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(ABSTRACT) 

Activated sludge (AS) process used for treating high strength cellulose acetate 

wastewater of Celanese Corporation, Pearisburg, Virginia, produces a sludge with poor 

flocculation and settling characteristics, particularly during the periods of shock 

organic loadings. Pilot-scale treatment units were set up to study the effects of a fixed 

film pretreatment on the stability of the AS process, using a new type of trickling filter 

(TF) media consisting of long plastic strips. The pretreated activated sludge (PAS) unit 

was compared with a control activated sludge unit (CAS). Different hydraulic and 

organic loadings were applied on the TF. The study confirmed the ability of a TF to 

provide a greater stability to subsequent AS process during periods of shock organic 

loading. The TF did not significantly improve the PAS system effluent quality and 

organic removal performance, eventhough the PAS sludge had better settleability in 

terms of Sludge Volume Index and had less filamentous growth than the CAS system. The 

TF pretreatment confirmed its ability to act as a roughing filter. During the study, it 

reduced the organic loading on the AS system by 26 to 43 %, oxygen requirement of AS 

system by 38 to 62 %, the aeration volume requirement by 17 to 47 %, and the sludge 

production by 0 to 37 %. The PAS system required less nutrients than the CAS system.
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|. INTRODUCTION 

Both fixed film and suspended growth processes such as trickling 

filters (TF) and activated sludge (AS), respectively, are used for biological 

treatment. of industrial and municipal wastewaters. Systems that combine 

the two processes are used to elicit the best performance and operational 

features of each component, while eliminating poorer features. 

The Hoechst Celanese Corporation wastewater treatment plant (Celco 

plant) located near Pearisburg, Virginia, uses an AS system for the 

treatment of its high strength wastewater. It produces a sludge with poor 

flocculation and settling characteristics, resulting in inefficient treatment. 

The plant performance deteriorates during the frequent periods of shock 

organic loadings. Various studies have been performed in the past to 

investigate the effects of nutrient addition, solids residence time control, 

shock organic loadings, treatability of specific organic compounds and cation 

addition on treatment plant performance. All the studies have highlighted 

the problems associated with the shock organic loadings. Even under the 

best operating conditions, the system performance deteriorates immediately 

when there is a Sudden increase in the organic loading. 

A fixed-film process such as a TF can be used for roughing treatment, 

principally to reduce the organic loading on the downstream biological 

process. Study in the past have indicated that fixed-film processes have 

greater capacity to resist shock loads than suspended growth systems 

(Harrison et al (1)). Combined TF-AS systems have been used for treatment 

of various industrial wastewaters. They have shown greater stability and 

better performance than a single stage TF or AS process (Harrison et al (1), 

Roskopf et al (2)). 

The NSW Corporation of Nordennam, West Germany, has developed a 

new type of fixed-film media which can be used in the kind of tower 

normally filled with plastic trickling filter media. This media consists of



long plastic strips, carefully manufactured to prevent matting in the tower, 

and has been named "Sessil" by NSW. A pilot plant, named Sessil Tower (ST), 

was constructed at the Celco plant to evaluate its ability to provide roughing 

pretreatment of a high strength industrial wastewater. A second part of 

this project was to evaluate the effects of the pretreatment on a subsequent 

AS treatment process and compare its performance with an AS process not 

receiving pretreatment. 

The purpose of the research described herein was to evaluate the 

effects of ST pretreatment on the performance of a subsequent activated 

Sludge system. A control activated sludge system processing the same 

wastewater without pretreatment was used for a comparison. The Specific 

objectives were as follows: 

1, Evaluation of the effects of Sessil Tower pretreatment on the performance 

of a subsequent activated sludge system during the treatment of a 

cellulose acetate manufacturing wastewater. 

- Accomplished by directly comparing two pilot plant activated sludge 

systems, one receiving untreated wastewater and the other receiving 

Sessil Tower effluent from pretreatment of the same wastewater. 

2. Evaluation of the effects of Sessil Tower under shock loading on 

performance of a subsequent activated sludge system.



Il. LITERATURE REVIEW 

2.1 General 

Trickling filters are known for their simplicity and ease of operation. 

Furthermore, because large masses of organisms must be present for them to 

achieve effluent of high quality, they possess substantial reserve capacities 

which make them very robust and tolerant to changes in influent quality. In 

addition, the dense nature of the microbial films which slough from the 

media produces sludges of relatively constant character which can be readily 

removed by sedimentation or incorporated into the flocs of a subsequent 

Suspended growth system. This can be particularly beneficial for the 

treatment of wastewaters which produce bulking sludges during activated 

Sludge treatment. 

The AS process produces an effluent of high quality at reasonable cost. 

It is a controllable process because through adjustment of the amount of 

Sludge wasted the operator is able to regulate the mean cell residence time 

(MCRT) to obtain the desired effluent quality. Combinations of a TF followed 

by an AS process have been used successfully for a number of years for the 

treatment of all types of wastewaters (Harrison et al, (1), Roskopf et al, 

(2)). Another aspect associated with the use of the series TF and AS process 

is the additional treatment of the biological solids that slough off the TF 

media. Biological solids that enter the AS process from the TF are partially 

Stabilized and also flocculated (Roskopf et al (2)). 

The scope of this section will be a review of the previous studies 

done on the combined TF-AS process and review of the studies conducted for 

the correction of the AS process at Celco plant.



2.2 Studies on combined Trickling Filter-Activated Sludge (TF-AS) process, 

Harrison et al (1) surveyed full scale wastewater treatment plants 

using the TF and/or the combined TF-AS process and selected plants that had 

a wide variety of hydraulic and organic loadings. They found that, on 

average, the combined process effluent quality was better and had less 

variation than a single stage trickling filter or activated bio-filter process. 

The settleability of the sludges produced by the TF-AS process was 

generally good, as indicated by Sludge Volume Index (SVI) values of less than 

135 mL/g. The measured yield from the combined process can be quite 

variable. Such variation can be attributed to the build up and subsequent 

Sloughing of biosolids from the TF media. 

Power savings are possible through the use of combined TF and As. 

Harrison et al (1) found that combined systems have greater ability to resist 

shock loads, and have better process flexibility and ease of operation than a 

single-stage system. 

Through proper system design, the size of both the TF and the aeration 

basin can be significantly reduced. The size of a pretreatment TF might be 

only one-fourth to one-fifth the volume of the TF needed for treatment to 

Secondary quality in a TF only, activated biofilter or TF-solids contact 

process. The aeration basin in a combined TF-AS system is sized on the 

basis of F/M ratio and typical design values range from 0.6 to 1.0 influent 

BOD/kg MLVSS-d. Because the pretreatment filter has substantially reduced 

the F/M values, the aeration basin will be significantly smaller than for an 

AS process sized to treat the raw wastewater to secondary quality. 

Roskopf et al (2) studied different combinations of TF and AS 

processes. They used a parallel TF and AS process, a series TF-AS process, 

and a series AS-TF process. They concluded that the series TF-AS process 

provided better operating stability and efficiency than single-stage systems. 

They also noticed that in a combined system, regardless of the order, the 

efficiency of the later process was less than the first process under the



condition of normal loading. But the efficiency of the second stage process 

increased with increased system loading, whereas that of first stage and 

combined system decreased with increased system loading. Newbry et al (3) 

also saw that efficiency of a combined system decreased with the increase 

in the total organic loading. This observation can play an important part in 

Sizing both components of the combined treatment system. Both units should 

be sized in such a way that both units as well as the combined unit operate 

at the peak efficiency for the normal organic load on the system. 

Newbry et al (3) used different combinations of TF total organic 

loading and activated sludge mean cell residence time (MCRT) in a combined 
TF-AS process. They found that soluble BOD5 removal was controlled 

primarily by the AS reactor and characterized by first-order kinetics. TF 

bioflocculation depended on the total organic loading (TOL). As TOL 

increased, the AS MCRT had to be increased proportionately to provide the 

required degree of bioflocculation and degradation of the organic matter. 

Newbry et al (3) found that effluent non-settleable suspended solids 

(NSS) and soluble BODs concentrations, aS well as net process yield 

decreased as MCRT increased at all TOLS. NSS concentrations decreased as 

TOL decreased. Though effluent soluble BODs concentrations were virtually 

the same at all MCRTs, the effluent NSS concentrations differed considerably 

between the reactors with the same MCRTs and different TOLs. Soluble BODs 

was primarily affected by the MCRT of the activated sludge reactor. They 

also noticed that the influent wastewater characteristics were important in 

determining effluent NSS characteristics in terms of effluent particulate 
BODs : NSS ratio. 

The important conclusion of this study was that both the TF and AS 

process affected the concentration of NSS in the process effluent. The 
effluent NSS concentrations were more sensitive than effluent soluble BODs 

concentrations to the operating conditions. Hence, the key to meeting a 

given effluent quality objective is to control the effluent NSS concentration.



The stability of the combined TF-AS process can be attributed to the 

fact that much of the BOD load entering the AS process is in the form of 

biological solids that receives both additional stabilization and flocculation 

in the aeration tank. An increase in the system effluent NSS with an 

increase in TOL can be caused by influent total suspended solids that are not 

bioflocculated and degraded in either the TF or AS process of the system. 

2.3 Summary of the important points of the previous studies on the combined 

Tri Filter-Acti ro 

Following is the summary of the reported observations made by 

Harrison et al (1), Roskopf et al (2), and Newbry et al (3). 

1. Combined TF-AS process effluent quality and process stability was found 

to be much better than a single stage TF or a single stage AS process. 

2. Power savings and volume savings were reported to be possible through a 

properly designed combined TF-AS process. 

3. The combined system was found to have a better ability to handle shock 

loads than a single stage TF or an AS system. 

4. Proper system design was recommended for optimum process efficiency. 

5. The system effluent suspended solids concentrations were reported to be 

more sensitive than the soluble effluent BODs concentrations to 

pretreatment operating conditions. The process efficiency primarily 
depended on the control of the effluent suspended solids. 

6. The effluent suspended solids concentration were found to be depending on



the total organic loading on the system as well as the mean cell residence 
time of the AS process, while effluent soluble BODs5 concentration 

depended primarily on the mean cell residence time. 

2.4 Previous studies conducted on the Celanese Corporation wastewater. 

In response to generally unstable performance and several process 

upsets as well as new effluent guidelines, various studies have been 

performed on the Celanese Corporation wastewater from time to time. 

Fletcher et al (4) conducted a pilot scale study in response to a poorly 

Settling sludge mass caused by cold weather and frequent shock organic 

loads. Although the plant wastewater characteristics have changed since 

then, the findings are relevant to this study. They found that a fifty percent 

increase in the mass organic loading above the normal levels resulted in a 

deterioration of effluent quality. They concluded that a longer mean cell 

residence time would improve operational stability. They recommended an 

increase plant's ten day mean cell residence time to twenty days in summer 

and forty days for winter operation. A higher mass of organisms at the 

higher solids retention time would provide a better system performance 

against shock organic loading but could also increase the oxygen demand on 

the system and cause overloading of solids in the clarifier. They also found 

that low dissolved oxygen caused a significant deterioration in COD removal. 

At that time, the winter settling characteristics were poor and summer 

settling characteristics were good for the full-scale system. 

The Celanese wastewater has wide variation in its organic 

composition as well as loading. These compounds have different levels of 

biodegradability. Microorganisms preferentially degrade these compounds. 

Hence, variation in the organic constituents of the wastewater can 

substantially affect the activated sludge performance. Randall and Buth (5) 

looked at the treatability of specific organic compounds found in the 

Celanese wastewater. They found that acetone was less likely to be reduced 

to low concentrations when organic overloading of the system occurred.



They also noticed that acetone, methyl amyl] ketone and dibutyl ketone 

concentrations were only partially measured by the COD test. This could 

mean that the activated sludge system could be receiving higher loadings 

than those indicated by COD measurement. 

Randall and Buth (5) found that even though acetic acid appeared to be 

the preferred organic carbon and energy source by the microorganisms, the 

bacteria could be overloaded by acetic acid, resulting in poor COD removal 

efficiency and large effluent suspended solids discharges. Also, 

settleability of the Celanese activated sludge changed drastically in a very 

short period of time (1 to 2 days). Organic overloading could be the most 

likely cause of such population shifts. Various organic compounds 

investigated during the study apparently stimulated the growth of different 

populations of microorganisms. 

The most important conclusion of the study by Randall and Buth (5) 

was that the organic shock loads were the greatest source of operating 

problems at the Celco plant, just as observed by Fletcher et al (4). Toxicity, 

at the levels of organics found in the wastewater, was not the cause of the 

upsets. 

Guthrie (6) concluded that the influent wastewater was nitrogen 

deficient, but there was sufficient phosphorus present. He observed that 

under ambient temperature and excess nitrogen conditions, very good and 

consistent organic removal was achieved using a MCRT of 20 and 30 days, 

although there was no significant difference in reactor performance at 20 

day and 30 day MCRT values. At 10 days MCRT, the organic removals, general 

process stability and sludge settling characteristics were significantly 

worse, He observed an overabundance of short, fine filaments in the sludge. 

These filaments were observed more frequently at shorter MCRTs and caused 

high effluent solids level and increased total effluent organic 

concentrations. 

Guthrie (6) also noticed that all major organics present in the influent 

were easily biodegraded during treatment. However, even under the best



operating conditions, both organic removal and solids settling became upset 

as aresult of a large increase in organic loadings. Acetic acid and acetone 

were both shown to be organics responsible for some of these shock 

loadings. 

Another observation made by Guthrie (6) was that substantial 

biological activity was occuring in the equalization basin. This biological 

activity accounted for about 400 mg/L of COD removal, equivalent to about 

12 to 18 percent of influent COD. This means that a significant amount of 

influent COD to the aeration basin could be in the form of biomass which can 

introduce error in the growth yield coefficient. Guthrie (6) measured growth 

yield coefficient to be 0.22 mg VSS/mg COD and the decay coefficient to be 

0.027 1/day. 

Lee (7) looked at the influence of nitrogen and MCRT changes in reactor 

performance and biopolymer production in activated sludge systems treating 

Celanese wastewater. He found that nitrogen addition did not improve the 

Sludge settling characteristics and effluent quality of the activated sludge 

system. Engineering-Science (6) found that the excess nitrogen addition to 

wastewater at a sludge age of 10 days improved system performance, which 

is in contradiction to Lee's observation, who also operated his system at a 

MCRT of between 5 to 10 days. Engineering-Science observed good system 

performance even without nitrogen addition at MCRTs of 20 and 30 days. 

Therefore, no definite conclusion can be drawn about the nitrogen deficiency 

in the influent wastewater. Observations regarding nitrogen deficiency can 

change from time to time due to highly variable influent wastewater 

characteristics. 

In 1987, at the full scale plant, the sludge characteristic deteriorated 

when sodium hydroxide was added to the waste stream for pH control. 

Calcium, added as a divalent cation improved the sludge characteristic 

dramatically. Segall (8) tried to reproduce the same experiments in the 

laboratory but could not get the same results as seen at the full-scale plant.



10 

2.9 summary of the important points of the previous studies conducted on 

Celanese Corporation wastewater : 

Following is the summary of the reported observations made by 

various researchers (4-8) while conducting treatment study on the Celanese 

Corporation wastewater : 

|. Organic shock loading, caused particularly by acetic acid and acetone, was 

reported to be the major cause of upsets in the activated sludge system 

performance, even during the best of operating conditions. It reportedly 

changed the settleability drastically in a very short period of time. 

2. Longer sludge age was found to be beneficial to operational stability. 

3. Activated sludge performance was reported to be generally poor in winter 
months. 

4. Though the influent wastewater was observed to be nitrogen deficient, a 

conclusive statement was not made about the significance of the 

observation.



111. METHODS AND MATERIALS 

3.1 System Schematic and Description 

Figure 1 is the schematic diagram of the treatment system. The 

wastewater treatment study at the Celco plant utilized two process chains. 

One was a Sessil Tower (ST) followed by an Activated Sludge (AS) process. 

In between the St and the AS system was a screen to remove large 

particulate solids, and a sump which served as a reservoir for ST recycle, 

ST effluent, and AS influent. The AS system consisted of four aeration 

tanks followed by a clarifier. The second process chain consisted of an 

identical AS system which received the same influent as the ST. 

Influent to both the process trains was pumped directly from the 

full-scale equalization basin. ST influent was immediately mixed with the 

recycle flow in a V-notched trough which rotated in a compartment at the 

top of the tower. The combined influent and recycle flowed vertically 

downward through the media. The media used were approximately 6.1 m 

long, 2.9 cm wide polyethylene strips, Known as “Sessil", which hung from 

the slats in the top of the tower. This design was intended to prevent 

clogging under high organic loads encountered in roughing filter applications 

and to reduce the cost of construction. ST effluent was collected in a pan 

located at the bottom of the tower from which it flowed into the 

mechanical screen unit and then into the fiberglass sump. The sump had a 

hydraulic retention time (HRT) of approximately 23 minutes during typical 

operating conditions. 

11
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The AS systems each consisted of a series of four polyethylene tanks. 

During the different phases of the study, different reactor volumes were 

analyzed for both of the systems by bypassing some of the tanks in the 

series. The recycle flow was taken from the bottom of the fiberglass 

clarifiers and returned to the first tank in each series. The waste activated 

Sludge was pumped out of the last tank in each system at two hour 

intervals. Aeration was provided by a central blower. Drop pipes with fine 

bubble diffusers at the end were located in each tank. The amount of 

aeration was controlled with a valve located on each drop pipe. Table | 

gives the design details of the tower and activated sludge systems. 

3.2 System Start-up 

Both the ST and the AS system were seeded simultaneously in March 

1989 using the return Sludge from the full-scale AS plant at the Celco plant. 

During the seeding process, the sludge was pumped to the top of the tower, 

and mixed with the influent and the recycle flow. The sludge was pumped 

into the aeration tanks filled with the wastewater. Both the systems were 

allowed to acclimate for about 3 months. 

In December, 1989, due to the extreme cold, the liquid in the 

aeration tanks and clarifiers of both activated sludge systems froze. It 

took about one month to do the necessary repairs and the activated sludge 

system had to be seeded again using the return sludge from the full scale 

activated sludge system. Due to time constraints, the data collection and
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essil wer and Activated 

  

  

System Component Dimension 

Sessil Height 8.0 m 
Tower 

Cross Section 1.58 m 

Length of Media 6.0 m 

Cross Sectional Area of Media 1.77 m’ 

Media Volume 10.6 m° 

Sump Volume 1.21 m 

Diameter 0.91 m 

Depth 1.82 m 

Aeration Tank Volume 2.46 m 
Tanks 

Diameter 1.22 m 

Liquid Height 1.74 m 

Surface Area 9.38 m 

Clarifiers Volume 660 L 

Diameter 0.71 m 

Sidewall Depth 1.52 m 

Cone Depth 0.36 m 

Max HRT (at 50% recycle) 3.8 h 

Overflow Rate 7.0 m/a 

Weir Loading Rate 1.24 
m>? /d-m 
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the necessary studies were started about 15 days after the activated sludge 

systems were reseeded. 

3.3 Operational Features 

The main objective of this study was to evaluate the performance of 

the activated sludge system undergoing pretreatment by the trickling filter. 

Therefore, throughout the study, the activated sludge operating conditions 

were kept reasonably constant. The main operational features which were 

changed were the Sessil tower organic and hydraulic loading, and the use or 

the non-use of the 1.5 mm diameter tower effluent screen. The study 

consisted of a number of phases which were periods of | to 7 weeks where 

the tower was operated under constant operating conditions. Tables 2 and 3 

list the tower and activated sludge operating conditions for all the phases. 

3.4 Sampling Procedure 

Four composite samplers were used to monitor tower influent, the 

combined tower effluent and pretreated system influent, the pretreated 

system effluent and the non-pretreated system effluent. Composite 

Samples were taken over a 24 hour period, with 250 to 500 mL being 

collected every | to 2 hours. Samples taken at the other locations were grab 

samples. The composite samples were collected from the refrigerated 

container of the composite sampler along with the other grab samples. They 

were filtered on site within one hour of collection. The samples were then
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Table 2. Trickling Filter Operating Conditions 

Phase 1 2 3 4 5 6 

Organic Load, 3680 3792 3712 5088 5984 3872 
gCOD/m -d 

Hydraulic Load 41.9 42.9 27.4 44.5 45.1 70.7 
m’ /m? -d 

Recycle Ratio 3.5 3.5 1.8 2.3 2.1 6.0 

Screen P Pp A A P A 

P = Present 
A = Absent



Table 3. Activated Sludge Process Operating Conditions 

Non-pretreated 

System: 

Influent Flow, 1.97 
L/min 

Hydraulic Retention 2.9 
Time, days 

Mean Cell Residence 13.0 
Time, days 

Nitrogen Addition, 400 
g/d as urea 

Phosphorus Addition, - 
g/d as K2P04 

Pretreated System: 

Influent Flow, 1.9 
L/min 

Hydraulic Retention 2.9 
Time, days 

Mean Cell Residence 11.5 
Time, days 

Nitrogen Addition, 400 
g/d as urea 

15.9 

90 

13.4 

90 

121.9 

13.8 

90 

121.9 

20.3 

90 

1.5 

13.1 

20.7 

90
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transported to the Virginia Tech Environmental laboratory in coolers with 

ice. Most samples were then acidified with H9SO4 and stored in a 

refrigerator until all analyses were performed, usually within 3 days of 

arrival. Samples being analyzed for orthophosphorus, sulfates, mixed liquor 

suspended solids and volatile suspended solids did not receive any H2504. 

The parameters routinely monitored are listed in Table 4. 

3.5 Wastewater Composition 

The Hoechst Celanese plant near Pearisburg, Virginia, is a 

manufacturing operation which produces cellulose acetate resin, yarn and 

tow. Although the waste streams generated were variable due to batch 

processes at the plant, Table 5 shows the relative composition of the 

wastewater during the period of this study. 

3.6 Chemical Oxygen Demand (COD) 

The COD test was performed according to procedures detailed in 

Standard Methods For the Examination of Water and Wastewater (1985), 

Section 508B, using the dichromate method. It should be noted that 

filtration of the samples was carried out using glass fiber filter instead of 

membrane filters because of the cost involved in using a large number of 

membrane filters. Sufficient tests were carried out to determine the 

difference in the filtering capacity of the two types of filters. It was found 

that the difference was reasonably consistent and a conversion factor of 0.9 

was applied to glass fiber filtered COD values to get the true filtered COD
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Table 4. Routine Analysis of Various Parameters. 

  

  

  

  

  

  

  

  

  

  

  

  

    
  

  

    

Parameter Frequency 
per week 

Composite Samples: 

Chemical Oxygen Demand 4-7 

Total Kjeldahl Nitrogen and Ammonia 2 

Total Phosphorus and Orthophosphorus 2 

Suspended Solids 4-7 

Nitrates, Nitrites and Sulfates 2 

Grab Samples: 

Flow Measurements Daily 

Mixed Liquor Suspended Solids 3-4 

SVI and Zone Settling Velocity 4 

Activated Sludge Oxygen Uptake Rate (OUR) 0-2 

Microscopic Observation of the Sludge 2 

| Dissolved Oxygen, Temperature and pH 3 

| waste Activated Sludge Measurement Daily 
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Table 5. Wastewater Composition. 

  

Parameter Typical Range 
  

Chemical Oxygen Demand 1800-3000 mg/L 
  

  

  

  

  

  

  

      

Total Kjeldahl Nitrogen 15-22 mg/L 

Total Phosphorus 20-30 mg/L 

Suspended Solids 200-300 mg/L 

Nitrites + Nitrates 2-10 mg/L 

Sulfates 3000-8000 mg/L 

Dissolved Oxygen <1 mg/L 

Temperature 40+ Centigrade 

pH 4.5 
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values. Table Al of the Appendix shows the membrane filter/glass fiber 

filter COD ratios of the influent and effiuent of both the process chains. 

  

The TKN and Ammonia Nitrogen analyses were performed in 

accordance with the procedure detailed in Standard Methods for the 

Examination of Water and Wastewater (1985), Section 420B, using the 

semi-micro-Kjeldahl method. Total Phosphorus was measured using the 

persulfate digestion method, Section 424C. This was followed by use of the 

ascorbic acid method, Section 424F, to colorimetrically measure the 

orthophosphates in the digested sample. The colorimetric measurements 

were made using a Beckman Instruments, Inc., (Irvine, CA) DU-6 

Spectrophotometer with a 1 cm light path at a wavelength of 880nm. 

3.8 Suspended Solids (SS) and Volatile Suspended Solids (VSS) 

SS and VSS were measured in accordance with procedure detailed in 

Standard Methods for the Examination of Water and Wastewater (1985), 

Section 209C and Section 209D, respectively.
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3.9 Nitrite Nitrogen (NO2-N), Nitrate Nitrogen (NO3-N) and Sulfates (S045) 

Procedures in Section 429, Standard Methods for the Examination of 

Water and Wastewater (1985), were followed to analyze for NO> -N, NO3-N, 

and SO4-S using a Dionex Model 2010i lon Chromatograph (Dionex 

Corporation, Palo Alto, CA). The eluent was 0.0028N sodium 

bicarbonate/0.0022N sodium carbonate pumped at a rate of 2.5 mL/min, 

while the regenerant for the fiber suppressor was 0.025N sulfuric acid fed 

by gravity at arate of 3.0 mL/min. The 50 UL loop on the injector valve was 

flushed and filled with 3 mL aliquots of 0.45 um filtered sample. The 

output was set at 30 micro Siemens full scale and the signal was recorded 

with a Spectra-Physics 4270 integrator. 

The combined standard for calibrating the ion-chromatograph was 

prepared by adding measured quantities of stock solutions, each containing 

1000 mg/L of one of the three ions mentioned above. The filtered samples 

were not acidified but refrigerated for storage because acidification caused 

an evolution of carbon dioxide from the eluent, and/or overlapped one or 

more of the ions’ peaks with the peak for acid. The SO4-S peak was by far 

the most predominant and had to be run separately by diluting the sample.
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3.10 Alkalinity 

These measurements were conducted on filtered samples in 

accordance with procedures outlined in Section 403, Standard Methods for 

the Examination of Water and Wastewater (1985). 

3.11 Sludge Volume Index and Zone Settling Velocity 

The Sludge Volume Index (SV!) test was performed by settling 1000 

mL of sludge for 30 minutes in a 1 liter graduated cylinder. The volume of 

the settled sludge was measured after 30 minutes and the SVI was then 

calculated as follows: 

settled Sludge Volume, ml * 100 

MLSS concentration (mg/1) 

The Zone Settling Velocity (ZSV) measurement was made concurrently 

with the SVI measurement. While sludge was settling, the solid-liquid 

interface height was measured at different time intervals. The interface 

height was plotted against time and a straight line was drawn through the
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points. The slope of the line gave the ZSV. The MLSS concentrations were 

not same for different ZSV and SVI tests. 

3.12 Observed Oxygen Uptake Rate (OUR) Measurement 

OUR measurements were made twice a week when the conditions 

permitted and was measured in each of the aeration tanks. Once the initial 

DO was measured, the air supply to the aeration tank was cut off and 

dissolved oxygen levels were observed at different time intervals over a 

decrease of 1.5 to 5 mg/L. The wastewater flow to the tank was continued 

during the process. After satisfactory DO decrease was achieved, the 

process was repeated in the subsequent aeration tanks. While DO levels 

were measured in a particular tank, the tanks upstream were not being 

aerated. 

3.13 Determination of Phase Averages of Various Parameters . 

Effluent total COD (Eff TCOD), effluent soluble COD (Eff SCOD), 

effluent suspended solids (Eff SS) and mixed liquor suspended solids (MLSS) 

concentrations had high degrees of variation because of large variations in 

the influent organic loadings and composition of the wastewater. Hence a 

direct side-by-side comparision of the AS system performance was made in 

absence of true steady state operation. All the values presented in the 

subsequent sections are the phase averages. Values which were extreme 

outliers, indicating an experimental error or mechanical failure of the pilot
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plant such as breakdown of the sludge recycle pump were not used for 

determining the phase averages of various parameters.



IV. RESULTS AND DISCUSSION 

During the study, the major operational changes were made to the 

Sessil Tower (ST), as explained in Section 3.3, which caused the changes in 

influent wastewater quality to the Pretreated Activated Sludge (PAS) 
system. The study was divided into different phases based on the tower 
operating conditions (Table 2). Some operational changes were made to the 
AS systems, mainly changes in MCRT. Both PAS and Control Activated Sludge 
(CAS) systems were considered to have sufficient phosphorus. However, the 
CAS effluent quality deteriorated at the end of phase 2 in terms of SVI. 
Phosphorus was added to the CAS system during phases 3 and 4 to evaluate 
its effect on the CAS effluent quality. During Phase 1, the AS systems were 

operated at slightly higher HRT (Table 3). There were sampling errors during 
Phase | which gave erroneous values of all the PAS influent characteristics 
parameters during this phase; hence some of the results frorn this phase are 
not discussed in the subsequent sections. 

The following sections discuss the results obtained during different 
phases of the study. The results are discussed in the context of the effect of 
ST pretreatment on the AS performance. Table 6 summarizes the ST 

performance. The tower consistently reduced the TCOD of the wastewater 
even under shock loading conditions. The effects of shock loading is 
discussed in more datail in Section 4.7. 

The TCOD removal by ST varied between 26 to 43 % and the SCOD 
removal varied between 51 to 62 %. The tower performance was affected by 
the organic loading rate and the recycle ratio. The mass COD removal was a 
linear function of the organic loading rate over the range applied during the 
Study. The COD removal in the tower was virtually independent of the 
hydraulic loading rate over the range applied during the study. Recycle ratio 
affected the tower performance. During the phases 2, 3, and 6 when the 

organic loading rates were the same, the tower performance was better at 
the lowest recycle ratio. 

26



27 

Table 6. Sessil Tower Performance During the Study. 

  

PHASE 
  

  

  

  

  

  

  

  

  

                

1 2 3 4 5 6 

Organic Load, Kg COD/m3-d|_ 3.7 3.8 3.7 5.1 6 3.9 

Hydraulic Load, m/d 42 43 27 45 45 71 

Recycle Ratio 3.5 3.5 1.8 2.3 2.1 6 

Inf TCOD, mg/L 2300 | 2288 | 2223 | 2201 | 2396 | 2233 

Eff TCOD, mg/L - 1423 | 1268 | 1578 | 1771 1438 

EFF SCOD, mg/L - 860 882 1017 | 1186 955 

inf SS, mg/L _ 237 227 218 216 209 231 

Eff SS, mg/L - 378 248 257 322 348 

% TCOD Removal - 38 43 28 26 36 

% SCOD Removal * 62 60 54 51 57 
  

* % SCOD Removal = (inf TCOD - Eff S COD)*100/inf TCOD 
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4,1 Effects of Tower Pretreatment on Organic Removal Including Effluent 
Concentrations and Variation, 

Table 7 summarizes the organic removals achieved by both process 

chains. On average, the COD removal by both the combined Sessil Tower- 

Activated Sludge system (ST-AS) and CAS were, on average 90 %. The SCOD 

removal, calculated using the difference of Inf TCOD and Eff SCOD values, 

were, on average, 95%. During Phases 3 and 4, when phosphorus was added to 

CAS system, the CAS system showed much better effluent quality in terms 

of TCOD and SCOD than the ST-AS system. Overall, in terms of Eff TCOD and 

Eff SCOD, the CAS system showed similar or better effluent quality than PAS 

system during Phases 1, 3, 4, and 5. The CAS system showed lower Eff SS 

concentrations during Phases 2, 4, 5, and 6 compared to the PAS system. 

Even though efforts were made to operate both AS systems at a similar MCRT 

during all the phases, the CAS system was consistently operated at a higher 

Sludge age than the PAS system. Due to varying wastewater composition, the 

MLSS and the effluent SS could not be closely controlled and, hence, it was 

difficult to control the MCRT of both AS systems. The CAS MCRT was 

comparatively less difficult to control because the wastewater it received 

varied less than that received by the PAS system. 

Very high effluent TCOD and effluent SS concentrations were observed 

during Phases 5 and 6 from both process chains. The increase in TCOD 

correlated to increases in the effluent PCOD for both AS systems. Both AS 

systems were operated at higher MCRTs during Phases 5 and 6 compared to 

other phases and, consequently, the MLSS concentrations were high. The high 

effluent TCOD and SS concentrations were due to the inability of the 

Clarifiers to handle excess solids, which was also reflected by high sludge 

blanket heights during these two phases in both activated sludge systems. 

Also, the PAS system had filamentous growth during Phases 5 and 6 and the 

CAS system during Phase 5, which further contributed to deterioration of
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Table 7. Organic Removal and Effluent Quality. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

PHASE 1 2 3 4 5 6 

ST-AS SYSTEM : * * 

ST Inf TCOD, mg/L 2300 2288 2223 2201 2396 2233 

PAS Inf TCOD, mg/L - 1423 1268 1578 1771 1438 

PAS Inf_SS, mg/L - 378 248 257 322 348 

Eff TCOD, mg/L 172 122 176 291 425 289 

Eff SCOD, mg/L 94 51 93 150 125 121 

Eff PCOD, mg/L 88 73 82 145 257 163 

Eff SS, mg/L 94 114 93 142 286 208 

Eff DO, mg/L 6.1 4.4 4.7 4.7 2.3 5.6 

% TCOD Removal 93 95 92 87 82 87 

% SCOD Removal 96 98 96 93 95 95 

CAS SYSTEM : “* ** ** 

inf SS, mg/L 237 227 218 216 209 231 

Eff TCOD, mg/L 162 251 159 165 268 326 

Eff SCOD, mg/L 78 144 57 91 141 169 

Eff PCOD, mg/t. 86 100 99 96 185 166 

Eff SS, mg/L 102 94 100 107 205 183 

Eff DO, mg/L 3.5 3.5 3.4 3.5 3.9 5.1 

% TCOD Removal 93 89 93 93 89 85 

% SCOD Removal 97 94 97 96 94 92 
  

* Slightly filamentous flocs. 

** Highly filamentous flocs 

% SCOD Removal = (inf TCOD - Eff SCOD)*100/Inf TCOD. 

ST-AS : Combined Sessil Tower and Activated Sludge System. 

PAS : Pretreated Activated Sludge System. 

CAS : Control Activated Sludge System. 
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Sludge settling characteristics (Table10). Filamentous growth was 

quantified by microscopic observations of the activated sludges. 

The ST-AS system had higher effluent dissolved oxygen (DO) 

concentrations than the CAS system for all the phases except Phase 5, 

because additional stabilization occurred in the clarifiers, and more 

endogenous oxygen was required in CAS clarifier due to higher 

concentrations of MLSS in the CAS sludge. The reverse trend seen during 

Phase 35 cannot be explained, other than it was based on fewer observations 

compared to other phases. The DO levels in the aeration tank preceding the 

Clarifier were much higher than the effluent DO levels for both the systems. 

This illustrates that some biological activity was going on in both clarifiers. 

When CAS was operated at high MCRT during Phases 5 and 6, the effluent DO 

levels were higher compared to other phases, suggesting that the 

microorganisms had more time to stabilize the organics in the aeration 

tanks and hence lesser stabilization was occurring in the clarifier. 

lation in effl 

Table 8 displays the standard deviation and range of values of effluent 

quality parameters for the ST-AS and CAS systems. As measured by 

Standard deviation, the CAS system had higher degree of variation in Eff 

TCOD during Phases 2, 3, and 6, in Eff SCOD during Phases 2, 5, and 6, and in 

Eff SS during Phase 3 and 4. 

Figures 2, 4, 6, 8, 10, and 12 show influent TCOD and MLSS plotted 

against time for both the process chains. Figure 3, 5, 7, 9, 11, and 13 show 

Eff SCOD and Eff SS plotted against time for both AS systems. 

Figures 2, 4, 6, 8, 10, and 12 show that PAS Inf TCOD followed the 

same trend as CAS Inf TCOD. Figure 2 show that CAS MLSS followed a trend 

Similar to CAS Inf TCOD during Phase |. Figures 2 and 6 show that during 

Phases | and 3, PAS MLSS peaked one or two days after the PAS Inf TCOD 

peaked, while Figure 10 show that during Phase 5, PAS MLSS had a trend 

similar to PAS Inf TCOD. Figures 3,5, 7,9, 11, and 13 confirm the results of
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Table 8. Standard Deviation and Range of Effluent Quality Parameters for the 

Pretreated Activated Sludge System and Control Activated Sludge System. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

PHASE 1 2 3 4 5 6 

PAS SYSTEM: 

Eff TCOD, mg/L 172 122 176 291 425 289 

Standard Deviation 85 43 54 68 112 52 

Range 88-236 66-232 | 120-284 | 216-430 | 300-640 | 221-343 

Eff SCOD, mg/L 94 51 93 150 125 121 

Standard Deviation 40 16 32 47 18 12 

Range 32-130 25-74 43-157 113-266 | 110-159 | 107-135 

Eff SS, mg/L 94 114 93 142 286 208 

Standard Deviation 44 29 30 34 44 80 

Range 26-163 73-163 69-143 100-215 | 220-346 | 126-310 

CAS SYSTEM: 

Eff TCOD, mg/L 162 251 159 165 205 326 

Standard Deviation 62 69 67 50 34 57 

Range 86-232 432-300 76-271 82-242 478-243 | 240-399 

Eff SCOD, mg/L 78 144 57 91 141 169 

Standard Deviation 19 66 12 29 70 48 

Range §5-120 46-212 36-72 50-135 73-236 120-235 

Eff ss, mg/L 102 94 100 107 268 183 

Standard Deviation 36 18 38 41 17 48 

Range 47-151 75-139 50-168 58-182 250-290 | 140-265 
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the standard deviation test obtained for the Eff SCOD and Eff SS from both 

AS systems. These figures and Tables 7 and 8 indicate that ST-AS system 

did not produce a better effluent than CAS system. The effluent 

concentrations and the variation in effluent concentrations as measured by 

the standard deviation did not indicate the superiority of the PAS system 

over the CAS system. This is not consistent with the observation of 

Harrison et al (1) and Roskopf et al (2). Harrison et al (1) had reported that a 

combined Trickling Filter-Activated Sludge (TF-AS) process, on average, had 

better effluent quality and had lesser variation than a single stage Activated 

Sludge process. Roskopf et_al (2) had reported that series TF-AS process 

provided better operating stability and efficiency than single-stage systems. 

Effect of mean cell residence time (MCRT): 

Table 9 lists values of various parameters at different MCRT’s along 

with the aeration basin temperature. For both AS systems, changes in the 

operational MCRT value did not cause any consistent trends in the effluent 

quality parameters. Although, the effluent quality for both the AS systems 

show a trend to deteriorate at higher MCRT and lower aeration basin 

temperature, a conclusive statement can not be made about significance of 

thesame. It seems that higher MCRT by itself or in combination with low 

aeration basin temperature caused the deterioration of the AS effluent 

quality. There were other factors like organic loading, temperature, etc. 

which varied significantly during the phases. Changes in ST operating 

conditions made changes in the influent organic loadings and characteristics 

to the PAS system. For the control system, filamentous growth in some of 

the phases played an important part in determining effluent characteristics. 

Hence, all the effluent quality parameters such as effluent 55, effluent TCOD 

and SCOD did not show any consistent trend with the increase in MCRT, 

Similar to what has been reported by Newbry et al (3). They found that 
effluent non-settleable SS and soluble BODs concentrations as well as net 

process yleld decreased as MCRT increased for a TF-AS system. Fletcher et 

al (4) had concluded that a longer MCRT would improve operational stability 

for the Celco wastewater, but the results obtained during this study (Table
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Table 9. The effect of MCRT on Effluent Quality. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

PAS SYSTEM : 

PHASE 2 1 4 3 5 6 

MCRT, days 10.2 10.3 11.2 12 13.7 14.7 

Eff SS, mg/L 113 94 142 93 286 208 

Eff TCOD, mg/L 122 172 291 176 425 289 

Eff SCOD, mg/L 514 94 150 93 125 121 

MLSS, mg/L 2202 833 2672 | 2678 | 4357 | 4720 

Total Biomass, Kg 9 6.8 10.9 10.9 17.8 19.3 

Basin Temperature, C 26 27 15 18 13 19 

CAS SYSTEM : 

PHASE 1 3 2 4 6 5 

MCRT, days 13 13.7 14.6 14.9 19.7 21.4 

Eff SS, mg/L 102 100 94 107 183 205 

Eff TCOD, mg/L 162 159 251 165 326 268 

Eff SCOD, mg/L 78 57 144 91 169 141 

MLSS, mg/L 1574 2868 2506 3031 4336 3491 

Total Biomass, Kg 12.9 17.6 15.4 18.6 26.6 21.4 

Basin Temperature, C 29 20 28 16 22 14 
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6,7,8) indicate poor operational stability and system performance at higher 

MCRTs for both AS systems. The results indicate better performance for the 

PAS system at MCRTs of around 12 to 13 days and for the CAS system at 13 

to 14 days. 

42 Effect of Tower Pretreatment on Sludge Settleability and 

Table 10 lists the values of sludge volume index (SVI) and zone 

settling velocity (ZSV) along with other related parameters. SVI and ZSV 

values will be compared only for those phases where the MLSS 

concentrations were in the range of 2500 mg/L to 3000 mg/L. For this range 

Of MLSS, the PAS SVI and ZSV values were better for than the CAS SVI and 

ZSV values. The SVIs for the PAS system were consistently better than for 

the CAS system except during Phase 6. During Phase 6, the PAS system had 

the highest MLSS concentration for the entire period of the study. The high 

MLSS concentration can be explained by two factors, the high MCRT, and the 

higher influent organic loading received by the PAS system during Phase 6, 

resulting from unstable ST performance. 

During Phases 5 and 6, the PAS system had slightly filamentous flocs. 

The CAS system had highly filamentous flocs during Phases 2, 4, and5. The 

CAS system had better ZSV when there were no filamentous organisms in the 
Sludge. Concentrated FECIz was added to the CAS system during Phase 5 to 

improve the flocculation process of the filamentous organisms. It had very 

little effect on the sludge settling characteristics. The CAS system had 

inferior settling characteristics even during the phases when filamentous 

growth did not occur. The PAS system had far less filamentous growth than 

the CAS system. | 

Although the SVIs of the PAS system were better than the CAS system 

values for most of the phases, the PAS sludge suspension left a cloudy 

Supernatant after 30 minutes of settling, and frequently the solid-liquid
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Table 10. Comparision of Siudge Settling and Clarification. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

    

PHASE 1 2 3 4 5 6 

PAS SYSTEM : 

MCRT, days 10.3 | 10.2 12 11.2 | 13.7 | 14.7 

SVI, mU/g 100 84 84 116 78 146 

ZSV,_m/h 3.1 5.2 3.8 3.0 1.5 0.6 

MLSS, mg/L 833 | 2202 | 2678 | 2672 | 4357 | 4720 

Eff SS, mg/L 94 113 93 142 286 208 

Filamentous Organisms | NO NO NO NO FEW | FEW 

CAS SYSTEM : 

MCRT,_ days 13 14.6 | 13.7 | 14.9 | 21.4 | 19.7 

SVI,_ ml/g 173 270 132 283 193 131 

ZSV,_mi/h 2.4 0.2 1.4 0.1 0.5 0.9 

MLSS, mg/L 1574 | 2506 | 2868 | 3031 | 3491 | 4336 

Eff SS, mg/L 102 94 100 107 205 183 

Filamentous Organisms NO YES NO YES YES NO                
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interface was not clearly defined during settling. The PAS system had 

distinctive blackish-brown sludge, indicating the incorporation of sloughed 

Solids from the trickling filter, compared to yellowish-brown sludge from 

the CAS system. 

Figures!4 and 15 has the SVI and MLSS plotted for different phases 

for both AS systems. The MLSS shows an increasing trend with the time for 

both AS sytems. This can be expected because the project proceeded from 

warmer temperatures to cooler temperatures with time. There is no 

conistent correlation between the SVI and MLSS for different phases for both 

activated sludge systems. The CAS SVI showed a decreasing trend for the 

MLSS concentration of 3000 mg/L and above. The PAS SVIs were better at 

MLSS concentrations in range of 2500 to 3000 mg/L. 

4.3 Effects of Tower Pretreatment on AS Waste Sludge Production and 

rv ie] icient. 

Table 11 displays the waste sludge production data along with the 

observed yield coefficient (Yo). The tower effluent was screened during 

Phase 2 and 5. But only 2.5 % during Phase 2 and 2.2 % during Phase 5 of the. 

waste sludge produced was removed by screening. Due to various upsets in 

the systems and no control over the Eff SS, the MCRTs of both AS systems 

were not the same during any particular phase of the study. The waste 

Sludge figures were strongly affected by MCRT, hence, there is not a strong 

correlation between the reduction in the waste sludge and the reduction in 

the COD utilised. There was no waste reduction by pretreatment during the 

Phases 5 and 6. This can be explained by high amount of Eff SS wasted by the 

PAS system during these phases. In addition, the PAS system had an 

unusually high Yo of 0.45 during Phase 6. This high PAS Yo could be the 

result of high amount of sloughing of solids from the tower during this phase 

(Table 6).
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Table 11. Comparision of Waste Sludge Production. 
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PHASE 1 2 3 4 5 6 

PAS SYSTEM: 

MCRT, days 10.3 10.2 12 11.2 13.7 14.7 

MLSS wastage, g/d 472 588 712 818 549 1114 

Eff SS, g/d 261 345 260 380 791 593 

Total wastage , g/d 733 933 972 1198 | 1340 | 1707 

COD utilised, g/d - 4188 | 3282 | 3825 | 4551 | 3758 

Yo - 0.22 0.30 0.31 0.29 0.45 

CAS SYSTEM: 

MCRT, days 13 14.6 13.7 14.9 21.4 19.7 

MLSS wastage, g/d 869 827 1136 | 1134 723 945 

Eff SS, g/d 298 252 285 313 567 532 

Total wastage . g/d 1167 | 1079 | 1421 1447 | 1290 | 1477 

COD utilised, g/d 6495 | 5742 | 6176 | 6168 | 6235 | 6004 

Yo 0.18 0.19 0.23 0.23 0.21 0.25 

PERCENT REDUCTION BY PRETREATMENT : 

MLSS wastage 46 29 37 28 24 NO * 

Total wastage 37 14 32 17 NO * NO * 

COD utilised - 27 47 38 27 37 
  

Total Wastage = MLSS wastage + Eff SS wastage. 

COD utilised = Inf TOCD - Eff SCOD. 

NO * : Wastage was more in the PAS than CAS. 
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The Yo coefficient was highly variable and did not show a decreasing 

trend with increasing MCRT for both AS systems as reported by Newbry et_al 

(3). This suggests a high degree of variation in the composition of the 

influent wastewater during the different phases. During all the phases, the 

PAS Yo was higher than that of the CAS. This was expected because of the 

incorporation of sloughed solids from the tower into the PAS MLSS. These 

Sloughed solids are resistant to biodegradation, hence they increase the 

total MLSS mass of the PAS system. 

4.4 Effects of Tower Pretreatment on Activated Sludge Oxygen Requirement. 

Table 12 displays the observed mass oxygen uptake rate (MOUR), the 

Specific oxygen uptake rate (SOUR), and the theoretical uptake rate (TOUR). 

TOUR was calculated using the following equation: 

TOUR, g/d = COD stabilized, g/d - COD wasted as MLVSS, g/d - Particulate 

COD lost in Effluent, g/d + NOD, g/d (7) 

where, 

COD stabilized = (Inf TCOD, g/d - Eff SCOD, g/d) 

COD wasted as MLVSS = 1.42*MLVSS wasted, g/d 

Particulate COD lost in Effluent = Eff TCOD, g/d - Eff SCOD, g/d 

NOD = Nitrification Oxygen Demand = 457*(Eff nitrates - Inf nitrates, both 

as N, g/d)



Table 12. Reduction in Oxygen 
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Uptake Rate by Pretreatment. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                

PHASE 1 2 3 4 5 6 

PAS SYSTEM: 

MCRT, days 10.3 | 10.2 | 12 | 11.2 | 13.7 | 14.7 

MOUR, g/d 1940 | 1728 | 2611 | 2339 | 2078 | 2799 

TOUR, g/d -__| 3714 | 2021 | 3486 | 2640 | 2969 

SOUR, mg O 2 /d-mg MLVSS | 0.34 | 0.23 | 0.29 | 0.26 | 0.14 | 0.17 

MOUR/Inf TCOD - 0.4 | 0.74 | 0.55 | 0.42 | 0.68 

CAS SYSTEM: 

MCRT, days 13_ | 14.6 | 13.7 | 14.9 | 21.4 | 19.7 

MOUR, g/d 5166 | 3672 | 4244 | 4876 | 3385 | 4776 

TOUR, g/d 5203 | 4896 | 4250 | 5225 | 4385 | 4642 

SOUR, mg O 2 /d-mg MLVSS| 0.48 | 0.29 | 0.29 | 0.32 | 0.19 | 0.22 

MOUR/inf TCOD 0.77 | 0.6 | 0.67 | 0.76 | 0.51 | 0.74 

PERCENT REDUCTION BY PRETREATMENT : 

MOUR 62 53 38 52 39 41 

TOUR - 24 52 33 40 36 
  

MOUR = mass oxygen uptake rate. 

TOUR = theoretical oxygen uptake rate. 

SOUR = specific oxygen uptake rate. 
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Pretreatment reduced the MOUR of the AS system by 38-62 % during the 

different phases. An equivalent decrease in TOUR was not found except 

during Phases 5 and 6. The CAS system MOUR correlated better to TOUR when 

compared to the PAS system. Except for Phase 3, the MOUR for the PAS 

system was a lot less than TOUR. This was expected because a lot of the 

COD from the upstream tower was in the form of biological suspended solids, 

which are partially non-biodegradable. The reverse trend observed during 

Phase 3 could have occurred because the lowest organic and hydraulic tower 

loadings occured then, which resulted in the best tower performance. Hence, 

the PAS system received the lowest influent SS and SCOD concentrations of 

all the phases. 

The CAS SOUR and the MOUR/Inf TCOD ratios were greater than the PAS 

SOUR and the MOUR/Inf TCOD ratios except for Phase 3. An increase in 

MOUR/Inf TCOD ratio with increase in MCRT was not observed, as noted by 

oherrard and Schroeder (10). 

45 Effects of Tower Pretreatment on Activated Sludge Nutrient 

Requirements. 

Table 13 displays the calculated nitrogen and phosphorus content of 

the sludge (as VSS), and other related parameters using the mass balance at 

different sludge ages. The equation used for the purpose is shown below. 

Inf TN (TP), g/d - Eff TN (TP), g/d + N(P) addition, g/d 

(P) MLVSS wasted, g/d 

where, TN = total nitrogen as N, TP = total phosphorus as P
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TABLE 13. Nitrogen and Phosphorus Balance of the Activated Sludge Systems. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

                  

PHASE 2 3 4 6 

PAS SYSTEM : 

MCRT, days 10.2 12 11.2 14.7 

% N, as VSS 11.5 11 8.5 4.3 (5.2) 

% FP _as VSS 4 4 0.2 0.4 (1.2) 

inf TCOD, mg/L 1423 1268 1578 1438 

Inf_TN, mg/L 27 24 29 30 

N_addition, mg/L _as N 77 8.3 8.5 8.1 

Eff TSKN, mg/L 3 3 4 

Eff NH 4+, mg/L as N 0.3 0.1 0.5 

Inf_TP, mg/L 21 21 24 26 

Eff TSP mg/L 14 8 19 22 

CAS SYSTEM : 

MCRT, days 14.6 13.7 14.9 19.7 

% _N,as VSS 9.6 5.5 7.1 4.7 (5.6) 

% P as VSS 1.6 1.8 2.5 1.3 (1.2) 

inf TCOD, mg/L 2288 2223 2201 2233 

Inf_ TN, mg/L 17_ 19 18 25 
N_ addition, mg/L as N 14.4 14.5 14.9 14.4 

Eft TSKN, mg/L 5 2 2 2 
Eff NH 4+, mg/L as N 1.3 Oo 0 0 

Inf_ TP mg/L_ 20 19 21 26 

P_ addition _, mg/L - 9.7 10 - 

Eff TSP mg/L 21 22 21 16 
  

TSKN = Total Soluble Kjeldahl Nitrogen. 

TSP = Total Soluble Phosphorus. 
Figures in parenthesis are the measured N and P contents of the sludges. 
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Figures in parenthesis are the measured N and P contents of the 

sludges. Phase 5 and Phase 1 are not included in this discussion because of 

very few data points for nitrogen (N) and phosphorus (P) during these phases. 

During other phases, the nitrogen and phosphorus data points were few 

compared to other parameters such as COD. 

During Phase 6, the N and P content of the AS sludges were also 

determined using analytical techniques. The following equation was used for 

the purpose: 

% N (P) = TKN (TP) of sludge, mg/] - TSKN (TSP) of sludge, mg/1 

  

MLVSS, mg/L 

The measured N and P contents were not much different from the 

calculated values except for P content of the sludge of the PAS system 
(Table 13). 

It can be seen that during Phases 4 and 6, the calculated N and P 

content of the PAS system was much lower than during the other two phases. 

The PAS system had higher yields, 0.31 duuring Phase 4 and 0.45 during 

Phase 6. Though influent TCOD:N and influent TCOD:P remained similar in al} 

the phases, the higher yield increased the nutrient requirement during these 

two phase. The CAS system sludge had lower calculated N content than PAS 

system sludge except Phase 6. 

Phosphorus was added to the CAS system during Phases 3 and 4. The 

calculated P content of the CAS sludge during these phases was much higher 

than during other phases (Table 13), indicating possible P deficiency in the 

CAS system, though the effluent TSP was always greater than 16 mg/1 for
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both AS systems. There is a possibility, however, that interference caused 

the effluent P measurements to appear higher than the actual concentrations. 

The presence of interference can be conclusively proven only after more 

tests of the analytical method are conducted, and this was not done during 

the project. The effluent TSKN was in the range of 2 to 5 mg/I and effluent 

ammonia-nitrogen was less than 1.3 mg/l for both of the AS systems. 
Effluent TSKN and ammonia-nitrogen from the PAS system was always 
Slightly greater than those discharged by the CAS system, except during the 
Phase 2. 

The nutrient deficiency can be seen in terms of reduced N and P 
content of the sludges of both AS systems during certain phases of the 
Studies. But in terms of the system performance, it is difficult to find 
definite trends which suggests nutrient deficiency except for low 
concentrations of TSKN and ammonia-nitrogen in the effluent of both AS 
systems. It appears that the AS systems were nutrient deficient, 
particularly with N, during certain periods, depending on variations in the 
wastewater composition. Guthrie (6) found the Celco influent wastewater N 

deficient, but Lee (7) observed that N addition did not improve the system 
performance. - 

4.6 Effects of Tower Pretreatment on Required AS Volume. 

Table 14 displays the actual volume reduction in terms of total 
biomass reduction during different phases. The biomass reduction by the 
tower pretreatment ranged from 17 to 47 percent. Near equal reduction in 

the Influent TCOD was not observed, except for Phases 2 and 3. Lower 
biomass reduction by pretreatment during Phase 5, compared to other phases 
was due to large amounts of biomass wasted in the PAS system as Eff SS, 
while low biomass reduction during Phase 6 was due to higher PAS yield 
during Phase 6 (Table 11).



TABLE 14. Actual Volume Reduction. 
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PHASE 1 2 3 4 5 6 

PAS SYSTEM : 

Total Biomass, Kg] 6.8 9 10.9 10.9 17.8 19.3 

Inf TCOD, mg/L - 1423 | 1268 | 1578 | 1771 1438 

CAS SYSTEM : 

Total Biomass, Kg| 12.9 15.4 17.6 18.6 21.4 26.6 

Inf TCOD, mg/L 2300 | 2288 | 2223 | 2201 | 2396 | 2233 

PERCENT REDUCTION BY PRETREATMENT : 

Biomass 47 42 38 41 17 27 

Inf TCOD - 38 43 28 26 36 
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4,7 Effect of Shock Loading on the ST-AS System Performance, 
The tower was shock loaded by intentionally adding acetic acid to the 

influent. During the period of shock loading, the additional loading averaged 

about 25 % of the base loading at that time. On one particular day, the shock 

loading was about 50 % of the base loading. 

Figures 16 and 17 displays influent and effluent CODs of ST and the 

PAS systems, respectively, plus the PAS effluent SS in Figure 17, before, 

during and after the shock loading period. Figure 18 and 19 display PAS 

system MLSS, SVI and ZSV for the same period. Acetic acid addition was 

started on the sixth day and continued up to the tenth day. On fourteenth and 

fifteenth days, the ST influent COD concentration increased enough to be 

nearly equal to the total concentrations applied during the intentional shock 

loading period. 

It can be seen that PAS system performance during shock loading 

remained within the normal ranges established before the shock loading 

period. The performance continued to remain within the normal ranges after 

the shock loading period. 

The ST effluent TCOD and SCOD followed the peaks and troughs of the 

ST influent TCOD, though at a lesser magnitude. During the initial stages of 

shock loading (days 7,8 and 9), the ST effluent SCOD did not increase as 

sharply as the ST effluent TCOD because of the conversion of the TCOD to the 

biomass. The ST reduced the organic load on the PAS system, but did not 

smooth out the loading peaks, t.e. its removal efficiency remained almost 

constant at the levels observed before the shock loading period, though its 

mass removal capacity increased during the period of higher organic 

loadings. 

The PAS system was responsible to a large extent for absorption of 

the organic shock loads. The MLSS peak occurred 3 days after the first ST 

influent loading peak occurred. The PAS effluent TCOD and effluent SS 

showed an increasing trend after MLSS peaked. The PAS SVI showed a pattern
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reciprocal to but otherwise similar to the PAS effluent SS. The ZS5V pattern 

was similar to the SVI changes up to the time when the MLSS peak occurred. 

It seems that except for the PAS effluent SCOD, all other effluent quality 

parameters were affected by the MLSS peak. The PAS effluent SCOD 

remained constant throughout this period of study. 

The ST-AS system successfully handled a 50 % increase in the organic 

load which occurred on the ninth day of this study without any deterioration 

in performance. Fletcher et al (4) had observed that a 50 % increase in the 

Celco mass organic loading above the normal levels resulted in deterioration 

of effluent quality of the AS process. Randall and Buth (5) and Guthrie (6) 

had also cited organic shock loading as the major cause of upsets in the 

Celco AS system performance. During the shock loading test performed on 

the ST-AS system, there was no deterioration in its performance. 

4.8 Summary of Results. 

The COD removal performance and the effluent quality of both process 

chains was similar. During the period of shock organic loads, the 

performance of the ST-AS system remained very stable. 

Higher MCRTs were not beneficial to both AS systems. Both systems 

showed good performance when operated at MCRTs of about 13 days. | 

The PAS system sludge had better settleability and less filamentous 

organisms. The ST-AS system produced much less sludge than the CAS 

system. 

The PAS system had lower oxygen and volume requirements than CAS 

system. ‘Due to variation in the influent wastewater composition, it was not 

always possible to relate reduction in COD by ST pretreatment to the 

reduction in oxygen or volume requirements.
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The influent wastewater was nutrient deficient during certain periods 

aS indicated by the nitrogen and phosphorus content of the sludge. The PAS 

system had lesser nutrient requirements than the CAS system.



V. CONCLUSIONS 

Tower pretreatment using “Sessil” media improved the Celco activated 
Sludge process's overall performance. The ST-AS system required less 
aeration volume, less oxygen and less nutrients, plus it produced less Sludge 
than the activated sludge treatment alone. However, the expected difference 
in effluent quality, based on the report by Harrison et_al (1), was not 
observed. The conclusions resulting from this study are as follows: 

|. The process performance as measured by organic removal and effluent 
quality was similar for the ST-AS and CAS systems. 

2. The SVI and ZSV of the PAS system were better than those of the CAS 
system. The PAS sludge did not have significant filamentous growth. The 
CAS sludge had filamentous growth throughout most of the study period. 
The CAS sludge settling characteristics did not improve appreciably even 
during a period of non filamentous growth. 

3. In terms of MCRT, the ST-AS system had best performance at MCRT of 12 
to 13 days, while the CAS system had best performance at MCRT of 13 
tol4 days. The performance of both systems deteriorated at higher MCRTs. 

4. The ST-AS system had less sludge production than the CAS system, but the 
exact difference was not established because the two systems were not 
operated at the same MCRT at the same time. 
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>. Tower pretreatment reduced the oxygen uptake rate of the AS system by 

38 to 62 % during different phases of operation. 

6. The Celco influent wastewater may be nitrogen and phosphorus deficient, 

depending upon its composition and the MCRT of the AS system. The 
overall nutrient requirements of the ST-AS system was less than that of 
the CAS system. 

7, Tower pretreatment reduced the required AS system volume by 17 % to 47 
% for the range of organic loadings applied to the tower during the study. 

8. The ST-AS performance remained within normal ranges during and after 
acetic acid shock loading of the tower. There was no significant 
deterioration in effluent quality or in sludge settleability.



Vi. REFERENCES 

|, Harrison, J. R., Daigger, G. T., and Filbert, J.W., "A Survey of Combined 
Trickling Filter and Activated Sludge Processes.” Journal Water Pollution 
Control Federation, 56, 1073-1079 (1984). 

2. Roskopf, R. F., Young, J. C., and Baumann, E. R., “Trickling Filter-Activated 

Sludge Combinations. ' ' Journal of The Environmental Engineering Division, 
ASCE, 102, FES, 1005-1018 (1976). 

3. Newbry, B. W., Daigger, G.T., and Taniguchi-Dennis, D., "Unit Process 
Tradeoffs for Combined Trickling Filter and Activated Sludge Processes.” 
Journal Water Pollution Control Federation, 60, 1813-1821 (1988). 

4, Fletcher, G.W., Tracy, K.D., and Myers, 9. D., Summary Report, 
t r ny. Environmental 

Dynamics, Engineers and Planners, Greenville, South Carolina (1979). 

2. Randall, C. W., and Buth, D., Project Report, Wastewater Treatment Study 

for Celanese Fibers Company. Consultants, Environmental Engineering, 
VPI & SU, Blacksburg, VA (1983). 

6. Guthrie,M. A, Draft Report, Activated Sludge Wastewater Treatability 
Studies for Celanese Fibers Operations. Engineering-Science, Atlanta, 
Georgia (1986), 

7. Lee, S.H, “Infl f_Ni nd 3} r 
Performance.” M.S. Thesis, Virginia Polytechnic Institute and State 
University (1986). 

8. Segall, M, “Ihe Effects of Cations on Activated Sludge 
Characteristics.” MS. Thesis, Virginia Polytechnic University and State 
University (1987). 

9. Standard Methods for the Examination of Water and Wastewater. 16th 

edition, American Public Health Association (1985). 

68



10. Sherrard, J. H., and Schroeder, E.D., “Stoichiometry of Industrial] 
Biological Wastewater Treatment.” A paper, Environmental Engineering 
Dept., Virginia Polytechnic Institute & State University.



Table At. 

Table A2. 

Table A3. 

Table Ad4. 

Table A5. 

Table A6. 

Table A/7. 

Table A8. 

Table Ag. 

Table A10. 

Table A11. 

Table A12. 

Table A13. 

Table A14. 

Table A15. 

Table A16. 

APPENDICES 

Operation period of Different Phases .............. 

PAS Flow, MLSS, WAS, SVI, and ZSV............... 

PAS SS, COD... 0. cc cc ccc ec cece 

PAS MOUR ... 0... cee eee eens 

Shock Loading Phase Data...............0-ec000: 

Glass Fiber Filtered and Membrane Filtered CODs... 

Glass Fiber Filtered and Membrane Filtered TSKNs . . 

Glass Fiber Filtered and Membrane Filtered TSPs .. . 

Activated Sludge MLSS, MLVSS, TP, TKN.......... 

70



  

71 

Table A1. Operation Period of Different Phases. 

  

  

Phase Operation period of AS systems 

From To 

1 6/1/89 7/11/89 

2 9/6/89 9/30/89 

3 10/11/89 11/14/89 

4 11/15/89 12/15/89 

5 2/19/89 3/8/89 

6 3/10/89 3/23/89     
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Table A2. PAS Flow, MLSS, WAS, SVI and ZSV 

  

  

            

Date Inf flow MLSS WAS svi ZsVv 
L/min mg/L L/D Ft/h 

6/1/89 1.6 1100 620 64 
6/2/89 2 490 
6/3/89 2 885 800 181 19.1 
6/4/89 2 645 
6/5/89 2.2 495 
6/6/89 2.3 700 610 
6/7/89 1.8 630 
6/8/89 1.2 1130 545 75 4.2 
6/9/89 2.6 410 
6/10/89 2 1015 625 74 13.9 
6/11/89 2 990 560 56 6.9 
6/12/89 1.6 570 
6/13/89 1.7 580 160 
6/14/89 1.9 885 540 
6/15/89 2 855 635 54 5.2 
6/16/89 2.1 0 
6/17/89 2.1 630 980 79 
6/18/89 2.4 580 730 86 
6/19/89 0 600 
6/20/89 2.3 520 660 115 
6/21/89 2.4 665 540 
6/22/89 1.7 810 545 68 
6/23/89 2.4 470 
6/24/89 2 890 595 58 
6/25/89 1.5 1180 585 42 
6/26/89 2.3 520 
6/27/89 2.5 540 162 
6/28/89 1.4 747 410 
6/29/89 2.6 595 690 84 
6/30/89 2.0 460 
7/1/89 1.5 934 640 64 
7/2/89 1.6 535 
7/3/89 2.1 688 560 
7/4/89 2.2 565 590 159 
7/5/89 0.0 673 - 510 
7/6/89 2.1 780 560 167 
7/7/89 2.3 560 
7/8/89 1.7 1150 700 96 
7/9/89 2.0 510 
7/10/89 3.1 810 490 
7/11/89 2.0 640 550 154 
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Table A2. (continued) 

  

  

            

Date Inf flow MLSS WAS SV ZSV 

L/min mg/L L/D Fi/h 

9/6/89 2.2 1265 283 79 

9/7/89 2.0 300 

9/8/89 1.9 400 

9/9/89 2.1 1030 189 90 28.1 

9/10/89 2.3 216 

9/11/89 2.3 1234 218 105 9.7 

9/12/89 2.2 192 

9/13/89 2.1 1362 210 84 

9/14/89 2.0 280 

9/15/89 2.2 249 

9/16/89 2.4 1555 270 64 20.8 

9/17/89 2.1 204 

9/18/89 2.1 1915 203 73 24.1 

9/19/89 2.2 2055 196 

9/20/89 2.1 291 71 21.5 

9/21/89 2.0 255 

9/22/89 1.8 312 

9/24/89 2.0 

9/25/89 2.0 2080 295 82 12.3 

9/26/89 1.9 328 

9/27/89 2.0 2390 355 84 9.7 

9/28/89 2.6 2388 314 

9/29/89 2.0 273 

9/30/89 2.2 2385 300 103 10.4 

10/11/89 2.1 280 

10/12/89 2.2 830 

10/21/89 2.0 1688 220 77 21.2 

10/23/89 1.9 230 

10/24/89 2.0 $00 

10/25/89 1.9 3615 240 116 3.9 

10/26/89 2.0 250 

10/27/89 1.9 230 

10/28/89 2.0 3295 250 82 8.5 

10/29/89 2.0 290 

10/30/89 1.9 2625 245 103 10.1 

10/31/89 2.0 220 

11/1/89 1.9 2340 280 94 10.9 

11/2/89 1.9 230 

11/3/89 1.8 320 

11/4/89 2.0 1995 265 80 12.5 

11/5/89 2.0 250 

11/6/89 1.9 2645 260 68 14.9 
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Table A2. (continued) 

  

  

            

Date Inf fiow MLSS WAS SvVI Zsv 

L/min mg/L L/D Ft/h 
11/7/89 1.8 300 
11/8/89 1.9 2500 0 80 12.5 
11/9/89 1.8 575 58 
11/10/89 1.9 260 
11/11/89 2.0 2405 270 83 12.6 
11/12/89 1.9 290 
11/13/89 1.9 2515 260 118 18.1 

11/15/89 1.9 2420 220 51 18.5 
11/16/89 1.8 410 
11/17/89 1.9 160 
11/18/89 1.9 2050 200 56 22.2 
11/19/89 1.9 420 
11/20/89 1.9 2690 365 63 15.3 
11/21/89 1.8 310 
11/22/89 1.8 3150 220 79 9.7 
11/24/89 1.8 360 
11/25/89 1.9 2992 190 83 7.9 
11/26/89 2.0 290 
11/27/89 1.9 3350 295 197 0.8 
11/28/89 1.9 320 
11/29/89 1.8 2785 295 271 0.5 
11/30/89 1.8 320 
12/1/89 1.9 310 
12/2/89 1.9 3040 345 156 2.0 
12/3/89 156 2 
12/4/89 1.8 935 
12/5/89 2.0 0 
12/6/89 1.9 295 
12/7/89 1.8 2670 250 
12/8/89 1.8 220 112 5.9 
12/9/89 1.8 325 
12/10/89 1.9 
12/11/89 1.8 1540 
12/12/89 1.8 84 16.3 
12/13/89 1.8 2895 
12/14/89 1.8 2480 

2/19/90 1.9 3220 130 75 8.7 
2/20/90 1.9 140 
2/21/90 1.9 3112 140 68 
2/22/90 1.9 140 
2/23/90 1.9 145 
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Table A2. (continued) 

  

  

          

Date Inf flow MLSS WAS SVI ZSV 

L/min mg/L L/D Ft/h 
2/24/90 2.0 2950 130 80 3.9 
2/25/90 2.0 
2/26/90 1.9 
2/27/90 2.0 0 
2/28/90 1.9 3895 120 103 2.8 
3/1/90 1.9 130 

3/2/90 1.9 140 

3/3/90 1.9 5087 150 

3/4/90 1.9 5246 140 

3/5/90 1.9 5406 140 65 4.5 

3/6/90 2.0 310 

3/7/90 1.9 5725 280 

3/8/90 2 380 

3/10/90 2.0 6366 170 153 0.04 
3/11/90 2.0 240 
3/12/90 2.0 4834 145 198 0.1 

3/13/90 2.0 185 
3/14/90 2.0 4584 180 201 0.2 

3/15/90 2.0 205 

3/16/90 1.9 230 
3/17/90 1.9 4600 160 200 0.2 
3/18/90 1.9 260 
3/19/90 1.9 4786 200 94 3.1 
3/20/90 2.0 230 
3/21/90 2.1 4184 180 94 3.6 
3/22/90 2.1 230 
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Date inf SS Eff SS |inf TCOD | Inf SCOD | EFF TCOD | EFF SCOD 

mg/L mg/L mg/L _mg/L mg/L mg/L 
6/1/89 273 124 

6/2/89 216 

6/4/89 293 158 

6/5/89 108 

6/7/89 255 340 189 

6/8/89 336 122 
6/10/89 163 

6/12/89 61 656 106 

6/14/89 145 254 116 
6/15/89 161 

6/17/89 187 131 

6/19/89 26 130 97 

6/21/89 128 152 713 

6/22/89 142 79 

6/24/89 130 91 32 

6/26/89 40 70 103 

6/28/89 24 847 101 69 

6/29/89 781 89 42 
7/1/89 96 1102 106 74 

7/3/89 57 1408 114 73 

7/5/89 58 754 96 73 

7/6/89 96 839 88 73 

7/8/89 138 690 106 86 

7/10/89 560 160 72 
7/11/89 89 

9/6/89 645 144 1369 607 107 43 
8/7/79 370 87 800 404 66 $2 

9/9/89 365 440 826 460 98 

9/13/89 305 112 1541 1159 96 

9/14/89 470 106 2105 1452 83 25 

9/16/89 348 77 1960 936 80 32 

9/18/89 323 98 1160 960 140 132 

9/20/89 305 146 1483 937 156 70 

9/21/89 355 114 1338 751 163 75 
9/23/89 415 163 780 232 72 

9/25/89 340 130 154 54 

9/27/89 458 73 1805 109 67 

9/28/89 1250 972 121 71 

9/30/89 222 873 674 95 61 

10/12/83 674 590 151 86 

10/13/93 1250 1160 208 43 
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Table A3. (continued) 

Date inf SS Eff SS [inf TCOD Inf SCOD | EFF TCOD | EFF SCOD 

mg/L mg/L mg/L _ mg/L mg/L mg/t 
10/22/98 197 3220 1960 1548 72 

10/25/89 180 740 1534 903 122 
10/26/89 123 1284 80 
10/28/89 230 138 840 640 174 

10/30/89 445 143 1060 760 162 
11/1/89 273 69 1600 146 108 

11/2/89 188 71 920 680 120 66 

11/4/89 358 80 2080 1530 136 80 
11/6/89 275 85 857 793 136 86 

11/8/89 288 80 1139 899 129 83 
11/9/89 187 58 1363 806 144 140 

11/11/89 265 83 1115 775 174 119 
11/13/89 223 118 1340 1100 223 90 

11/15/89 365 1438 1660 1400 226 128 

11/18/89 196 105 1404 980 236 130 
11/20/89 320 100 2320 1730 216 132 
11/22/89 145 53 1764 1128 287 157 

11/25/89 310 185 1362 541 132 

11/27/89 383 124 1256 973 240 126 
11/29/89 338 112 1517 518 245 141 

11/30/89 250 129 1377 1032 264 139 

12/2/89 263 177 1283 948 269 130 
12/3/89 

12/4/89 288 215 1531 1303 335 190 
12/5/89 

12/6/89 152 139 1271 744 290 149 

12/7/89 142 132 1087 664 273 133 
12/11/89 193 1190 835 211 
12/12/89 
12/13/89 257 2320 1656 420 209 
12/14/89 253 147 2321 1731 430 266 

2/19/89 258 303 1289 1042 391 123 
2/20/89 270 1472 1115 

2/21/89 350 28 1745 1273 334 122 
2/22/89 290 220 1444 1020 300 129 
2/23/89 265 1717 

2/24/89 330 1757 1232 
2/25/89 300 

2/26/89 260 2600 1897 1324 586 

2/27/89 313 1552 1141 

2/28/89 348 318 1638 1294 640 363                
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Table A3. (continued) 

Date Inf SS Eff SS_ [inf TCOD Inf SCOD | EFF TCOD | EFF SCOD 

_ mg/L mg/L mg/L mg/L mg/L mg/L 
3/1/89 313 315 1461 1119 $05 237 

3/2/89 398 2412 1692 

3/3/89 358 263 1972 1386 428 159 

3/4/89 315 2132 1516 

3/5/89 335 740 2011 1428 278 

3/6/89 338 2196 1526 

3/7/89 340 300 2037 1504 469 123 

3/8/89 413 340 1374 861 336 128 

3/10/89 $35 309 1375 765 309 118 

3/11/89 520 1328 734 

3/12/90 435 310 2093 1857 343 154 

3/13/90 570 2797 2007 

3/14/90 365 170 1594 1152 282 151 

3/15/90 203 1044 753 119 

3/16/90 150 964 815 

3/17/90 198 1513 1133 125 

3/18/90 240 1451 1080 

3/19/90 167 158 1023 803 660 

3/20/90 184 1256 975 

3/21/90 249 175 1119 887 221 124 

3/22/90 433 126 1091 697                
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Table A4. PAS MOUR. 

  

  

  

Date Measured Oxygen Uptake Rate, g/d 

Tank #1 Tank #2 Tank #3 Tank #4 

6/14/89 1096 397 249 219 

6/21/89 617 231 127 88 

6/28/89 1304 386 33 29 

7/3/89 1844 631 247 172 

7/5/89 1385 589 294 155 

7/10/89 863 268 168 147 

9/13/89 1751 334 

9/18/89 1614 447 

9/20/89 1372 402 

9/27/89 1216 397 

10/25/89 1413 773 

11/1/89 2058 784 

11/6/89 2031 883 

11/13/89 1766 736 

11/18/90 1347 408 

11/20/89 2649 589 

11/27/89 2018 706 

12/13/89 1308 303 

2/19/90 1308 535 

2/21/90 1421 471 

3/12/90 2119 963 

3/14/90 3336 815 

3/21/90 920 245            



Table A5. PAS Nitrogen Data. 
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Inf Eff 

Inf Nitrites+ Eff Nitrites+ 

Date Inf TKN | Inf TSKN|Ammonia| Nitrates | Eff TKN | Eff TSKN|Ammonia|Nitrates 

mg/L mg/L mg/L mg/L mg/t mg/L | mg/L | mg/L 
6/28/89 1.1 0.0 69.4 

7/3/89 1.5 18.0 3.6 69.4 

7/5/89 1.0 70 

7/10/89 1.0 70 

9/18/89 18.5 0.0 6.2 0.0 

9/20/89 23.0 0.0 0.0 0.0 

9/25/89 17.4 5.0 0.0 1.1 7.6 1.7 0.8 2.5 

9/27/89 24.1 6.9 5.3 1.0 7.8 5.0 0.0 

10/30/89 34.5 11.3 3.4 9.1 6.3 0.0 

11/1/89 20.4 9.6 2.3 2.3 10.2 2.3 4.2 1.3 

11/4/89 1.2 1.4 

11/6/89 0.1 1.0 

11/8/89 23.8 11.3 0.0 0.0 7.4 3.4 0.0 0.2 

11/13/89 19.6 5.6 0.3 3.0 10.6 2.2 0.3 3.9 

11/15/89 24.3 6.2 2.7 10.2 5.1 3.0 

11/18/89 2.7 3.1 

11/20/89 22.6 11.8 5.1 2.6 10.8 4.0 0.0 3.2 

11/22/89 4.1 4.6 

11/27/89 2.6 2.3 

11/29/89 27.2 6.8 4.8 3.2 5.7 0.6 0.0 2.4 

2/19/89 20.2 4.5 0.0 4.5 20.2 8.4 0.0 5.3 

2/21/89 15.7 3.9 3.1 4.5 31.9 2.2 0.0 5.3 

3/12/89 28.6 5.6 0.3 7.4 15.1 5.6 0.0 6.3 

3/14/89 22.7 6.4 0.0 5.7 12.9 9.3 0.8 6.2 

3/19/89 15.7 4.5 1.5 7.9 14.3 3.9 1.3 3.6 

3/21/89 22.4 6.2 1.4 9.8 11.2 2.2 0.0 9.0                   

*All parameters are in terms of mg/L as Nitrogen. 
 



Table A6. PAS Phosphorus Data. 
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Date Inf TP Inf TSP inf OP Eff TP EFF TSP Eff OP 

mg/L mg/L mg/L mg/t mg/L mg/L 
6/28/89 14.5 14.4 

7/3/89 15.0 14.0 

9/18/89 19.5 11.3 
9/20/89 17.8 17.0 
9/25/89 27.3 23.8 9.7 17.5 15.3 5.5 

9/27/89 24.8 16.0 

11/1/89 19.1 16.0 11.8 9.3 
11/6/89 24.8 10.0 2.4 8.8 8.1 0.9 

11/8/89 24.0 20.5 4.3 11.7 8.5 3.4 
11/13/89 26.0 25.3 9.8 27.3 35.3 9.5 

11/20/89 28.5 12.5 10.3 20.5 19.8 6.3 
11/22/89 27.5 26.8 8.4 27.3 21.8 10.3 
11/27/89 18.5 16.8 8.0 25.3 22.8 14.8 

2/19/90 17.5 13.8 3.8 14.3 12.8 3.1 
2/21/89 21.8 18.0 7.3 16.9 14.5 4.3 

3/12/89 25.7 23.6 7.3 26.5 11.7 4.2 

3/14/89 17.2 13.2 3.3 22.9 20.1 6.1 
3/19/89 26.6 22.9 7.4 24.2 21.2 6.9 

3/21/89 35.3 31.7 11.3 26.8 23.3 11.5 
  

*All parameters are in terms of mg/L as Phosphorus. 
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Table A7. CAS Flow, MLSS, WAS, SVI and ZSV 

  

  

            

Date Inf flow MLSS WAS SVI ZSV 

L/min mg/L L/D Ft/n 

6/1/89 1.1 1440 490 111 

6/2/89 2.3 380 

6/3/89 2.5 1450 585 38 4.7 

6/4/89 2.0 525 

6/5/89 2.0 520 

6/6/89 1.9 1815 630 

6/7/89 1.9 630 

6/8/89 2.0 1630 545 184 5.6 
6/9/89 2.0 390 

6/10/89 2.0 1725 460 139 11.8 

6/11/89 2.2 1660 795 145 11.1 

6/12/89 2.0 620 

6/13/89 2.0 1470 620 170 6.9 

6/14/89 2.0 1950 545 

6/15/89 2.0 1860 710 167 6.9 

6/16/89 2.1 0 

6/17/89 2.0 . 1663 920 192 

6/18/89 2.1 1325 680 219 7.2 

6/19/89 1.9 600 

6/20/89 1.8 1305 500 245 

6/21/89 2.0 1520 540 

6/22/89 2.2 1735 475 311 

6/23/89 2.6 410 

6/24/89 1.9 1580 860 123 15.3 

6/25/89 1.6 1580 510 89 13.9 

6/26/89 2.6 535 

6/27/89 2.8 1250 540 180 

6/28/89 1.8 1840 410 

6/29/89 2.0 1325 580 1.4 

6/30/89 1.6 440 

7/1/89 1.9 1850 600 189 2.8 

7/2/89 1.8 535 

7/3/89 1.8 1617 500 

7/4/89 2.0 1500 540 200 

7/5/89 1.8 1500 430 

7/6/89 1.9 1505 570 259 3.6 

7/7/89 2.3 620 

7/8/89 2.0 1675 720 170 8.3 
7/9/89 2.4 585 

7/10/89 2.1 1488 540 

7/11/89 2.2 1395 550 154 9.7 
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Table A7. (continued) 

  

  

            

Date Inf flow MLSS WAS SV ZSV 

L/min mg/L L/D Ft/h 

9/6/89 2.0 1800 371 221 

9/7/89 1.8 327 

9/8/89 2.1 516 

9/9/89 0.0 1690 361 379 1.0 

9/10/89 0.0 0 

9/11/89 1.9 1912 0 152 

9/12/89 2.0 402 

9/13/89 2.1 420 327 0.6 

9/14/89 2.1 490 

9/15/89 2.1 420 

9/16/89 2.2 2285 420 287 0.9 

9/17/89 2.2 366 

9/18/89 2.2 2970 300 2638 0.5 

9/19/89 2.2 295 

9/20/89 2.1 3260 429 218 0.7 

9/21/89 1.8 $20 

9/22/89 2.0 462 

9/24/89 2.0 

9/25/89 2.1 2825 120 258 0.6 

9/26/89 1.8 111 

9/27/89 1.8 2920 125 268 0.5 

9/28/89 1.8 2765 333 

9/29/89 2.1 333 

9/30/89 2.2 2455 338 324 0.5 

10/11/89 1.8 350 

10/12/89 2.0 ; 425 

10/21/89 1.8 2210 285 145 5.8 

10/23/89 2.1 315 

10/24/89 2.2 330 

10/25/89 2.0 3045 400 154 3.3 

10/26/89 2.0 410 

10/27/89 1.9 400 

10/28/89 1.9 3295 330 134 4.2 

10/29/89 1.8 235 

10/30/89 1.6 2855 530 

10/31/89 2.1 530 

11/1/89 1.9 2720 460 

11/2/89 2.0 270 

11/3/89 2.2 400 

11/4/89 1.9 2905 520 127 3.0 

11/5/89 2.1 430 

11/6/89 2.0 3540 420 93 7.5 
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Table A7. (continued) 

  

  

  

Date Inf flow MLSS WAS SVi ZSV 

L/min mg/L L/D Ft/h 
11/7/89 2.1 440 

11/8/89 2.1 2555 0 114 6.6 

11/9/89 2.0 765 

11/10/89 2.0 400 

11/11/89 2.1 3180 360 127 2.7 

11/12/89 1.9 495 

11/13/89 2.0 2680 410 159 2.9 

11/15/89 1.9 2560 350 380 0.2 

11/16/89 1.8 360 

11/17/89 1.9 350 

11/18/89 2.1 2595 390 235 

11/19/89 1.9 420 

11/20/89 1.9 2745 240 180 

11/21/89 1.8 430 

11/22/89 2.0 3520 310 267 0.1 

11/24/89 470 

11/25/89 2.0 3165 300 275 0.3 

11/26/89 2.0 620 

11/27/89 1.9 2815 410 313 0.3 

11/28/89 1.9 320 

11/29/89 1.8 3135 325 305 0.1 

11/30/89 1.8 420 

12/1/89 2.0 280 

12/2/89 2.1 3600 270 226 0.7 

12/5/89 410 

12/7/89 1.9 

12/8/89 1.9 

12/9/89 1.8 

12/10/89 2.2 

12/11/89 1.9 3050 311 0.1 

12/12/89 2.0 

12/13/89 1.8 2980 322 0.1 

12/14/89 2.3 3185 299 0.1 

2/19/90 1.9 3360 205 135 6.6 

2/20/90 1.8 230 

2/21/90 1.8 3640 150 221 0.5 

2/22/90 1.8 215 

2/23/90 2.2 245 

2/24/90 2.0 3410 165 223 0.7 

2/26/89 1.7              
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Table A7. (continued) 

  

  

          

Date Inf flow MLSS WAS Svl ZSV 
L/min mg/L L/D Ft/h 

2/27/89 1.8 0 

2/28/89 1.9 3690 235 214 0.5 

3/1/89 1.9 195 

3/2/89 2.1 220 

3/3/89 1.9 3717 210 148 1.3 

3/4/89 1.9 3600 170 

3/5/89 2.0 3484 200 215 0.7 

3/6/89 1.9 465 
3/7/89 1.9 2955 240 

3/8/89 2.1 160 

3/10/90 2.0 4716 120 90 2.8 

3/11/90 1.9 320 

3/12/90 2.2 5550 270 162 0.2 

3/13/90 1.8 200 

3/14/90 2.1 4534 260 199 0.2 
3/15/90 2.0 190 
3/16/90 1.9 230 
3/17/90 1.9 3760 150 169 1.7 

3/18/90 1.9 280 

3/19/90 2.0 3933 205 103 4.7 

3/20/90 1.9 200 

3/21/90 2.4 4200 200 111 3.9 

3/22/90 1.9 180 

3/23/90 2.5 3650 195 a5 6.2 
   



Table A8. CAS SS, COD. 
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Date inf SS Eff SS inf TCOD | Inf SCOD | EFF TCOD | EFF SCOD 

mg/L mg/L mg/t mg/L mg/L _mg/L 
6/1/89 2400 1721 142 68 
6/3/89 2095 126 

6/5/89 226 34 2929 2197 142 78 

6/7/89 198 100 2300 1908 112 106 
6/8/89 2520 1638 102 72 
6/10/89 338 101 

6/12/89 163 14 2160 1314 229 
6/14/89 300 151 1956 1470 204 120 
6/15/89 2198 304 
6/17/89 2338 1844 232 104 
6/19/89 133 34 2173 1639 190 
6/21/89 363 405 2504 1766 290 84 

6/22/89 2256 1902 174 77 
6/24/89 313 125 2131 1751 174 56 
6/26/89 125 105 2359 1825 195 56 

6/28/89 159 50 2519 1991 115 64 
6/29/89 159 54 
6/30/89 2400 

7/1/89 315 2244 1947 74 

7/3/89 194 299 2448 2130 8&8 

7/5/89 125 47 2347 1721 86 56 
7/6/89 368 104 2310 1909 119 87 
7/8/88 380 156 1980 1512 120 85 

7/10/89 2040 1656 128 79 
7/11/89 85 53 

9/6/89 388 7640 1864 1410 
9/7/89 211 7165 1951 1431 71 
9/9/89 200 379 1790 1328 

9/11/89 7640 
9/12/89 7165 
9/13/89 270 139 2985 2142 
9/14/89 162 79 3187 1957 23 
9/16/89 187 90 2560 1530 132 42 
9/18/89 86 2100 1818 184 50 
9/19/89 79 
9/20/89 228 75 2556 1704 224 113 

9/21/89 182 85 2282 1717 299 170 

9/23/89 193 84 2205 1890 308 190 
9/25/89 248 111 2261 1946 278 164 
9/26/89 85 

9/27/89 230 108 2063 1714 309 191         
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Table A8. (continued) 

Date Inf SS Eff SS Inf TCOD | Inf SCOD | EFF TCOD | EFF SCOD 

mg/L mg/L mg/L mg/L mg/L mg/L 
9/28/89 84 2142 1576 331 190 

9/30/89 222 111 2083 1517 196 116 

10/11/89 2221 1784 258 60 

10/12/89 187 168 2420 2052 260 54 

10/21/89 248 2321 1859 177 57 

10/24/89 263 2557 1966 271 46 

10/25/89 224 139 2517 1791 224 58 

10/27/89 250 140 1760 1314 132 65 

10/29/89 253 79 2200 1386 76 45 

10/31/89 215 50 2200 1197 78 72 

11/1/89 225 76 1840 1386 86 36 

11/3/89 215 81 3320 2322 100 62 

11/5/89 240 111 1886 1350 127 41 

11/7/89 225 138 2420 1604 205 119 

11/8/89 152 80 2208 1330 172 143 
11/10/89 168 65 1928 1480 132 71 

11/12/89 180 70 1980 1728 113 72 

11/16/89 228 63 2224 1044 82 50 

11/19/89 278 118 2100 1548 196 68 

11/21/89 228 111 2800 2304 134 128 
11/23/89 330 120 2482 1772 192 111 

11/26/89 250 182 1665 1343 242 92 

11/28/89 283 138 1772 1272 204 111 

11/30/89 263 75 1834 1405 179 136 

12/1/89 235 2178 681 807 
12/3/89 263 243 1903 1445 89 
12/5/89 230 2710 1993 

12/7/89 125 2198 1670 
12/8/89 82 1785 1459 

12/12/89 93 58 1803 1580 133 69 

12/14/89 125 63 3040 2322 120 59 

12/15/89 232 138 2519 1982 $27 

2/19/90 184 193 2108 1562 290 96 
2/20/90 175 2120 1514 

2/21/90 193 178 2249 1827 250 73 

2/22/90 150 243 2237 1750 265 80 
2/23/90 148 2029 1549 

2/24/90 190 2218 1817 

2/26/90 150 2456 2164                
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Table A8. (continued) 

Date Inf SS Eff SS_ | Inf TCOD | inf SCOD | EFF TCOD | EFF SCOD 
mg/L mo/t mg/L mg/L mg/L mg/L 

2/27/90 222 2372 1926 

2/28/90 225 613 2465 2171 103 

3/1/90 198 8900 2215 1721 

3/2/90 190 1960 1584 

3/3/90 255 3350 2812 2207 338 
3/4/90 233 2725 2817 2153 

3/5/90 245 2100 2655 2224 227 

3/6/90 225 3024 2318 

3/7/90 350 525 2673 2017 237 

3/8/90 228 1180 2315 1679 170 

3/10/90 290 2388 1856 
3/11/90 265 670 2160 1698 399 113 
3/12/90 260 2047 1832 
3/13/90 280 343 2093 1671 347 159 

3/14/90 198 3228 2685 

3/15/90 273 182 2387 1818 367 236 

3/16/90 248 168 2308 1741 362 224 

3/17/90 141 1642 1419 

3/18/90 183 140 2364 1892 274 189 

3/19/90 175 2587 1837 

3/20/90 220 265 1858 1394 128 

3/21/90 243 2147 1679 

3/22/90 1898 159 2127 1589 295 120 
3/23/90 265 1928 1389 240 77         
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Table A9. CAS MOUR. 

  

  

Date Measured Oxygen Uptake Rate, g/d 

Tank #1 Tank #2 Tank #3 Tank #4 

6/14/89 1096 397 249 219 

6/21/89 617 231 127 88 

6/28/89 1304 386 33 29 

7/3/89 1844 631 247 172 

7/5/89 1385 589 294 155 

7/10/89 863 268 168 147 

9/13/89 1751 334 

9/18/89 1614 447 

9/20/89 1372 402 

9/27/89 1216 397 

10/25/89 1413 773 

11/1/89 2058 784 

11/6/89 2031 883 

11/13/89 1766 736 

11/18/90 1347 408 

11/20/89 2649 589 

11/27/89 2018 706 

12/13/89 1308 303 

2/19/90 1308 535 

2/21/90 1421 471 

3/12/90 2119 963 

3/14/90 3336 815 

3/21/90 920 245           
 



Table A10. CAS Nitrogen Data. 
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Inf Eff 

inf Nitrites+ Eff Nitrites+ 

Date Inf TKN | inf TSKN |Ammonia| Nitrates | Eff TKN | Eff TSKN|Ammonia|Nitrates 

mg/L | mg/L mg/L mg/L mg/t mg/L mg/L mg/L 
6/28/89 1.1 0.0 69.4 

7/3/89 1.5 18.0 3.6 69.4 

7/5/89 1.0 70 

7/10/89 1.0 70 

9/18/89 18.5 0.0 6.2 0.0 

9/20/89 23.0 0.0 0.0 0.0 

9/25/89 17.4 5.0 0.0 1.1 7.6 1.7 0.8 2.5 

9/27/89 24.1 6.9 5.3 1.0 7.8 5.0 0.0 

10/30/89 34.5 11.3 3.4 9.4 6.3 0.0 

11/1/89 20.4 9.6 2.3 2.3 10.2 2.3 4.2 1.3 

11/4/89 1.2 1.4 

11/6/89 0.1 1.0 

11/8/89 23.8 11.3 0.0 0.0 7.4 3.4 0.0 0.2 

11/13/89 19.6 5.6 0.3 3.0 10.6 2.2 0.3 3.9 

11/15/89 24.3 6.2 2.7 10.2 5.1 3.0 

11/18/89 2.7 3.1 

11/20/89 22.6 11.8 5.1 2.6 10.8 4.0 0.0 3.2 

11/22/89 4.1 4.6 

11/27/89 2.6 2.3 

11/29/89 27.2 6.8 4.8 3.2 5.7 0.6 0.0 2.4 

2/19/89 20.2 4.5 0.0 4.5 20.2 8.4 0.0 5.3 

2/21/89 15.7 3.9 3.1 4.5 31.9 2.2 0.0 5.3 

3/12/89 28.6 5.6 0.3 7.4 15.1 5.6 0.0 6.3 

3/14/89 22.7 6.4 0.0 5.7 12.9 9.3 0.8 6.2 

3/19/89 15.7 4.5 1.5 7.9 14.3 3.9 1.3 3.6 

3/21/89 22.4 6.2 1.4 9.8 11.2 2.2 0.0 9.0 
  

“All parameters are in terms of mg/L as Nitrogen. 
 



Tabie Aii. CAS Phosphorus Data. 
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Date Inf TP Inf TSP inf OP Eff TP EFF TSP Eff OP 
mg/L mg/L mg/L mg/t mg/l mg/L 

6/28/89 14.5 14.4 

7/3/89 15.0 14.0 

9/18/89 19.5 11.3 

9/20/89 17.8 17.0 

9/25/89 27.3 23.8 9.7 17.5 15.3 5.5 
9/27/89 24.8 16.0 

11/1/89 19.1 16.0 11.8 9.3 

11/6/89 24.8 10.0 2.4 8.8 8.1 0.9 
11/6/89 24.0 20.5 4.3 11.7 8.5 3.4 
11/13/89 26.0 25.3 9.8 27.3 35.3 9.5 

11/20/89 28.5 12.5 10.3 20.5 19.8 6.3 

11/22/89 27.5 26.8 8.4 27.3 21.8 10.3 

11/27/89 18.5 16.8 8.0 25.3 22.8 14.8 

2/19/90 17.5 13.8 3.8 14.3 12.8 3.1 

2/21/89 21.8 18.0 7.3 16.9 14.5 4.3 

3/12/89 25.7 23.6 7.3 26.5 11.7 4.2 

3/14/89 17.2 13.2 3.3 22.9 20.1 6.1 

3/19/89 26.6 22.9 7.4 24.2 21.2 6.9 

3/21/89 35.3 31.7 11.3 26.8 23.3 11.5 
  

*All parameters are in terms of mg/L as Phosphorus. 
 



  

Table A12. Shock Loading Phase Data. 
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ST inf | ST Eff | ST Eff | PAS Eff] PAS Eff|PAS Eff| PAS 

Date TCOD | TCOD | SCOD | TCOD | SCOD ss MLSS svi ZSV 

mg/L_|_ mg/L | mg/L | mg/L | mg/L | mg/L | mg/L Ft/h 
2/3/90 | 1667 | 1000 | 471 296 114 152 
2/4/90 | 1647 | 1314 | 471 
2/5/90 | 1842 | 1155 | 878 308 111 204 | 2980 76 8.3 
2/6/90 | 2014 702 
2/7/90 1070 214 102 198 | 2255 94 9.7 
2/8/90 2014 892 866 214 90 147 | 

2/9/90 | 1987 | 1620 | 1076 
2/10/90] 2429 | 2204 | 1372 2680 93 9.2 
2/11/90] 4988 | 3180 | 1260 

2/12/90] 3553 | 2948 | 2332 | 213 132 144 | 3440 78 5.1 
2/13/90] 3007 | 2558 1802 

2/14/90| 2529 | 1682 | 1363 | 289 138 162 | 4370 81 5.7 
2/15/90 | 2186 | 1221 850 328 151 265 
2/16/90 | 2229 | 1298 | 1029 
2/17/90 | 3626 | 2511 | 1964 | 343 139 237 | 3270 | 101 5.3 
2/18/90 | 3426 | 1277 | 983 
2/19/90 | 2108 1289 1042 391 123 303 3220 75 8.7 

2/20/90 | 2120 | 1472 303 
2/21/90 | 2249 | 1745 | 122 334 122 3112 68 
2/22/90 | 2237 1444 129 300 129 228 3058 

2/23/90 | 2029 | 1717 220 
  

*Bold dates refer to intentional addition of acetic acid to the ST. 
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Table Ai3. Glass Fiber Filtered and Membrane Filtered CODs. 

  

  

        

Date Tower Inf SCOD Tower Eff SCOD PAS Eff SCOD CAS Eff SCOD 

mg/L mg/L mo/L me 

GF MF GF MF GF MF GF MF 

9/6/89 674 476 48 42 377 167 

9/24/89 1527 1190 54 54 202 208 

9/27/89 1904 1428 1210 1071 67 75 236 224 

10/2/89 1666 1567 714 377 56 56 226 190 

10/4/89 1428 1468 674 436 36 18 91 77 

10/25/89 2184 1416 1003 1023 136 122 51 51 

10/26/89 1460 1480 174 152 72 84 

10/30/89 1540 1600 760 640 162 160 

11/1/89 108 112 80 74 

11/2/89 1540 1380 680 640 86 45 40 40 

11/6/89 1500 1564 793 729 83 87 

11/8/89 1782 1456 899 816 90 114 132 114 

11/13/89 1920 1940 1100 980 128 120 80 64 

11/15/89 1400 1264 132 130 56 62 

11/20/89 2560 2480 1730 1720 157 144 142 152 

11/22/89 123 96 

11/23/89 | 1492 1349 541 368 132 117 102 104 

11/27/89 | 1423 1077 673 426 126 123 123 121 

3/9/90 2063 2026 1037 927 

3/10/90 1887 1586 850 724 

3/11/90 2035 1786 805 767 

3/18/90 2041 1914 1080 1025            



  

Table A14. Glass Fiber Filtered and Membrane Filtered TSKNs. 
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Date Tower Eff TSKN PAS Eff TSKN CAS Eff TSKN 

mg/L mg/L mg/L 

GF MF GF MF GF MF 

9/6/89 2.24 1.68 17 18 

9/27/89 6.94 6.83 5.04 3.92 4.48 4.48 

10/4/89 5.6 4.5 

10/25/89 12.4 10.2 1.1 0.6 

11/1/89 9.6 7.4 2.3 2.3 1.1 0.6 

11/8/89 3.4 2.8 

11/15/89 6.2 6.8 5.1 4.5 2.3 2 

11/20/89 11.8 11.3 4 4 1.7 1.7             
  

*All parameters are in terms of mg/L as Nitrogen 
 



95 

Table A15. Glass Fiber Filtered and Membrane Filtered TSPs. 

  

  

  

Date Tower Eff TSP PAS Eff TSP CAS Eff TSP 

mg/L mg/L mg/L 

GF MF GF MF GF MF 

9/6/89 15 15 12.75 10.5 18.75 11 

9/24/89 23.75 22 18.25 15.25 22.88 21.75 

10/2/89 12.5 10.4 9.3 10 18 16.5 

10/4/89 21.3 20.3 11.8 11 21.3 20.8 

10/23/89 23 21.3 

10/25/89 7.3 7.3 23.5 24.1 

10/30/89 11.3 10 6.8 6.3 16.3 16 

11/1/89 16 13.8 

11/6/89 10 9 8.1 8 13.8 16 

11/8/89 20.5 18.8 8.5 8 23.3 19.5 

11/13/89 25.3 24 26.5 24.5 31.3 30 

11/20/89 19.8 18.5 27 24.5 

11/27/89 16.8 15.3 22.8 11.5 20.5 19.5             
  

*All parameters are in terms of mg/L as Phosphorus 
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Table A16. Activated Sludge MLSS, MLVSS, TP, TKN. 

  

  

Date PAS tank #4 sludge CAS tank #4 sludge 

MLSS | MLVSS TP TKN MLSS | MLVSS TP TKN 

mg/L mg/L mg/L_ | mg/L mg/L mg/L mg/L mg/L 

2/21/90 | 2730 2160 34.3 42.6 4160 3480 49 184 

2/26/90 $300 3220 76 210 3540 2880 182 

2/28/90 3500 25 178 2680 36 151 

3/5/90 3025 2475 3250 2475 

3/7/90 5900 4825 3767 3600 

3/12/90 | 6933 5100 43.8 213.8 3375 2275 31.2 135.5 

3/14/90 | 5067 3734 67.6 187.6 5839 3871 64.1 89.6 

3/19/90 | 4267 3667 30.1 198.8 3333 2433 55 148.4 

3/21/90 | 4067 3267 61 190.4 4633 3466 60.3 182                    
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