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I. INTRODUCTION 

Treated municipal and industrial wastewaters are the prime 

sources of nitrogen and phosphorus added to surface waters. These 

nutrients are responsible for the proliferation of algal and 

aquatic plants in natural waters which has created nuisance con

ditions, increased the cost of water treatment and, in some instances, 

destroyed the beneficial uses of vast bodies of water. As a result, 

inorganic nutrient removal in recent years has been included in 

t~e objectives of wastewater treatment. 

While many advances have been made in the technology for removing 

both of these nutrients, one of the most perplexing problems that 

exists in the field of biological wastewater treatment includes 

the explanation of the precise mechanism in which phosphorus is 

removed in the activated sludge wastewater treatment process. Ever 

since the removal of 80 to 90 percent of influent phosphorus was 

reported at the Rilling Road treatment facility in San Antonio, 

Texas, many investigations have been instigated to develop treatment 

processes to reproduce such removals and explain the Rilling Road 

phenomenon. 

The purpose of this experiment is to investigate a) the effective

ness of the phosphorus stripping modification to the activated sludge 

process, b) the comparative phosphorus removals of three continuous 

flow units operating with different removal mechanisms under the 

modified activated sludge conditions, and c) the relationships of 
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phosphorus removal mechanisms in continuous flow units. Three 

continuous flow units were operated, all undergoing a stripping 

procedure, in such a manner to study: a) a biological process in 

which phosphorus ;s removed by biological incorporation; b) a 

biological process in which phosphorus is removed both through 

biological incorporation and calcium-phosphate precipitation; 

and c) a microorganism free reactor in which phosphorus is removed 

only by means of calcium-phosphate precipitation. The three reactors 

described above will henceforth be referred to as: a) the biological 

unit, b) the biochemical unit, and c) the chemical unit. 



II. LITERATURE REVIEW 

A. Phosphorus Removal Due to Normal Microbial Growth 

The heterotrophic bacteria responsible for the biodegradation of 

organic components of wastewater in an aerobic biological system 

oxidize a fraction of the organic matter present in the waste to CO2 
and H20 and derive energy through the process. The remaining fraction 

of the organic matter is assimilated into new cell material and sub

sequent phosphorus removal also occurs (1). The percentage of phospho

rus contained in the volatile mass of a typical waste sludge (micro

organisms) has been found to vary between 2% and 3% on a dry weight 

basis (14,21), resulting in an average overall phosphorus removal of 

20 to 30 percent at most municipal treatment plants. It has been 

observed that a larger amount of waste sludge production results in 

a larger overall mass of phosphorus incorporated into waste sludge. 

To optimize the removal efficiency of phosphorus an understanding of 

the limiting growth factors and treatment plant operational variables 

is essential. As an example, the stoichiometric composition of the 

microorganisms as compared to the stoichiometric composition of the 

wastewaters has a profound effect on the amount of phosphorus removed. 

A mean carbon: nitrogen: phosphorus (C:N:P) ratio for domestic waste

waters and activated sludge has been determined to be 70:17:1 and 

106:16:1, respectively. An analysis of these two ratios would indi

cate that the amount of carbon present will limit the total incor

poration of phosphorus in a typical domestic sewage. 

3 
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The importance of the above stoichiometric relationships was 

demonstrated in a laboratory study conducted to evaluate the effect 

of wastewater composition and mean cell residence time on phosphorus 

removal (2). High BOD5 or COD:P ratios were observed to result in 

higher phosphorus removal efficiencies when compared to lower COD:P 

ratios at a given mean cell residence time. The increased phosphorus 

removal efficiency associated with the higher COD:P ratio was shown 

not to be due to an increase in the amount of phosphorus incorporated 

into cellular material. Rather, the higher COD:P ratios provided 

a substrate that was more in line with the stoichiometric require

ments of the biological cells with regard to carbon and phosphorus. 

It was also shown that when the activated sludge process is operated 

at low mean cell residence times a greater quantity of waste sludge 

is produced when compared to high cell residence times (hence 

greater phosphorus removal). 

In a later study Sherrard and Schroeder (3) developed balanced 

stoichiometric equations describing the biological growth process 

which provides a method of estimating the quantity of phosphorus 

removed biologically. In writing the equations a cellular com

position was assumed as C60H87023N12P and a net solids production 

was known. For a given solids production rate, which ;s dependent 

on the mean cell residence time, a proportional amount of phosphorus 

will be incorporated. 

Corroboration of these theoretical and laboratory studies has 

been observed in Milwaukee, Wisconsin at a full-scale treatment 
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plant (4). A large difference in phosphorus removal efficiency at 

the Jones Island sewage treatment Plant was noticed when a work 

strike resulted in the elimination of a brewery waste discharge 

into the joint industrial-municipal system. The reason for the 

decrease phosphorus removal efficiency can be directly attributed 

to a lowering of the BOD:P ratio due to the absence of the high 

carbohydrate content of the brewery discharge. During periods 

of normal waste flows, operation of the treatment plant under 

different operational conditions, i.e. mean cell residence times, 

was also observed to affect phosphorus removal efficiency. However, 

under all conditions studied, the percentage of phosphorus remained 

between 2% and 3% of the waste sludge production on a dry weight 

basis. 

Removal of higher amounts of phosphorus than those predicted 

due to normal biological growth have been termed enhanced removal 

of phosphorus and have been attributed to "luxury uptake" and 

chemical precipitation. Each of these mechanisms is now considered. 

B. Luxury Uptake 

The theory that phosphorus uptake by an activated sludge may 

exceed its "normal requirements" was advanced as early as 1955 

by Greenburg, et. !l. (5). Using batch units and varied phosphorus 

dosages, it was reported that the uptake of phosphorus may exceed 

the normal requirement necessary to maintain a satisfactory BOD 

removal. The authors' conclusion that the enhanced phosphorus 
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removal attained was based on the observation that the same BOD 

removal was achieved in two batch reactors, each receiving and 

utilizing a different phosphorus concentration (5.4 ppm and 2.3 ppm). 

An examination of the data, however, reveals that the phosphorus con

tent of the sludge never exceeded 1.8 percent and the solids pro

duction was proportional to the amount of phosphorus supplied to 

each reactor. The conclusion from this study that luxury uptake 

occurred was based on factors other than the amount of phosphorus 

required for normal cell growth. It is interesting to note that 

this investigator and several other recent investigators have failed 

to use the percent phosphorus on a volatile mass basis as a test 

for luxury uptake. 

In 1964 Levin and Shapiro (6), performed batch-type experiments 

and reported finding a larger amount of phosphorus removal than 

could be accounted for due to normal microbial growth. They con

cluded that a luxurious amount of phosphorus was incorporated into 

biological sludge for the wastewater studies at the District of 

Columbia Sewage Treatment Plant. A close examination of this study 

shows that the high removals of P04-P (approximately 80%) can be 

primarily accounted for due to the very low amount of P04-P present 

in the raw wastewater, e.g. approximately 5 mg/l. At such a low 

influent phosphorus concentration the wastewater could be phosphorus 

limited and thus the high removal efficiency would be explained by 

the stoichiometric requirements of normal microbial growth. It is 

interesting to note that no analysis of the sludge solids was made 
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Figure 1. Levin and Shapiro's (6) bacteriological demonstration 
of luxury uptake of orthophosphorus {redrawn from (6)). 
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during this investigation to determine the percentage of the 

phosphorus present in the sludge. In one portion of this studys 

shown in Figure ls orthophosphate concentration and bacterial popu

lation were recorded with time after the addition of organic matter 

to a sewage-microorganism mixture. The orthophosphate concentration 

was shown to decreases which would be expected due to microbial 

growth; however a decrease "in microbial numbers was also observed 

which would not be expected when organic matter is added to a batch 

reactor of microorganisms. Based on this experiment a luxurious 

uptake of phosphorus was concluded to have occurred because of the 

depletion of phosphorus and the decrease in the number of micro

organisms present. Unfortunatelys this experiment has not been 

duplicated and bacterial numbers were measured instead of bacterial 

mass. While the "enhanced" removals reported by Levin and Shapiro 

can be attributed to other factors rather than "luxury uptake" s the 

mechanism of phosphorus removal by "luxury uptake" was primarily 

established in this study. 

Further batch-type laboratory experiments were performed by 

Carberry and Tenney (7). From this study it was concluded that 

luxury uptake of phosphorus due to microbial growth could occur. 

Using 8 and 4 hour treatment periods s it was noted that the rate 

of aeration and the presence of the monovalent cations Na+ and K+ 

were the most important factors in determining the extent of 

phosphorus uptake. In evaluating this study it is again important 

to note that the percentage by weight of phosphorus present in the 
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microorganisms during conditions of high phosphorus removal was not 

determined. An analysis of Figure 4 of this investigation reveals 

that the percent dry weight of ash increased during the metabolism 

of organic matter. Due to the very high initial percentage -of ash 

present (approximately 30%) and its increase during the course of 

the experiment, it would appear as though chemical precipitation 

were occurring. Comparison of Figures 4, 5 and 6 further indicate 

that precipitation may be occurring because the phosphorus concen

tration decreases most rapidly when the percentage of ash increases 

the most significant amount. It can be seen in Figure 9 of this 

study that a pH increase resulted in a decreased residual phosphorus 

concentration, which could be explained due to precipitation. 

A removal of phosphorus beyond normal bacterial requirements 

was noted at a full-scale activated sludge wastewater treatment 

plant in San Antonio, Texas (8). In this study three plug flow 

aeration basins were operated side by side under "normalll conditions 

and data were compared on efficiency of orthophosphate removal. 

Average orthophosphate removal varied from a low of 35% in one unit 

to a high of 80% in another unit. An analysis of the data reported 

indicates that all units were treating the same wastewater and each 

was being operated as a high-rate treatment unit, i.e., a low mean 

cell residence time. It is not possible to attribute the different 

residence time values in each aeration basin as the reason for the 

wide range of phosphorus removal percentages observed. Even though 

these investigators realized that chemical precipitation of phosphate 
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could help account for the high percentage of phosphate removed, 

they believed that metabolic uptake was the reason for its occurrence. 

An investigation of the metallic content of the aeration basin mixed 

liquor solids revealed relatively high percentages of aluminum, iron, 

calcium, magnesium and zinc. The percentage of phosphorus content 

in the waste sludge on a dry weight basis varied from a low of 2.8% 

(East and West plants) to a high of 6.2% (Ril1ings Road plant). 

Based on the data reported, it is neither possible to attribute the 

high phosphorus removal at the Rillings Road Plant to luxury uptake 

nor precipitation because neither mechanism was investigated 

thoroughly enough. 

Other investigators have provided insight into the nature of 

phosphorus uptake by microbial cultures. USing very dilute cultures 

of activated sludge microorganisms, Moore, eta ~. (9) observed a 

variation in the amount of phosphorus stored within a microbial 

cell. For most of their observed values the percent phosphorus 

present on a volatile suspended solids basis was between 1.9% 

and 3.4%. Depending on the amount of phosphorus added to a batch 

culture of activated sludge, the percent phosphorus incorporated 

was found to vary between 0.155% and 14.2%. These extreme values 

in percent phosphorus may possibly be attributed to the very dilute 

concentration of microorganisms present and the wide variation in 

the initial amount of phosphorus present. 

Pure culture microbial investigations by Harold (10) and 

Harold and Sylvan (11) give evidence to a variation in the amount 

of phosphorus stored in microorganisms. Using Aerobacter aerogenes 
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they found that polyphosphate accumulation occurs in a phosphate 

rich medium when growth is halted by a nutritional deficiency such 

as sulfur starvation. It was also noted that polyphosphate accumu

lation occurred when nucleic acid synthesis ceased. The authors 

stated that the polyphosphate is a storage form of phosphorus within 

cells and its formation is significant when low intracellular ortho

phosphate levels are maintained. It is difficult to extrapolate 

these findings directly to a mixed culture growth system, such as 

activated sludge, because the percentage change in phosphorus was 

not reported. 

Hopson and Sack (12) conducted very thorough batch-type studies 

on the removal of phosphorus by E. coli. From their study it was 

found that the minimum and maximum phosphorus content of the micro

organisms was 2.4% and 4.0%, respectively, based on dry weight. It 

was also noted that phosphorus release was stimulated if the micro

organisms were dividing when their food source was depleted. For 

this reason it was concluded that a plug flow type aeration basin 

and a carefully controlled food to microorganism ratio would be 

best to use to remove phosphorus. 

In further experiments conducted at the wastewater treatment 

facilities in San Antonio, Texas, Wells (13) attempted to add 

additional insight into the manner in which phosphorus is removed 

from wastewater. Although it is not possible to conclude directly 

whether or not phosphorus was removed by luxury uptake or chemical 

precipitation, several findings are helpful in understanding the 
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overall removal mechanism. From data reported in this study it is 

possible to note the dependence of soluble phosphorus on the dis

solved oxygen concentration. In an experiment conducted over a 

period of 4 days, filtrate phosphorus concentration was obtained 

during periods in which a batch sample of 100% return sludge was 

alternately aerated and allowed to go anaerobic. From this data it 

is apparent that phosphorus was released into solution under anaerobic 

conditions and taken from solution under aerobic conditions. This 

finding appears to correlate with the fact that the Rilling plant 

consistantly maintains a higher DO level in the aeration basin than 

either the East or West treatment plants. It was also found that 

the Rilling plant sludge was much more effective in removing 

phosphorus than sludge from the East and West plants. Based on 

the data collected, the Rilling plant sludge was shown to be approxi

mately 6-8% phosphorus on a dry weight basis while sludge at the East 

and West plants average 3-4% phosphorus. The excess removal of 

phosphorus recorded for the Rilling plant sludge could be attributed 

either to luxury uptake or precipitation due to the presence of 

performed removal. Unfortunately, neither mechanism was investi

gated fully enough to warrant a conclusion as to the controlling 

removal mechanism. 

C. Chemical Precipitation 

To account for the very high removals of phosphorus found at 

the San Antonio Rilling treatment plant, Menar and Jenkins (14,15,16) 

concluded that calcium phosphate precipitation was the removal 
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mechanism. They noted that the hardness of the wastewater was high, 

e.g. 220-300 mg/l as CaC03, and sufficient calcium was present for 

precipitation to occur. The reason and mechanism by which phosphorus 

removal occurred in the plug-flow aeration basin was explained as: 

a) the breakdown of calcium complexes and the hydrolysis of con

densed phosphates at the head end of the aeration tank, b) decreased 

production of CO2 as the wastewater proceeds down the aeration basin and 

increased stripping of CO2 due to aeration, with the result that 

pH increases along the length of the basin, and c) the formation of 

a calcium phosphate sludge due to high pH and the enmeshment of 

the precipitate into the activated sludge floc. 

Menar and Jenkins performed a series of continuous flow acti

vated sludge experiments in which it was shown that between 2% and 

3% of activated sludge by weight (volatile suspended solids basis) 

was due to phosphorus. For cases where enhanced phosphorus removal 

was found, it was experimentally shown that a direct relationship 

existed between the amount of calcium and phosphorus solubilized 

as a result of lowering the pH (independent of D.O. concentration) 

in a batch experiment. From these experiments it was established 

that excess phosphorus was removed due to precipitation and 

enmeshment in activated sludge floc. To support this argument it 

was shown that "normalll activated sludge was comprised of 2% calcium 

and that up to 10% calcium was present in sludge that exhibited 

enhanced removal. An empirical correlation between the apparent 

solubility product constant of calcium phosphate and pH was developed 
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which did fit all experimental data and was useful in determining 

chemical additions to give a desired effluent phosphorus concen

tration. When the apparent solubility product constant was applied 

to the data of the Rilling plant, final effluent soluble ortho

phosphate values were closely approximated if 20% removal was 

assumed due to biological growth and the remainder due to CaHP04 
precipitation. The East, West, and Rilling Plants, however, are 

quite similar in design and receive the same raw wastewater and 

while there are admitted differences in operation, the conditions 

for precipitation are also very similar in all three plants, yet 

only the Rilling Plant removes an inordinate amount of phosphorus. 

In further studies on the precipitation of phosphorus in waste

water, Ferguson and McCarty (17, 18) and Jenkins, et. !l. (19) 

have speculated that high phosphate removals have been recorded 

at treatment plants with pH values not generally considered optimum 

for hydroxyapatite precipitation may be due to the influence of 

Mg++. From detailed experiments it was concluded that the presence 

of suitable carbonate and magnesium concentrations and pH values 

between 7.5 and 9.5 would result in high phosphate removals. The 

presence of Mg++ and its influence on phosphate residual was 

suggested as a reason to account for enhanced removal. 

In a continuation experiment, Ferguson, et. !l. (20) performed 

a series of experiments based on theoretical calculations to remove 

phosphorus from wastewaters by chemical precipitation of calcium 

phosphate at slightly alkaline pH values. From their study it was 
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possible to devise a treatment process that would simultaneously 

remove BOD and form a calcium phosphate precipitate. Facilities 

for the addition of lime to a process to increase pH and to supply 

calcium would be provided. Based on their findings it was possible 

to conclude that: a) plug flow aeration basins are more effective 

for phosphorus removal than completely mixed basins, b) systems 

that provide for recycle of sludge solids are more effective than 

systems that do not include solids recycle, c) precipitation would 

occur best when the alkalinity is less than 350 mg/l as CaC03 and 

Mg++ concentration is less than 24 mg/l, d) aeration basin solids 

should not be allowed to accumulate at the bottom of the secondary 

clarifier because low pH conditions could cause dissolution of 

precipitate, and e) an optimum pH would be between 7.5 and 8.5 

in the aeration basin and subsequent treatment units. 

In a study conducted by Malhotra (2l) it was determined that 

chemical precipitation of phosphorus was the mechanism of excess 

phosphorus removal (2l). By conducting batch-type experiments it 

was found that between 1% and 2% more phosphorus would be present 

in activated sludge floc if Ca++ and Fe++ were added in the feed 

than if it were excluded. These findings corroborate the work done 

in this regard by Menar and Jenkins (14,15,16). 

D. Phosphorus Release 

The conditions under which phosphorus release occur are as 

important to delineate as those under which phosphorus uptake 
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occur. Knowledge of the control of phosphorus release may be used 

in secondary clarifier operation or, in some cases, treatment of the 

substreams in an activated sludge process. This section contains a 

discussion of studies which have sought to explain the conditions 

under which phosphorus release may occur and how it may be controlled. 

Randall, Hulcher, and King (22) performed batch-type activated 

sludge growth experiments and determined that phosphorus was depleted 

from solution at a rate greater than organic matter. As a result, 

they concluded that phosphorus was being stored within the sludge. 

After sludge growth ceased, they determined the soluble phosphorus 

concentration under continued aeration and under anaerobic conditions. 

From these experiments it was concluded that release of soluble 

phosphorus back into solution was due to cell lysis. The amount and 

rate of phosphorus release was found to be a function of biological 

stress, i.e., anaerobic conditions provided a higher net release 

than did aerobic conditions. 

In an earlier study, experiments performed by Levin and Shaheen 

(23) illustrated the importance of both pH and anaerobic conditions 

on the release of phosphorus from samples of activated sludge. It 

was found that low pH conditions and absence of dissolved oxygen 

encouraged the solubilization of phosphorus from activated sludge. 

Sludge adjusted from pH 3 to 7 continued to leak phosphorus during 

aeration. It was therefore concluded that anaerobic stripping was 

preferable to acidification because the organisms are better prepared 

for immediate phosphorus uptake upon aeration. 
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Shapiro, Levin, and Humberto Zea (24) performed both laboratory 

and full-scale experiments with wastewater from a Baltimore treat

ment plant to determine factors responsible for phosphorus release 

after uptake. From this study it was concluded that release of 

phosphorus does occur in the secondary clarifier if anaerobic 

conditions prevail and low redox potentials exist. They noted that 

redox potential was a more significant parameter than was the 

presence of dissolved oxygen. Based on these results it was 

recommended that provisions be made for higher aeration basin 

dissolved oxygen values and more rapid removal of sludge from the 

secondary clarifier. 

Further studies into factors that may influence the rate of 

phosphorus release were performed by Randall, et. ~., (25) Hulcher, 

et. ~., (26) and Sekikawa, et. ~., (27). From these studies it 

was shown that phosphrous is released when environmental conditions 

exist that are unfavorable for the microbial solids. These factors 

include (a) deficiency of nutrients, (b) absence of dissolved 

oxygen, (c) presence of toxic substances, and (d) absence of a 

carbon source for growth or "endogenous respiration" under either 

aerobic or anaerobic conditions. 

Jones (28) provided evidence that a sludge with a high 

phosphorus demand may be obtained if phosphorus is stripped from 

the sludge. By performing a laboratory scale study of a modified 

contact stabilization process, he was able to conclude that treat

ment of phosphorus rich substreams was an effective and economical 
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manner in which to remove phosphorus. It was also noted that by 

stripping phosphorus from the sludge by holding the sludge under 

anaerobic conditions, only a slight decrease in metabolic activity 

was found. 

E. Full-Scale Studies 

Because of the intense study to discover the mechanism of 

enhanced phosphorus removal in activated sludge, many recommendations 

were made which were said to help attain higher percentages of 

phosphorus removal. This section summarizes reports concerning 

plants erected, or modified, to achieve high phosphorus removal. 

In a full scale (3.5 mgd) study of the Phostrip process at 

Seneca Lake, N.Y., Levin, et. ~. (29) demonstrated that phosphorus 

removal values to below 1.0 mg/l could be maintained for a primary 

effluent containing 5.6 mg/l phosphorus. In this process recycle 

sludge was taken to an anaerobic facility for an average of 18 hours 

to allow phosphorus to release into solution. The phosphorus 

enriched supernatant liquid was then treated with lime to precipi

tate phosphorus and discharged into the primary clarifier where 

the phosphorus precipitate was allowed to settle and to be removed. 

The concentrated microbial slurry in the stripping basin, now 

deficient in phosphorus, was then recycled to the completely mixed 

aeration basin where phosphorus was said to be rapidly incorporated 

into cellular tissue. The phosphorus concentration of the sludge 

during the period of this study averaged 3 percent. Support for 

the belief that microorganisms that have had cellular phosphorus 
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stripped will have an enhanced ability to remove phosphorus has been 

provided by Vall, et. ~., (3D). Their study reported enhanced 

phosphate removals (60%) when the sludge was aerated in sewage after 

being subjected to phosphorus starvation under nonaeration conditions 

in a saline solution. 

The Greater ~1anassas Sanitary District Wastewater Treatment 

Plant was designed for biological phosphorus removal using luxury 

uptake in the activated sludge process, based on the findings on 

phosphorus removal research by Levin. The plant does not utilize 

primary clarification in order to maximize carbonaceous loading and 

sludge production. Dissolved air flotation units provide solids 

separation with a minimum of anaerobically induced phosphorus 

release. The original process scheme included an anaerobic stripping 

tank and a two stage elutriation facility, but these were not in

cluded because other studies had indicated that luxury uptake could 

be achieved without such provisions. The authors report that the 

plant so far has failed to produce the higher activated sludge 

phosphorus contents while operating the plant at conditions said to 

be optimum for luxury uptake. It was also reported that the special

ized design of the plant has created operational problems resulting 

in higher operating and capital expenditures than those associated 

with a conventional activated sludge system. Therefore, it was 

recommended that a conventional activated sludge system using metal 

salt addition be used, being more economical, controlable, and 

easier to operate {31}. 
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Successful operation of a full-scale Phostrip process at the 

Reno-Sparks, Nevada, wastewater treatment facility was reported 

by Peirano (32). The process is said to take advantage of luxury 

uptake and anaerobiosis. The process employs a holding basin for 

phosphorus stripping, and the phosphorus-rich supernatant may be 

chemically precipitated. The process employed lime to treat the 

supernatant liquid, but it was only operated for a two week period, 

long enough to determine the average quantity of lime required. 

Using five day composite samples per week, the effluent phosphorus 

concentration averaged 0.32 mg/1 during the 15 day study period. 

It was reported that the system exhibited considerable resistance to 

shock loads and produced a better settling sludge than the con

ventional activated sludge systems at the same facility. It was 

estimated that the Phostrip process will save approximately $500,000 

total annual costs over using alum in aeration basins or lime in 

primary tanks. 

A 10 GPM pilot plant was operated in the City of Trenton, 

Michigan, using operational parameters outlined by the San Antonio 

plant, including aeration time and quantity of air suppl ied, r·1LSS, 

and dissolved oxygen concentrations. This pilot plant study (33) 

consisted of a primary setting tank, aeration tank, and a final 

setting tank and was operated as an activated sludge unit. Enhanced 

phosphorus removals were not experienced in a six month period. The 

pilot plant was then modified to investigate anaerobic and acid 

stripping of phosphorus. Batch acid stripping was put into operation 
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due to the excessive time required for phosphorus release with 

anaerobic stripping. By maintaining the pH in the stripping tank 

between 4 and 5, bacterial viability was reported as good. Elutriating 

the stripped sludge resulted in phosphorus removals of 50-70%. 

At full scale treatment facilities several studies have been 

performed which help to clarify conditions necessary for high 

phosphorus removals. Scalf, et. !l. (34) were able to demonstrate 

that very high phosphorus removal efficiencies existed at Baltimore 

Back River Sewage Works. Plug flow conditions in the aeration tank 

and efficient removal of solids in the secondary clarifier to 

prevent anaerobic conditions were found essential. A food to 

microorganism ratio of 0.36 1b BOD/day/lb MLSS was used and a value 

of 4.5% phosphorus content of the return sludge was obtained. In 

further studies conducted at the Baltimore Back River Activated 

Sludge Plant, Milbury, et.~., (35) were able to establish that 

high phosphorus removals were dependent upon: (a) a plug flow 

aeration basin configuration, (b) maintenance of sufficient dis

solved oxygen in the aeration tank to prevent subsequent depletion 

of oxygen in the secondary clarifier, (c) proper operation of the 

secondary clarifier to minimize overflow of effluent solids, (d) 

elimination of recycle of phosphorus-rich waste streams to the 

aeration basins, and (e) wasting of excess activated sludge on a 

continuous basis and avoidance of slug wasting. 

Based on his study of five activated sludge plants that were 

removing high percentages of phosphorus, Witherow (36) was able to 
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conclude that the following conditions were essential: (a) proper 

operation of the aeration basin-secondary clarifier, (b) elimination 

of the recycle of concentrated waste flows high in phosphorus, and 

(c) an average food to microorganism ratio between 0.26 and 0.35 lb 

BOD/lb MLSS/day. 

By experimenting with a 50 MGD activated sludge treatment 

plant in Los Angeles, Bargman, et. ~., (37) were able to conclude 

that high phosphorus removals were dependent upon: (a) much higher 

aeration basin air flow rates than are normally used, (b) elimination 

of nutrient rich waste flows, such as supernatants, filtrates, 

centrates, and decantates, and (c) provisions for post-secondary 

filters to capture insoluble phosphorus before it can be released 

in the environment. 

Summary 

After reviewing the available literature, it is apparent that 

the controversy over the controlling mechanism of enhanced phosphorus 

removal has not been conclusively decided in favor of either the 

luxury uptake theory or the chemical precipitation concept. Never

theless, the investigations into the phenomena have produced several 

findings that can be integrated into suggestions that may assist 

a design engineer or treatment plant operator in maximizing 

phosphorus removal. 

The studies concerning the removal of phosphorus due to normal 

cellular incorporation have shown that: (a) operating the activated 

sludge process at lower mean cell residence times will cause a 
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greater sludge production resulting in a higher phosphorus removal 

efficiency; (b) COD:N:P ratios are an important consideration in 

insuring maximum phosphorus assimilation in biological reactors; 

(c) the amount of phosphorus removed biologically under normal 

circumstances can be estimated for a known solids production by 

using balanced stiochiometric equations. 

Investigators of enhanced phosphorus removal seem to agree on 

several physical factors that are of importance. Most of the treat

ment plants exhibiting enhanced phosphorus removals have plug flow 

type reactors. Dissolved oxygen and hydrogen ion concentrations in 

the reactors and settling basins are important control parameters 

common to both theories. Application of sufficient air should be 

maintained in the aeration basin so that the dissolved oxygen level 

will not drop to zero in the secondary clarifier. Settled sludge 

at the bottom of the secondary clarifier should also be removed at 

a rate sufficient to prevent anaerobic conditions. Similar pre

cautions should be taken with pH. Whether phosphorus release is 

due to bacterial stress conditions or solubilization of chemical 

precipitate, the pH should be maintained above 6 in the aeration 

basin and subsequent units. 

Proponents of luxury uptake suggest that factors such as the 

rate of aeration, the presence of the monovalent cations Na+ and K+ 

and biological cells depleted of their "stored" phosphorus will 

cause microorganisms to remove more phosphorus from a wastewater 

than is required for normal cell growth. In addition, it has been 
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proposed that the excess phosphorus may then be released t for 

instance in a treatment plant substream, by subjecting the micro

organisms to stress conditions. For this reason phosphorus rich 

substreams should be disposed of independently of the main treat

ment system. 

Investigators of the chemical precipitation concept suggest 

that when a sufficient calcium ion concentration exists in the 

wastewater coupled with a pH between 7.5 to 8.5, a calcium phosphate 

precipitate forms and is enmeshed in the activated sludge floc. 

They noted that magnesium can inhibit the process by competing 

with the calcium ions in solution. Other factors of importance are 

the carbonate concentration and the effectiveness of recycle to 

provide a nucleus for new calcium floc formation. 

The previous investigations have been useful to the sanitary 

engineering field in explaining the mechanism of phosphorus removal. 

Each study has provided findings that are useful in maximizing 

phosphorus removal, yet further study is needed to fully explain 

the enhanced removal phenomena in order that it may be incorporated 

into a reliable and economical design. 



III. MATERIALS AND METHODS 

A. Laboratory Scale Activated Sludge Reactors 

This study involved the observation of the effects of acid 

stripping and anaerobiosis on three identical bench scale reactors. 

The units were operated simultaneously with identical wastage rates, 

as completely mixed, continuous flow reactors. All units were 

constructed of 3/8 inch plexiglass, with a total basin volume of 

ten liters. An adjustable baffle divided the reactors into a 3.5 

liter settling chamber and a 6.5 liter aeration chamber. The 

synthetic wastewater was fed continuously from five gallon Na1gene 

carboys to the aeration basins through 1/4 rubber tubing by means 

of a variable speed peristaltic pump (Harvard Apparatus Co., Model 

1201). The pumping rate was maintained at 12.5 liters/day through 

each reactor which gave hydraulic detention times of 12.5 hours in 

the aeration basin and 6.7 hours in the clarifier section. Effluent 

was collected in five gallon Nalgene carboys. 

Two complete sets of feed lines and carboys were used to 

allow disinfection with bleach on alternate days. After disinfection, 

the feed lines and carboys were throughly rinsed with tap water prior 

to use. 

Porous diffuser stones were used to introduce air into the 

aeration chamber, maintaining adequate mixing and providing oxygen 

for the microorganisms. An air flow rate of approximately 10 

standard cubic feet/hour was provided, as measured by air flow 

meters (Matheson Gas Products, Model 220E). Following the air 

25 
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flow meters, water and cotton filters controlled the possibility of 

oil and other contaminants from entering the aeration basins. 

This system is diagrammed in Figures 2, 3, and 4. 

B. Phosphorus Stripping Procedure 

A stripping procedure was incorporated in the design of this 

experiment in order to evaluate the effectiveness of this type of 

treatment. The daily procedure was begun by plugging the effluent 

tube in the settling section of each reactor, removing the baffle, 

and mixing the total basin. Two liters out of each reactor was 

placed in separate containers. Gaseous nitrogen was bubbled through 

each container to provide mixing to reduce the dissolved oxygen 

concentration in the mixed liquor. The pH was then adjusted to 

approximately four by adding drops of concentrated H2S04. The two 

liter portions were kept in this stress condition for a period of 

30 minutes. This amount of time was determined as an optimulll value 

in a batch experiment that was performed prior to the start-up of 

the continuous flow units. When 30 minutes had elapsed, the pH was 

then readjusted to approximately 7 by adding drops of 1 M NaOH. The 

nitrogen supply was shut off, and the contents were allowed to 

settle for 10 minutes. One liter of supernatant was siphoned off 

and discarded, and the remaining liter was returned to its respective 

reactor. The baffles were then reinserted and continuous flow 

conditions were resumed. 
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C. Feed Solution 

The chemical additions for the synthetic wastewater are listed 

in Table 1. Yeast-extract was used as a carbon source for the 

biological and biochemical reactors, but was excluded from the 

chemical unit in order to prevent biological growth. Phosphorus 

was supplied in the form of NaH2P04 and was de~iqned so that the 

influent phosphorus concentration would be approximately 10 mg/l 

as P. Magnesium, iron, and calcium was limited in the feed solution 

for the biological reactor so that phosphorus precipitation would 

not be expected to occur. However, in the cases of the bio-chemical 

and chemical units, such precipitation would be expected to occur. 

Therefore, separate carboys were provided, one containing the 

CaC1 2 in tap water, the other containing the rest of the reagents 

in solution. A 0.9 M carbonate buffer system maintained the pH of 

the influent solution at approximately B.5. Concentrated stock 

solutions of the chemicals were first added to the calibrated five 

gallon carboys with eight liters of tap water, and then diluted with 

tap water to a final volume of lB liters. The carboys containing 

the feed solutions were then throughly mixed prior to connection 

with the system. 

D. Initial Start-Up 

The seed for the biological and bio-chemical reactors was 

obtained from an operating bench scale activated sludge unit. Both 

microbial units were operated on a batch basis until a suspended 



Item 

Yeast Extracta 

MgS04 • 7 H2O 

MnSO • H2O 4 
FeC'3 • 6 H2O 

(NH4)2S04 

KH 2P04 

Na2C03 J b 

NaHC03 
CaC1 2

c 

caC1 2
d 
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Table 1 

COMPOSITION OF WASTEWATER 

Stock Quantity 
concentration used per 

per 2 liters (gm) 18 1 i te rs ( m 1 ) 

100.00 100.00 

40.00 45.00 
4.00 45.00 

0.20 45.00 

113.12 45.00 

52.64 30.00 

110.80 45.00 

151.20 45.00 

3.00 45.00 

133. 16 180.00 

aNot added to chemical unit feed. 

bO•9 M buffer solution. 

cAdded to biological unit feed only. 

Final 
concentration 

per 18 1 i ters (mg/l) 

277.78 

50.00 
5.00 

0.25 

141 .40 

43.87 

138.50 

189.00 

3.75 

332.90 

dAdded to bio-chemical and chemical units feed only. 
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solids concentration of 1500 mg/l was reached. Then continuous flow 

operation was begun, including daily wastage and stripping. During 

this time, approximately one month, the microorganisms were allowed 

to acclimate to the synthetic wastewater and the wastage and 

stripping. 

The chemical unit was seeded by adding 0.5 liters of concentrated 

CaC1 2 stock solution and 0.5 liters of concentrated NaH2P04 solution 

to 5.0 liters of tap water. This solution was mixed with a magnetic 

stirrer and batch fed for three days, producing noticeable quantities 

of a settleable precipitate. The solution was then allowed to settle, 

and the supernatant was siphoned off. The remainder was placed into 

operation in the continuous flow reactor. 

E. Daily Protocol 

The synthetic wastewater was prepared each morning in accordance 

with the method described above. Approximately ten hours later, the 

wastage, anaerobiosis and acid stripping procedure, and sampling 

program was performed. Wasting was accomplished by plugging the 

effluent tubes, removing the baffle, mixing the reactor contents, and 

removing a predetermined amount of the reactor contents. At the same 

time the reactor was plugged and mixed for wasting, two liters were 

removed in order to initiate the aforementioned stripping procedure. 

Sampling was accomplished during the time the two liter portions were 

undergoing stripping. The parameters monitored are listed in Table 2. 

Liquid samples were collected using an open ended 25 ml volumetric 
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Table 2 

PAfW1ETERS l\10NITORED DAILY 

I. INFLUENT FEED 

A. Chemical Oxygen Demanda 
B. Calcium concentration 
C. Magnesium concentration 
D. Total P04-P concentration 
E. Ortho P04-P concentration 

II. FILTERED EFFLUENT 

A. Chemical Oxygen Demanda 
B. Calcium concentration 
C. Magnesium concentration 
D. Ortho P04-P concentration 

III. UNFILTERED EFFLUENT 

A. Suspended solids concentration 
B. Total P04-P concentration 

IV. CONTINUOUS FLOW REACTORS 

A. Total system total solids concentration 
B. Dissolved oxygen concentration 
C. pH 
D. Unfiltered total P04-P concentration 
E. Filtered total P04-P concentration 
F. Total system volatile solids concentration 

V. STRIPPING UNIT 

A. Dissolved oxygen concentration' 
B. Unfiltered total P04-P concentration (supernatant) 
C. Filtered ortho P04-P concentration (supernatant) 
D. Supernatant suspended solids concentration 
E. Supernatant calcium concentration 
F. Supernatant magnesium concentration 

aTest not run for chemical unit. 
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pipette. The liquid was then placed in small plastic containers and 

frozen for later analysis. 

The total system mixed liquor suspended solids concentration 

was determined by plugging the effluent tube, removing the baffle, 

mixing the reactor contents, and removing the 25 ml sample. 

F. Analytical Methods 

This section describes the equipment and analytical methods 

used to quantify the parameters listed above. 

Influent and effluent COD determinations were made in accordance 

with Standard Methods for the Examination of Water and Wastewater 

(39). 

Filtering of the reactor, effluent, and stripping procedure 

solids concentrations to determine the total suspended, fixed, and 

volatile solids was performed in accordance with Standard Methods. 

A 5.5 cm Nalgene Buchner funnel and a 5.5 cm Reeve Angel 934AH 

glass fiber filter were used to perform the basin solids analyses. 

A 0.45 ~ Millipore membrane filter was used for effluent and 

stripping procedure supernatant filtering. All weight determi

nations were obtained using a Mettler Instrument Corporation 

Balance (Model H10). 

A Technicon Auto Analyzer was used for all phosphorus determi

nations. The reagents used were ammonium molybdate and l-amino-

2-napthol-4-sulfuric acid in the method described in the Technicon 

Auto Analyzer Methodology. A standard curve was developed and 

checked each time a series of samples were analyzed. A standard 
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preceded and succeeded each analyzer cassette. Total phosphorus 

concentrations were determined as orthophosphorus after digestion by 

the persulfate method in accordance with Standard Methods. 

Calcium and magnesium ion concentrations were measured using a 

Perkin-Elmer (Model 403) Atomic Absorption Spectrophotometer. 

Dissolved oxygen concentrations were determined using a YSI 

Oxygen Meter (Model 54) and pH was measured using a Fisher Accumet 

pH/ion Meter (Model 230). Periodic standardization of the pH 

meter at pH values of 4.0~ 7.0~ and 10.0 insured the accuracy of 

the readings. 

G. Methods of Data Analysis 

The mathematical relationships for the completely mixed acti

vated sludge process as presented by Sherrard t Schroeder, and 

Lawrence (40) were used in data analysis. Some relationships were 

modified to suit the requirements of this experimental model. 

Phosphorus removal efficiency was calculated by using the 

following equation: 

where Ep = phosphorus removal efficiency~ %, 

Po = influent P04-P concentration, mg/l~ and 

P = effluent P04-P concentration, mg/l. 

COD removal efficiency was calculated with the following 

expression: 

[1] 
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where 

E = COD removal efficiency, %, 

Co = influent COD concentration, mg/l, and 

C = effluent COD concentration, mg/l. 

[2] 

An estimation of the phosphorus content of the solids was obtained 

by using the following equation: 

where 

%p = (A-B)lOO 
X 

%P = phosphorus content of cellon a dry weight basis, % 

[3] 

A = total phosphorus concentration of the unfiltered sample, 

mg/l, 

B = total phosphorus concentration of the filtrate, mg/l, 

and 

X = total solids concentration, mg/l. 

The mean cell residence time, or in the case of the chemical 

unit, the mean solids residence time was determined by the following 

relationship: 

[4] 

where 

ac = mean cell residence time, days, 

V = volume of the total reactor, liters, 
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Q = influent flow rate, liters/day, 

Qw = waste flow rate, liters/day, 

Qs = stripping procedure supernatant, 1 iters/day 

X = total reactor solids concentration, mg/l, 

Xe = effluent solids concentration, mg/l, and 

Xs = stripping procedure supernatant solids concentration, 

mg/l. 

The observed yield coefficient was calculated according to the 

following relationship: 

[5] 

where 

Yobs = observed yield coefficient 

Linearization of the observed yield data was accomplished using 

a plot of the reciprocal of the observed yield versus the mean cell 

residence t·ime. The least squares method of statistical analysis was 

employed in determining the line of best fit. 

where 

1 1 bec --=--+--Yobs Ymax Ymax 

Ymax = the intercept of the line at the vertical axis, 

b = maintanance energy coefficient, days-l. 

[6] 



IV. RESULTS 

The laboratory modified activated sludge units were operated 

under closely controlled conditions for a period of approximately 

five months. The hydraulic detention times of the units remained 

constant at about 12.5 hours for the aeration basin and 19.2 hours 

for the total reactor. Varying the wastage rates, the reactors were 

operated at various mean cell residence times. After sampling 

periods the reactors were allowed to acclimate to the new wastage 

rate. Steady state conditions were monitored using the aeration 

basin microorganism concentrations. Tabular raw data for each 

mean cell residence time for each reactor is found in Appendix A. 

The remainder of this chapter is devoted to a detailed presen

tation of the results of this investigation. 

A. Biological Unit 

Steady state conditions were maintained at mean cell residence 

times of 6.1,8.6,10.4, and 28.5 days. The steady state data for 

each of these four sludge ages are compiled in Table 3. The average 

influent COD and total phosphorus concentrations were 282 mg/l and 

12.5 mg/l for an influent COD:P ratio of 22.6:1. 

COD removal efficiencies of 60.3, 79.7, 45.8, and 82.3 percent 

were obtained for mean cell residence times of 6.1,8.6,10.4 and 

28.5 days respectively_ 

The total phosphorus removal efficiencies decreased with 

increasing sludge age. Values decreased from 8.6, 7.0, and 6.2 

38 
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Table 3 

SUMMARY OF STEADY STATE DATA FOR BIOLOGICAL UNIT 

SCt days 

6. 1 8.6 10.4 28.5 

COD 
Influent (mg/1) <- 282 ~ 

Effluent (mg/l) 112 59 l53a 50 
Removal Efficiency (%) 60.3 79.7 45.8 82.3 

Total PhosQhorus Conca 
Influent (mgll' ~ 12.5 :;. 
Effluent (mg/l) 11 .4 11 .6 11 .7 12.6 
Removal Efficiency (%) 8.6 7.0 6.2 

Unfiltered Reactor (mg/l) 18.8 23.8 22.8 28.0 
Filtered Reactor (mg/l) 13.0 11.9 
Sludge Phosphorus Content (%) 0.86 1.44 

Solids Concentration 
Reactor (mg/l) 662 802 721 1050 
Effluent (mg/1) 33 20 71 9 

Eti 
Reactor 7.9 7.6 8. 1 7.9 

Ca++ Concentration 
Influent (mg/1) ~ 10. 1 '). 

Effluent (mg/1) 12.3 11.8 12.0 11.8 

VOBS 0.515 0.336 0.430 0.128 

Dai1l Wastage {l/da~) 1.0 0.8 0.6 0.2 

aSuspected error in FAS standardization. 
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percent for mean cell residence times of 6.1,8.6 and 10.4 days. 

For a sludge age of 28.5 days, no detectable phosphorus removal was 

obtained. The unfiltered reactor total phosphorus varied generally 

with the reactor solids concentration. Values of 18.8, 23.8, 22.8, 

and 28.0 mg/l as P correspond with mean cell residence times of 

6.1,8.6, 10.4, and 28.5 days. A sampling of the filtered reactor 

total phosphorus enabled the sludge phosphorus content to be calcu

lated for mean cell residence times of 6.1 and 8.6 days. An average 

of the sludge phosphorus content gave a value of 1.15 percent, which 

corresponds to those values termed as normal sludge phosphorus con

tents in the literature. 

The average calcium influent concentration was 10.1 mg/l, and 

no calcium or magnesium was found to be removed under any of the 

steady state conditions. The calculated observed yields of 0.515, 

0.336,0.430, and 0.128 for sludge ages of 6.1,8.6, 10.4, and 28.5 

days, respectively, decreased with increasing mean cell residence 

times with the exception of the value for a sludge age of 10.4 days. 

B. Biochemical Unit 

Data from five steady state runs were used with the biochemical 

unit. The mean cell residence times of 6.2, 8.9, 11.3, 14.2, and 

21.6 days correspond with daily wastage rates of 1.2, 1.0,0.8,0.6, 

and 0.2 liters/day. The summary of these data may be found in 

Table 4. The average influent COD and total phosphorus concen

trations were 269 mg/l and 11.1 mg/1, giving an influent COD:P ratio 

of 24.2:1. 
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Table 4 

SUMMARY OF STEADY STATE DATA FOR BIO-CHEMICAL UNIT 

ac, days 

6.2 8.9 11 .3 14.2 21.6 

COD 
--rnf1uent (mg/l) t 269 ~ 

Effluent (mg/1) 26.0 140.0a 39.0 58.4 62.0 
Removal Efficiency (%) 89.9 45.7 85.0 77.5 76.3 

Total Phosehorus Conca 
Infl uent (mg/l) , 11 • 1 ~ 
Effluent (mg/1) 4.4 6.0 8.3. 7.1 8.5 
Removal Efficiency (%) 60.2 45.9 25.2 36.0 23.4 

Unfiltered Reactor (mg/1) 42.0 44.4 51.8 22.8 49.8 
Filtered Reactor 10.4 7.4 
Sludge Phosphorus 

Content (%) 2.95 2.95 

Solids Concentration 
Reactor (mgfl) 1344 1147 1347 1140 1284 
Effluent (mg/1) 43 9 6 2 22 

Eli 
7.9 7.8 Reactor 7.9 8.0 8.0 

Ca++ Concentration 
Influent (mg/l) < 240 ) 
Effluent (mg/') 127 135 157 116 110 
Removal Efficiency (%) 47. 1 43.7 34.6 51.6 53.6 

YOBS 0.888 0.804 0.415 0.305 0.230 

Dai ly Wastage (ltd) 1.2 1.0 0.8 0.6 0.2 

aSuspected error in FAS standardization. 
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The total phosphorus removal efficiencies were 60.2, 45.9, 25.2, 

36.0, and 23.4 percent. These values respectively correspond to 

mean cell residence times of 6.2,8.9,11.3,14.2, and 21.6 days. 

It can be noted that the removal efficiencies decrease with in

creasing sludge ages with the exception of the value for a sludge 

age of 14.2 days. For the two sludge ages that the filtered 

reactor total phosphorus was taken (8.9 and 11.3 days), a value of 

2.95 percent for the sludge total phosphorus content was obtained. 

The reactor solids concentration was generally stable during 

the runs, with values of 1344, 1147, 1347, 1140, and 1284 mg/l 

corresponding to mean cell residence times of 6.2,8.9, 11.3, 14.2, 

and 21.6 days. The calculated observed yield decreased with in

creasing mean cell residence time. Observed yield values of 0.888, 

0,804, 0.415, 0.305, and 0.230 varied respectively with sludge ages 

of 6.2,8.9, 11.3, 14.2, and 21.6 days. 

The influent calcium concentration for the biochemical unit 

averaged 240 mg/l. Calcium removal efficiencies did not vary with 

mean cell residence time, but the highest values of calcium removal 

efficiency were obtained at the highest sludge ages. Calcium removal 

efficiencies of 47.1,43.7,34.6,51.6, and 53.6 percent were obtained 

for mean cell residence times of 6.2,8.9,11.3,14.2, and 21.6 days, 

respectively. 

C. Chemical Unit 

Five steady state data points were obtained for the chemical 

unit. Mean solids residence times of 3.0, 4.4, 5.0, 5.8, and 9.2 
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days were obtained. The total phosphorus influent concentration 

averaged 8.0 mg/l. The total phosphorus removal efficiencies of 

26.4, 34.2, 32.0, 26.9, and 52.5 percent correspond with mean solids 

residence times of 3.0, 4.4, 5.0, 5.8, and 9.2 days, respectively. 

It can be seen in Table 5 that the highest total phosphorus removal 

efficiency corresponds with the highest mean solids residence time. 

The unfiltered reactor total phosphorus concentrations varied with 

the reactor solids concentrations. Values 10.2,32.3,12.1,31.2, 

and 28.5 mg/l for unfiltered reactor total phosphorus correspond 

respectively to values of 140,481, 125,283, and 255 mg/l for 

reactor solids concentrations. 

The average influent calcium concentration was 230 mg/l. The 

calcium removal efficiency generally increased with increasing mean 

solids residence time. Calcium removal efficiencies of 41.8,41.4, 

53.5, 51.6, and 57.0 were obtained for mean solids residence times 

of 3.0, 4.4, 5.0, 5.8, and 9.2 days, respectively. 



44 

Table 5 

SUMMARY OF STEADY STATE DATA FOR CHEMICAL UNIT 

aCt days 

3.0 4.4 5.0 5.8 9.2 

Total Phos~horus Cone. 
Influent (mg/l) -.( 8.0- ~ 

Effluent (mg/1) 6.4 5.7 5.9 6.3 4. 1 
Removal Efficiency (%) 26.4 34.2 32.0 26.9 52.5 

Unfiltered Reactor (mg/1) 10.2 32.3 12. 1 31.2 28.5 
Filtered Reactor (mg/1) 2.2 5.7 
Sludge Phosphorus Content (%) 4.5 5.3 

Solids Concentration 
Reactor (mg/'> 140 481 125 283 255 
Effluent (mg/1) 31 45 10 37 10 

.eli 
Reactor 8.7 8.3 8.9 8.5 8.5 

Ca++ Concentration 
Influent (mg/') <" 230 -------........ 
Effluent (mg/l) 134 135 107 111 99 
Removal Efficiency (%) 41.8 41.4 53.5 51.6 57.0 

Dai1l Wastage {l/d} 0.8 1.2 1 .0 0.2 0.6 



v. DISCUSSION 

Three identical continuous flow reactors were operated with 

varied influent constitutent chemicals in order to observe different 

phosphorus removal mechanisms under a ·modified activated sludge 

model. 

During the course of the investigation, the colors of the con

tents of the reactors were interesting to observe. The biological 

unit exhibited a golden brown or tan color, whereas the biochemical 

unit displayed a whiter shade than did the biological unit. The 

chemical reactor contained a white slurry. 

The following contains a discussion of experimental results 

according to the parameters monitored. 

A. Phosphorus Removal 

Phosphorus removal efficiency is plotted versus mean cell 

residence time in Fig. 5 for all three units. Tabular data for 

this figure may be found in the tables in the Results section. 

The total phosphorus removal efficiencies for both the biological 

and biochemical units decreased with increasing mean cell residence 

time. This trend corresponds with the findings of Stall and Sherrard 

(2), who explained that a greater sludge production rate (corres

ponding with greater wastage rates) at lower mean cell residence 

times increases phosphorus removals. 

The chemical unit's phosphorus removal efficiencies increased 

with increasing mean solids residence time. The curve for the 
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chemical unit is similar to that obtained by Ferguson t eta !l. (20)t 

and an explanation for this trend is suggested by Ferguson where, in 

the precipitation of ionic crystals from solution t an induction 

period during which the reactant concentration does not change is 

followed by a rapid crystal growth period during which the reactant 

concentration falls toward equilibrium. It would appear that the 

high wastage rates of low mean solids residence times removed crystals 

at such a rate that the induction period was more in effect at low 

mean solids residence times. Using this type of phosphorus removal 

mechanism in waste treatment with continuous flow reactors t it is 

obvious that the induction period must be circumvented in order to 

increase the rate of phosphorus removal. It is possible to recycle 

precipitated solids t thereby increasing the mass and surface area of 

the precipitate in the reactor, eliminating the induction period 

and increasing the rate of phosphorus removal. 

The significance of the precipitation mechanism is clearly 

shown ;n Fig. 5. Both the biochemical and chemical units exhibited 

higher phosphorus removals than did the biological unit with all 

the units undergoing the stripping procedure, which has been said to 

enhance biological incorporation of phosphorus. A precipitation 

phosphorus removal mechanism would appear to be predominant in 

the biochemical unit. However, the biochemical unit exhibited a 

higher average total phosphorus removal efficiency than did the 

chemical unit over the range of identical wastage rates. It would 

seem that the presence of the microbial solids did have a positive 

effect on phosphorus removal. 
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The biochemical unit displayed a decreasing total phosphorus 

removal efficiency with increasing mean cell residence time, as 

did the biological unit. Although this suggestion is not supported 

by experimental evidence, it is possible to envision the biological 

solids serving as nuclei on which precipitation could occur. There

fore, the induction period could be circumvented and the large 

wastage rates at low mean cell residence times would not remove the 

necessary crystals, as appeared to be the case in the chemical unit. 

It is suggested that while phosphorus removal by precipitatton 

remained relatively constant throughout the range of mean cell· 

residence times, the variances in total phosphorus removal efficien

cies was controlled by biological phosphorus incorporation removal 

mechanisms. 

B. Calcium Removal 

The biological unit did not exhibit any detectable calcium or 

magnesium removal, as the influent calcium and magnesium concen

trations (as well as iron) were designed to prevent any precipi

tation. Therefore, it is possible to say that phosphorus removal 

in the biological unit was due primarily to biological incorporation. 

The biochemical and chemical unit displayed increasing calcium' 

removal efficiencies with increasing mean solids residence times. 

These calcium removal efficiencies versus mean solids residence 

times are plotted in Figs. 6 and 7. The slope of the plot for the 

biochemical unit is 0.67, whereas the slope for the chemical unit 

is 2.54. This indicates that variance of means solids residence 
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times has a greater effect on calcium removal efficiency in the 

unit without microbial solids. The high calcium removal efficiencies 

for the biochemical unit indicates that calcium-phosphate precipi

tation was occurring within that unit. The calcium removal data 

and the relationships in terms of phosphorus removal efficiency of 

the three units would indicate that precipitation was the predominant 

phosphorus removal mechanism in the biochemical unit. 

c. Anaerobiosis and Acid Stripping 

The stripping procedure was included in the experimental process 

in order to test the effect of such a modification on the activated 

sludge process. Certain references (28, 29, 30) have stated that 

when a portion of the mixed liquor was put under stress conditions 

(anoxia or low pH), the phosphorus within the microbial solids 

was released. When the phosphorus depleted microbes were returned 

to the reactor, they were said to have had an enhanced ability to 

uptake phosphorus. 

In order to incorporate this process into the experimental 

design, it was necessary to conduct an experiment to determine the 

amount of time necessary for maximum release. Tabular data for 

this 90 minute experiment is found in Appendix B. The ortho

phosphorus concentration versus time of two liter portions of the 

mixed liquor from the biological and biochemical units is plotted 

in Fig. 8. Nitrogen was bubbled through the samples and the pH was 

depressed to a value of approximately four. From 0 to 30 minutes 

the biochemical unit sample released orthophosphorus at a rapid 
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rate and then leveled off for the remaining hour. The biological 

unit sample had a maximum orthophosphorus concentration of 30 

minutes, but fell slightly for the remainder of the experiment. 

Since maximum orthophosphorus concentrations, or phosphorus release, 

occurred at the 30 minute interval, this amount of time was used in 

the daily stripping procedure for all three reactors. 

In general, it appeared that the stripping procedure had 

little positive effect on phosphorus removal over the course of the 

investigation. The biological unit displayed a maximum phosphorus 

removal efficiency of ten percent, which is far below those reported 

for enhanced or even normal removal efficiencies. The stripping 

procedure appeared to have an overall negative effect on the bio

chemical and chemical units. When adjusting the pH to four, the 

precipitate was resolublized. However, when readjusting the pH 

to seven, it was obvious that the amount of precipitate reformed 

was less than that initially present. Therefore crystal growth 

had to be initiated before the rapid rate of phosphorus removal 

could resume. 

D. COD Removal 

The COD removal efficiencies versus mean cell residence time 

are plotted in Fig. 9 for both the biological and biochemical units. 

The COD removal efficiencies remained fairly constant over the 

range of sludge ages investigated. This can be explained by the 

premise that the heterotrophic bacteria responsible for carbon 
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removal are not removed from the system faster than their maximum 

growth rate at the lower values of Sc. The relativity of the COD 

removal efficiencies of the biological unit and the biochemical 

unit also indicates that COD removals are not hindered by concurrent 

phosphorus precipitation. 

E. Observed Yield 

Figures 10 and 11 show that the observed yield coefficient 

decreases with increasing mean cell residence time for both the 

biological and biochemical units, but in both cases the observed 

yield decreases less rapidly at higher sludge ages. 

When the observed yield data was linearized by using Equation 

[6] the resulting equation 

1 1 0.1429c -- = -- + -----:-~-Yobs 0.48 0.48 

was obtained. Figure 12 gives a graphical representation of ~ 
obs 

as a function of the mean cell residence time. Values of 0.48 for 

Ymax and 0.142 days-1 for b were calculated using Equation [6]. 
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VI. CONCLUSIONS 

The operation of three continuous flow units as modified 

activated sludge models using mean cell residence time as a principal 

operational parameter has led to the following conclusions: 

1. Lower mean cell residence times result in higher phosphorus 

removal efficiencies in biological reactors. 

2. Higher mean solids residence times result in higher phosphorus 

removal efficiencies in strictly chemical reactors. 

3. Calcium-phosphate precipitation can occur in continuous flow 

reactors in a normal activated sludge pH range (7.5-8.5) given suf

ficient Ca++ concentrations. 

4. Calcium-phosphate precipitation can occur in the activated 

sludge process without hindering COO removal efficiency. 

5. The phosphorus sludge content only exceeded the one to two 

percent range in the biochemical and chemical units, where phosphorus 

~recipitation was the predominate phosphorus removal mechanism. 

6. The anaerobiosis and acid stripping procedure, as used in 

this investigation, is not effective in enhancing either a biological 

or chemical unit's ability to remove phosphorus. 
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Table 6 

RAW DATA fOR BIOLOGICAL UNIT AND ac = 28.5 DAYS 

Solids Concentrations Stri p. proc. COD 

Total Strip. proc. Bas;n supernatant 
system Effl. supernatant Basin DO DO Feed Effl. 

Date (mg/l ) (mg/l) (mg/l) pH (mg/1 ) (mg/l) (mg/l ) (mg!1) 

7-8 1140 8 64 8.5 6.8 1.3 256 8 

7-9 1152 4 68 8.0 7.1 0.9 276 28 
7-10 1120 36 108 8.0 7.1 1.4 240 48 
7-11 1070 20 36 7.7 7.4 1.7 252 16 
7-12 1024 0 48 8.0 7.2 1.0 208 32 
7-13 1068 24 124 8.0 7.3 1.4 232 64 
7-14 984 0 68 7.9 7.1 1.2 269 69 

7-15 1024 0 116 7.9 7.8 1.6 288 59 

7-16 956 7.9 7.4 0.4 343 46 
7-17 964 0 36 7.9 7.6 1.3 411 55 
7-18 1221 4 0 7.7 7.6 0.9 315 50 
7-19 1012 8 40 7.9 6.9 1.5 227 91 

7-20 1008 0 80 7.7 7.2 1.7 309 73 
7-21 964 8 a 7.8 7.0 1.8 317 64 

Avg. 1059 9 61 7.9 7.3 1.3 282 50 

P04-P Concentrations Ca++ Concentrations 
Sol. Total Total Sol. strip. Tot. strip. Sol. Total Stri p. proc. 
inf1. 1nf1. reactor supernatant supernatant effl. eff1. Inf1. supernatant Effl. 

Date (mg/l) (mg/l ) (mg/l) (mg/l ) (mgtl) (mgt1) (mg/l) (mgt1) (mg/1) (mg!1 ) 

7-8 9.6 9.8 27.0 12.8 12.8 10.0 9.5 9.0 12.2 9.5 

7-9 7.4 14.0 28.0 7.3 12.8 12.4 7.3 9.1 13.9 11.6 

7-10 7.2 15.6 33.0 13.6 13.3 13.2 15.8 12.4 16.0 12.9 
7-11 8.8 33.8 9.2 17.0 13.7 9.5 13.5 12.5 
7-12 12.7 34.0 9.0 8.3 14.0 12.5 10.2 6.8 
7-13 8.4 13.8 22.0 21.8 19.5 14.0 11.0 10.5 20.7 13.4 
7-14 5.4 10.5 33.0 19.2 18.0 16.0 13.0 10.3 13.6 14.0 
7-15 12.6 10.5 33.5 5.2 13.0 11.4 13.0 8.5 5.1 11.5 
7-16 13.3 15.0 32.5 9.2 13.8 10.2 14.0 9.4 7.5 11.6 

7-17 15.0 12.0 20.5 10.8 13.0 13.0 12.5 9.2 5.0 10.9 
7-18 14.2 14.0 28.8 12.4 11.5 12.8 11.0 11.6 9.1 10.2 
7-19 10.8 9.0 20.0 18.0 16.8 14.0 14.3 11.0 14.0 12.6 

7-20 12.7 11.9 26.0 12.0 15.5 11.0 12.3 9.1 9.8 11.9 

7-21 12.2 11.6 21.0 14.4 13.0 10.8 13.3 10.4 13.3 11.8 

Avg. 11.1 11.8 28.0 12.5 13.9 12.8 12.6 10.1 11.5 11.8 



66 

Table 7 

RAW DATA FOR BIOLOGICAL UNIT AND Bc = 10.4 DAYS 

Solids Concentrations 
Strip. proc. 

Total Strip. proc. Basin supernatant Effl. 
system Eff1. superna tant Basin DO DO COD 

Date (mg/l ) (mg/1) (mg/1) pH (mg/l) (mg/l) (mg/l) 

8-2 8.4 6.9 1.2 208 
8-3 696 4 124 8.4 7.2 1.3 174 
8-4 776 20 112 8.5 7.2 1.2 180 

8-5 724 0 200 8.3 7.6 1.0 174 
8-6 664 0 148 8.1 7.6 0.9 135 

8-7 712 24 24 7.7 7.5 1.2 191 
8-8 728 28 188 7.9 6.9 1.1 90 
8-9 732 24 200 7.9 6.9 0.9 191 
8-10 704 0 176 7.9 7.6 0.9 
8-11 750 0 108 8.2 7.2 1.4 34 

Avg. 721 11 142 8.1 7.3 1.1 153 

P04-P Concentrations Concentrati ons 

Total Sol. strip. Tot. strip. Sol. Total Str; p. proc. 
reactor supernatant supernatant Effl. Effl. supernatant Eff1. 

Date (mg/l) (mg/l) (mg/l ) (mg/1) (mg/1 ) (mg/l) ('"ill 1 ) 

8-2 26.0 14.8 18.5 12.0 15.0 15.2 11.1 
8-3 30.0 13.4 14.0 11.2 12.5 14.0 10.5 

8-4 31.5 16.4 16.5 11.4 9.5 22.2 10.9 
8-5 21.5 19.2 19.0 12.0 12.8 12.9 10.4 
8-6 28.0 11.0 16.8 11.0 12.8 12.8 12.6 
8-7 23.5 13.0 11.8 11.2 9.5 12.6 12.4 
8-8 22.5 14.6 20.0 11.2 10.5 19.8 14.8 
8-9 14.5 12.0 12.0 12.3 13.5 15.0 11.9 
8-10 12.5 13.0 15.8 11.4 7.5 16.2 14.0 
8-11 17 .8 14.0 19.5 12.0 13.5 16.1 11.3 

Avg. 22.8 14.1 16.4 11.6 11.7 15.7 12.0 
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Table 8 

RAW DATA FOR BIOLOGICAL UNIT AND Bc = B.6 DAYS 

Solids Concentrations 
Strip. proc. 

Total Strip. proc. Basin Basin supernatant Effl. 
system Eff1. supernatant vol atiles Basin DO DO COD 

Date (mg/l ) (mg!1 ) (mg/l ) (mg!1 ) pH (mg/1 ) (mgtl) (mg!l) 

8-20 868 0 80 796 7.2 6.7 0.5 40 
8-21 824 60 80 816 7.3 6.7 0.2 60 

8-22 916 0 52 808 7.5 7.4 1.1 40 

8-23 856 0 84 780 7.9 7.5 1.1 72 
8-24 784 4 76 728 7.7 7.3 1.2 72 

8-25 728 48 112 680 7.6 7.6 92 
8-26 732 20 88 668 7.8 7.6 1.2 52 
8-27 704 24 80 656 7.8 7.7 1.5 44 

Avg. 802 20 82 749 7.6 7.3 1.0 59 

P04-P Concentrations Ca++ Concentrations 
Total 

Sol. Total Total Sol. strip. Tot. strip. Sol. Total filtered Strip proc. 
1nfl. 1nfl. reactor supernatant supernatant eff' . eff1. reactor supernatant Effl. 

Date (mgJ1 ) (mg/1 ) (mg!l) (mg/1 ) (mg/l) (mg/l ) (mg/1) (mg/l) (mg/l ) (mg/l ) 

8-20 8.6 26.5 9.0 14.5 10.0 11.5 NRa 10.5 10.9 
8-21 8.6 12.2 29.5 9.6 15.0 9.6 11.5 NR 13.0 11.2 
8-22 8.4 11.7 18.3 13.0 17 .5 11.7 12.0 NR 12.1 12.5 
8-23 7.6 11.0 25.0 8.4 16.5 11. 7 NR 10.0 12.5 
8-24 7.4 15.0 24.0 6.8 17.5 10.2 11.0 NR 9.3 11.8 
8-25 8.0 10.8 20.0 7.6 13.0 11.6 12.0 12.5 9.8 11.9 

8-26 8.6 15.0 24.0 14.0 10.6 12.0 10.0 17.0 11.0 

8-27 10.0 11.0 23.0 16.4 17.0 11.6 11.3 13.3 11.4 12.6 

Avg. 8.4 12.4 23.8 10.6 15.9 10.8 11.6 11.9 11.6 11.8 

aNR : Test not run. 
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Table 9 

RAW DATA FOR BIOLOGICAL UNIT AND Bc = 6.06 DAYS 

Solids Concentrations 
Stri p. proc. 

Total Strip. proc. Basin Basin supernatant Eft1. 
system Effl. supernatant volatlles Basin 00 DO COD 

Date (mg!1 ) (mg/1 ) (mg/l) (mg/l) pH (mg!1 ) (mgl1 ) (mg/l) 

8-31 682 20 72 616 7.6 7.4 1.6 158 
9-1 712 12 128 628 7.8 7.6 1.6 110 

9-2 652 48 0 556 fLl 7.8 1.5 84 
9-3 604 20 36 560 8.1 ' 7.3 1.5 132 
9-4 684 36 120 528 7.9 7.6 1.2 83 
9-5 630 60 156 448 7.9 7.8 1.2 105 

Avg. 662 33 85 556 7.9 7.6 1.4 112 

Concentrations Concentrations 

Total 
Sol. Total Total filtered Sol. strip. Tot. strip. Sol. Total Strip. proc. 
infl. 1 nfl. reactor reactor supernatant supernatant eff1. eff1. supernatant etfl. 

Date (mg/l) (mg/l) (mg/l ) (mg/1 ) (mg/l) (mg/1) (mgl1 ) (mg/1 ) (mg!1 ) (mg!1 ) 

8-31 10.0 13.5 21.5 12.5 10.0 13.0 10.1 11.5 13.8 12.5 
9-1 10.6 13.5 18.5 13.0 11.6 16.5 10.0 11.5 10.6 12.7 
9-2 11.0 14.0 17 .5 13.5 16.0 15.5 11.0 11.5 11.2 10.6 
9-3 12.0 10.0 18.5 12.0 12.5 9.0 9.5 8.5 12.4 
9-4 11.6 15.0 18.0 13.5 12.0 14.5 10.2 12.5 12.3 12.0 
9-5 18.5 13.8 17.0 15.0 10.0 12.0 7.9 13.4 

Avg. 11.0 13.2 18.8 13.0 13.3 14.5 , 0.1 11.4 10.7 12.3 
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Table 10 

RAW DATA FOR BID-CHEMICAL UNIT AND ac = 6.2 DAYS 

Solids Concentrations COD 
Strip proc. 

Total Strip. proc. Basin supernatant 
system Effl. supern atant Basin DO DO Feed Effl. 

Date (mg/1 ) (mg/l) (mg/l) pH (mg/1) (mg/l) (mg!1 ) (mg/l) 

6-24 1256 16 20 7.8 7.7 1.1 236 8 
6-25 1312 44 56 8.1 7.1 0.6 220 44 
6-26 1276 0 92 7.7 7.0 0.8 112 32 
6-27 1268 12 24 7.2 7.6 1.4 312 20 
6-28 1360 12 32 8.9 8.4 1.4 
6-29 1484 120 160 7.8 7.6 1.4 
6-30 1300 7.8 7.3 1.5 
7-1 1392 68 148 7.9 7.2 1.5 
7-2 1356 48 172 7.9 7.5 1.4 

Avg. 1344 43 98 7.9 7.5 1.2 220 26 

P04-P Concentrations Concentrati on Concentration 

Sol. Tot. 

Sol. 
strip. strip. 

Total Total super- super- Sol. Total Strip. Strip. 
infl. 1nfl. reactor natant natant eff1. eff1. Inf1. super. Effl. Inf1. super. Effl. 

Date (mgt1) (mg/l ) (mg!1 ) (mg/l) (mg/l ) (mgt1 ) (mg/l ) (mg!1 ) (mg/l) (mg/l) (mgtl) (mg/1 ) (mg!1 ) 

6-24 1.5 12.5 29.7 25.7 23.6 1.2 5.8 144 180 135 12.7 12.6 11.6 
6-25 1.2 12.2 55.4 24.5 25.4 5.5 7.3 115 110 16.4 14.6 13.6 
6-26 8.0 19.9 53.8 28.5 25.4 13.4 1.5 179 101 11.3 14.5 12.4 
6-27 1.5 11.6 37.0 11.6 25.7 8.1 7.9 152 12B 117 13.0 13.5 11.7 
6-28 6.7 13.8 5.3 6.7 7.8 2.1 117 176 122 13.5 14.2 11.9 
6-29 11.9 10.7 33.4 6.4 6.1 154 148 145 13.3 12.1 11.8 
6-30 4.6 13.4 42.8 4.3 6.1 166 127 135 12.0 15.9 12.1 
7-1 NRa NR NR NR NR NR NR 165 107 144 14.8 8.1 12.7 
7-2 NR NR NR NR NR NR NR 146 122 107 12.5 11.7 9.3 

Avg. 5.1 13.5 42.0 16.7 18.8 6.7 4.4 153 134 127 13.3 13.0 11.9 

aNR : Test not run. 
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Tab 1e 11 

RAW DATA FOR BIO-CHEMICAl UNIT AND ac = 21.6 DAYS 

Solids Concentrations COD 
Strip. proc. 

Total Strip. proc. Basin supernatant 
system Eff1. supernatant Basin DO DO Feed Effl. 

Date (mg/1) (m9/1) (m9/1) pH (mg/1) (mg/1) (mg!l ) (1119/1) 

7-8 1480 12 108 8.4 7.0 1.0 432 64 
7-9 1500 8 88 8.1 7.8 0.7 380 32 

7-10 1584 60 160 7.8 7.8 1.0 56 

7-11 1424 0 76 7.9 7.5 1.1 40 
7-12 1268 0 36 8.0 6.7 0.9 116 16 
7-13 1384 60 52 7.9 7.2 1.0 252 164 
7-14 1296 48 52 7.8 7.0 1.2 268 13 
7-15 1212 4 144 7.8 7.8 0.9 225 35 
7-16 7.8 7.4 0.7 262 75 
7-17 1068 0 152 8.0 7.5 0.6 262 106 
7-18 1204 12 64 7.9 7.9 0.6 288 53 
7-19 1172 68 80 8.1 7.3 0.5 304 75 
7-20 1116 12 88 8.0 7.6 1.1 239 57 
7-21 980 0 76 7.9 7.2 1.2 240 62 

Avg. 1284 22 90 8.0 7.4 0.9 269 62 

Concentra t1 ons Ca++ Concentration 

Sol. Total Total Sol. strip. Tot. strip. Sol. Total Strip. proc. 
1nfl. inf1. reactor supernatant supernatant effl. eff1. Inf1. supernatant Efft. 

Date (mgl1 ) (mg/1 ) (mg/1) (m911 ) (mg/l) (mgl1 ) (mg/1) (m9/1) (m9/1 ) (1119/1 ) 

7-8 7.0 7.0 32.0 46.0 80.0 0.8 5.8 230 255 130 
7-9 9.6 12.0 45.0 50.5 3.1 6.5 205 192 85 
7-10 59.0 39.0 35.0 4.6 8.8 192 114 
7-11 6.5 9.8 30.8 35.0 50.5 1.9 5.3 241 200 102 
7-12 3.0 58.5 6.8 7.3 5.6 8.7 102 121 
7-13 6.5 9.5 80.0 23.0 26.5 6.8 5.2 238 179 109 
7-14 10.8 13.0 67.5 40.0 42.0 6.6 5.7 244 173 131' 
7-15 12.3 13.0 38.0 40.5 9.2 9.2 218 204 106 
7-16 11. 7 12.5 71.0 34.0 37.0 7.7 11.5 230 193 154 
7-17 13.4 11.0 36.0 38.0 36.0 9.6 10.0 405 175 105 
7-18 11.0 9.6 56.0 32.0 34.5 3.7 6.7 338 203 124 
7-19 10.4 10.8 28.3 45.0 51.8 9.1 12.0 221 182 106 
7-20 11.3 11.4 53.5 27.6 9.0 9.2 12.5 227 148 81 
7-21 12.3 10.5 25.0 30.0 10.0 7.4 10.5 220 148 101 

Avg. 10.1 10.7 49.8 34.2 36.5 6.1 8.5 240 190 111 
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Table 12 

RAW DATA FOR BID-CHEMICAL UNIT AND Bc = 14.2 DAYS 

Solids Concentrations 
Strip. proc. 

Total Strip. proc. Basin supernatant Effl. 
system Effl. supernatant Basin 00 DO COD 

Date (mg!1 ) (mg!1) (mg/l) pH (mg/l ) (mg/l ) (mg/l ) 

8-2 8.2 7.4 1.2 73 
8-3 1140 0 60 8.1 7.7 1.1 179 
8-4 1208 0 80 8.4 7.5 1.2 67 

8-5 1212 0 84 7.8 7.8 1.1 95 
8-6 1096 0 164 7.9 7.8 1.2 73 
8-7 1052 0 64 7.6 7.6 0.9 33 
8-8 1080 28 128 8.0 7.4 1.1 56 

8-9 1120 12 168 8.0 7.6 1.4 
8-10 1152 0 64 8.0 7.8 1.4 
8-11 1102 0 72 8.4 7.7 1.5 5.6 

Avg. 1140 2 98 8.0 7.7 1.2 58.4 

P04-P Concentration Concentrati on 

Total 501. strip. Tot. strip Sol. Total Strip. proc. 
reactor supernatant supernatant effl. eff1. supernatant Effl. 

Date (mg/l ) (mg!1 ) (mg!1 ) (mg/1 ) (mg/l) (mg/l) (mg/l) 

8-2 26.0 14.8 18.5 3.7 7.2 189 117 
8-3 30.0 13.4 14.0 3.8 6.3 154 115 
8-4 31.5 16.4 16.5 3.8 7.0 180 88 
8-5 21.5 19.2 19.0 5.6 7.3 145 83 

8-6 28.0 11.0 16.7 6.4 5.2 135 171 
8-7 23.5 13.0 11.7 5.0 5.5 168 130 
8-8 22.5 14.6 20.0 6.6 6.5 176 146 

8-9 14.5 12.0 12.0 6.2 6.0 157 101 

8-10 12.5 13.0 15.8 5.6 13.0 135 102 

8-11 17 .7 14.0 19.5 5.9 6.0 197 106 

Avg. 22.8 14.1 16.4 5.3 7.1 164 116 



72 

Table 13 

RAW DATA FOR BIO-CHEMICAl UNIT AND ac = 11.3 DAYS 

Solids Concentration 
Strip. proc. 

Total Strip. proc. Basin Basin supernatant Effl. 
system Effl. supernatant volatiles Basin 00 00 COD 

Date (mgtl) (mg/l) (mg/l ) (mg/l) pH (mg/1 ) (mg/l ) (mg/l) 

8-20 1404 0 0 1036 7.4 7.3 0.7 32 
8-21 1560 32 132 1180 7.6 7.6 1.1 36 

8-22 1360 0 52 1024 7.5 8.0 1.3 
8-23 1464 0 40 1096 8.1 7.6 1.2 40 
8-24 1280 0 36 976 8.1 7.8 1.2 48 
8-25 1200 8 84 936 8.1 8.0 48 

8-26 1228 8 64 964 8.0 8.0 1.5 48 

8-27 1276 0 8 1036 8.0 7.8 1.6 20 

Avg. 1347 6 52 1031 7.9 7.8 1.2 39 

Concentrations Concentrations 

Total 
Sol. Total Total Sol. strip. Tot. strip. Sol. Total flltered Strip. proc. 
infl. inf1. reactor supernatant supernatant effl. eff'. reactor supernatant Effl. 

Date (mg/l) (mg/l ) (mg/l) (mg/l) (mg/l ) (mg/l) (mg/l) (mgt1) (mg/1) (mg/l) 

8-20 8.0 9.0 56.0 2.6 5.5 6.8 8.7 NRa 142 143 
8-21 9.4 11.3 65.0 2.2 7.5 6.0 7.5 NR 167 155 
8-22 6.7 7.8 64.0 38.0 32.0 8.2 6.8 NR 167 153 
8-23 6.8 9.5 59.5 25.0 31.0 8.3 NR 208 165 

8-24 6.3 10.1 18.0 27.0 11.3 6.4 7.5 NR 205 146 
8-25 6.8 10.0 38.0 8.6 21.0 8.8 9.3 4.3 163 15Z 
8-26 7.5 8.7 47.5 26.0 15.0 8.6 9.3 10.0 157 

8-27 8.0 11.5 46.5 16.6 17 .5 7.2 9.0 8.0 261 188 

Avg. 7.4 9.8 51.8 18.3 17.6 7.4 8.3 7.4 188 157 

aNR: Test not run. 
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Table 14 

RAW DATA FOR BID-CHEMICAL UNIT AND ac = 8.88 DAYS 

Solids Concentration 
Strip. proc. 

Total Str; p. proc. Basin Basin supe rnatant Effl. 
system Eff1. supernatant volatiles Basin DO DO COD 

Date (mgt1 ) (mg/l) (mg/l) (mg/l) pH (mg/1) (mg/1) (mg/l) 

8-31 1124 0 32 1056 7.8 7.3 1.4 158.4 
9-1 1228 56 60 1028 7.8 7.7 2.0 198.0 
9-2 1144 0 48 920 7.6 7.7 2.0 83.6 
9-3 1128 0 60 976 8.0 7.6 1.5 132.0 

9-4 1140 0 52 844 7.7 7.7 1.3 83.6 
9-5 1120 0 32 848 7.7 7.8 1.2 189 .2 

Avg. 1147 9 47 945 7.8 7.6 1.6 140.8 

Concentration Ca++ Concentration 

Total 
Sol. Total Total filtered Sol. strip. Tot. strip. Sol. Total Strip. proc. 
1nf1. 1nf1. reactor reactor supernatant supernatant effl. effl. supernatant Eff1. 

Date (mg/l) (mg/l) (mg!1 ) (mg/1) (mg/l) (mg/1) (mg/l) (mg/1) (mg/l ) (mg/1) 

8-31 9.5 9.8 60.0 12.5 23.0 26.5 9.0 6.0 157 129 

9-1 10.0 12.0 60.5 10.5 10.0 12.5 9.0 7.5 166 144 
9-2 9.7 10.0 40.0 11.0 9.0 17 .5 B.6 7.0 135 111 
9-3 7.5 8.5 15.0 5.0 9.5 10.0 7.0 4.0 17 143 
9-4 10.4 12.0 48.5 10.5 7.6 10.0 10.0 8.0 137 142 
9-5 42.5 12.5 20.0 22.0 10.6 3.5 122 139 

Avg. 9.4 10.5 44.4 10.4 13.2 16.4 9.1 6.0 122 135 
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Table 15 

RAW DATA FOR CHEMICAL UNIT AND Be 4.4 DAYS 

Solids Concentration Concentration 
Strip. proc. 

Total Strip. proc. Basin supernatant Strip. prot. 
system Effl. supernatant Basin DO DO Inf1. supernatant Effl. 

Date (mg/l) (mg/l) (mg/l) pH (mg/l) (mg/l) (mgtl) (mg/l) (mg!1 ) 

6-24 588 32 28 8.5 7.6 1.1 11.1 11.5 9.5 
6-25 572 24 24 8.2 7.6 1.6 11.1 11.4 13.0 
6-26 424 16 156 7.9 7.4 1.7 10.5 12.4 10.1 
6-27 400 8 4 9.4 8.1 1.5 12.2 7.8 11.0 
6-28 484 12 28 8.2 8.5 1.5 11.6 11.3 10.5 
6-29 532 124 108 8.2 8.0 1.6 12.1 12.2 11.3 
6-30 380 8.1 8.0 1.5 12.0 9.5 10.9 
7-1 576 68 36 8.4 8.0 1.5 11.9 11.9 12.0 
7-2 476 64 20 8.2 8.2 1.7 12.4 11.6 12.5 

Avg. 481 45 58 8.3 7.9 1.5 11.7 11.0 11.2 

Concentrati ons Concen tra t 1 on 

Sol. Total Total Sol. strip. Tot. strip. Sol. Total Strip. proc. 
inf1. infl. reactor supernatant supernatant effl. effl. 1nf1. supernatant Effl. 

Date (mg/l) (mg/1 ) (mg/1 ) (mgtl ) (mg/l) (mg/l) (mg/l ) (mgl1 ) (mg/l) (1119/1 ) 

6-24 2.1 5.B 34.4 1.2 2.1 1.2 1.3 178 226 132 
6-25 2.0 5.8 45.6 0.9 4.6 0.9 6.4 144 181 134 
6-26 2.3 12.5 41.0 4.1 30.3 1.2 11.3 135 207 160 
6-27 3.5 11.6 26.0 1.5 3.1 2.0 3.9 198 158 136 
6-28 6.4 9.2 37.3 0.5 0.9 2.1 5.8 176 194 133 

6-29 3.7 7.0 44.1 0.9 3.1 2.0 B.6 190 176 134 

6-30 NRa NR NR NR NR NR NR 163 189 139 

7-1 NR NR NR NR NR NR NR 166 185 122 
7-2 NR NR NR NR NR NR NR 160 159 124 

Avg. 3.0 7.44 32.3 1.3 6.3 1.4 5.7 168 181 135 

aNR : Test not run. 
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Table 16 

RAW OAT A FO R CliEr~ I CAL UN IT AND e c 5.B [)AYS 

Solids Concentrations 
Strip. proc. 

Total Str1 p. proc. Basin supernatant 
system Effl. supernatant Basin DO 00 

Date (mg!l ) (mg/1) (mgtl) pH (mg/t) (mgt1) 

7-8 480 24 8 8.8 7.7 0.9 
7-9 296 40 20 8.5 8.2 0.8 
7-10 332 112 12 8.4 B.O 1.2 
7-11 272 44 84 8.4 7.8 1.1 
7-12 260 32 0 8.5 7.5 1.9 
7-13 284 36 0 8.4 7.4 1.3 
7-14 264 32 a 8.4 7.8 1.2 
7-15 28 64 8.3 7.6 0.9 
7-16 8.5 7.5 1.2 
7-17 120 24 24 8.3 7.5 1.1 
7-18 252 8 0 8.5 8.0 1.2 
7-19 288 80 8 8.5 7.3 1.3 
7-20 288 8 0 8.4 7.8 1.3 
7-21 268 12 24 8.4 7.5 2.0 

Avg. 283 37 19 8.5 7.7 1.2 

Concentration Concentration 

Sol. Total Total Sol. strip. Tot. strip. Sol. Total Strip. proc. 
1nf1. inf1. reactor supernatant supernatant effl. effl. Infl. supernatant Effl. 

Date (mgtl) (mg/l) (mg/l) (mg/l) (mgtl ) (mg/1) (mg!l) (mg!1) (mg/1) (mg/l) 

7-8 7.0 6.3 19.3 10.5 0.5 0.6 0.5 245 152 103 

7-9 6.1 21.8 0.6 1.9 1.0 198 124 132 
7-10 31.0 3.8 2.8 4.0 112 
7-11 4.9 10.5 33.3 4.0 3.3 3.2 205 149 95 

7-12 3.4 31.0 1.8 1.3 2.1 7.5 240 112 

7-13 5.6 8.5 31.0 2.2 1.5 3.2 9.7 221 129 87 
7-14 28.5 5.7 6.0 2.6 8.5 139 108 

7-15 7.2 8.8 39.0 5.2 7.5 3.1 6.5 224 121 
7-16 6.2 8.0 39.3 1.0 9.5 2.6 8.7 226 124 105 
7-17 8.8 9.5 25.0 3.1 B.O 6.0 5.5 310 140 120 
7-18 7.5 8.5 32.5 2.0 0.5 3.2 4.3 244 
7-19 6.8 7.9 2.9 3.0 3.3 7.3 208 162 129 
7-20 8.2 8.0 32.5 5.0 4.0 3.2 9.0 233 123 149 
7-21 9.2 8.2 36.0 1.6 4.5 2.8 8.7 208 110 86 

Avg. 7.1 8.3 31.2 3.5 4.0 3.0 6.3 230 132 111 
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Table 17· 

RAW DATA FOR CHEfUCAL UNIT AND ac = 9.2 DAYS 

Solids Concentration 
Strip. proc. 

Total Strip. proc. Basin supernatant 
system Effl. supernatant Basin DO DO 

Date (mg/1) (mgtl) (mg/l ) pH (mg/l) (mg/l) 

8-2 8.3 7.5 1.7 
8-3 268 20 8 8.5 7.9 1.0 

8-4 280 8 0 8.7 7.3 1.3 
8-5 244 0 0 8.1 7.8 1.0 
8-6 324 0 28 8.4 7.8 1.5 
8-7 248 20 24 8.5 7.6 1.0 

8-8 232 28 44 8.5 7.6 1.2 
8-9 280 4 24 8.4 7.6 1.4 
8-10 228 0 12 8.5 7.9 1.4 
8-11 192 8 8 8.7 7.4 1.5 

Avg. 255 10 16 8.5 7.6 1.3 

P04-P Concentration Concentration 

Total Sol. strip. Tot. strip. Sol. Total Strip. proc. 
reactor supernatant supernatant effl. eff1. supernatant Effl. 

Date (mg!1 ) (mg/l) (mg/1) (mg/l) (mg/l) (mg/1 ) (mg/l) 

8-2 15.0 3.1 5.5 2.0 5.5 137 68 
8-3 22.5 1.3 2.0 2.1 3.5 127 85 
8-4 8.5 2.5 3.5 2.1 5.5 151 105 
8-5 26.5 1.5 4.3 5.0 5.5 137 110 
8-6 35.0 23.6 27.0 3.4 4.0 152 66 
8-7 44.5 1.3 7.0 2.5 3.7 127 88 

8-8 39.0 6.4 10.5 2.4 3.3 178 115 
8-9 26.0 1.9 6.7 1.5 2.5 164 154 
8-10 26.0 1.0 4.5 2.4 4.0 107 95 
8-11 42.3 4.4 7.0 2.5 3.B 152 101 

Avg. 28.5 4.7 7.8 2.6 4.1 143 99 
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Table 18 

RAW DATA FOR CHEMICAL UNIT AND 6c = 3.0 DAYS 

Solids Concentrations 
Strip. proc. 

Total Strip. proc. Bas;n Basin supernatant 
system Effl. supernatant volatiles Basin DO DO 

Date (mg/l ) {mg/l} (mg/l) (mg/l) pH (mg!1 ) (mg/1) 

8-20 204 52 0 60 8.2 7.5 1.0 
8-21 156 32 36 52 8.2 7.3 1.1 
8-22 124 32 24 48 8.7 8.2 1.5 
8-23 104 32 16 20 8.9 8.0 0.9 
8-24 108 96 0 28 8.9 8.2 1.3 
8-25 124 0 44 40 8.9 8.2 
8-26 128 4 44 44 8.9 8.2 1.3 
8-27 168 0 24 52 8.9 8.2 1.7 

Avg. 140 31 20 43 8.7 8.0 1.3 

Concentrations Ca++ Concentrations 

Sol. Total Total Sol ~ strip. Tot. strip. Sol. Total Total Strip. proc. 
inf1. 1nf1. reactor supernatant supernatant effl. eff1. filtered supernatant Effl. 

Date (mg/l ) (mg/l ) (mg/1) (mg/l) (mgl1 ) (mg/l) (mg/l) r~act~r (mgl1 ) (mg/l) mg/l 

8-20 8.0 9.3 8.0 0.3 3.0 2.2 10.0 NRa 141 134 
8-21 6.7 11.3 15.0 2.4 1.6 8.5 NR 173 120 
8-22 8.5 6.7 14.3 5.4 11.5 2.6 3.5 NR 156 125 
8-23 8.0 10.0 5.0 8.0 2.6 !l.5 NR 149 122 
8-24 7.8 8.6 9.5 4.2 3.0 12.0 NR 133 107 
8-25 7.1 8.4 7.0 3.4 6.5 2.6 4:5 2.3 148 141 
8-26 6.8 8.6 11.0 2.8 4.0 2.4 4.5 2.0 159 131 

8-27 7.5 8.1 6.7 3.2 5.3 2.0 2.5 2.3 195 190 

Avg. 7.5 8.6 10.2 3.3 5.9 2.3 6.4 2.2 157 134 

aNR : Test not run. 
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Table 19 

RAW DATA FOR CHEMICAL UNIT AND ac = 5.0 DAYS 

Solids Concentrations 
Strip. proc. 

Total Strip. proc. Basin Basin supernatant 
system Effl. supernatant vol atil es Basin DO DO 

Date (mg!1 ) (mg/1) (mg!1 ) (mg/l ) pH (mg/1) (mg/l) 

8-31 124 0 0 116 8.9 7.8 1.5 
9-1 140 60 48 48 8.8 8.0 1.5 
9-2 116 0 0 32 9.1 8.1 1.8 
9-3 84 0 8 48 8.7 7.9 1.6 
9-4 100 0 64 28 8.8 8.1 1.4 

9-5 184 0 0 40 8.9 8.0 1.3 

Avg. 125 10 20 52 8.9 8.0 1.5 

Concentrations Concentrations 

Total 
Sol. Total Total filtered Sol. str1 p Tot. strip. Sol. Total Strip. proc. 
1nf1. infl. reactor reactor supernatant supernatant effl. effl. supernatant Effl . 

Date (mg/1) (mg/l ) (mg!1 ) (mg/l) (mg/l) (mg/1) (mg/l) (mg/l) (mg/l ) (mg!1) 

8-31 10.0 11.5 7.0 5.3 5.0 8.5 3.4 4.5 123 107 
9-1 8.3 10.0 18.0 8.5 B.B 9.5 4.0 8.5 177 122 
9-2 8.5 9.3 15.8 5.0 4.6 8.5 3.0 4.0 116 95 
9-3 10.0 11.3 10.0 5.0 6.0 4.0 5.0 125 106 
9-4 7.5 9.3 10.0 5.0 6.0 7.4 4.0 6.0 96 98 
9-5 11.5 11.8 5.5 2.4 5.3 3.8 7.4 86 113 

Avg. B.9 10.5 12.1 5.7 5.4 7.5 3.7 5.9 121 107 
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Table 20 

ORTHOPHOSPHORUS RELEASE USING ANAEROBIOSIS AND ACID STRIPPING 

Biological Unit Bio-chemical Unit 

Time DO Sol. P04-P DO Sol. P04-P 
(Min.) (mg/1) pH (mg/l, (mg/1) pH (mg/l} 

a 2.5 8.3 19.6 2.0 8.2 6.4 

15 1 .5 3.9 19.9 1.6 3.9 21.4 

30 1.2 3.8 22.3 1 • 1 3.9 27.7 

45 1 • 1 3.8 17.9 1 • 1 3.8 27.7 

60 1 • 1 3.8 20.7 1 . 1 3.8 27.7 

75 1 .2 3.8 18.7 1 . 1 3.8 26.3 

90 1 .2 3.8 21.0 1 . 1 3.8 26.6 
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COMPARATIVE PHOSPHORUS REMOVALS USING 

MODIFIED ACTIVATED SLUDGE PROCESSES 

by 

William Richard Elliott 

(ABSTRACT) 

The operation of three continuous flow bench scale units was 

used to investigate the effectiveness of the phosphorus stripping 

modification to the activated sludge process. Three units were 

operated, all undergoing a stripping procedure, in such a manner to 

study: a) a biological process in which phosphorus is removed by 

biological incorporation; b) a biological process in which phosphorus 

is removed both through biological incorporation and calcium-phosphate 

precipitation; and c) a microorganism free reactor in which phosphorus 

is removed only by means of calcium-phosphate precipitation. 

Using the mean cell residence time as a primary operational para

meter, it was demonstrated that for biological activated sludge pro

cesses, phosphorus removal efficiencies decreased with increasing mean 

cell residence times due to increased sludge production. For chemical 

reactors, phosphorus removal efficiencies increased with increasing 

mean cell residence times due to an increase in the rate of precipi

tation because of increased crystal residence time. 

The anaerobiosis and acid stripping procedure, as used in this 

investigation, did not produce phosphorus removals greater than those 

expected from normal microbial growth. 


