13.01 2.4

5/21 A2 247.3 60.68 8.03 13.91 0.08 0.08 173.1
5/21 A3 284.8 60.54 8.06 13.88 0.08 0.08 106.6
5/21 A4 265.0 46.99 9.14 13.88 0.08 0.08 159.6
5/21 ABI 2305 87.18 0.42 050 0.08 1154 200.0
5/21 ABM 229.1 79.36 3.73 3.01 0.471 9.00 138.1
5/21 ABE 256.0 71.61 051 026 0.095 11.78 1845
5/21 CLRI 30.76 6.71 0.08 0.08 9.95 77.4
5/21 CLRO 117.9 055 020 0.08 0.08 1257 3.4

i m i m i i m m H m m l
5/24 A2 266.8 62.81 1227 1456 0.08 0.08 163.7 75
5/24 A3 2595 66.41 12.11 15.47 0.08 0.08 217.6 7.48
5/24 A4 4135 81.40 13.13 1520 0.08 0.08 103.4 7.5
5/24 ABI 2925 55.88 6.16 455 0576 7.75 218.3 727
5/24 ABM 261.4 67.43 2.45 027 0.177 11.41 195.1 727
5/24 ABE 173.0 7557 2.52 054 0.08 11.41 211.8 722
5/24 CLRI 1555 17.11 0.13 0.13 0.08 1122 31.8 7.14
5/24 CLRO 1295 0.17 O.IO 0.08 0.08 11.43 0.7 723
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TOT-P
myP/L

OR-P
mgf/L

NH4
myN/L

m i
myN/L

N03N02
mgN/L

IKH
myN/L

5/26 A2 282.6 65.46 956 1659 0.08 0.08 159.1 7.44
5/26 A3 3045 70.56 9.73 1624 0.08 0.08 147.7 7.43
5/26 A4 2785 50.05 9.92 16.19 0.08 0.08 189.0 7.42
5/26 ABI 2395 7558 3.83 5.16 0.08 8.08 145.6 7.17
5/26 ABM 2082 78.44 254 0.40 0.108 11.97 218.5 7.15
5/26 ABE 194.6 7827 1.71 025 0.08 1252 2122 7.15
5/26 CLRI 1542 2355 058 0.11 0.08 11.69 555 7.12
5/26 CLRO 1242 020 0.10 0.08 0.08 12.07 15 7.14

5/28 A2 2742 85.75 1057 14.11 0.08 0.08 203.8 7.44
5/28 A3 271.0 78.49 12.00 14.10 0.08 0.08 109.4 7.44
5/28 A4 2685 87.03 11.72 13.81 0.08 0.08 2125 7.44
5/28 ABI 113.8 9452 2.08 1.82 0.439 8.48 2025 7.18
5/28 ABM 2355 9656 055 050 0.084 9.81 188.9 7.04
5/28 ABE 209.9 91.03 0.07 029 0.199 10.64 218.1 7.1
5/28 CLRI 214.0 23.15 020 0.08 0.08 1156 50.7 7.14
5/28 CLRO 126.4 0.36 024 0.08 0.08 11.97 1.4 725

5/31 A2 3065 60.09 13.54 1650 0.08 0.08 1132 7.49
5/31 A3 3295 64.66 13.63 16.58 0.08 0.08 212.1 7.47
5/31 A4 288.4 6554 13.88 1622 0.08 0.08 181.1 7.46
5/31 ABI 224.7 73.01 6.60 321 0.082 9.87 165.7 721
5/31 ABM 2075 7958 4.68 050 0.08 12.09 190.0 7.33
5/31 ABE 248.1 62.07 4.64 051 0.08 6.98 115.8 752
5/31 CLRI 1595 26.44 0.49 0.08 0.08 12.18 85.5 725
5/31 CLRO 1222 0.18 020 0.08 0.08 12.87 0.9 753

iBegbi the "Before” Period, SRT = 4.85 Days |
m i m m n m g g m i^ m i g m i m i m i m H i m
6/2 A2 3052 6751 10.73 20.49 0.08 0.08 366.6 7.55
6/2 A3 278.4 5620 10.03 21.52 0.08 0.08 1.4 7.49
6/2 A4 274.6 6352 11.49 2027 0.08 0.08 258.9 7.47
6/2 ABI 247.0 6724 3.65 5.42 0.442 10.02 188.4 752
6/2 ABM 1875 48.47 2.18 0.46 0.175 12.47 203.4 721
6/2 ABE 216.8 6855 259 0.63 0.08 13.09 233.6 7.46
6/2 CLRI 147.7 27.06 0.61 027 0.08 12.98 492 753
6/2 CLRO 1252 054 025 0.08 0.08 1252 1.0 753
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Loc
DATE

6/7
6/7
6/7
6/7
6/7
6/7
6/7
6/7

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRI 
CLRO

2612
260.1
255.9
207.9 
190.5 
218.0 
144.4 
130.0

TOT-P
myP/L

47.17
42.07
48.10
43.76
4756
60.31
7.04
0.38

OR-P
m g ^

1052
10.03
11.05
3.86
6.18
3.64
0.67
024

NH4
m y N / L

15.66
1557
14.99
0.90
3.85
0.82
0.08
0.08

NQ2 N02N02 IKN EH
myN/L myN/L mgN/L siu

0.08 0.08 139.9 751
0.08 0.08 141.0 75
0.08 0.08 952 7.49

0.121 1024 152.0 7.42
0516 7.18 150.7 75
0.103 1051 147.6 75
0.08 10.95 555 7.32
0.08 11.32 0.7 75

6/9 A2 2795 65.58 8.03 2350 0.08 0.08 151.9 755
6/9 A3 280.8 67.06 8.02 2357 0.08 0.08 165.8 7.53
6/9 A4 275.6 45.11 7.93 22.47 0.08 0.08 1462 755
6/9 ABI 2055 57.43 3.45 6.17 0.32 10.07 129.5 755
6/9 ABM 181.6 58.72 228 0.79 0.08 13.06 124.8 757
6/9 ABE 1892 56.77 2.17 0.53 0.16 13.59 126.7 7.46
6/9 CLRI 138.5 2221 128 0.18 0.08 13.02 505 753
6/9 CLRO 127.7 126 056 0.08 0.08 1252 2.4 753

6/11 A2 2812 17.09 8.78 17.04 0.08 0.08 160.0 756
6/11 A3 287.6 17.86 9.09 17.14 0.08 0.08 209.0 7.54
6/11 A4 316.4 17.11 10.06 1650 0.08 0.08 1225 754
6/11 ABI 2295 14.41 552 4.86 0286 7.62 1475 75
6/11 ABM 209.3 13.10 154 0.50 0.08 1156 1595 7.33
6/11 ABE 214.5 1356 152 0.47 0.08 11.44 1482 758
6/11 CLRI 143.1 7.93 0.71 0.40 0.08 11.68 32.0 7.3
6/11 CLRO 127.4 0.40 058 0.08 0.08 12.48 4.4 75

6/14 A2 2775 1551 9.79 1352 0.08 024 132.6 754
6/14 A3 269.6 14.19 10.46 13.78 0.08 0.08 121.0 75
6/14 A4 2645 15.64 11.45 1322 0.08 0.08 144.5 75
6/14 ABI 2125 1457 656 155 0535 853 159.5 728
6/14 ABM 208.0 11.05 3.47 0.16 0.08 1054 138.3 722
6/14 ABE 208.1 12.86 3.65 021 0.08 10.62 1562 725
6/14 CLRI 144.8 528 0.89 0.08 0.08 11.19 33.8 722
6/14 CLRO 131.4 029 023 0.08 0.08 11.73 0.8 727
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Los alh TOT-P. OR-P NH4 BQ2 N03N02 jm m
DATE mgZL mgP/L myP/L myN/L myN/L myN/L myN/L am
g g ■ É B g g g g g g g | g |
6/16 A2 2642 3253 10.07 16.02 0.08 0.08 117.0 752
6/16 A3 259.7 4256 10.05 16.33 0.08 0.08 114.6 751
6/16 A4 262.1 42.10 1052 15.42 0.08 0.08 122.4 751
6/16 ABI 2082 51.57 0.78 3.74 0.101 8.19 148.8 726
6/16 ABM 201.9 66.87 022 0.79 0.08 10.96 164.0 7.41
6/16 ABE 205.0 5523 2.52 0.69 0.08 11.07 149.0 751
6/16 CLRI 152.4 21.69 2.17 024 0.08 11.97 322 7.3
6/16 CLRO 129.7 0.54 0.31 0.08 0.08 12.67 05 729

6/18 A2 312.1 45.93 9.04 14.60 0.08 0.09 138.1 7.54
6/18 A3 264.4 52.08 9.15 14.69 0.08 0.08 225.0 753
6/18 A4 2685 51.73 10.80 14.40 0.335 0.08 1362 7.52
6/18 ABI 2142 5626 3.90 4.45 0.08 721 1245 723
6/18 ABM 204.0 52.02 121 023 0.08 10.84 147.0 727
6/18 ABE 197.8 65.06 1.10 028 0.08 10.86 134.0 7.47
6/18 CLRI 144.8 1729 028 0.10 0.08 11.69 32.4 7.31
6/18 CLRO 126.7 0.77 023 0.08 0.08 12.42 0.6 728

6/21
6/21
6/21
6/21
6/21
6/21
6/21
6/21

6/23
6/23
6/23
6/23
6/23
6/23
6/23
6/23

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRI 
CLRO

■
A2
A3
A4
ABI
ABM
ABE
CLRI
CLRO

259.1
259.0
269.7
219.0
189.1 
1882
151.8
132.4■I
264.8 
2665 
290.0 
2292
216.8
223.4 
1362 
1282

54.80 
51.70
78.80 
86.60 
6820 
8950 
3020 
024

55.63 
5225 
61.75 
7059 
7221
69.64 
13.43 
0.19

9.85
10.00
10.40
4.62 
0.91 
0.79 
0.12 
0.04

9.46
929
9.80
4.00
156
1.63 
0.13 
0.05

16.58 0.08 0.08 7.56
16.67 0.08 0.08 7.55
15.69 0.08 0.08 754
5.74 0241 6.66 7.33
029 0.098 10.79 7.5
029 0.08 11.01 7.43
0.09 0.08 1121 723
0.08 0.08 11.82 727

14.92 0.08 0.08 7.61
1451 0.08 0.08 759
1428 0.08 0.08 7.57
454 0265 7.01 7.41
024 0.102 1128 7.4
025 0.08 11.33 7.41
0.13 0.08 11.75 727
0.08 0.08 12.43 72
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TOT-P
myP/L

OR-P
mgP/L mgN/LDATE

NQ3N02
myN/L

3KN
mgN/L

6/25 A2 253.7 7023 9.15 15.44 0.08 0.08 167.6 7.47
6/25 A3 2583 6629 9.65 1536 0.08 0.08 1393 7.46
6/25 A4 2515 7150 1023 1521 0.08 0.08 146.1 7.45
6/25 ABI 1962 75.80 3.77 5.08 0.314 7.18 190.7 725
6/25 ABM 1625 58.78 128 037 0.193 1137 148.5 726
6/25 ABE 217.6 84.02 0.63 056 0.081 11.45 151.4 726
6/25 CLRI 138.1 2727 0.17 0.14 0.08 11.84 58.9 723
6/25 CLRO 128.0 020 0.07 0.08 0.08 1231 1.0 7.33

6/28 A2 258.7 81.59 8.94 1630 0.08 0.08 1342 757
6/28 A3 257.7 7730 13.60 16.74 0.08 0.08 187.8 7.55
6/28 ABI 233.5 9324 526 3.88 033 837 278.6 7.33
6/28 ABM 208.7 82.65 5.77 0.44 0.08 1150 153.4 7.47
6/28 ABE 237.4 7658 2.15 0.54 0.108 1225 256.4 7.43
6/28 CLRI 165.8 42.82 058 023 0.08 12.06 672 73
6/28 CLRO 1315 4.78 0.04 0.08 0.08 11.89 2.0 7.41

6/30 A2 261.0 6958 12.82 14.88 0.08 0.08 1853 754
6/30 A3 274.9 48.64 12.79 15.03 0.08 0.08 1475 7.52
6/30 A4 267.4 7139 8.66 14.61 0.08 0.08 215.4 75
6/30 ABI 2112 90.72 758 3.98 0.437 8.14 2833 733
6/30 ABM 208.4 93.09 323 0.44 0.107 11.73 150.0 7.48
6/30 ABE 209.1 85.68 3.67 0.44 0.08 11.61 204.1 7.41
6/30 CLRI 1462 35.02 124 020 0.08 1153 51.6 73
6/30 CLRO 1285 7.95 0.04 0.08 0.08 1220 1.8 738

7/2 A2 294.6 8337 10.74 13.46 0.08 0.08 132.1 755
7/2 A3 295.6 8151 11.11 13.41 0.08 0.08 136.4 7.54
7/2 A4 419.7 76.67 11.46 13.76 0.08 0.08 161.1 7.5
7/2 ABI 242.6 6950 627 424 0357 732 2083 735
7/2 ABM 243.5 7530 3.40 028 0.083 11.68 2125 7.43
7/2 ABE 3093 5037 1.08 029 0.118 11.77 1705 7.49
7/2 CLRI 1723 3027 02S 0.08 0.08 1157 712 7-4
7/2 CLRO 131.7 0.16 0.06 0.08 0.08 12.39 0.8 7.4

End the "Before" Period, SRT=4.85 Days

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX A - AWT LABORATORY DATA

163

Lae
DATE

in A2
7/7 A3
7/7 A4
7/7 ABI
7/7 ABM
7/7 ABE
7/7 CLRI
7/7 CLRO

312.9
337.4
281.9
251.4 
210.6
211.4 
154.1 
1305

TOT-P

71.12
76.88
7457
78.40
75.81
8657
34.54
2.00

OR-P
m g ^

1455
14.41
14.49
8.80
0.47
I . I O
0.19
-0.04

NH4
mgNÆ

NQ2 
mg M r

1520
15.03
15.18
358
0.17
022
0.08
0.08

0.08
0.08
0.08
0.335
0.14
0.122
0.08
0.08

N03N02 j m £E
m g M mçN/L

0.08 192.0 755
0.08 187.8 7.55
0.08 2535 7.54
8.89 232.4 757
11.95 193.6 7.43
11.99 2065 7.42
1159 815 752
1222 12 7.43

7/9 A2 3552 92.09 6.65 13.68 0.08 0.08 189.9 7.6'
7/9 A3 418.9 79.46 6.87 13.69 0.08 0.08 205.7 758
7/9 A4 373.1 84.87 755 13.41 0.08 0.08 250.5 757
7/9 ABI 213.7 90.16 252 4.99 0.08 627 249.1 756
7/9 ABM 2482 9521 0.57 0.44 0.08 1157 233.3 75
7/9 ABE 2755 91.60 0.47 050 0.08 1128 3475 751
7/9 CLRI 135.6 1628 0.16 022 0.08 10.70 80.7 727
7/9 CLRO 112.0 0.08 0.09 0.08 0.08 10.99 1.1 752

Begin the Transition Period

7/12 A2 329.0 67.90 4.66 1957 0.08 0.08 199.0 727
7/12 A3 278.0 61.44 528 19.55 0.08 0.08 2072 726
7/12 A4 327.0 59.05 5.87 19.11 0.08 0.08 283.4 726
7/12 ABI 288.0 67.98 0.47 554 0.08 11.43 232.1 7.05
7/12 ABM 242.0 76.96 0.16 0.48 0.08 10.82 226.7 6.94
7/12 ABE 211.0 68.14 029 050 0.08 12.43 2545 6.89
7/12 CLRI 172.0 41.67 0.11 021 0.08 13.10 105.6 6.93
7/12 CLRO 130.0 020 0.09 0.08 0.08 11.42 1.1 7.05

7/14 A2 290.4 78.98 9.84 12.83 0.08 0.08 151.6 7.61
7/14 A3 483.7 73.78 955 13.06 0.08 0.08 93.9 7.59
7/14 A4 368.8 79.09 956 12.70 0.08 0.08 2875 7.57
7/14 ABI 460.4 10350 0.60 0.40 0.08 13.14 2905 7.4
7/14 ABM 463.7 85.68 258 4.63 0.08 1122 368.7 7.4
7/14 ABE 434.4 96.00 1.73 055 0.08 11.42 268.0 7.45
7/14 CLRI 148.8 15.85 0.08 022 0.08 10.83 255 752
7/14 CLRO 175.7 0.07 0.00 0.08 0.08 1259 2.6 7.4

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX A - AWT LABORATORY DATA

164

DATE
Loc ALK

mg/L
TOT-P
myP/L

OR-P
mgP/L

NH4
mgN/L

MQ2
mgN/L

NQ3NQ2
myN/L

IK N
mgN/L

m
an

7/19
7/19
7/19
7/19
7/19
7/19
7/19
7/19

7/21
7/21
7/21
7/21
7/21
7/21
7/21
7/21

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRI 
CLRO

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRI 
CLRO

7/16 A2 351.1 76.70 832 13.65 0.08 0.08 214.6 7.6
7/16 A3 4125 76.24 9.51 13.58 0.08 0.08 1593 7.59
7/16 A4 323.4 83.08 9.48 14.14 0.08 0.08 290.5 7.56
7/16 ABI 2883 9756 022 056 0.08 1122 179.9 7.4
7/16 ABM 313.1 92.31 3.83 3.54 0.08 8.00 284.9 736
7/16 ABE 254.0 99.76 0.68 054 0.08 11.42 241.8 7.4
7/16 CLRI 147.6 1652 020 0.40 0.08 1221 695 7.39
7/16 CLRO 129.6 0.06 0.00 0.08 0.08 1203 0.5 738

293.8
287.8
295.8 
2632
269.4 
2683 
1472
130.8

420.5 
2815
265.9 
249.8
261.6
246.1
149.1 
127.0

8931
8956
91.79
9338
101.05
109.40
19.01
0.14

67.10
99.91
10221
142.13
9733
98.44
5426
038

1298 
1338 
12.66 
039 
354 
0.38 
032 
0.08

Begin the '*AFter" Period, SRT -

10.15
9.82
11.10
0.18
222
029
0.05
0.03

8.60
8.69
9.35
023
3.39
0.73
0.14
0.04

14.00 0.08 0.08 1995 7.59
14.54 0.08 0.08 1892 758
1421 0.08 0.08 292.4 756
0.57 0.08 11.19 253.8 7.43
4.45 0.08 6.60 248.8 7.45
0.67 0.08 11.51 2433 7.43
024 0.08 11.44 67.7 7.42
0.08 0.08 11.92 12 7.49

0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 
0.08 

6.0 Days

0.08 210.0 7.65
0.08 255.4 7.64
0.08 1723 7.64
12.08 335.5 7.47
0.08 240.6 757
850 348.0 752
12.07 61.6 7.62
11.81 12 7.67

7/23 A2 540.0 88.87 10.60 1432 0.08 0.08 1222 6.77
7/23 A3 376.7 65.81 10.48 1433 0.08 0.08 245.6 6.76
7/23 A4 4803 89.77 10.83 13.62 0.08 0.08 115.6 6.74
7/23 ABI 236.6 76.73 137 0.76 0.08 12.51 166.6 6.49
7/23 ABM 414.7 7231 421 427 0.08 4.70 107.6 653
7/23 ABE 355.0 82.83 1.50 0.40 0.08 12.17 127.8 65
7/23 CLRI 179.6 51.07 133 022 0.08 1256 100.6 651
7/23 CLRO 1265 036 0.12 0.08 0.08 1256 0.7 653
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T Q U
myP/L

OR-P
mgP/L mgN/L

N03NQ2
mgN/L

IKN
mgN/L

7/26 A2 309.5 93.42 11.45 15.84 0.08 0.08 329.5 6.71
7/26 A3 350.4 95.60 11.45 16.58 0.08 0.08 285.0 6.7
7/26 A4 323.1 99.82 11.82 16.02 0.08 0.08 150.6 6.7
7/26 ABI 353.0 119.93 028 0.71 0.08 10.88 349.0 6.54
7/26 ABM 394.0 121.75 2.05 424 0.08 8.41 133.0 6.52
7/26 ABE 236.9 123.80 0.77 0.74 0.08 11.41 3112 6.53
7/26 CLRI 162.5 40.75 0.12 0.33 0.08 11.53 120.4 6.53
7/26 CLRO 131.7 0.15 0.05 024 0.08 11.43 1.1 656

7/28 A2 3263 7824 8.85 1452 0.08 0.08 2235 6.75
7/28 A3 3655 71.86 8.92 14.62 0.08 0.08 4075 6.73
7/28 A4 3775 81.68 9.10 14.35 0.08 0.08 294.6 6.71
7/28 ABI 386.0 82.09 024 0.19 0.163 12.62 4102 6.55
7/28 ABM 2965 7928 1.99 352 0.332 8.52 148.0 6.53
7/28 ABE 3562 8153 029 0.18 0.08 12.63 132.0 652
7/28 CLRI 165.5 65.79 0.08 0.13 0.08 11.07 130.6 6.52
7/28 CLRO 130.1 033 0.06 0.08 0.08 12.63 0.5 6.52

7/30 A2 290.5 7325 8.64 1551 0.08 0.08 3295 6.85
7/30 A3 347.9 80.89 8.64 1521 0.08 0.08 3162 6.79
7/30 A4 322.3 82.71 8.54 15.41 0.08 0.08 2515 6.78
7/30 ABI 276.6 7222 0.13 0.63 0.08 1259 167.6 6.65
7/30 ABM 288.7 80.04 3.47 327 0.08 957 274.8 658
7/30 ABE 256.1 83.47 1.14 056 0.08 13.91 4212 6.66
7/30 CLRI 197.4 58.74 023 029 0.08 14.13 116.9 6.61
7/30 CLRO 1232 021 0.06 0.08 0.08 1456 2.5 6.6

8/2 A2 3172 108.66 13.01 15.14 0.08 0.08 191.9 6.8
8/2 A3 345.4 107.40 1354 15.19 0.08 0.08 180.9 6.89
8/2 A4 3442 115.72 1426 15.65 0.08 0.08 244.2 6.78
8/2 ABI 3072 126.82 0.11 0.64 0.08 10.82 327.3 659
8/2 ABM 459.7 125.10 320 358 0.08 7.05 131.0 6.56
8/2 ABE 329.6 10754 0.13 054 0.08 1121 293.5 657
8/2 CLRI 1842 4658 -0.01 0.17 0.08 1153 55 6.61
8/2 CLRO 132.7 0.09 -0.02 0.08 0.08 11.61 12 6.62
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DATE

8/4
8/4
8/4
8/4
8/4
8/4
8/4
8/4

Lfi£

A2
A3
A4
ABI
ABM
ABE
CLRI
CLRO

ALK
mg/L

m g
448.8
3902
320.1
321.7
187.8 
298.7
252.0
128.0

TOT-P
mgP/L

OR-P
mgf/L

78.08
69.07
92.71
77.45
52.04
9922
93.75
051

10.80
10.65
1121
0.47
021
1.14
3.72
0.12

NH4
[mgN/L|
B g
14.86
15.42
15.10
059
029
0.45
4.05
0.08

m n .
m sM
g p
0.08
0.08
0.08
0.092
0.08
0.08
0294
0.08

NQ3N02
mgN/L

H
0.08
0.08 
0.08 
12.49 
12.15 
1254 
8.04 
12.59

8/6 A2 304.8 76.53 10.38 15.76 0.08 0.08 190.0 6.76
8/6 A3 290.7 80.45 10.40 1550 0.08 0.08 233.1 6.77
8/6 A4 299.7 85.09 10.47 15.43 0.08 0.08 228.8 6.72
8/6 ABI 230.1 91.66 151 0.68 0.08 12.54 200.5 6.62
8/6 ABM 248.0 93.84 5.01 454 0.08 8.63 1175 6.6
8/6 ABE 237.9 94.43 1.42 0.82 0.08 12.53 2115 6.6
8/6 CLRI 177.1 6555 029 057 0.08 12.19 70.0 6.58
8/6 CLRO 1312 024 0.08 0.08 0.08 1256 15 6.6

IKN
m g M

206.0
200.9
238.8
3062
133.4
354.0
319.7
0.7

EH
am

8/9 A2 2995 12355 13.43 1456 0.08 0.08 319.5 6.83
8/9 A3 4685 121.05 14.05 14.83 0.08 0.08 366.5 6.81
8/9 A4 3065 11550 9.66 14.85 0.08 0.08 229.0 6.8
8/9 ABI 2705 120.74 0.15 053 0.08 1220 23.7 6.8
8/9 ABM 333.7 11651 229 4.47 0.08 654 6.67
8/9 ABE 384.8 117.47 0.09 0.62 0.08 12.15 444.6 6.74
8/9 CLRI 152.6 22.63 0.04 0.16 0.08 11.11 495 6.71
8/9 CLRO 137.6 028 0.03 0.08 0.08 11.18 0.6 6.7

8/11 A2 4865 8651 ' 850 1652 0.08 0.08 6.82
8/11 A3 3405 82.14 853 16.08 0.08 0.10 162.4 6.81
8/11 A4 529.1 79.56 7.17 16.48 0.08 0.08 355.0 6.8
8/11 ABI 5062 81.15 0.80 057 0.08 12.60 2432 6.63
8/11 ABM 439.6 82.47 2.94 3.44 0.08 9.02 2372 6.67
8/11 ABE 435.0 87.11 1.41 0.72 0.08 1155 1785 6.74
8/11 CLRI 1355 8.72 0.04 0.13 0.08 12.30 16.0 6.72
8/11 CLRO 134.6 029 0.04 0.08 0.08 11.80 0.8 6.7
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DATE
LQ£ ALK

mg/L
TOT-P
mgP/L

OR-P
mgP/L

NH4 BQ2
mgN/L

N03N02
mgN/L

IKN
mgN/L

EH
a a

B H B B fli B B U B B I B B i B B B N B B B I B B l
8/13 A2 482.8 110.08 18.04 15.12 0.08 0.08 2535 6.88
8/13 A3 3573 108.81 16.71 15.15 0.08 0.08 248.1 6.86
8/13 A4 4235 115.46 16.39 14.72 0.08 0.08 2482 6.83
8/13 ABI 3962 10755 237 0.50 0.094 12.19 195.5 6.64
8/13 ABM 427.1 12457 5.60 428 0243 750 234.3 6.67
8/13 ABE 2845 121.87 1.14 056 0.122 12.13 328.1 6.71
8/13 CLRI 1335 7451 0.89 0.17 0.08 1221 72.8 6.67
8/13 CLRO 133.8 025 0.07 0.08 0.085 1221 13 6.68

1 End the "AFter*' Period, SR T-6.0 Days

8/16 A2 432.1 7438 9.81 16.82 0.08 0.08 274.9 654
8/16 A3 5695 88.03 9.76 16.76 0.08 0.08 222.5 652
8/16 A4 431.8 6856 9.86 16.62 0.08 0.08 159.9 6.88
8/16 ABI 391.1 92.15 1.60 0.61 0.08 1130 399.6 6.8
8/16 ABM 4295 102.74 3.90 5.11 0.093 6.06 1782 6.79
8/16 ABE 4315 87.54 1.74 0.68 0.08 11.72 320.9 6.79
8/16 CLRI 239.0 59.16 0.33 025 0.08 11.76 31.1 6.79
8/16 CLRO 135.4 038 0.11 0.08 0.08 11.66 1.0 6.76

8/18 A2 423.1 84.87 7.89 16.84 0.08 0.08 316.4
8/18 A3 3383 8623 757 1832 0.08 0.08 390.0
8/18 A4 350.4 7957 838 16.71 0.08 0.08 2573
8/18 ABI 2585 76.70 0.08 0.66 0.08 11.98 152.7
8/18 ABM 288.4 8853 0.79 5.08 0.183 6.49 250.1
8/18 ABE 356.4 97.05 0.08 0.63 0.08 12.07 148.9
8/18 CLRI 272.6 6136 0.06 038 0.08 11.87 88.8
8/18 CLRO 118.7 024 0.08 0.08 0.08 12.18 1.8

8/20 A2 4842 78.93 955 14.18 0.08 0.08 1795
8/20 A3 340.0 7452 952 14.88 0.08 0.08 138.7
8/20 A4 466.4 87.01 10.00 15.80 0.08 0.08 296.6
8/20 ABI 180.7 93.44 122 029 0.08 1151 86.1
8/20 ABM 333.7 83.75 453 431 0.121 7.05 294.6
8/20 ABE 4483 9153 1.66 0.47 0.08 11.61 432.9
8/20 CLRI 131.4 64.46 032 020 0.08 10.50 98.4
8/20 CLRO 1345 0.17 0.08 0.09 0.08 10.02 0.8
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PATE
Lfl£

8/25
8/25
8/25
8/25
8/25
8/25
8/25
8/25

8/27
8/27
8/27
8/27
8/27
8/27
8/27
8/27

ALH
mg/L

TOT-P
mgP/L

OR-P
mgP/L

NH4
m gM

NQ2
mgN/L

N03N02
mgN/L

-i;-.

A2
A3
A4
ABI
ABM
ABE
CLRI
CLRO

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRI 
CLRO

8/23 A2 3682 76.77 9.40 15.49 0.08 0.08 294.0
8/23 A3 3083 89.74 9.42 16.58 0.08 0.08 122.8
8/23 A4 266.5 9059 9.42 1851 0.08 0.08 173.7
8/23 ABI 180.4 93.14 1.76 025 0.08 1125 307.1
8/23 ABM 2213 92.81 5.07 4.60 0.08 5.80 2055
8/23 ABE 348.1 87.54 1.77 0.15 0.08 1052 1783
8/23 CLRI 134.5 5557 031 0.08 0.08 9.82 1042
8/23 CLRO 116.4 021 0.14 0.13 0.08 10.43 0.7

469.4 
3875
423.0 
4163 
3945 
269.6
156.8
129.4

3343
3725
3933
2893
3512
282.8 
1543
133.1

75.84
76.70 
7655 
75.67 
72.11 
73.76 
6156 
029

7424
77.45
77.69
74.81
7234
73.71 
56.10 
028

IK E
mgN/L

PE
au

725 2022 0.08 0.08 174.6
7.45 1852 0.08 0.08 428.1
7.66 17.60 0.08 0.08 168.4
0.66 024 0.08 12.40 1762
2.13 535 0.08 825 3265
0.73 028 0.08 12.92 182.1
0.11 0.08 0.08 13.00 91.4
0.02 0.08 0.08 11.84 05

7.69 1453 0.08 0.08 132.5
7.71 1527 0.08 0.08 167.4
7.73 19.43 0.08 0.08 157.6
0.72 032 0.08 1156 164.0
3.49 428 0.117 7.11 193.5
0.63 0.15 0.08 12.09 146.4
0.17 0.08 0.08 12.07 903
0.05 0.08 0.08 12.02 0.8
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Region DO pH ORP Cond Temp Date

A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

025
0.22
022
0.74
1.74
0.32
0.36

025
022
0.19
0.73
1.76
0.39
0.31

027
0.19
0.18
1.14
1.80
0.37
026

0.30
0.23
0.19
0.50
150
0.43
0.37

7.12
7.12 
7.11 
6.87 
6.67
6.75
6.76

165
88
52

203
362
338
340

2040
2040
2040
1930
1780
1770
1770

22.60
22.60
22.65
22.80
22.90
2250
2250

23-Mar-99
23-Mar-99
23-Mar-99
23-Mar-99
23-Mar-99
23-Mar-99
23-Mar-99

7.17
7.17 
7.14 
6.80 
6.74 
6.78 
6.76

160
68
9

305
319
332
315

2130
2130
2120
1890
1900
1830
1840

22.80
22.80
22.80
23.00
23.00
23.10
23.10

25-Mar-99
25-Mar-99
25-Mar-99
25-Mar-99
25-Mar-99
25-Mar-99
25-Mar-99

7.17
7.15
7.14
6.86
6.70
6.75
6.72

160
70
38

204
352
355
329

2020
2030
2050
1960
2000
1910
1910

23.40
23.40
23.40 
23.50
23.40 
23.30 
2330

27-Mar-99
27-Mar-99
27-Mar-99
27-Mar-99
27-Mar-99
27-Mar-99
27-Mar-99

731
730
7.18
6.90 
6.78
6.90 
6.86

155
105
62

201
278
345
315

2110
2120
2110
1910
1870
1880
1880

22.50
22.50
22.50
22.50 
22.60 
22.40
22.50

06-Apr-99
06-Apr-99
06-Apr-99
06-Apr-99
06-Apr-99
06-Apr-99
06-Apr-99

7560

2150

2040

2040

2140
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A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

039
033
030
039
1.95
0.48
035

039
036
036
1.15
1.75
0.51
0.33

0.30
032 
034 
0.68 
1.69 
0.49
033

0.32
0.26
035
1.04
1.95
03
0.52

735
737
732
6.92
6.80
6.86
6.86

158
109
57

200
270
361
332

2110
2110
2120
1910
1890
1820
1850

22.50
22.50
22.50 
22.55 
22.73 
22.60 
22.65

08-Apr-99
08-Apr-99
08-Apr-99
08-Apr-99
08-Apr-99
08-Apr-99
08-^r-99

7 3 7
737
736
7.00
6.83
6.86
6.82

108
69
28
215
342
325
313

1980
1960
1970
1870
1910
1900
1930

2330
2330
2330
2330
23.18
23.16
23.16

ll-A pr-99 
ll-A pr-99 
1 l-Apr-99 
ll-A pr-99 
ll-A pr-99 
ll-A pr-99 
ll-A pr-99

737
737
736
658
6.85 
6.90
6.86

155
127
68

222
302
222
260

2150
2140
2140
1920
1810
1890
1890

22.70
22.70
22.70
23.10 
23.14
23.10
23.10

15-Apr-99
15-Apr-99
15-Apr-99
15-Apr-99
15-Apr-99
15-Apr-99
15-Apr-99

738
7.29
738
7.04
6.93
6.95
6.90

165
132
88

227
273
343
325

2010
2020
2030
2010
1910
1890
1920

23.75
2350
23.90
24.00
24.00
23.90 
2352

18-Apr-99
18-Apr-99
18-Apr-99
18-Apr-99
18-Apr-99
18-Apr-99
18-Apr-99

7910

2070

2010

2100

2090

1.80
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A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

A2
A3
A4
ABI
ABM
CLRO
CLRI

039
036
035 
0.55 
1.60 
0.43
036

039
037
031
1.45
2.38
0.70
0.63

0.44
034
036 
1.16 
2.05
037 
0.55

732
731
7.18
6.85
6.74
6.75 
6.74

145
111
62
204
330
330
320

1970
1980
1920
1950
1950
1950
1940

24.00
24.00 
24.40 
24.50 
23.80
24.45
24.45

20-Apr-99
20-Apr-99
20-Apr-99
20-Apr-99
20-Apr-99
20-Apr-99
20-Apr-99

7.43
7.44 
7.41 
7.15
7.03
7.03 
6.98

160
141
110
217
275
308
305

2010
2020
2020
2010
1920
1860
1920

23.65
23.70
23.70
23.65
23.60 
23.50
23.60

24-Apr-99
24-Apr-99
24-Apr-99
24-Apr-99
24-Apr-99
24-Apr-99
24-Apr-99

7.50 
7.48
7.50 
737 
730 
733 
7.14

81
56
19
154
225
244
254

2180
2190
2190
2000
1910
1820
1840

25.00
25.01 
24.97 
2535 
25.34
25.40
25.40

24-May-99
24-May-99
24-May-99
24-May-99
24-May-99
24-May-99
24-May-99

6320

1760

1540

1900

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

038 
032
039 
0.60 
2.40 
2.60 
0.56 
0.6

7.44
7.43
7.42
7.17
7.15
7.15 
7.14 
7.12

95
72
42
185
206
240
290
260

2200
2190
2170
1910
1840
1850
1840
1850

25.10
25.15
2530
25.50
2535
25.60
25.60
25.60

26-May-99
26-May-99
26-May-99
26-May-99
26-May-99
26-May-99
26-May-99
26-May-99

RAS
5120

MLSS
2020

MDO
2.00
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A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

0.30
037
034
0.98
234
3.06
0.5

0.52

7.44
7.44
7.44 
7.18 
7.04 
7.10 
735 
7.14

155
106
55

211
328
330
347
338

2190
2190
2190
2190
1880
1880
1830
1830

25.5
25.50
25.52
25.80
2534
2538 
25.98
2539

28-May-99
28-May-99
28-May-99
28-May-99
28-May-99
28-May-99
28-May-99
28-May-99

RAS
5570

MLSS
1890

MDO
2.00

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

039
038
037
0.92
3.89
3.91
0.9
1.02

7.49
7.47
7.46
731
7.33
7.32
7.33 
7.25

158
112
56

200
232
240
250
260

2000 25.33
1980
1950
1780
1750
1770
1800
1770

25.40
25.42
25.70
25.70 
25.80
25.70
25.70

31-May-99
31-May-99
31-May-99
31-May-99
31-May-99
31-May-99
31-May-99
31-May-99

RAS
5620

MLSS
1890

MDO
3.90

Begin the "Before*̂  Period, SRT=4.85 Days

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRO 
CLRI

0.33
039
035
0.60
2.32
2.8
0.72
0.91

7.55
7.53
730
7.32
730
737
739
7.25

202
167
105
200
225
252
255
265

2260
2250
2250
2020
1930
1980
1830
1830

25.08
25.08 
25.05 
25.20
25.40
25.40
25.40
25.40

02-Jun-99
02-Jun-99
02-JUH-99
02-Jim-99
02-Jmi-99
02-Iun-99
02-Jun-99
02-Jun-99

RAS
5830

MLSS
1710

MDO
230

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

032
039
034
0.96
230
2.9

0.72
0.96

7.48
7.47
7.47 
735 
732 
73 

7.32 
7.31

178
105
82
198
215
225
231
229

2010
1980
1980
1810
1800
1780
1770
1790

25.4
25.45
25.40
25.50
25.50
25.60
25.60
25.60

07-Jim-99
07-Jun-99
07-Jmi-99
G7-Jun.-99
07-Jun-99
07-Junr99
07-Jmi-99
07-Jun-99

RAS
4180

MLSS
1850

MDO
2.40
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A2 0.30 7.55 161 1990 25.33 09-Jun-99 RAS
A3 0.30 7.55 121 1960 25.32 09-Jun-99 3330
A4 038 7.55 91 1950 25.35 09-Jun-99
ABI 0.95 735 195 1800 25.45 09-JUH-99 MLSS
ABM 3.50 7.37 230 1790 25.55 09-Jun-99 1510
ABE 3.00 7.46 238 1790 25.60 09-Jun-99
CLRO 0.76 7.33 243 1820 25.40 09-Jun-99 MDO
CLRI 1.02 733 250 1810 25.50 09-Jun-99 330

A2 0.30 7.56 131 2030 25.60 ll-Jun-99 RAS
A3 038 734 96 2040 25.60 ll-Jun-99 3950
A4 0.25 7.54 65 2010 25.90 1 l-Jun-99 -

ABI 1.06 7.39 195 1840 25.90 ll-Jun-99 MLSS
ABM 3.11 7.33 225 1830 25.90 ll-Jun-99 1450
ABE 3.17 738 236 1810 25.90 ll-Jun-99
CLRO 0.66 730 240 1830 2390 1 l-Jun-99 MDO
CLRI 0.95 7.30 246 1850 25.90 ll-Jun-99 3.10

A2 0.36 7.54 168 2180 26.07 14-Jun-99 RAS
A3 0.30 7.50 118 2160 26.10 14-Jun-99 4680
A4 038 7.50 77 2170 26.09 14-Jun-99
ABI 1.60 738 205 2010 2630 14-Jun-99 MLSS
ABM 235 732 231 1910 26.50 14-Jun-99 1270
ABE 2.34 735 273 1920 26.50 14-Jun-99
CLRO 0.38 737 268 1810 26.60 14-Jun-99 MDO
CLRI 0.48 732 261 1860 26.55 14-Jun-99 230

A2 0.33 7.52 121 1980 26.40 16-Jun-99 RAS
A3 036 7.51 98 1960 26.15 16-Jun-99 3680
A4 035 731 65 1930 26.18 16-Jun-99
ABI 136 739 190 1820 26.40 16-Jun-99 MLSS
ABM 3.35 7.41 221 1790 26.50 16-Jun-99 1410
ABE 338 736 230 1790 26.50 16-Jun-99
CLRO 0.70 739 233 1800 26.6 16-Jun-99 MDO
CLRI 1.07 730 240 1810 26.6 16-Jun-99 3.40
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A2 035 7.54 119 1940 2630 18-Jun-99 RAS
A3 0.19 7.53 93 1910 2635 18-Jun-99 3210
A4 039 7.52 68 1890 2635 18-Jun-99
ABI 135 733 180 1730 26.50 18-Jun-99 MLSS
ABM 3.65 737 230 1770 26.50 18-Jun-99 1410
ABE 3.9 7.47 238 1780 26.50 18-Jun-99
CLRO 0.72 731 240 1840 26.40 18-Jun.-99 MDO
CLRI 1.13 738 250 1820 26.50 18-Jim-99 3.60

A2 030 7.56 99 2030 26.35 2 l-Jun-99 RAS
A3 0.19 7.55 76 2040 2630 2 l-Jun-99 5420
A4 036 7.54 40 2020 26.60 21-Jun-99 .
ABI 0.49 7.33 158 1790 26.60 21-Jun-99 MLSS
ABM 2.64 7.50 239 1790 26.85 2 l-Jun-99 1410
ABE 2.65 7.43 225 1770 26.80 21-Jun-99
CLRO 0.55 737 225 1770 26.80 21-Jun-99 MDO
CLRI 0.8 7.33 230 1770 26.80 21-Jun-99 230

A2 034 7.61 108 2020 2636 23-Jun-99 RAS
A3 0.19 7.59 92 2010 26.38 23-Jun-99 4650
A4 0.16 7.57 60 2000 26.40 23-Jun-99
ABI 0.49 7.41 175 1810 26.60 23-Jun-99 MLSS
ABM 2.05 7.40 215 1790 26.80 23-Jun-99 1510
ABE 2.52 7.41 240 1780 26.70 23-Jun-99
CLRO 0.64 7.30 249 1800 26.00 23-Jun-99 MDO
CLRI 0.49 7.37 240 1790 26.70 23-Jun-99 1.90

A2 0.34 7.47 98 1990 26.46 25-Jun-99 RAS
A3 039 7.46 71 1980 26.49 25-Jun-99 4790
A4 038 7.45 46 1980 26.55 25-Jun-99
ABI 0.65 735 172 1810 26.70 25-Jun-99 MLSS
ABM 235 736 260 1760 26.75 25-Jun-99 1620
ABE 2.60 736 272 1770 26.80 25-Jun-99
CLRO 0.5 733 284 1810 26.90 25-Jun-99 MDO
CLRI 0.56 733 283 1810 26.80 25-Jun-99 2.10
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A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

037
032
031
0.58
2.90
3.15
0.41
0.8

7.57
7.55
7.52
7.33
7.47
7.43
7.41
7.30

78
57
42
165
220
237
241
237

2050
2030
2030
1810
1820
1790
1750
1760

26.55
26.55 
26.59 
26.80 
26.88
26.89
26.90 
27.00

28-Jun-99
28-Jun-99
28-Jun-99
28-Jun-99
28-Jun-99
28-Jun-99
28-Jun-99
28-Jun-99

RAS
5250

MLSS
1946

MDO
230

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

031
0.18
0.18
0.57
2.41
2.61
0.5

0.58

7.54
7.52
7.50
7.33
7.48
7.41
738
7.30

105
80
47
177
220
239
258
256

1980
1980
1980
1780
1790
1730
1790
1800

26.85
26.90
26.90 
27.20 
2730 
2730 
2730 
2730

30-Jun-99
30-Jim-99
30-Jim-99
30-Jun-99
30-Jun-99
30-Jim-99
30-Jun-99
30-Jim-99

RAS
4980

MLSS
1980

MDO
2.00

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

035
037
034
0.55
2.51
2.95
0.47
0.77

7.55
7.54
7.50
735
7.43
7.49
7.4
7.4

112
78
50
169
230
268
269
277

2040
2020
2030
1870
1800
1790
1800
1800

26.85
26.90
27.10
2730
2735
2730
2730
2730

02-M-99
02-M-99
02-Jul-99
02-JuI-99
02-M-99
02-M-99
02-M-99
02-M-99

RAS
7060

MLSS
1840

MDO
230

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

0.35
037
034
0.55
2.51
2.95
0.47
0.77

7.55
7.54
7.50
735
7.43
7.49
7.4
7.4

112
78
50
169
230
268
269
277

2040
2020
2030
1870
1800
1790
1800
1800

26.85
26.90
27.10
2730
2735
2730
2730
2730

02-M-99
02-M-99
02-M -99
02-M -99
02-M -99
02-M -99
02-M -99
02-JuI-99

7060

1840

230

End the "Before” Period, SRT=4.85 Days
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A2 033 7.55 90 2000 273 07-M-99
A3 038 7.55 76 1990 2735 07-M-99
A4 035 7.54 58 1970 2735 07-M-99
ABI 0.42 7.37 193 1810 27.50 07-JuI-99
ABM 2.10 7.43 226 1780 27.60 07-M-99
ABE 2S0 7.42 242 1750 27.65 07-M-99
CLRO 0.45 7.43 246 1780 27.60 07-M-99
CLRI 038 7.32 259 1780 27.60 07-JuI-99

6860

2020

ISO

A2 034 7.60 150 2130 27.01 09-Jul-99
A3 039 7.58 128 2130 27.05 09-M-99
A4 035 7.57 98 2030 27.15 09-M-99
ABI 0.65 7.36 205 1800 2730 09-M-99
ABM 2.12 7.30 254 1800 27.40 09-Jul-99
ABE 2.31 731 260 1810 27.40 09-M-99
CLRO 0.41 732 265 1790 27.40 09-Jul-99
CLRI 0.7 7.27 270 1780 27.40 09-Jul-99

7570

2020

ISO

Begin the 'Transition'' Period

A2 031 7.61 142 1890 27.05 14-M-99
A3 037 7.59 121 1890 27.05 14-JuI-99
A4 035 7.57 92 1890 27.05 14-JuI-99
ABI 0.51 7.40 177 1770 2730 14-M-99
ABM 2.32 7.40 244 1710 27.60 14-Jul-99
ABE 2.65 7.45 259 1700 27.60 14-JuI-99
CLRO 030 7.40 258 1730 27.70 14-JuI-99
CLRI 0.42 732 261 1740 27.70 14-Jul-99

6060

2270

2.10

A2 037 7.60 104 2020 2730 16-M-99
A3 035 7.59 89 2000 2730 16-M-99
A4 034 7.56 69 2000 2735 16-M-99
ABI 0.55 7.36 191 1810 27.60 16-M-99
ABM 2.65 7.40 235 1800 27.70 16-M-99
ABE 2.75 7.47 260 1790 27.70 16-M-99
CLRO 035 738 250 1820 27.68 16-Jul-99
CLRI 0.45 7.39 261 1810 27.70 16-M-99

7170

2310

230
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A2 0.32 7.59 96 2030 27.15 19-M-99
A3 038 7.58 77 2040 27.15 19-M-99
A4 035 7.56 58 1980 27.17 19-M-99
ABI 0.55 7.45 158 1800 27.50 l9-JuI-99
ABM 1.95 7.43 230 1780 27.60 19-M-99
ABE 2.6 7.43 251 1710 27.60 19-M-99
CLRO 038 7.49 250 1790 27.58 19-M-99
CLRI 0.42 7.42 260 1780 27.60 19-Jui-99

8110

2610

A2 0.31 7.65 89 2020 26.98 21-Jul-99
A3 038 7.64 75 2020 27.00 21-Jul-99
A4 034 7.64 75 2020 27.00 21-M-99
ABI 0.55 7.57 55 1870 2735 21-Jul-99
ABM 1S9 7.47 204 1810 27.35 21-Jul-99
ABE 2.7 7.52 230 1800 27.45 21-M-99
CLRO 0.42 7.67 242 1790 27.40 21-Jul-99
CLRI 0.51 7.62 238 1810 27.40 21-M-99

4470

2730

1.70

Begin the "After" Period, SRT=6.0 Days

A2 038 6.77 105 NR 27.10 23-JuI-99
A3 032 6.76 101 NR 27.15 23-M-99
A4 037 6.74 81 NR 27.45 23-JuI-99
ABI 2.45 6.53 260 NR 27.50 23-M-99
ABM 330 6.49 352 NR 27.60 23-Jul-99
ABE 3.15 6.50 363 NR 27.60 23-Jul-99
CLRO 035 6.53 345 NR 27.50 23-JuI-99
CLRI 0.43 6.51 349 NR 27.50 23-M-99

8760

2830

A2 033 6.71 80 NR 27.42 26-M-99
A3 0.30 6.70 76 NR 27.40 26-M-99
A4 037 6.70 68 NR 27.43 26-M-99
ABI 1.75 6.52 232 NR 27.76 26-M-99
ABM 234 6.54 313 NR 27.85 26-M-99
ABE 2.60 6.53 319 NR 27.89 26-M-99
CLRO 037 6.56 311 NR 27.85 26-JuI-99
CLRI 039 6.53 313 NR 27.84 26-M-99

9060

2880
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A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

0.33
038
033
0.78
2.55
2.70
036
035

6.75
6.73
6.71
6.53
6.55
6.52
6.52
6.52

86
82
69

202
251
277 
281
278

NR
NR
NR
NR
NR
NR
NR
NR

27.45
27.42
27.40
27.75
27.90
27.95
27.81
27.82

28-JuI-99
28-M-99
28-M-99
28-Jul-99
28-M-99
28-M-99
28-Jul-99
28-M-99

8990

2790

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

0.35
039
038
0.90
2.77
2.95
0.34
0.42

6.85
6.79
6.78
6.58
6.65
6.66 
6.6 

6.61

105
92
79

209
267
283
281
279

NR
NR
NR
NR
NR
NR
NR
NR

27.4
27.41
27.45
27.70
27.85
27.80
27.82
27.84

30-Jul-99
30-M-99
30-M-99
30-M-99
30-M-99
30-M-99
30-M-99
30-JuI-99

9420

2670

230

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

034 
038 
037 
0.79 
2.63 
2.79
035 
0.40

6.82
6.78
6.76
6.59
6.64
6.64
6.60 
6.60

95
65
74

211
259
269
275
281

NR
NR
NR
NR
NR
NR
NR
NR

2738
2737
27.42
27.69
27.82
27.79
27.80
27.81

02-Aug-99
02-Aug-99
02-Aug-99
02-Aug-99
02-Aug-99
02-Aug-99
02-Attg-99
02-Aug-99

8950

2840

A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

031
037
035
0.59
2.38
2.50
0.36
035

6.76
6.77 
6.72 
6.60 
6.62 
6.60 
6.60 
638

77
71
63

207
250
255
270
285

NR
NR
NR
NR
NR
NR
NR
NR

2735
27.30
27.35
27.66
27.76
27.76
27.76 
27.75

06-Aug-99
06-Aug-99
06-Aug-99
06-Aug-99
06-Attg-99
06-Aug-99
06-Aug-99
06-Aug-99

8720

2760

230
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A2
A3
A4
ABI
ABM
ABE
CLRO
CLRI

0.31
038
035
0.67
235
2.50
0.35
032

6.83
6.81
6.80
6.67
6.80
6.74
6.70
6.71

75
70
69
191
235
270
272
204

NR
NR
NR
NR
NR
NR
NR
NR

2735
2735
27.30
27.55
27.67
27.70
27.65
27.69

09-Aug-99
09-Aug-99
09-Aug-99
09-Aug-99
09-Aug-99
09-Aug-99
09-Aug-99
09-Aug-99

9300

2790

ISO

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRO 
CLRI

0.30
036
035
0.68
2.42
239
033
031

6.82
6.81
6.80
6.67
6.63
6.74
6.70
6.72

78
67
56
212
255
261
267
263

NR
NR
NR
NR
NR
NR
NR
NR

2736
27.40
27.39
27.66
27.76
27.75
27.62
27.68

ll-Aug-99 
ll-Aug-99 
ll-Aug-99 
ll-Aug-99 
ll-Aug-99 
ll-Aug-99 
1 l-Aug-99 
ll-Aug-99

9580

2850

ISO

A2 
A3 
A4 
ABI 
ABM 
ABE 
CLRO 
CLRI

032 
036 
034 
0.62 
234 
2.42
033 
0.38

6.88
6.86
6.83
6.67 
6.64 
6.71
6.68 
6.67

95
83
73
191
224
256
325
321

NR
NR
NR
NR
NR
NR
NR
NR

2735
2736 
2739 
27.62 
27.75
27.77 
27.80
27.78

13-Aug-99
13-Aug-99
13-Aug-99
13-Aug-99
13-Aug-99
13-Aug-99
13-Aug-99
13-Aug-99

8960

2870

ISO

End the "After" Period, SRT=6.0 Days

A2 032 6.94 93 NR 27.32 16-Aug-99
A3 039 6.92 81 NR 2731 16-Aug-99
A4 036 6.88 70 NR 2732 16-Aug-99
ABI 0.69 6.79 168 NR 27.60 16-Aug-99
ABM 1S5 6.80 225 NR 27.72 16-Aug-99
ABE 2.55 6.79 277 NR 27.71 16-Aug-99
CLRO 031 6.76 268 NR 27.62 16-Aug-99
CLRI 033 6.79 261 NR 26.68 16-Aug-99

8120

2675

ISO
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STATISTICAL METHODS

Hypothesis testing was used to detennine the statistical confidence in the degree 

o f change experienced between the two efQuent phosphorus averages of the “before” and 

“after” period, (Xi and Xz) . This method uses a student’s “t” as the test statistic, in a 

single tailed, modified small sample test This test assumes that the variances of the two

independent data sets are not equaL ^  The method and the equations used are

documented in Mendenhall, (1995), page 455.

The “t” test statistic is found using;

( i l l — ll2) — Do

I s l^  s2 ^ Eq. A1

The degrees o f freedom, associated with the small sample test is calculated using:

v « i

s r  s2  
—4— - 

nl n2

2\

\ “ 1 +
n l -  I n 2 -  I

Eq. A2
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STATISTICAL METHODS

Where: s i (= ̂ i) and s2 (= ^ 2) are the sample standard deviations of

the averse efQuent phosphorus concentrations during the “before” 

and “after” periods.

n l, n2 = sample counts, assumed to be unequal 

V = degrees o f freedom

Do = the expected difference (set to zero in this instance)

The “t” and values are then used with a table o f critical values for Student’s 

“t” to find the level o f significance, “p” in favor of the Hypothesis that (Xi -  Xz) is 

equal to zero.

The values o f Si, ni, and (Xi -  Xz) for the samples AB4, CLRO and CE are 

given in that Table A l.

Table A.t S^nificance Valued*^** for HypofiiesisTcsfmg of (Xt-X2)
Al34 CLRO (grab) Plant Ave @ CE

TP OP TP OP TP OP
p value = Lt. 0.001 1.L 0.001 g .t 0.10 1.L 0.032 Lt. 0.032 Lt 0.002

t = 4.84 5.49 1.46 2.31 4.14 3.86
Variables Used to compute t and v

OCi-Xzl = 0.361 0390 0.153 0.164 0.115 0.06
SI, before 0.422 0.429 0326 0351 0.16 0.089
S2, after 0.132 0.041 0.114 0.041 0.043 0.023

nl 37 37 11 13 37 37
n2 23 23 10 10 23 23
Vat 7 6 4 4 7 7
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APPENDIX D

CCSD PLANT DESIGN SPECMCATIONS

Clark Coim^ Sanitatioii District 
Central Plant Expansion (222) 
Civil Basis o f Design 
Memorandum, Phase 3 15

B&V Project 15225.332 
24-Aug-90 
Revised July 1,1991

Table 3
DESIGN INFLUENT WASTEWATER CHARACTERISTICS

Maximum Peak
Item Average Month Day

B0D5, mg/L 180 220 240
Suspended Solids, mg/L 170 190 255
Phosphorus, mg-P/L 7 8 10 .
Ammonia, mg-N/L

Winter (Nov-May) 22 27 27
Summer (Jun-Oct) 18 22 22

Temperature, deg C
Winter 20 - 18
Summer 27 - 30

Table 5
SUMMARY OF PROCESS AIR REQUIREMENTS
A n Flow Requned Flow Flow Flow

57MGD 66 MGD 87.5 MGD
Loading Conditions

Winter-Nitrification/Denitrification
Minimum Air for Mixing 18750 22500 30000
Average 20400 25300 34400
Maximum Month 25100 33730 45700
Peak Day 25800 34700 47000

Winter - Carbonaceous
Minimum Air for Mixing 15000 20000 30000
Average 13800 20300 26700
Maximum Month 17300 26100 34500
Peak Day 17900 27200 35900

Summer - Nitrification/Denitrifîcation
Mmftnnm Air for \fixm g 18750 22500 30000
Avoage 19100 23900 35500
Maximum Month 23600 32000 43800
Peak Day 24300 33000 45100
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Table 6
DESIGN FLOW RATES

Minimum Average Maximum
Treatment Plant Flow (MGD) Flow ̂ G D ) Flow (MGD)

Advanced Secondary Plant,
Primary Complex

Design Year 2000 18.5 37.0 592
Design Year 2010 27.8 55.5 88.8

Advanced Secondary Plant,
Secondary Complet

Design Year 2000 34.5 69.0 110.4.
Design Year 2010 43.8 87.5 140.0

Table 9
DESIGN CRITERIA FOR PRIMARY CLARIFIERS

Existing New
Number o f Units 2 2
Drive Designation - PCD-3, PCD-
type Center feed Center feed
Diameter, 120 120
Side Water Depth, f t 10 12
Bottom Slope l i n l 2 l i n l 2
Design Surface Overflow Rates, gpd/sq. 

At 925 MŒ) average flow 818
At 14.8 MGD peak hourly - 1309

Design Removal Rate, percent 
TSS 50
BOD - 25

Drive Mechanism Horsepower 2-Jan 2
Scum Collection Rotating weir Rotating weir
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Table II
DESIGN CRITERIA FOR AERATION BASINS

Number of Basins 8
Width of Basm, ft. 108.92
Length o f Basin, ft. 163.5
Side Water depth, f t 18
Volume Per Basin, mil gal 2.31
Freeboard, ft 3
Hydraulic Detention Time at 10.94 MGD

Design flow, hrs 5.1
Anoxic Zone

Width, f t 30
Length, ft. 120
Number o f cells 4
Cell dimensions, ft 30 by 30

Anoxic Zone Mechanical Mudng
Number of units per basin 3
Designation AM-1-1 through AM-8-3
Type Submerged propeller
Motor horsepower per unit 10

Mixed Liquor Recycle Pumping Equq>ment
Number o f units per basin 2
Designation MLR-1-1 through MLR-8-2
Type Submerged propeller; variable-speed
Cqiacity^ range per unit gpm 8851-17500; @ 12.75 to 2522 MGD
Head, f t 0.5
Motor horsepower per unit 14-15

Oxic Zone Aeration Equipment
Diftbsertype 9 inch ceramic disk, fine bubble
Number o f diffusers per basin 2992
Diffuser submergence, f t 1725

Anoxic Zone Aeratin Equipment
Diffuser ̂ e Coarse-bubble
Number o f diffusers per basin 240
Diffuser submergence, f t 1725
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NumbCT of Units 
Drive Designation 
Type
Diameter, f t 
Side Water Depth, ft.
Bottom slope
Flocculation Well diameter, f t  
Flocculation Baffle Depth, f t  
Drive Mechanism Horsepower 
Flocculation Mixing Equipment 

Type
Number o f units per 
Motor horsepower per unit 

Surface Overflow rate, gpd/sq f t
At 10.5 MOD ave flow 
At 17.5 MOD ave flow 

Rotating Scum Weir Drive Horsepower

Table 12
DESIGN CRITERIA FOR SECONDARY CLARIFIERS

8
SCD-1 through 

Clarifîer-Qocculator, center 
140 
14 

I in 12 
70 
8 
2

Axial flow, up-pumping, variable-speed 
4 
1

710
1140

1

Table 13
DESIGN CRITERIA FOR SECONDARY SLUDGE PUMPING STATIONS

Number o f Stations 
Return Activated Sludge Pumps 

Number per station 
Designation 
Type
Capacity per unit gpm 
Head, f t
Motor horsepower per 
unit

Waste Activated Sludge Pumps 
Number per station 
Designation 
Type
Capacity per unh, gpm 
Head, f t
Motor h o is^ w e r per

RAS-1 through RAS-16 
Horizontal end-suction, centrifugal, constant-speed 

4375 gpm/694=6.3 MGD ??
24
50

WAS-1 through WAS-16
Horizontal end-suction, centrifugal, constant-speed 

180 
40 
5

umt
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Date 8/4/99 Wed Date Sampled 7/28/99 Wed
Sort Order Rim#l Run #2 Sort Order Run#l Run #2
Point DATA DATA Point DATA DATA
AE 0.0 0.0 AE 0.1 0.1
AH 0.1 0.1 CE 0.1 0.1
CABI 03 03 CPEI 0.8 0.8
CE 0.0 0.0 PI 0.1 O.l
CPEI 03 03 AH 0.1 0.1
CPEPEI 0.1 0.1 CPWI 0.5 0.5
CPEPE2 0.1 0.1 CPWPE 0.3 03
CPWI 0.5 0.5 CABI 0.4 0.4
CPWPE 03 03 CPEPE2 0.4 0.4
PI 0.1 0.1 CPEPEI 03 03

Date 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

8/2/99 Mon 
Run #1 Run it2 
DATA DATA

O.l 0.1
0.1 0.1
0.4 0.4
0.1 0.1
03 0.3
03 0.3
0.3 03
0.4 0.4
03 0.3
0.1 0.1

Date Sampled 
Sort Order 
Pomt 
CPEI 
AE
ACPEPEl 
AH 
CPWI 
CE
CPEPEI 
PI
CPWPE 
CABI

7/26/99 Mon 
Run #1 Run if2 
DATA DATA

0.4 0.4
0.1 O.l
0.9 0.9
0.0 0.0
0.5 0.5
0.0 0.0
0.3 0.3
0.1 0.1
03 02
03 0.3

Date Sampled 7/30/99 Flame #1 Date Sampled 7/23/99 Fri
Sort Order Run#l Runi% Sort Order Run#l Run #2
Point DATA DATA Point DATA DATA
AE 0.0 0.0 AE 0.0 O.l
AH 0.0 0.0 AH 0.0 0.1
CABI 03 03 CABI 03 03
CE 0.0 0.0 CE 0.0 0.1
CPEI 0.4 0.4 CPCPE2 03 0.3
CPEPEI 03 03 CPH 0.4 03
CPEPEI 03 03 CPEPEI 03 03
CPWI 0.4 0.4* CPWI 03 0.4
CPWPE 03 03 CPWPE 03 03
PI 0.1 0.1 PI O.l . 03
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Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

7/21/99 Wed 
Run#l Run/a
DATA DATA

0.0 0.1
0.0 0.1
03 0.3
0.0 0.1
2.1 1.9
03 0.3
03 03
03 0.4
0.1 03
0.1 0.1

Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

7/14/99 Wed 
Run #1 Run #2
DATA DATA
NRS NRS
0.0 0.1
0.4 0.4
0.0 0.1
1.9
03 0.3
0.3 0.3
0.6 0.6
0.1 03
0.1 0.1

Date Sampled 
Sort Order 
Pomt 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

7/19/99 Mon 
Run#l Rtm%
DATA DATA

0.0 0.0
0.0 0.1
03 0.4
0.0 0.1
0.9 0.6
03 03
03 03
0.8 0.9
03 03
0.0 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

7/12/99 Mon 
Run #1 Run ih  
DATA DATA

0.0 0.0
0.0 0.1
0.1 O.l
0.1 0.0
0.4 0.4
O.l O.l
0.1 0.1
03 0.3
0.1 0.1
0.1 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

7/16/99 Fri 
Run#l Run%
DATA DATA

0.0 0.1
0.0 0.1
0.9 1.0
0.1 0.1
4.1 4.1
03 0.4
03 0.4
0.6 0.8
03 03
0.1 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

7/9/99 Fri 
Rim #1 Run #2
DATA DATA
NRS NRS
0.0 0.1
0.1 0.1
0.0 o.l
0.6 0.6
0.1 0.1
0.4 0.1
0.0 0.1
0.1 0.1
0.0 0.1
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Date Sampled 7/7/99 Wed Date Sampled 6/28/99 Friday
Sort Order Run#l Rimfô Sort Order Run#l Run #2
Point DATA DATA Point DATA DATA
AE 0.0 0.1 CPEI 03 0.5
AH 0.0 0.1 AE 0.1 0.1
CABI 0.1 03 AH 0.1 0.1
CE 0.0 0.1 CPEPE2 0.3 03
CPEI 1.0 1.1 CPWPE 03 03
CPEPEI O.l 03 CABI 0.3 03
CPEPE2 03 03 PI 0.1 0.1
CPWI 03 03 CE O.l O.l
CPWPE 0.1 03 CPWI 0.4 0.4
PI 0.0 0.1 CPEPEI 03 03

Date Sampled 7/2/99 Fri Date Sampled 6/25/99 Friday
Sort Order Run#l Runtô Sort Order Run#l Run #2
Point DATA DATA Pomt DATA DATA
AE 0.0 0.0 CE O.l O.l
AH 0.0 0.0 CPWPE 03 03
CABI 03 03 CPEI 0.4 0.3
CE 0.0 0.1 CABI 0.3 03
CPEI NRS NRS AH 0.1 0.1
CPEPEI 0.1 0.1 PI 0.1 0.1
CPEPE2 0.1 03 AE O.l O.l
CPWI 03 03 CPEPE2 03 03
CPWPE 0.1 0.1 CPWI 0.4 0.4
PI 0.0 0.1 CPEPEI 03 03

Date Sampled 6/30/99 Wed Date Sampled 6/23/99 Wed
Sort Order Run#I Runfô Sort Order Run#l Run #2
Point DATA DATA Pomt DATA DATA
AE 0.1 0.1 AE 0.1 O.l
AH 0.1 0.1 AH 0.1 0.1
CABI 03 03 CABI 03 03
CE 0.1 0.1 CE 0.1 0.1
CPEI 1.4 1.4 CPEI 0.4 0.4
CPEPEI 03 03 CPEPEI 03 03
CPEPE2 03 03 CPEPE2 03 03
CPWI 03 03 CPWI 03 03
CPWPE 0.1 O.l CPWPE 03 03
PI 0.1 0.1 PI 0.1 0.1
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Date Sampled
Sort Order
Pomt
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

6/21/99 Mon 
Run #1 Run if2
DATA DATA

0.0 0.0
0.0 0.0
O.l 0.1
0.1 0.1
0.5 0.5
03 03
03 03
0.3 03
0.1 0.1
0.1 0.1

Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

6/14/99 Mon 
Run #l Run #2
DATA DATA

0.1 O.l
O.l O.l
03 03
O.l O.l
03 03
03 03
03 03
03 03
03 03
O.l O.l

Date Sampled 
Sort Order 
Pomt 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

6/18/99 Fri 
Run #1 Run i(2 
DATA DATA

0.1 0.1
0.1 O.l
03 03
0.1 0.1
03 03
03 03
03 03
03 03
03 03
0.1 0.1

Date Sampled 
Sort Order 
Pomt 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

6/9/99 Wed 
Run#l Run #2 
DATA DATA

0.1 O.l
O.l O.l
03 03
O.l O.l
03 03
03 03
03 03
03 03
03 03
03 03

Date Sampled 
Sort Order 
Point 
AH 
AE 
PI
CABI 
CPEI 
CE 
CPWI 
CPEPE2 
CPWPE 
CPEPEI

6/16/99 Wed 
Run#l Run #2
DATA DATA

0.1 0.1
0.0 0.0
0.1 0.1
03 03
0.7 0.7
0.1 0.1
03 03
03 03
03 03
03 03

Date Sampled 
Sort Order 
Pomt 
CPWPE 
PI
CPEPE2
CPEPEI
AH
CE
CABI
AE
CPEI
CPWI

6/7/99
Run#l
DATA

03
0.1
03
0.1
0.1
03
03
0.1
03

NRS

Monday
Runfô
DATA

03
0.1
03
O.l
O.l
03
03
O.l
03

NRS
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Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

5/28/99 Friday 
Run #1 Run if2 
DATA DATA

0.0 0.0
0.0 0.0
02 02
0.1 0.1
03 03
03 03
03 03
03 03
0.1 0.1
0.1 0.1

Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

5/21/99 Friday 
Run #1 Run %
DATA DATA

0.1 0.1
0.1 0.1
03 0.2
0.1 0.1
03 03
0.3 0.3
03 03
03 0.3
03 03
0.1 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

5/26/99 Wed 
Run#l Runfô
DATA DATA

0.1 0.1
0.1 0.1
03 03
0.1 0.1
03 03
03 03
03 0.3
03 03
03 03
0.1 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

5/19/99 Wed 
Run #1 Run #2 
DATA DATA

0.1 0.1
0.1 0.1
03 . 03
0.1 0.1
03 03
03 03
03 03
0.4 0.4
03 03
03 03

Date Sampled 5/24/99 Monday Date Sampled 5/17/99 Mon
Sort Order Run#l Runfô Sort Order Run#l Runfô
Point DATA DATA Pomt DATA DATA
AE 0.1 O.l AE 0.1 O.l
AH 0.1 0.1 AH 0.0 0.0
CABI 03 03 CABI 03 03
CE 0.1 0.1 CE 0.0 0.0
CPEI 03 03 CPEI 03 03
CPEPEI 03 03 CPEPEI 03 03
CPEPE2 03 03 CPEPE2 03 03
CPWI 03 03 CPWI 03 03
CPWPE 03 03 CPWPE 0.1 0.1
PI 0.1 0.1 PI 0.1 0.1
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Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

5/12/99 Wed 
Run#l Run/G
DATA DATA

O.l 0.1
0.1 0.1
0.4 0.4
0.1 O.l
0.4 0.4
03 0.5
03 03
0.5 03
03 03
03 03

Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

5/5/99 Wed 
Run #1 Run #2
DATA DATA

O.l O.l
0.1 O.l
0.3 03
0.1 O.l
0.8 0.8
0.4 0.4
0.4 0.4
0.5 0.5
03 03
03 03

Date Sampled 
Sort Order 
Pomt 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

5/10/99 Monday 
Run#l Runfô
DATA DATA

0.1 0.1
0.1 0.1
2.1 2.1
0.1 O.l
2.8 2.8
1.4 1.4
03 03
1.4 1.4
1.4 1.4
03 03

Date Sampled 
Sort Order 
Pomt 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

5/3/99 Monday 
Run #l Run #2 
DATA DATA

0.1 O.l
0.1 O.l
l.I l.l
0.1 O.l
13 1.3
0.7 0.7
0.7 0.7
1.0 1.0
0.7 0.7
03 03

Date Sampled 5/7/99 Friday Date Sampled 4/30/99 Friday
Sort Order Run#l Runtô Sort Order Run#l Runfô
Point DATA DATA Point DATA DATA
AE 0.1 0.1 AE 0.1 O.l
AH 0.1 O.l AH 0.1 0.1
CABI 03 03 CABI 0.4 0.4
CE 0.1 0.1 CE 0.1 O.l
CPEI 0.6 0.6 CPEI 13 13
CPEPEI 0.5 03 CPEPEI 03 03
CPEPE2 0.4 0.4 CPEPE2 03 03
CPWI 0.6 0.6 CPWI 03 03
CPWPE 03 03 CPWPE 03 03
PI 03 03 PI 0.1 0.1
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Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

4/28/99 Wed 
Run#I Runfô
DATA DATA

0.1 O.l
0.1 0.1
0.3 0.3
0.1 O.l
02  0 2
0.3 NRS

NRS 0.3
0.4 0.4
03 0.3
03 03

Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

4/21/99 Wed 
Run #I Run 
DATA DATA

0.1 0.1
03 03
2.0 2.0
03 03
0.9 0.9
0.9 0.9
0.9 0.9
1.8 1.8
1.6 1.6
03 03

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

4/26/99 Monday 
Run#l Runfô
DATA DATA

0.1 0.1
0.1 O.l
0.3 03
0.1 0.1
0.5 0.5
03 03
03 0.3
03 0.3
03 03
0.1 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

4/19/99
Run#I
DATA

0.1
0.1
03
0.1
03
03
03
03
0.3
0.1

Monday 
Run #2 
DATA 

0.1 
0.1 
03 
0.1 
03 
03 
03 
03 
03 
0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

4/23/99
Run#l
DATA
NRS
0.1
03
0.1
0.1
03
03
0.3
03
0.1

Friday 
Runfô 
DATA 
NRS 
O.l 
03  
0.1 
0.1 
03  
03  
03 
03  
O.l

Date Sampled
Sort Order
Pomt
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

4/16/99 Friday 
Run #1 Run
DATA DATA

0.1 0.1
03 03
2.1 2.1
03 03
1.1 1.1
1.1 l.I
13 13
3.0 3.0
1.4 1.4
03 03
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Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

4/14/99 Wed 
Run #1 Run #2 
DATA DATA

0.1 0.1
0.1 0.1
03 0.2
0.1 0.1
0.1 0.1
03 03
03 03
03 03
03 03
0.1 0.1

Date Sampled
Sort Order
Point
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

4/7/99 Wed 
Run #1 Run #2
DATA DATA

0.1 0.1
0.1 0.1
03 03
0.1 0.1
03 03
03 03
03 03
03 0.3
03 03
0.1 0.1

Date Sampled 
Sort Order 
Pomt 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

4/12/99 Monday 
Run#l Run%
DATA DATA

0.1 0.1
03 03
2.1 2.1
03 03
0.7 0.7
1.7 1.7
0.8 0.8
33 33
1.4 1.4
03 03

Date Sampled
Sort Order
Pomt
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

4/5/99 Mon 
Run #1 Run #2
DATA DATA

0.1 0.1
0.1 0.1
03 03
0.1 0.1
03 0.5
03 03
03 03
0.4 0.4
03 03

NRS NRS

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

4/9/99 Friday 
Run #1 Run #2
DATA DATA

03 0.3
0.4 0.4
2.4 2.4
03 03
2.9 2.9
1.4 1.4
1.1 1.1
23 23
1.4 1.4
03 03

Date Sampled
Sort Order
Pomt
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

4/2/99 Friday 
Run #1 Run #2
DATA DATA

0.0 0.0
0.1 0.1
03 03
0.1 0.1
0.1 0.1
03 03
03 03
0.4 0.4
03 03
0.1 0.1
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Date Sampled
Sort Order
Pomt
AE
AH
CABI
CE
CPEI
CPEPEI
CPEPE2
CPWI
CPWPE
PI

3/31/99 Wed 
Run #1 Run #2
DATA DATA

0.1 0.1
03 03
0.3 0.3
0.1 0.1
03 03
03 03
0.3 03
05 0.5
03 03
03 03

Date Sampled
Sort Order
Pomt
AE
AH
CABI
CE
CPH
CPEPEI
CPEPE2
CPWI
CPWPE
PI

2/17/99 Wed 
Run #1 Run #2
DATA DATA

O.l 0.1
0.1 0.1
03 03
0.1 0.1
03 03
0.2 03
03 03
0.1 0.1
03 03
0.1 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

3/29/99 Monday 
Run #1 Run it! 
DATA DATA

0.0 0.0
0.0 0.0
03 03
0.1 0.1
0.3 0.3
03 03
03 03
0.1 0.1
03 03
0.1 0.1

Date Sampled 
Sort Order 
Point 
AE 
AH 
CABI 
CE 
CPEI 
CPEPEI 
CPEPE2 
CPWI 
CPWPE 
PI

2/12/99 Friday 
Run #1 Run #2 
DATA DATA

0.1 0.1
0.1 0.1
0.3 03
0.1 0.1
03 03
0.3 03
03 0.3

NRS NRS
03 03
03 03

Date Sampled 2/19/99 Friday Date Sampled 2/10/99 Wed
Sort Order Run#l Run#G Sort Order Run#l Run #2
Point DATA DATA Point DATA DATA
AE 0.0 0.0 AE 0.1 0.1
AH 0.0 0.0 AH 0.1 0.1
CABI 0.4 0.4 CABI 03 03
CE 0.0 0.0 CE 0.1 0.1
CPEI 03 03 CPEI 03 03
CPEPEI 03 03 CPEPEI 0.3 03
CPEPE2 03 03 CPEPE2 03 0.3
CPWI 03 03 CPWI 03 03
CPWPE 03 03 CPWPE 03 03
PI 0.1 0.1 PI 03 03
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