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I. INTRODUCTION

EEED FOR STUDY

As a medium for the production of microorganisms such as
activated sludge, domestic sewage is deficient in carbon and rich in
nitrogen and phosphorus. Therefore the treatment of domestic waste-
water by growing microorganisms on it will satisfactorily remove the
available carbon but will usually produce a product in which a large
fraction of the incoming nitrogen and phosphorus remain.

Previous work in this laboratory had established the growth
requirements of activated sludge for phosphorus removal and had
concluded that a maximum of about 20% — 50% of the phosphate entering
a typical activated sludge plant treating domestic wastewater would be
removed by the activated sludge for purposes of growth.

In contrast to this prediction, which is supported by the vast
majority of operating experience in the field, reports of very high
(> 90%) phosphate removals were made by workers at San Antonio, Texas.
The interpretation of the data collected by several investigators led
to the conclusion that these results were the result of a biological
phenomenon termed Itlurury uptake” of phosphate.

Since the removal of such large amounts of phosphate represents
the attainment of a highly significant waste treatment objective, it
is important to elucidate its mechanism.

OBJECTIVES OF STUDY

The current investigation was undertaken to resolve the
conflicting concepts of the behavior of phosphate in the activated
sludge process. In doing so the investigation was designed to provide
a rational explanation of the mechanism of enhanced phosphate removal
by activated sludge and to test the proposed mechanism on a pilot-plant
scale.

CO~DUCT OF INVESTIGATION

The investigation was conducted at the Sanitary Engineering
Research Laboratory, University of California, Berkeley. Pilot-plant
experiments were conducted at the Valley Community Services District
Water Reclamation Plant (vCSD), San Ramon, California.

Mr. Arnold B. Menar served as project engineer. The project
was directed by Professor David Jenkins.
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11.

insufficient to remove the phosphate completely by biological means.
By supplementing the BOD of a domestic sewage with glucose, Sawyer
raised its BOD to 1~-oo mg/.~ and showed that activated sludge would
completely remove the 2.68 mg P/.~ that the mixture contained. Without
the glucose supplement, phosphate remained in solution after activated
sludge treatment.

Sawyer’s often quoted BOD:P ratio of 100:1 for the satisfactory
biological treatment of wastes was a result of these experiments. From
this ratio it can be concluded that for complete phosphate removal by
biological treatment a BOD:P ratio of 100:1 (or greater) is necessary.

Sekikawa etal. [2], in laboratory-scale batch activated sludge
studies using synthetic sewage showed that phosphate removal occurred
only with cell growth. After all BOD had been consumed, further
aeration of the mixed liquor caused phosphate release from the sludge
due to cell oxidation. The rate of phosphate removal as well as the
final soluble phosphate concentrations were dependent on the initial
BOD of the substrate. High initial BOD’s were associated with rapid
removal rates and low final soluble phosphate concentrations.

Hall and Engelbrecht [5], from laboratory-scale “fill and draw”
activated sludge units operated on a synthetic substrate, concluded
that soluble phosphate uptake was directly proportional to organic
loading and that the ratio of COD uptake to phosphate uptake (COD:P)
varied from 78:1 to 85:1.

Jenkins and Menar [1~~], in pilot-plant activated sludge studies
on domestic sewage showed that, in the range of organic substrate
removal rates from 0.52 to )-i-2.5 lb COD removed/lb VSS-day, the P
content of activated sludge averaged between 2.5% — s.o% of the volatile
sludge solids. The activated sludge P content showed no increase with
organic loading nor could any one particular organic loading rate be
identified with a sludge of greater than average phosphate content.
Phosphate removal was shown to be proportional to the net growth of
the activated sludge.

Contrary to the preceding findings the literature contains
reports of experiments that have demonstrated an uptake of phosphate
by activated sludge in excess of that found in normal cell material.

Levin and Shapiro [5] conducted batch studies in which they
aerated mixtures of raw sewage and return activated sludge. They
reported that phosphate uptake by the sludge could occur in the absence
of cell growth. They termed the phosphate uptake in excess of that
required for cell synthesis “luxury uptake.” Their batch experiments
showed that this phenomenon was dependent on DO concentration and was
also greatly affected by the rate at which oxygen was supplied.

Borchardt and Azad [6] extrapolated the results they obtained
from continuous pure cultures of the algae Scenedesmus and Chlorella
(species not specified) to activated sludge. They showed that below
0.5 mg ~o4-P/~ the growth rate of their cultures was dependent on
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phosphate concentration for 50 mg/i culture densities. Between 0.5 —

1.5 mg ~o4-P/~, cultures of these algae stored phosphate, and their
phosphate content increased to greater than i% P — a phenomenon which
Borchardt and Azad [6] attributed to storage of phosphate—containing
materials and which they termed “luxury uptake.17 Above 1.5 mg
it was observed that the percentage of P in the algae did not increase
any further and this, the authors contended, was because the organisms
were “saturated” with phosphate.

In addition to these three steady state conditions, Borchardt
and Azad [6] showed that algal cultures which were suddenly exposed to
high phosphate concentrations would take up abnormally large amounts
of phosphate. Borchardt and Azad then extrapolated their results with
pure algal cultures to activated sludge. They concluded that “steady
state metabolic functions will not produce the abnormal phosphorus
values of 6% — 7% sometimes reported. Because the phosphate concen
tration of most sewage is so high, activated sludges are not normally
operating at or below their critical PC4 level. From this point of
view, ‘luxury uptake’ as defined must be the rule not the exception
for the vast majority of activated sludges.”

In February 1966 the U. S. Patent office issued Patent 5,256,766
to G. V. Levin [8] for a sewage treatment process employing activated
sludge that produces an effluent substantially free of .phosphate. A
prime feature of the invention resides in a “threshold” level of 0.5
mg/i DO which is to be maintained in the mixed liquor throughout the
aeration basin. At or above this threshold DO level it is claimed
that luxury uptake of phosphate occurs, i.e., uptake of phosphate in
excess of the sludge growth requirements. Another feature of the
patent is the use of the shock loading effect alluded to by Borchardt
and Azad [6]. The return activated sludge is held for a period under
anaerobic conditions at a pH below 6.5. These conditions it is claimed
cause phosphate, taken up by “luxury uptake,” to leak out of the sludge.
Following this treatment the phosphate-stripped return activated sludge
is separated from the phosphate-rich supernatant, its pH adjusted to
between 7 and 8.5 and then mixed with the influent sewage. The admixture
of the phosphate-stripped return sludge and raw sewage in the presence
of at least 0.5 mg/i DO is claimed to produce conditions favorable for
the luxury uptake of phosphate.

Levin and Shapiro [5] conducted a plant-scale investigation of
luxury uptake for a period of four days at the District of Columbia
Sewage Treatment Plant. During the experiment the aeration rate was
increased 5 — i-i- times and phosphate removal amounted to about 1.5 mg
p/~g. This is an amount that could have been predicted from normal
sludge growth (Jenkins and Menar [)-i.]). Thus in this instance there
was no confirmation that increased aeration rate or increased mixed
liquor DO concentration enhanced the removal of phosphate by activated
sludge. A further test of the claims of the Levin patent is in progress
at the city of Trenton, Michigan. At this pilot-plant demonstration,
higher than normal aeration rates are being tested ~or their effect on
the phosphate uptake by activated sludge. Additionally, phosphate
stripping of the return activated sludge by anaerobiosis and pH
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adjustment is being investigated. Results, according to the investi
gators, are “moderately successful” [9].

While considerable laboratory- experimentation has demonstrated
that phosphate uptake in excess of activated sludge growth requirements
may take place many operating activated sludge plants in this country
and throughout the world do not show phosphate removals in excess of
that which would be predicted by the growth of a 2% P content activated
sludge. However, there are activated sludge plants in which phosphate
removals greater than that predicted by the growth requirements of a
2% P activated sludge do occur. For example, the Yardley Plant of the
Tame Valley Authority, England, reported high phosphate removals which
were attributed by Harkness and Jenkins [10] to the presence of large
amounts of the insoluble ferric phosphate in the industrial sewage
treated at this plant.

The West-Southwest Plant of the Metropolitan Sanitary District
of Greater Chicago experienced an average phosphate removal of 5!~.% for
the year 19611~ [11]. Again, a high-iron content in the sewage was most
probably the cause of this high-phosphate removal. Insoluble phosphates
were apparently formed and incorporated into the activated sludge mass
and removed with the waste activated sludge.

One notable and well-publicized instance of high-phosphate
removal is at the Rilling Road activated sludge treatment plant at
San Antonio, Texas. The Rilling Road treatment plant is one of three
activated sludge plants (including also the West Plant and the East
Plant) in San Antonio at the same site and treating the same sewage.
Operating data for 1965 [12] show that the Rilling Road Plant averaged
80% phosphate removal; the West Plant averaged 35% phosphate removal;
and the East Plant, 60%.

It should be noted that while the Rilling Road Plant averaged
80% phosphate removal, there was considerable fluctuation in the
efficiency of phosphate removal throughout the year. The range of
phosphate removals was from 23% — 99%. Because each of the three
plants at San Antonio was not effecting the same phosphate removal,
although treating the same sewage, an explanation was sought in the
difference in operation of the three plants. Vacker, Connell, and
Wells [13] concluded that the following operating parameters coincided
with periods of high phosphate removal:

Mixed liquor DO > 1.5 — 2 mg/.~

Effluent BOD 10 — 30 mg/i

Effluent suspended solids 5 — 15 mg/i

Effluent N03-N approx. 1 mg/i

MLSS approx. 1000 mg/.~

5VI approx. 150 m.Ø/g

0.5 lb BOD
BOD loading lb MESS -day
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Connell and Vacker [7] came to the conclusion that there were
two principal parameters for effective phosphate removal — the rate of
mixed liq.uor aeration and the organic loading. In their opinion, the
observed high uptake of phosphate was principally “metabolic” (i.e.,
biological) and proceeded in two steps.: (i) a removal of phosphate
for cell grawth, and (ii) a very high-phosphate enrichment of the
cells in the “declining and endogenous grøwth-bioflocculation phase.”

The main reasons for these conclusions appear to be that the
best phosphate removals were obtained at a specific organic loading
and the observation that, at the point in the Billing Road Plant
aeration basin where the DO concentration increased from about 1.2 to
5.. 0 •mg/~., a sharp decrease in soluble orthophosphate concentration was
observed.. Moreover, the observation was made by Connell and Vacker [7]
that during a period of ttreverse taperedtt aeration (when the air supply
to the aeration basin was highest at the effluent end of the basin)
phosphate removal was high and corresponded to the presence of high DO
concentrations.

These observations seemed to coincide with the laboratory results
of the batch activated sludge experiments of Levin and Shapiro [5] and
it appears that the occurrence of tt~~j~y uptake’t was assumed at the
Billing Road Plant and was adopted as a possible explanation of the
high-phosphate removals being experienced by this plant.

BASIS OF RESEARCH

Approach Rationale

The objective of the current research was to determine the
mechanism of enhanced phosphate removal by the activated sludge process
such as that encountered in the Billing Road Plant at San Antonio.

The following steps were taken to achieve this objective:

1. A mechanism was postulated.

2. The postulated mechanism was tested in the laboratory.

3. Pilot-plant experiments were conducted to confirm and
supplement the laboratory tests.

A mechanism for enhanced phosphate removal must be rational in
chemical and biological terms as well as being able to explain all
observations associated with the high-phosphate removals at San Antonio.
The relevant observations associated with high phosphate removal at
San Antonio can be suinniarized as follows:

1. High phosphate removal produces an activated sludge with
higher than the normal (2% P) phosphate content.
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2. The physical dimensions of the activated sludge aeration
basins at the three San Antonio plants at the time of the
reported results are quite different (cf. Figure 1). The
Billing Road Plant has 500-ft long, 2-pass aeration basins
with an around-the-end configuration. The West Plant has
550-ft long, single-pass aeration basins with no baffles.
The East Plant is operated as an aeration and sludge
reaeration plant in which the aeration basins are 150-ft
long, 5-pass basins in an around-the-end configuration.

On the basis of configuration and dimensions it would
appear that the West Plant is the closest of the three
plants to being completely mixed whereas the Ruling
Road aeration basin would appear to deviate most signifi
cantly from complete mixing. Dye tests conducted on the
aeration basins by the Robert S. Kerr Laboratory in Ada,
Oklahoma [l)+] have shown that this is indeed the case.
The Billing Road Plant was shown to have the highest plug
flow component and the West Plant, the least.

5. Enhanced phosphate removal occurs most consistently and
to the highest degree in the Billing Road Plant at
San Antonio and to a lesser degree in the East Plant.
In the West Plant at San Antonio there is little evidence
for the occurrence of phosphate removals in excess of
that which would be predicted from biological growth.

ii.. In the Billing Road aeration basin a sharp drop in
soluble orthophosphate occurs at a point about 5/1-I- of
the way down the basin.

5. At the point where there is a sharp drop in soluble
orthophosphate, the mixed liquor DO concentration
increases sharply (from about 1.2 mg/i prior to this
point to about 5.0 mg/i after this point).

6. Reverse tapered aeration, in which more air is supplied
to the tail end of the aeration basin than the head end,
seemed to enhance soluble phosphate removal in the
Billing Road aeration basin.

7. During aeration at the Billing Road Plant, the pH of
the sewage increased from 7.5 to 7.9.

8. When activated sludge, high in phosphate, is held under
anoxic conditions, a release of soluble orthophosphate
takes place. In other work Shapiro [15] fractionated
the phosphate in activated sludge and reported that most
of the phosphate lost under anoxic conditions came from
the “acid-extractable fraction.”

9. Activated sludge with a high phosphate content has a very
low volatile matter fraction.
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Postulated Mechanism of Enhanced
Phosphate Removal

Phosphate removal in excess of that predicted by biological
growth requirements (to produce an activated sludge with a 2% — 5% P
content) is caused by chemical precipitation. Specifically, at
San Antonio, enhanced phosphate removals are caused by the precipitation
of a calcium phosphate. The colloidal precipitate of calcium phosphate
becomes physically entrapped in the matrix of the activated sludge floc
and is removed with the waste-activated sludge.

Conformance of Postulated Mechanism
with Observed Phenomena

The postulated mechanism predicts the production of an activated
sludge with higher than the normal 2% — 5% P content. Moreover the
presence of an inorganic precipitate would tend to lower the volatile
matter fraction of the activated sludge.

The effect of aeration basin configuration and DO concentration
on the removal of soluble orthophosphate can be explained rationally
in terms of a precipitation hypothesis.

Let it be assumed that the calcium phosphate precipitate is
formed by the interaction of dissolved Ca~2 ion and dissolved HPO42
ion. This is a logical assumption because at the pH ranges encountered
in San Antonio sewage, HP042 is always a major species and usually is
the predominant phosphate species.

Analysis of San Antonio settled sewage may reveal that total
calcium and total phosphate are present in concentrations high enough
to cause the precipitation of a calcium phosphate. T~1hy then, does
calcium phosphate precipitation not take place in the settled sewage,
but only after a period equivalent to about three-quarters of the
aeration time? Several factors may contribute to the explanation of
this observation.

Closer consideration of the analytical data shows that, of the
total calcium and total phosphate in the settled sewage, it is possible
that only a small fraction may be present in the form of the postulated
precipitating ions. Thus a total phosphate analysis includes not only
dissolved orthophosphate but also particulate orthophosphate, and
particulate and dissolved condensed and organic phosphates. Moreover,
at a pH of 7.5 and with phosphate concentrations typical of the
San Antonio settled sewage, only about 50% of the dissolved orthophosphate
would be present as the postulated precipitating anion, HP042. Similarly
the analysis of total calcium will not only include the postulated
precipitating cation, dissolved Ca+2, but also the particulate salts of
calcium with fatty acid anions, and the particulate or dissolved complexes
of Ca+2 with condensed phosphate anions.



11

Thus when settled sewage enters the Ruling Road aeration basin,
by total calcium and total phosphate analysis it may apparently be
supersaturated but in fact it may be undersaturated with respect to
the postulated specific precipitating ions, Ca~2 and HP0~2.

During aeration in the activated sludge aeration basin, several
changes in composition take place that influence the postulated pre
cipitating ions. The microbiological action of the activated sludge
results in the rapid hydrolysis of condensed phosphates to orthophosphate,
thus producing more soluble orthophosphate and possibly releasing calcium
from condensed phosphate complexes. Microbial degradation of fatty acid
soaps of calcium would also be expected to release Cat~ ions and degra
dation of organic compounds containing phosphate might release further
small amounts of phosphate. The net result of these processes is that
both the dissolved orthophosphate and the dissolved calcium ion may be
expected to increase as a result of the treatment of settled sewage in
an activated sludge aeration basin.

However, even though, by analysis, sufficient dissolved calcium
and orthophosphate may be present to cause calcium phosphate precipita
tion, the pH of the activated sludge-sewage mixture will still be at a
value where a large fraction of the dissolved orthophosphate is not
present as the postulated precipitating anion, HP042.

In the metabolism of organic matter activated sludge consumes
oxygen and produces CO2. It is this CO2, in any particular sewage,
that controls the pH of the mixed liquor. To substantiate this conten
tion, measurements of the CO2 content of the diffused air issuing from
a pilot activated sludge plant at SERL were made by Weddle [16].
Concentrations of CO2 were on the order of 0.5% by volume, compared with
typical atmospheric CO2 contents of 0.03% by volume.

In an activated sludge aeration basin the DO concentration is
controlled by the rate of aeration and the rate at which the activated
sludge consumes oxygen (at a constant rate of oxygen transfer). It can
also logically be reasoned that, since 02 is consumed and CO2 is
produced by activated sludge in the metabolism of its substrate, the
rates of 02 uptake and CO2 production should parallel each other.

These chemical and microbiological factors can now be considered
in the context of the two hydraulic regimes that represent the extremes
of what may be encountered in an aeration basin of an activated sludge
plant.

In a completely mixed basin there are no concentration differences
throughout the entire basin; CO2 production and 02 consumption rates are
the same throughout the basin. Some liquid leaves the basin very rapidly,
possibly before reactions such as condensed phosphate hydrolysis and
calcium soap degradation have had time to proceed to completion.

In a plug flow basin, the return activated 3ludge and settled
sewage enter at the head end of the basin. At this point the rates of
CO2 production and DO consumption are high. Consequently the DO concen
tration in the mixed liquor is low. The high CO2 production rate leads
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to high CO2 concentrations in the mixed liquor and in the air passing
through the mixed liquor. This results in a low pH in the mixed liquor.
As the hypothetical plug of mixed liquor proceeds down the aeration
basin, the amount of degradable organic matter decreases and this
decrease is reflected by decreasing both DO consumption and CO2
production rates. At a constant air supply rate, decreasing DO consunip
tion and 002 production rates lead to an increase in mixed liquor DO
concentration and a lower dissolved and gaseous CO2 content. The
lower 002 content allows the pH of the mixed liquor to rise to a value
higher than that at the head end of the basin. Thus an increase in DO
concentration should be accompanied by an increase in mixed liquor pH.

Concurrently with the biologically regulated changes in mixed
liquor DO and pH, the release of dissolved calcium and orthophosphate
is taking place as the plug of mixed liquor moves down the basin.

At some point along the length of the basin the pH will rise
to a value at which a sufficient quantity of the postulated precipita
ting anion EPO42 is present to cause calcium phosphate precipitation.
At this point the dissolved orthophosphate will decrease in concentra
tion. This point will coincide fortuitously with the point at which
the mixed liquor DO concentration increases, and significantly with the
point at which a decreased CO2 content in the mixed liquor and diffused
air has allowed the mixed liquor pH to rise to where sufficient
quantities of EP042 are present to cause calcium phosphate precipitation.

In a completely mixed basin this Hsegregationt? of reactions to
various sections of the aeration basin is not possible. It is possible
then that, at all points in the aeration basin, the CO2 production rate
is sufficiently high to keep the pH below a value that would not allow
the presence of sufficient quantities of 1~O4_2 for calcium phosphate
precipitation. Moreover, the completely mixed basin does not afford
as favorable a residence time distribution as the plug flow basin for
the completion of consecutive reactions such as the release of calcium
and phosphate followed by the precipitation of calcium phosphate.

The observation that release of phosphate takes place from
activated sludge when it is held under anoxic conditions can also be
rationalized in the light of a calcium precipitation mechanism.

When anoxic conditions develop in activated sludge, it is a
sign that the DO consumption rate of the activated sludge has so
exceeded the oxygen supply to the liquid that all DO has been exhausted.
It can be reasoned that this consumption of DO is accompanied by a
production of CO2 and hence anoxic conditions should be accompanied by
a pH decrease. The decrease in pH as well as the anoxia should be
more severe in the matrix of the activated sludge floc than in the
liquid surrounding the floc, especially if the activated sludge is in
a quiescent condition such as that found in the sludge blanket at the
bottom of a secondary sedimentation basin.

The precipitation hypothesis envisages an intimate association
of the colloidal calcium phosphate particles with the activated sludge
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matrix. Consec~uently, pH decreases associated with anoxic conditions
will be especially felt by the enmeshed calcium phosphate particles.
Since it is possible that locally acid conditions may exist in an
anoxic floc interior, it is conceivable that the calcium phosphate
would be dissolved and orthophosphate released into solution.

This mechanism is in perfect agreement with observed phenomena.
Thus it is observed that phosphate is released when the DO concentration
is below 0.5 mg/.Ø [5] and that the phosphate released from activated
sludge under anoxic conditions is from the acid—soluble fraction [15].

In summary, it can be seen that a mechanism for enhanced
phosphate removal involving the precipitation of calcium phosphate is
entirely plausible in light of reported observations. The report of
experimental work that follows will provide further confirmatory
evidence that precipitation of calcium phosphate is the mechanism by
which enhanced phosphate removals are obtained at plants such as the
Rilling Road Plant at San Antonio, Texas.



III. ~DCPERIMSNTAL RESULTS

LABORATORY BATCH ~D~PERIMENTS

Several series of laboratory-scale batch experiments were
conducted to test the various predictions of the hypothesis that
enhanced phosphate removal in hard sewages could be attributed to
calcium phosphate precipitation.

Aeration of Settled Sewages with Air

Settled sewage from the City of Richmond, California (Ca~2 =

0.97 mM/i; total phosphate = 0.30 mM/~)* and settled sewage from the
Valley Community Services District (vCSD), San Ramon, California
(Ca~2 = 1.77 mM/.~; total phosphate = O.!~~1i~ mM/i) were aerated with
compressed air.

Measureable precipitation in the Richmond settled sewage did
not occur at any time during the 91 hr of aeration. No decrease in
total dissolved phosphate took place during the entire experiment;
neither did the dissolved calcium concentration change detectably.
The only change in phosphate species was an increase in dissolved
orthophosphate and a decrease in dissolved condensed phosphate caused
by the hydrolysis of the latter to the former (cf. Figure 2).

In the San Ramon settled sewage there was a considerable
decrease in dissolved orthophosphate during 92 hr of aeration (cf.
Figure 3). The dissolved condensed phosphate concentration also
decreased, largely by virtue of its hydrolysis to orthophosphate which
was then precipitated. (Some later evidence indicated that under these
conditions some of the condensed phosphates might precipitate but that
this would be of minor concern in comparison with the loss of condensed
phosphate by hydrolysis to orthophosphate.)

A decrease in soluble calcium concentration was not unequivocally
demonstrated by these experiments; however, it must be realized that
the precipitation of io.8 mg Po4/~ as CaHPO4 for example requires the
removal of only )~.5 mg/,~ dissolved Ca~2 —a difference that would be
somewhat difficult to detect analytically in a total dissolved calcium
concentration of 60 mg Ca+2/~.

*
Conversion Factors

Calcium
1 mM/i = mg Ca/i = 100 mg CaC03/~

Phosphorus
1 rnM/~ = 31 mg P/~ = 95 mg P04/i

111.
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Examination of the results of these preliminary laboratory
experiments surprisingly showed that the equilibrium dissolved ortho
phosphate concentration could be quite accurately predicted on the
basis of the simple solubility product relationship of CaHPO4, [Ca~2]
[11P042] = 2.2 x l0~ [17] (Table I).

A further batch aeration experiment was conducted on San Ramon
settled sewage (cf. Figure 14). The sewage, which initially contained
0.52 mM Total P/~ and 1.55 mM Total Ca~2/.e, was aerated for 3 days.
Dissolved orthophosphate, dissolved condensed phosphate, and possibly
dissolved calcium all decreased during this period of aeration. Also,
by this time the settled sewage had become a mixture of clear liquid
and flocculent sludge particles. The air was then turned off for
3 days and the mixture allowed to stand quiescently. During this
period the flocculent particles of sludge settled to the bottom of the
container. After 3 days the air was turned on, and inmiediately after
the settled sludge had been mixed thoroughly throughout the liquid, a
sample was taken for analysis. In this sample (cf. Figure Ii-) the
dissolved orthophosphate and dissolved condensed phosphate were higher
than in the sample taken immediately prior to turning off the air and
there was an indication that the dissolved calcium concentration had
also increased. The pH fell from 8.8 to 8.1-i.. When aeration was
reestablished for another day, the dissolved orthophosphate returned
to its level prior to turning off the air and the dissolved condensed
phosphate had decreased beyond the limits of detection. The dissolved
calcium concentration also returned to its downward trend.

This chain of events lends support to the precipitation
hypothesis since it demonstrates the effect of decreased pH on the
solubility of calcium phosphate precipitates enmeshed in a flocculent
microbiological matrix. While it may be argued that a drop in pH from
8.8 to 8.1-i- is hardly significant enough (at this pH value) to have any
great effect on calcium phosphate solubility, it must be remembered
that this pH change represents the change in [H~] measured for the
entire bulk of the aeration vessel. The flocculent microbial masses
that contain precipitated calcium phosphate and that produce the
carbonic acid occupied probably less than 1% of the reactor volume.
Thus if the change in [i1~] represented by a pH change of from 8.8 to
8.1-i- over the entire reactor is calculated for the volume occupied by
the flocculent microorganisms, this would represent a change in pH from
8.8 to 1-i-.6, a pH which is certain to cause the dissolution of any
calcium phosphate. It is therefore reasonable to assume that the
actual pH inside the flocs was well below 8.1i~.

The 3-day period without aeration led to an increase not only
in the dissolved orthophosphate but also in the dissolved condensed
phosphate. This may be taken as tentative evidence that condensed
phosphates had been precipitating but cannot be regarded as conclusive
evidence in this direction because it is possible that anoxia may lead
to the release of condensed phosphates from cell material. If this
latter possibility is disregarded then at this point in the experiment,
it is estimated that about 25% of the condensed phosphate removed from
solution had been precipitated while about 75% had been hydrolyzed to
orthophosphate.



H
OD

TABLE I

COMPARISON OF ACTUAL AND PREDICTED BEH~.VIOR OF DISSOLVED ORrJI{OPHOSPHkTE
IN SEW~GES OF VARIOUS CALCIUM CONCENThATIONS

a
Predicted Equilibrium Experimental Equilibrium Equilibrium

Sewage Sampled Calcium Dissolved Orthophosphate Dissolved Orthophosphate pH
from mM/i

City Of 0.97 0.25 0.28 8.8
Richmond (SEaL)

VCSD, San Ramon, 1.75 0.126 0.130 8.9
Expt. 1

VCSD, San Ramon, 1.55 0.lL~2 0.l!~5 8.8
Expt. 2

2.6li~ 0.o8!i~ 0.081 8.7

5.2I1~ 0.0)+2 0.026 8.7

aBased on precipitation of CaHFO4, = 2.2 x l0~
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The second aeration experiment on San Ramon sewage was continued.
After the dissolved orthophosphate had stabilized at 0.1)45 rnM/~, very
close to the value of 0.1)42 rnM/~ predicted on the basis of for
CaBFO4 the dissolved Ca+2 concentration was increased by the addition
of CaC12 solution. The first CaC12 addition increased the dissolved
Ca~2 to 2.64 rnM/~ and the dissolved orthophosphate fell to 0.081 rnMfØ
(0.084 mM/i predicted on the basis of K5 for CaHPO4). A second CaCl2
addition raised the dissolved Ca~2 to 5.~4 mM/.~ and decreased the
dissolved orthophosphate to 0.026 mM/i. This value was not in good
agreement with the prediction of 0.042 rnM/~ based on the K5~ of CaHPO4.

A batch aeration experiment was conducted to compare the rates
of dissolved orthophosphate decrease in activated sludge effluent and
in settled sewage, both from San Ramon and both containing the same
amounts of Ca+2 and total inorganic phosphate. The results, illustrated
in Figure 5, show that the rate of dissolved orthophosphate removal in
activated sludge effluent is about ten times greater than in settled
sewage. Initial rate constants were first order with respect to
dissolved inorganic phosphate; for activated sludge effluent the rate
constant was 8.1 day’; and for settled sewage, 0.8 day’.

The reason for this vast difference in precipitation rates
cannot be unequivocally stated. However, the presence of phosphate
and calcium in forms other than the precipitating ions is a likely
cause of the slower rate in settled sewage. From Figure 5 it can be
seen that pH was not a factor since the pH profiles of both aeration
experiments are virtually identical.

A further factor that may cause a difference in the rate of
phosphate precipitation in activated sludge effluent and in settled
sewage is the presence of large amounts of colloidal organic matter
in the latter which could act as protective colloids and prevent
precipitate formation and growth.

Suffice to say, it is evident that the rate of dissolved
inorganic phosphate removal is far greater in a liquid which corresponds
to that at the effluent end of a plug flow aeration basin than that
at the influent end of such a basin.

Aeration of Activated Sludge Effluent
with Various Gases

A series of batch experiments was conducted in which aliquots
of San Ramon activated sludge effluent were aerated with air, pure
nitrogen, pure oxygen, and air + 5% 002. The results of this experiment,
presented in Figure 6 and Table II, show that the important function of
the aerating gas is C02—stripping which subsequently causes an increase
in the pH of the liquid.
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TABLE II

INFLUENCE OF AERATING GAB ON DISSOLVED ORTHOPHOSPHATE
RENOVAL FROM SAN RAMON ACTIVATED SLUDGE EPHLUENT

Final Concentration After
5-hr Aeration With:Analysis Initial

Nitrogen Oxygen Air Air + 5% CO2

DO, mg/i 7.2 1.7 3)~.li~ 8.~ 8.~

pH 7.75 9.21 9.25 8.65 6.95

Dissolved Ortho- ~ 0.15 0.13 0.30 0.55
phosphate, rnM/.~

Dissolved Calcium,
mM[e 1.53 1.00 0.95 1.18 1.53

Mole Ratio of 1.56 1.71 2.06 -

Precipitate, Ca:P -

DO concentration per se was shown to be unimportant in the
removal of dissolved orthophosphate, since 02 and N2 were eq~ually
effective in causing calcium phosphate precipitation. These two gases
raised the pH of the activated sludge to an identical value and at an
identical rate. While the DO in the effluent aerated with 02 reached
~ mg/i, the DO in the sample bubbled with N2 fell from 7.2 mg/i
to 1.7 mg/i.

Air was not as effective as either N2 or 02 in causing the
precipitation of orthophosphate (cf. Figure 6). This is because air,
containing approximately 0.03% C02, is not as efficient a CO2—stripper
as pure N2 or 02 (which do not contain any C02). This is reflected
by the pH changes caused by bubbling air, in comparison to those caused
by N2 and O2• The final pH in the N2- and 02-bubbled activated sludge
effluents was 9.20, whereas the final pH of the effluent bubbled with
air was 8.65. Similarly, dissolved orthophosphate and calcium levels
fell more rapidly and to lower values in the N2- and 02-aerated samples
than in the effluent bubbled with air.

Aeration of activated sludge effluent with air + 5% CO2 caused
a fall in pH from 7.75 to 6.95 since the aerating gas mixture contained
a higher CO2 content than that to which the activated sludge effluent
had been equilibrated. A small increase in dissolved orthophosphate
and calcium took place indicating that the sludge contained some calcium
and orthophosphate that could be solubilized at a pH below 7.75.



Comparison of the results of aeration with air and with air
÷ 5% CO2 provides further indication of the unimportance of DO concen
tration in orthophosphate precipitation. While the DO concentration
in both samples was identical at all times during the experiment, the
dissolved orthophosphate concentration fell from i14-.6 mg P/~ to 9.)~i~
mg ~ in the air-bubbled sample and rose from l~.i-.6 mg P/.~ to 16.9
mg P/.g in the sample aerated with air + 5% CO2.

The removal of dissolved orthophosphate and calcium produced
a precipitate with a Ca:P mole ratio of 1.56 when the aerating gas
was N2. When 02 was the aerating gas the slightly higher Ca:P ratio
of 1.71 was obtained. In the sample bubbled with air the precipitate
contained Ca and P in a mole ratio of 2.06.

These experiments illustrated that the simple precipitation
equilibrium of CaHPO4 was not sufficient to explain the removal of
soluble orthophosphate by calcium phosphate precipitation. Thus
equilibrium orthophosphate values were not predicted satisfactorily
by [Ca~2][I-]PO42] = 2.2 x lO~ (which would have predicted an equilibrium
phosphate concentration of 0.22 rriM/~), neither could the Ca:P mole ratios
of between 1.56 to 2.06 be explained on the basis of a CaBPO4 precipitate.
However it was not possible to say unequivocally at this point whether
this Ca:P mole ratio represented the precipitation of a more basic
calcium phosphate than CaHPO4 because under the conditions of the
experiment the activated sludge effluent was supersaturated with respect
to CaCO3 ({Ca~2][CO~2] = 8.7 x lOs). These experiments showed that
pH was an important parameter in determining the equilibrium level of
dissolved orthophosphate at the same dissolved calcium concentration.
Thus at pHts of 9.21 and 9.25 (in the N2 and 02 aerated samples,
respectively) the final orthophosphate concentration was 0.13 rnM/.~; at
a pH of 8.65 (in the sample aerated with air), the final orthophosphate
concentration was 0.30 mM/i.

Effect of Polyphosphate on Calcium
Phosphate Precipitation

In the human body, small concentrations of the condensed
phosphate, pyrophosphate, are known to be powerful inhibitors of
hydroxyapatite precipitation. The precipitation only takes place
after the destruction of pyrophosphate by pyrophosphatase, an enzyme
that is present in high concentrations in calcifying tissues [18].

Condensed phosphates are present in primary effluents and some
small amounts may appear in activated sludge effluents. The effect of
condensed phosphate as a calcium phosphate precipitation inhibitor
per se was investigated in an experiment in which VCSD activated sludge
efffluent was aerated with air in the presence of 0, 1, and 2 mg P/~Ø
of sodium tripolyphosphate. No effect on the decrease of dissolved
orthophosphate or on the increase of pH was detected (cf. Figure 7).
It can be concluded that tripolyphosphate, in the concentrations likely
to be encountered in sewage, is not an inhibitor or orthophosphate
precipitation per se. However, the presence of tripolyphosphate means
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that there is some of the postulated precipitating anion, orthophosphate,
in a form unable to participate in the precipitation reaction.

Release of Phosphate from Activated Sludge

A series of experiments was conducted to determine the factors
that influenced the release of orthophosphate from an activated sludge
with a high orthophosphate content.

Activated sludge mixed liquor from a pilot plant that was being
operated to produce a high-phosphate activated sludge (5.2% as P on a
VSS basis) was placed in a plastic jug and closed to the atmosphere.
At regular intervals the jug was shaken and a sample taken. Analyses
of pH, orthophosphate, and calcium were performed on samples that had
been filtered through OJi-5-j~i membrane filters (cf. Figure 8).

The initial DO of 7.5 mg/i was virtually exhausted within
6 hours. During this period the pH of the mixed liquor fell rapidly
from 8.3 to 7.)i and there was a rapid release of dissolved calcium
and orthophosphate (cf. Figure 8). During the remainder of the
experiment the pH continued to fall at a decreasing rate and approached
a value of 6.8 after 8 days. The dissolved calcium and orthophosphate
concentrations increased at a decreasing rate that almost perfectly
paralleled the rate of pH decrease. The dissolved calcium and ortho
phosphate concentrations were present throughout most of the experiment
in a Ca:P mole ratio of 1.

While the mole ratio of released calcium and orthophosphate is
suggestive of the dissolution of a precipitate with the stoichiometry
of CaEPO4, the experiment did not distinguish between the effects of
DO and pH on the release of orthophosphate from activated sludge. To
do this, a second experiment was conducted on an activated sludge from
a pilot plant being operated to produce enhanced phosphate removals.

Aliq.uots of activated sludge were aerated with air, air + 0.5%
C02, and air ÷ 5% CO2. Initially and after 3 hours of aeration the DO,
pH, dissolved orthophosphate, and dissolved calcium concentrations were
determined. The DO concentration in all three aliquots increased from
~.8 mg/i to 8.)i- mg[e (cf. Table iii). In the sample aerated with air
there was a pH increase from 8.17 to 8.1-i-3 which was accompanied by
decreases in dissolved calcium and orthophosphate of 0.13 and 0.08
n]M/.~, respectively. In the activated sludges aerated with air + 0.5%
CO2 and with air ÷ 5% C02, the pH fell from 8.17 to 7.60 and 6.85,
respectively. In both of these samples, dissolved calcium and ortho
phosphate were released (cf. Table iii), the releases being greater
for the sample aerated with air + 5% CO2 (and having the lower pH).

Thus, at a constant DO concentration, three alicluots of
activated sludge showed dissolved orthophosphate and dissolved calcium
releases that were directly relatable to the pH of the samples.
Therefore, as shown for orthophosphate uptake, orthophosphate release
from activated sludge is not functionally related to DO concentration
but is rather a p11-regulated phenomenon.
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TABLE III

RELEASE OF ORTHOPHOSPHATE FROM ACTIVATEL SLUDGE

Initial After 5-hr Aeration With:Analysis Concentration

Air Air + 0.5% CO2 Air + 5% CO2

DO, mg/i 5.8 8.l.i. 8.)4 8.li~

pH 8.17 8.!i.5 7.60 6.85

Dissolved Ortho- 0.55 0.25 0.51 l.O~
phosphate, mM/i

Dissolved Calcium, l.~9 1.56 1.72 2.!~~5
mM/i

Mole Ratio of
Released Calcium - - 1.28 1.55
and Ortho
phosphate: Ca:P

PILOT PLANT STUDIES

Introduction

The purpose of the pilot-plant studies was to confirm and
apply the results of the laboratory experiments to an operating
activated sludge plant. The experimental stategy was as follows:
A pilot plant was first operated identically to the Rilling Road
Plant at San Antonio. Following the demonstration that this mode
of operation did not produce enhanced phosphate removal, the
principles of the precipitation hypothesis were applied to the
operation of the pilot plant.

Preaeration of the incoming settled sewage to raise its pH
by C02-stripping was showa to enhance phosphate removal. The
operation of the pilot plant was then changed to conform exactly to
the operation of a full-scale treatment plant on whose site the
pilot plant was located, with the exception that high aeration
rates were employed in the pilot plant. This experiment showed
that enhanced phosphate removal occurred in the pilot plant but not
in the full-scale treatment plant. The pilot -plant experiments
concluded with runs that demonstrated enhanced phosphate removal
was not a function of organic loading.
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Pilot Plant

The pilot plant was located. at the Water Reclamation Plant of
the Valley Community Services District (vcsD) in San Ramon, California.
This location was chosen because here it was possible to obtain fresh
primary d.omestic sewage with mineral characteristics similar to those
of the San Antonio sewage (cf. Table iv).

The pilot plant was located. at the effluent end. of the primary
sed.imentation tanks at the VCSD plant (cf. Figure 9) and. took its
settled. sewage supply d.irectly from this basin at a constant flow rate.
The aeration basin and. second.ary sed.imentation basin in the pilot
plant were constructed. from plastic bins. The aeration basin consisted.
of four 50-gallon bins in series (effective aeration volume = 500 ~)
and. the second.ary sed.imentation basin comprised. one 1~-5-gallon bin with
a conical concrete bottom. The effective volume of the second.ary
sed.imentation basin could. be varied. from about 60 £ to 90 £ by an
ad.justable weir. The influent sewage and. return activated. slud.ge were
pumped. by peristaltic pumps while flows between the aeration basin
compartments and. the second.ary sed.imentation basin were by gravity
(cf. Figure 10). Samples of influent and. effluent were taken every
15 minutes by a sampling pump on a cycle timer. The samples were pumped.
immed.iately into refrigerated. containers. Air was supplied. by a 1/5
hp compressor capable of d.elivering 5.9 cu ft/mm at 0 psig. When a
greater supply of air was required. it was possible to tie into the
compressed. air supply of the VCSD plant.

VCSD Water Reclamation Plant

The VCSD Water Reclamation Plant is a mod.ern d.iffused. air-
activated. slud.ge plant with a d.esign capacity of 2.5 mgd.. The plant
treats d.omestic sewage from the communities of San Ramon Village and.
Highland. Oaks and. from the Job Corps Center at Camp Parks. The flow
to the plant d.uring the period. that a comparison was being mad.e between
pilot plant and. VCSD plant performance was 1.57 mgd..

Experimental Design

During each of the experiments the performance of the pilot
plant (and. where applicable the performance of the VCSD plant) was
characterized. by organic load.ing (lb COD applied./lb I~tLVSS-d.ay),
hyd.raulic resid.ence time (hr), mean cell resid.ence time (d.ays), and.
substrate removal efficiency (% COD removal). The analytical d.ata
required. to d.evelop this characterization and. the calculation of these
parameters are summarized. in Append.ix A.

Analyses of calcium (d.issolved. and. total), orthophosphate
(d.issolved. and. total), pH, alkalinity, DO, and. nitrate were mad.e on
samples of influent and. effluent. The activated. slud.ge was characterized.
by analyses of MLSS, MLVSS, total calcium, and. total phosphate. Append.ix
B d.escribes the analytical method.s used. in this stud.y.
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TABLE IV

COMPARISON OF MINERAL CHARACTERISTICS OF WATER
FROM SAN ANTONIO, TEXAS, ANT) SEWAGE

FROM SAN RANON, CALIFORNIA

San .Antonio, San Ramon,C
Constituent Texas, California,

mg/.~ mgfØ

PO4asP 16

Ca 6)4 a 66

Mg a

Total Hardness 230 a 3)46
as CaCO3

Alkalinity as 225 b )4O5
CaCO3

pH 73b 7•7

a~ta for water supply from C. N. Durfor, and
E. Becker, USGS Survey Paper 1812, 196)4.

bData from San Antonio Sewage Treatment Plant
operating records for 1965.

CMean of analytical data collected during this
study.

For each experimental period the daily measurements of process
performance were graphically summarized, and periods of steady operation
were determined by inspection. The criterion for steady state operation
of the pilot activated sludge plant was ± 30% deviation of daily values
of MLVSS and substrate removal rate from the mean value and a ± 15%
deviation of daily sludge Ca and P values from the mean value (cf.
Appendix A). The data during periods of steady state operation were
then screened for conformance to a phosphate materials balance (cf.
Appendix A). The criterion for conformance to the phosphate materials
balance was ± 10% from completion. Only data that cofformed to steady
state and phosphate materials balance criteria are used in this report.
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San Antonio Conditions

The pilot plant was operated to conform to the parameters
reported to be important for enhanced phosphate removal by Connell
and Vacker [7] in their studies at the San Antonio Ruling Road Plant.
The pilot plant aeration basin configuration (cf. Figure il) with four
75 .~ CSTR’s in series and with settled sewage and return activated
sludge entering at the first reactor, closely resembled the 2-pass
aeration basin of the Rilling Road Treatment Plant. The results of the
six-week experiment (cf. Table v) show that enhanced phosphate removal
was not obtained in the pilot plant when the Rilling Road conditions
were matched almost identically. Thus, under conditions of identical
MLSS, BOD loading, effluent N03-N, and at mixed liquor DO concentrations
that consistently exceeded the specified minimum of 1.5 mg/.~, the
pilot plant reduced the phosphate concentration from 15.2 to 12.2
mg — a removal of phosphate that could be accounted for entirely
by incorporation into activated sludge cell material, i.e., biological
removal for growth. Indeed, during the entire period of operation
under San Antonio conditions, the activated sludge P content in the
pilot plant never exceeded 2.9% on a volatile matter basis and averaged
2.3% P — a figure which is in excellent agreement with that (2.6% P)
obtained in previous work (Jenkins and Menar [1i~]).

It was concluded that the conditions of MI~SS, BOD loading,
effluent N03-N and mixed liquor DO reported by Connell and Vacker [7]
were of no direct significance in the enhanced phosphate removal by
activated sludge.

Preae rat ion Experiment

The purpose of this experiment was to determine whether the pH
of the incoming sewage could be raised by preaeration to such a degree
that phosphate precipitation would take place in the activated sludge
aeration basins. A fairly lengthy period of preaeration should also
serve to hydrolyze condensed phosphates to orthophosphate and to
release any calcium bound as insoluble fatty acid salts, thus increasing
the concentration of the postulated precipitating ions.

The pilot plant was divided into two sections of approximately
equal volume (cf. Figure 12), the first two reactors serving as
preaeration basins and the latter two as the activated sludge aeration
basins. Both the preaeration and aeration sections were further
baffled to prevent short-circuiting by dividing each reactor into four
compartments with plywood inserts through which the sewage flowed in
an over-under pattern (cf. Figure 12).

The operating conditions and the results of the 3-week long
preaeration experiment are summarized in Table VI — with average
preaeratiori and aeration times of )4~.3 and !i..)i~ hours, respectively.
The pH of the influent settled sewage was raised from 7.7 to 8.3
during preareation, a pH that was maintained in the mixed liquor
aeration basins. The long period of preaeration also afforded a
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TABLE V

COMPARISON OF OPERATING COEDITIONS AED PHOSPHATE REMOVAL
AT SAN ANT0]~IO RILLING ROAD PLANT AID AT PILOT PLANT

OPERATED UEDER SAN A.NTOEIO CODDITIONS

1 al
Parameter Ruling Road Pilot

Plant Plant

Ivrr~Ss, mg/i 1130 1130

BOD Loading, lb DOD/lb MISS-day 0.5 0.5

Mean Cell Residence Time, days 3.2 2.2
(Sludge Age)

Mixed Licluor DO, mg/i 3.0 2.8

Effluent NO3-N, mg N/~ 1.0 1.5

Influent pH 7.3 7.7

Effluent pH 7.9 7 .8

Influent Total Phosphate, mg P/~ 10.5 15.2

Effluent Dissolved Phosphate, mg P/~ 0.9 12.2

Phosphate Removed, mg P/~ 9.6 3.0

aDt from Connell and Vacker [7].
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TABLE VI

OPERATING CONDITIONS AND RESUlTS OF PILOT-PLANT PREAERATION EXPERIMENT

Ove rail

Influent Preaeration (Preaeration

Activated Sludge)

Operating Condit ions

Substrate Removal Rate, 2 )~ o 8
lb COD removed/lb MIVSS-day

Mean Cell Residence Time, days o.i8 2.3
Hydraulic Residence Time, hours ~.5 8.7
Air Supply Rate, cu ft/gal waste treated l~4-.O 28~O
MLsS, mg[Ø 770
MLSS, volatile fraction, % 8i.i 76.5

Results of Operation

Influent Total COD, mg[Ø 217
Effluent Dissolved COD, mg/i 78
COD Removal Efficiency, % 61~~ 8i
Influent Total P, mg P/~ 15.3
Effluent Dissolved P, mg P/~ 11.0 10.1
MIVSS, P Content, % 5.2
Influent Total Ca, mg Ca/i 614.~i-
Effluent Dissolved Ca, mg Ca/i 62.0 58.8
Influent pH 7.7
Effluent pH 8.3 8.3
Effluent DO, mg/i 1.5 5ii- 6.2

_____________________________ ________ __________ ___ -~]



38

considerable degree of treatment (COD removal efficiency of 6)-i-% compared
with 81% overall) and stringy growths were evident in the preaeration
basins. Preaeration raised the DO of the sewage from 1.5 to 5.)-i- mg/.~,
a value that was raised further to 6.2 mg/.~ by mixed liquor aeration.

The phosphate and calcium data indicate that some precipitation
of a calcium phosphate was taking place during preaeration and aeration,
but there was not sufficient data from this experiment to establish
the stoichiometry of the precipitate. The phosphate concentration was
reduced by ~.3 mg ~ (total influent P - dissolved effluent P) during
preaeration and further reduced by 0.9 mg ~ by the activated sludge
section of the plant. The overall reduction of 5.2 mg ~/.€ is far
greater than the approximately 2- to 3-mg ~ reduction that would be
predicted by biological removal alone at a substrate removal rate of
0.8 lb COD/lb VSS-day (Jenkins and Menar [I-i-]). The activated sludge
in the aeration basin contained )4~.5% P on a VSS basis, again a figure
which is significantly greate.r than the average 2.6% found by Jenkins
and Menar [!i~] for activated sludge. Calcium concentrations were
reduced by 2.~-i- mg Ca/.Ø (total influent - dissolved effluent) by
preaeration and by 5.6 mg Ca/.~ after aeration.

From these data it could be reasoned that as the pH rises and
as calcium and orthophosphate are released during preaeration,
precipitation of a colloidal calcium phosphate takes place. On
contact with the mixed liquor in the aeration basin, the colloidal
calcium phosphate particles agglomerate with activated sludge and are
removed.

Comparative Study with VCSD Plant

The objective of the comparative study was to show that the
phosphate removal of two activated sludge plants operated with identical
flow pattern and organic loading and treating the same sewage could
be regulated by the pH of the mixed liquor. To carry out this experiment
the pilot plant was operated identically to the VCSD treatment facility,
i.e., as a sludge reaeration plant with 25% of the aeration basin
volume devoted to sludge reaeration (cf. Figure 13). The only operating
variable that differed between the two plants was the rate of aeration,
which was 3 cu ft/gal in the VCSD plant and approximately 97 cu ft/gal
in the pilot plant.

The mean operating conditions and results of the 11-week
comparative study presented in Table VII show that the pilot plant
and VCSD plant operating parameters were identical with the exception
that the hydraulic residence time in the pilot plant was 7.8 hr compared
with 9.1 hr in the VCSD plant. The two plants operated at mean cell
residence times of 12.9 and 12.6 days and at substrate removal rates
of 0.2 and 0.25 lb COD removed/lb VSS-day. The plants could thus be
classified as extended aeration plants because of their low substrate
removal rates and long mean cell residence times. The efficiency of
COD removal in the two plants was similar — 91% in the VCSD plant and
89% in the pilot plant.



30’

INFLUENT

53’

EFFLUENT

PILOT PLANT

VCSD PLANT
105’

SECONDARY

SLUDGE

N
DIMENSIONS OF VCSD

AERATION TANK

LENGTH ZiOft
WIDTH 30 ft
DEPTH 15 ft
AERATION VOL. 0. 52 MG

SECONDARY CLARIFIER

VOL. 0. 067 MGWASTE
SLUDGE

FIGURE 13. FLOW SCHEMES OF PILOT PLANT AND VCSD PLANT DURING COMPARATIVE STUDY



~4~O

TkBLE VII

OPERATING CONDITIONS MID RESUlTS FOR COMPARATIVE STUDY

Pilot Plant VCSD Plant

Operating Conditions

Substrate Removal Rate, 0 2 0 20
lb COD removed/lb ~VSS-day

Mean Cell Residence Time, days 12.6 12.9

Hydraulic Residence Time, hours 7.8 9.1

Air Supply Rate, cu ft/gal waste 97 5 ~
treated

MLSS, mg/i 2,780 2,955

MLSS, volatile fraction, % 79.1 85.2

Mixed Liquor Temperature, °F 68.1-i- 67.5

Results of Operation

Influent Total COD, mg/i 267 2611.

Effluent Dissolved COD, mg/i . 50 25

COD Removal Efficiency, % 88.8 91.5

Influent Total P, mg P/~ 16.6 16.8

Effluent Dissolved P, mg P/.~ 11.8 l1i-.l

MLVSS, P Content, % )-i-.O 2.1

Influent Total Ca, mg Ca/i 69.6 68.0

Effluent Dissolved Ca, mg Ca/i 56.0 58.0

MLVSS, Ca Content, % !1..11. 1.11.

Influent pH 7.7 7.7

Effluent pH 8.5 7.2

Effluent DO, mg/i 8.li.



When one turns to other results of operation the similarity
between the two plants ceases. Most significant is the effect of
increased aeration rates in the pilot plant on the pH of the effluent.
While the pH of the sewage in the VCSD plant fell from 7.7 to 7.2
during activated sludge treatment, the increased rates of aeration in
the pilot plant caused a pH increase of from 7.7 to 8.3 during treatment.
As a result of the high aeration rates the effluent from the pilot
plant had a DO of 8.14 mg/i compared with 14.2 mg/.~ DO in the effluent
from the VCSD plant.

The effect of the pH change on phosphate removal is striking.
The VCSD activated sludge plant removed 2.7 mg ~ to produce an
activated sludge with 2.1% P (vss basis) — figures entirely predictable
on the basis of phosphorus requirements for biological growth (Jenkins
and Menar E14]). The pilot plant, however, effected a removal of 14.8
mg p/,g and produced an activated sludge containing 14.0% P (vss basis) —

values far in excess of those predictable from sludge growth requirements.

Further evidence was obtained from this experiment to indicate
that a calcium phosphate was being incorporated into the activated
sludge in the pilot plant. The pilot plant activated sludge was
significantly lower in volatile matter content than the VCSD sludge
(79% compared with 85%), indicating that it contained a higher content
of inorganic material. The calcium content of the pilot plant activated
sludge was 14.14% Ca (vss basis) compared with 1.14% Ca (vss basis) in the
VCSD activated sludge. The calcium removal effected by the VCSD plant
was 10 mg Ca/.~, whereas in the pilot plant 13.6 mg Ca/.~ was removed.

The calcium and phosphate concentrations in influent, effluent,
and activated sludge can be examined to determine the stoichiometry of
the calcium and phosphate removals in excess of ttbiological removal.t?
If one assumes that the VCSD plant is removing calcium and phosphate
solely for biological growth requirements, while the pilot plant
calcium and phosphate removal is a combination of biological removal
and calcium phosphate precipitation, it is possible, by the difference
between the pilot plant and VCSD removals, to calculate the Ca:P mole
ratio for the calcium and phosphate removed in excess of biological
requirements. The same calculation can be based on the calcium and
phosphate contents of the activated sludges from the VCSD plant and the
pilot plant. These data and calculations are summarized in Table VIII
and show that both methods of computation lead to Ca:P mole ratios of
1.3 for the calcium and phosphate removed (or contained in the activated
sludge) in excess of biological requirements.

As stated previously, the Ca:P mole ratio of 1.3 cannot be used
conclusively to demonstrate the presence of a calcium phosphate more
basic than CaHPO4 because of the possibility of CaCO3 coprecipitation.
Indeed every piece of experimental evidence points to the precipitation
of CaCO3 in the pilot plant activated sludge. Thus, the dosed pilot
plant activated sludge fizzed when treated with dilute HC1. Analysis
of the dried pilot plant activated sludge showed the presence of
approximately 0.1% carbonate carbon while the dried VCSD activated
sludge did not contain any detectable amount of carbonate carbon.



TABLE VIII

COMPU~TION OF Ca:P MOLE EATIO
FOR COMPARA~TIVE STUDY

1. From Ca and P Removals:

2. From

During the comparative study, a particularly cold spell (when
the air temperature dropped below freezing) caused the formation of a
layer of ice on the surface of the pilot plant aeration and sedimenta
tion basins. The cold weather caused the performance of the relatively
exposed pilot plant to deteriorate, especially with regard to phosphate
removal (cf. Figure 11+). It can be seen from Figure i~4 that the
phosphate and calcium removals and the sludge phosphate and calcium
contents fell simultaneously at the onset of the cold spell and recovered
in perfect step following the return of normal temperatures. The
parallel behavior of calcium and phosphate removals and sludge calcium

P Ca
Removal mg/.e Removal mg/i

Pilot Plant 1i-.8 15.6

VCSD Plant 2.7 10.0

Difference 2.1 5.6

Ca:P Mole Ratio of Difference = =

Activated Sludge Ca and P Contents:

P Content Ca Content
(% of vsS) (% of VSS)

Pilot Plant 5.95
VCSD Plant 2.12 lJ-i-l

Difference 1.85 5.01i~

Ca:P Mole Ratio of Difference = = 1.5
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and phosphate contents is strong evidence for a precipitation mechanism
being involved in the enhanced phosphate removal by the pilot plant.

High Solids Activated Sludge Experiment

Various and conflicting claims have been made in the literature
(mainly from the results of laboratory batch experiments) that the MLSS
concentration influences the enhanced removal of phosphate by activated
sludge. Thus, Levin and Shaheen [19) reported that phosphate uptake
increased with increasing 1~4LSS and suggested an optimum concentration
range of from 2500 to ~-i-OOO mg/.~. Feng [20] reported that phosphate
uptake decreased with increasing MLSS and that 500 mg/i appeared to
give the best results. Sekikawa et al. [2] varied the MLSS concentration
from li~68 to 5750 mg/.Ø and came to the conclusion that, within 14~ to 5
hours of aeration, the solids concentration had very little effect on
phosphate uptake. Connell and Vacker [7] stated that “a high concen
tration of aeration solids and a resultant low BOD-to-solids loading
ratio promoted phosphate uptake.” These authors concluded that for
each activated sludge system there was an optimum range of BOD loading
and an optimum range of MLSS for enhanced phosphate uptake. For the
Rilling Road Plant at San Antonio they concluded that these optima
were 1000 mg/i MLSS and about 0.5 lb BOD/lb MLSS-day.

The objective of this experiment was to determine whether MLSS
concentration or organic loading had any significant effect upon the
enhanced removal of phosphate by activated sludge, operated under
continuous flow conditions.

The pilot plant was operated as an aeration and sludge reareation
plant with 25% of the aeration volume being devoted to sludge reaeration.
The average substrate removal rate was 0.2 lb COD/lb VSS-day; the mean
cell residence time averaged l1-~-.5 days —figures typical of the extended
aeration range of activated sludge operation. The MLSS concentration
was maintained at an average of )495O mg/i by using a hydraulic residence
time of 6.7 hr in conjunction with the above parameters (cf. Table ix).

During the month-long experiment at high 1~4LSS concentrations,
the average removal of phosphate was 6.6 mg P/i, and of calcium, 8.8
mg Ca/i. The activated sludge phosphate content averaged 6.8% P
(vSS basis) and the calcium content of the sludge was 10% Ca (vss basis).
As a result of these high calcium and phosphate contents and the low
organic loading, the activated sludge volatile matter content had the
extremely low value of 66% of the total suspended solids. During
treatment the pH increased from 7.5 to 8.1 and there was 6.0 mg/.~ DO
in the secondary effluent.

From activated sludge analyses it was determined that calcium
and phosphate were incorporated into the sludge in excess of the con
centrations in the VCSD sludge (assumed biological incorporation only)
in a Ca:P mole ratio of 1.5.



TABLE IX

OPREATING CONDI~tONS AM) RESULTS FOR
LOW LOADING — HIGH SOLIDS STUDY

Operating Conditions

Substrate Removal Rate, lb COD removed/lb IYILVSS-day

Mean Cell Residence Time, days

Hydraulic Residence Time, hours

Air Supply Rate, cu ft/gal waste treated

MLSS, mg/f

IvILSS, volatile fraction, %
Mixed Liquor Temperature, °F

0.2

1)4.5

6.7
85
11.950

66.1

77.6

Results of Operation

Influent Total COD, mg/f

Effluent Dissolved COD, mg/f

COD Removal Efficiency, % .

Influent Total P, mg P/f .

Effluent Dissolved F, mg P/f

NLVSS, P Content, %
Influent Total Ca, mg Ca/f .

Effluent Dissolved Ca, mg Ca/f

IVLVSS, Ca Content, %
Influent pH

Effluent pH

Effluent DO, mg/f

275

55
87.7

17.7

11.1

6.8

6)4.s

55.5
10.0

7.5
8.1

6.0

It was concluded that enhanced removal of phosphate took place
in a low-rate, high-solids activated sludge unit. All the conditions
associated with enhanced phosphate removal in the previous pilot-scale
experiments were effective in the low-rate, high-solids unit.



Standard-Rate Activated Sludge Study

To complete the series of pilot plant activated sludge experi
ments, a month-long study was conducted to determine whether the
higher pH, caused by increased aeration rate, would be effective in
producing enhanced phosphate removals at organic loading rates typical
of standard-rate activated sludge.

The pilot plant was operated using a conventional flow pattern,
with both return activated sludge and influent entering at the head
end of the aeration basin (in this case in the first reactor).
Operating conditions and performance data presented in Table X show
that the unit operated with an average substrate removal rate of 0.59
lb COD removed/lb VSS-day, a mean cell residence time of Ii- days, a
hydraulic residence time of 6 hours, and an average MLSS concentration
of 1850 mg/f.

The mean removal of phosphate was 5.14~ mg P/f and of calcium,
6.8 mg Ca/f. The activated sludge phosphate content averaged 6.0% P
(vss basis) and the calcium content of the sludge was 8.3% Ca (vss basis).
The high calcium and phosphate contents reduced the volatile matter
content of the activated sludge to 72.6% of the total sludge solids.
During treatment the pH increased from 7.7 to 8.1 and there was 6.2
mg/f DO in the secondary effluent.

From analyses of the activated sludge it was determined that
calcium and phosphate were incorporated into the sludge in excess of
the concentrations in the VCSD sludge (assumed biological incorporation
only) in a Ca:P mole ratio of 1.37.

From this experiment it was concluded that enhanced phosphate
removal took place at standard-rate organic loadings. All conditions
associated with enhanced phosphate removal in the previous pilot-scale
experiments were effective at loadings typical of standard-rate
activated sludge.



TABLE X

OPERATING COEDI~ONS A]~D RESULTS FOR
STANDARD -RATE ACTIVATED SLUDGE STUDY

1~7

Operating Conditions

Substrate Removal Rate, lb COD removed/lb MLVSS-day

Mean Cell Residence Time, days

Hydraulic Residence Time, hours

Air Supply Rate, cu ft/gal waste treated

NLSS, mg/Se

NI~SS, volatile fraction, %
Mixed Liquor Temperature, °F

0.59

6.0

75
1850

72.6

75.9

Results of Operation

Influent Total COD, mg/i .

Effluent Dissolved COD, mg/i

COD Removal Efficiency, %
Influent Total F, mg ~ .

Effluent Dissolved F, mg

NLVSS, P Content, %
Influent Total Ca, mg Ca/i

Effluent Dissolved Ca, mg Ca/i

MLVSS, Ca Content, %
Influent pH

Effluent pH

Effluent DO, mg/i

252

56
81~.5

15.8

l0.~4

6.0

62.8

56.0

8.~

7.7
8.i

6.2



IV. DISCUSSION

Considerable uncertainty exists in the literature concerning
the mechanism of the enhanced phosphate removal at activated sludge
plants such as the Rilling Road Plant in San Antonio, Texas. This
work has sho~m that the mechanism of this enhanced phosphate removal
is chemical precipitation followed by the incorporation of the
precipitate into the activated sludge floc. Enhanced removal by
biological luxury uptake does not take place. Rather, it has been
sho~m that the removal of soluble phosphate in hard water sewages is
consistent with the postulate that chemical precipitation as a calcium
phosphate takes place.

Pilot plant activated sludge experiments showed that decreases
of dissolved phosphate were accompanied by decreases of dissolved
calcium and that the activated sludge phosphate and calcium contents
paralleled each other (cf. Figure 15). Further evidence that increased
activated sludge phosphate content was associated with an inorganic
compound and not caused by a biological uptake was obtained from the
relationship of activated sludge phosphate content to the volatile
fraction of activated sludge (cf. Figure 16). As the phosphate content
of the activated sludge increases, its volatile fraction decreases.
Data included in Figure 16 from the current pilot-plant studies, from
the San Antonio Rilling Road Plant, and from prior studies by Jenkins
and Menar [1-i-] show that as phosphate incorporation into activated
sludge increases a progressively more nonvolatile sludge is produced.

An examination of all laboratory and pilot plant experimental
data shows ~hat there is a correlation between the apparent solubility
product [Ca 2][P043] and pH (cf. Figure 17). As pH increases from
6.8 to 9.2 the apparent solubility product decreases from about 5.8 x
lO~ to about 1.2 x lO~. While this correlation between the apparent
solubility product [Ca~2][PO43] is, at the present time, entirely
empirical it does provide a consistent representation of the data. It
also provides an extremely useful tool for the prediction of the
performance of phosphate removal systems. Thus, by using this empirical
correlation the correct and most economical combination of Ca+2 ion and
pH can be obtained to produce the desired residual phosphate concen
tration. The applicability of the apparent K to pH correlation is
currently being tested over wider ranges of p~and ion concentrations
and on other sewages. Preliminary results indicate that the correlation
is a~p1icable and consistent over a pH range of at least 6 to 11 and a
[Ca~ ][P043] range of at least 1O~ to iOn.

The pH of sewages and mixtures of activated sludge and sewage
is largely controlled by the dissolved CO2 content of the mixture.
Fresh raw sewage usually has a pH in the range of 7.2 to 7Ji~ which is
lower than that which fresh water of a similar alkalinity would have
in equilibrium with an atmosphere containing about 0.03% CO2. This is

1i~8
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because the biochemical production of CO2 by the microorganisms present
in raw sewage raises the CO2 content of the sewage above atmospheric
equilibrium levels. This effect is even more pronounced during the
activated sludge treatment of sewage where primary sewage is mixed with
actively respiring (and therefore C02-producing) organisms. It has
been found by Weddle [16] that the air issuing from a standard-rate,
diffused-air activated sludge plant contains as much as 0.5% 002. In
equilibrium with atmospheres containing this quantity of C02, activated
sludge effluents are typically in the pH range of 7.5 to 7.6.

The CO2 content of the air in a diffused-air activated sludge
plant (at constant gas transfer conditions) will be a function of the
rate of CO2 production and the rate of aeration. High 002 concentrations
will be associated with the presence of large amounts of substrate
(organic matter) and low aeration rates. Low CO2 concentrations will
be associated with low rates of respiration and high aeration rates.
Thus high rates of aeration and low rates of CO2 production will tend
to raise the pH of an activated sludge mixed liquor. These conditions
are also those necessary to raise the DO concentration of a mixed
liquor since low rates of CO2 production are associated with low rates
of DO consumption and high rates of aeration increase the oxygen supply
to a system (at a constant rate of gas transfer).

The observation at the Ruling Road Plant in San Antonio that
dissolved phosphate uptake took place at the point in the aeration
basin where the DO concentration increased from 1.2 to 6.9 was construed
by Connell and Vacker [7] and by Levin and Shapiro [5] to mean that
high DO concentrations favored enhanced phosphate uptake by activated
sludge. In view of the foregoing reasoning and in light of the
experimental results from the current study, it can be concluded that
the DO increase was merely a symptom that the rate of DO consumption
had decreased, and that the rate of CO2 production had decreased; because
of this, the CO2 content of the mixed liquor had been reduced, allowing
the pH of the mixed liquor to rise. Moreover, the observation at
San Antonio that increasing the air supply to the tail end of the
aeration basin caused enhanced phosphate removals is consistent with
this conclusion. Thus, an increased air supply and a low rate of CO2
production will combine to give an atmosphere with a low CO2 content
and hence allow an increase in mixed liquor pH.

Laboratory batch aeration experiments on activated sludge
effluents showed the importance of CO2 concentration in controlling pH.
Aeration of VCSD activated sludge effluent with both pure N2 and 02
produced a more rapid pH rise and a more rapid and complete precipita
tion of dissolved orthophosphate than did aeration with air containing
0.05% CO2. Aeration of the effluent with air + 5% CO2 caused a pH
decrease and a release of orthophosphate from the sludge.

These experiments demonstrated the insignificance of the DO
concentration in enhanced phosphate removal by activated sludge. In
the VCSD activated sludge effluent aerated with N2 and 02, identical
rates and magnitudes of dissolved orthophosphate decrease were obtained
with almost identical final pH’s yet the DO concentration in the N2-
aerated sample reached 1.7 mg/i, whereas in the 02-aerated sample the
DO concentration was 5!i~4i~ mg/i.
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Further support for the contention that mixed liquor DO concen
tration is not associated with enhanced phosphate removal comes from
the combined results of the pilot-plant activated sludge experiments.
Figure i8 shows that as the mixed liquor DO concentration increases,
there is an accompanying rise in the mixed liquor pH. Thus, for the
purposes of enhanced phosphate removal, an increase in mixed liquor
DO concentration is merely symptomatic of a mixed liquor pH increase.

The release of phosphate from activated sludge under anoxic
conditions can also be explained on the basis of a pH change regulated
by 002 concentration. When a concentrated activated sludge, such as
that in the sludge blanket at the bottom of a secondary clarifier, is
held quiescently for a period of time, anoxic conditions will develop
because the rate of oxygen supply is exceeded by the oxygen demand of
the sludge. The 002 production accompanies DO consumption and hence
a drop in DO concentration and the eventual onset of anoxic conditions
will be accompanied by a drop in the pH of the activated sludge. This
fall in pH may not be large when measured in the undisturbed sludge
blanket, but in the matrix of the sludge floc, which is the site of
002 production, the pH changes may be significant. Since enhanced
phosphate removal is caused by the intimate physical entrainment of
colloidal particles of a calcium phosphate into the activated sludge
floc, pH changes within the floc will be those felt by the precipitated
phosphate. Again, DO concentration is not mechanistically involved in
the release of phosphate from activated sludge as claimed by the
proponents of biological luxury uptake [5,8] but is symptomatic of the
pH of the activated sludge.

These contentions were fully substantiated by laboratory
experiments on the release of phosphate from activated sludge. High
phosphate activated sludge from the pilot plant was aerated with air,
air + 0.5% 002, and air + 5% 002 to simulate the conditions that might
exist following increasing periods of holding in a sludge blanket. The DO
concentration in all samples was the same after aeration (8.)-i- mg/~Ø).
Phosphate was further incorporated into the activated sludge aerated
with air where the pH increased from 8.17 to 8.1+5, but was released in
the samples aerated with air + 0.5% 002 and air + 5% 002 in amounts
that increased as the pH fell from 7.6 to 6.85.

Flocculent microorganisms developed by aerating a primary
sewage were shown to release phosphate under anoxic conditions and
this release could be explained on the basis of a lower pH within the
microbial masses.

The observation at San Antonio that the Rilling Road Plant
outperformed the East and West plants in removing phosphate can be
explained when one examines the precipitation mechanism indicated by
this research in light of the hydraulic characteristics of the aeration
basins of the three San Antonio plants. The degree of plug flow in the
three aeration basins decreases from the greatest in Billing Road to the
least in the West Plant [11+]. In a basin with a high plug flow component,
it is possible to confine high rates of 002 production to the head end
of the aeration basin where incoming waste and return activated sludge
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enter the basin. As the mixed liquor passes down the basin, its rate
of CO2 production decreases and, therefore, a rise in mixed liquor pH
is possible. Thus, phosphate precipitation becomes possible in the
latter half of the basin. In a completely mixed basin the CO2 production
rate is the same throughout the basin and, therefore, the average pH of
the mixed liquor will be lower than at the effluent end of an equivalent
plug flow aeration basin. This average ~H may be low enough that the
apparent solubility product, [Ca~2][PO4 ] is not exceeded.

Several activated sludge treatment operating parameters claimed
to be necessary for enhanced phosphate removal (Connell and Vacker [7],
Levin and Shapiro [5]) do not appear to be significant. High DO concen
trations per se did not cause enhanced phosphate removal in these
experiments. Connell and Vacker [7] report that the particular organic
loading of 0.5 lb BOD/lb MLSS-day and the particular MLSS concentration
of 1000 were necessary and most favorable for enhanced phosphate removal.
Pilot-plant-activated-sludge experiments showed that enhanced phosphate
removals could occur at a wide range of organic loadings and MISS con
centrations. Other correlations of Vacker, Connell, and Wells [13]
relating enhanced removal of phosphate to sludge volume index, effluent
nitrate content, effluent SS concentration, and the effluent ammonia
concentration, were not substantiated.

That enhanced removal of phosphate in an activated sludge system
takes place by a precipitation mechanism has been demonstrated
conclusively by this research. Moreover, in hard water sewages such
as those of San Antonio and VCSD, the precipitation is largely as a
calcium phosphate. The nature of the precipitate, however, cannot at
this time be conclusively stated because of inconclusive data and
because of the complexity, both ionic and organic, of the system in
which precipitation takes place.

The literature on calcium phosphate precipitation [21-25]
indicates that under the conditions of the laboratory and pilot plant
experiments, hydroxyapatite is the thermodynamically stable crystalline
species. However, the precipitates obtained in this work generally
tended to have lower Ca:P ratios than hydroxyapatite. It is possible
that this, as well as the variation of calcium phosphate solubility
was caused by the sluggishness in reaching equilibrium combined with
a variable precipitate composition. It is possible that the precipitate
may contain poorly crystalline octacalcium phosphate and hydroxyapatite
[2)-i-,32], since the experiments were conducted in the pH range in which
octacalcium phosphate can form as the metastable phase to hydroxyapatite.
A further complicating factor in these systems that makes a determination
of the nature of the precipitate exceedingly difficult is that they are
also supersaturated with CaCO3. Indeed experiments showed that CaCO3
was precipitated and incorporated into activated sludge under the
conditions where enhanced phosphate removal was achieved.

Attempts to determine the nature of the precipitate by x-ray
crystallographic analysis of activated sludge containing high phosphate
levels failed to show any crystallinity. It would, therefore, seem that
any precipitates that form are poorly crystalline. This observation is
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V. CONCLUSIONS

1. The conventionally designed and operated combination of primary
and secondary treatment processes can remove a maximum of 20% —

30% of the influent 10 mg P/.e by biological means.

2. Enhanced phosphate removal by the activated sludge process in
hard water sewages is caused by the precipitation of a calcium
phosphate followed by the enmeshing of the precipitate into the
activated sludge floc.

3. The degree of calcium phosphate precipitation in activated sludge
mixed licluor and in activated sludge effluents are largely
controlled by p1-I which, in turn, in an activated sludge aeration
basin is largely controlled by the CO2 content of the mixed
liquor.

+. The hydraulic regime of the activated sludge aeration basin has
an important influence on calcium phosphate precipitation. Plug
flow conditions confine high 002 production rates to the head
end of the basin where return activated sludge and primary effluent
enter. Plug flow conditions may ensure the breakdown of calcium
complexes to release Ca+2 ion at the head end of the basin. Plug
flow conditions ensure the hydrolysis of condensed phosphates to
orthophosphate at the head end of the basin. All of these factors
tend to create favorable conditions (high pH, maximum free Ca+2
and orthophosphate) for calcium phosphate precipitation further
down the aeration basin.

5. DO concentration in the mixed liquor or in a sludge blanket in
the secondary clarifier has no influence on the precipitation of
calcium phosphate and has no involvement in the enhanced removal
of phosphate by activated sludge. A high DO concentration in
mixed liquor is an indicator that the CO2 content of the aerating
air is low and that the pH of the mixed liquor is high. A low
DO concentration in a sludge blanket is indicative of a high CO2
concentration and low pH. Thus, high DO is fortuitously correlated
with the conditions that favor phosphate precipitation while low
DO concentrations represent conditions unfavorable for calcium
phosphate precipitation.

6. The normal total phosphate content of activated sludge volatile
solids, when biological incorporation of phosphate is the only
mechanism of phosphate incorporation, is between 2% and 3% p.
Enhanced phosphate removal produced activated sludges with up to
6.8% P on a VSS basis. Similarly, enhanced phosphate removal
produced activated sludges with calcium levels of up to 10.0% Ca
on a VSS basis compared with the approximately 2.0% Ca incorporated
biologically into activated sludge.

57
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7. An empirical correlation between the apparent solubility product
of calcium phosphate, K5~ = [Ca~2] CP04°] and pH was developed
which fitted all laboratory and pilot plant data and which can
be used as a predictive tool to determine the required chemical
additions to produce given effluent dissolved phosphate concentration.

8. All experiments, both laboratory and pilot plant, resulted in the
removal (incorporation into activated sludge) of mole ratios of
Ca:P of between about 1.3 — 2.1. The nature of the precipitate
cannot be conclusively stated. It was determined, however, that
CaCO3 precipitated from San Ramon sewage under conditions that
allowed calcium phosphate precipitation.

9. X-ray crystallographic analysis revealed that there was no
crystallinity in the precipitates incorporated into activated
sludge.

10. Pilot-plant experiments showed that organic loading, mixed liquor
DO concentration, MLSS concentration, or flow pattern in a plug
flow aeration basin are without influence in the enhanced removal
of phosphate by activated sludge.

11. It appears that the enhanced removal of phosphate at the Rilling
Road Plant of San Antonio, Texas, cannot be explained on the basis
of a biological mechanism such as Ttluxury uptake.”



VI. RECOMvISNDATIONS

1. Field-scale investigations and demonstrations of enhanced phosphate
removal by the precipitation mechanism discussed in this report
should be prosecuted without delay.

2. At treatment plants where the empirical relationship between the
apparent solubility product of calcium phosphate and pH indicates
that the sewage is supersaturated with calcium phosphate, operating
conditions should be modified to take advantage of calcium phosphate
precipitation in the aeration basin. Steps that might be taken to
maximize pH in the aeration basin and therefore reduce the apparent
solubility product ~ = [Ca~2) [Po4°) are:

a. Increase the plug flow component of the aeration basin by
the installation of baffles~

b. Increase the air supply to the effluent end of the basins and

c. Decrease the sludge holding time in the secondary clarifier
to a minimum.

3. Laboratory, pilot-plant and field-scale data should be collected
to determine the applicability of the empirical relationship
between the apparent solubility product of calcium phosphate and
pH that was developed in this work. Sewages of variable mineral
composition and at various degrees of treatment should be tested
for conformance to the empirical relationship.

Carefully controlled laboratory experiments should be conducted
on “clean” systems, on activated sludge effluents, and on
primary treated sewages to determine the fundamental chemical
reactions that produce the empirical relationship between the
apparent solubility product of calcium phosphate and pH. These
experiments should determine the chemical nature of the precipitated
calcium phosphate and should determine the effect of ionic
composition pH, and organic composition on the nature of the
precipitate and its rate of formation.

5. A field-scale activated sludge plant should be constructed which
would include features that allow it to demonstrate phosphate
removal by the mechanisms elucidated in this report. A possible
flow diagram for such a plant is shown in Figure 19. The novel
features of the plant are as follows:

a. No phosphate precipitation takes place in the mixed liquor
aeration basin because the aeration rate is such that
sufficient CO2 concentration exists in the mixed liquor
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to keep the pH below the value where calcium phosphate
precipitation takes place, as predicted by the empirical
relationship between apparent solubility product and pH.

b. The secondary sedimentation basin is of conventional
design. It is not necessary to take precautions to keep
the sludge residence time in this basin to a minimum
since the activated sludge treated in this basin will not
contain any precipitated calcium phosphate. Thus no
danger exists in dissolving already-precipitated calcium
phosphate in the sludge blanket at the bottom of this
basin.

c. The waste activated sludge is fed to a post-aeration basin.

d. The post-aeration basin receives effluent (the overflow)
from the secondary sedimentation basin.

e. In the post-aeration basin the mixture of waste activated
sludge and secondary effluent are aerated with air that
has been stripped of its CO2 by passing it through a stripper
such as monoethanolamine. The C02-free air will rapidly
strip the CO2 from the mixture of waste activated sludge and
activated sludge effluent and will raise the pH of the
mixture to a point where calcium phosphate precipitation
will take place rapidly. The waste activated sludge or a
portion of this stream will act as a collector for the
colloidal calcium phosphate precipitate which can be
settled out in an additional sedimentation basin. The
sludge residence time in this sedimentation basin will not
have to be controlled very critically because the activated
sludge concentration will be far lower than that encountered
in a typical secondary sedimentation basin and will therefore
produce CO2 at a far lower rate.

f. Chemicals such as lime, calcium chloride, and sodium
hydroxide may be added to the post-aeration basin for the
purpose of increasing Ca+2 and/or ph in order to reach a
desired effluent dissolved phosphate concentration predicted
by the empirical relationship between apparent solubility
product and pH.

g. The post-aeration basin may also serve the function of a
nitrogen removal unit. Thus, if the aeration rate in the
aeration basin is maintained such that the dissolved oxygen
is kept at below 1 mg/i, nitrification will not take place.
Under these conditions the soluble nitrogen in the activated
sludge effluent will be predominantly in the form of ammonia.
In the post-aeration basin partial stripping of ammonia
could occur at the pHts necessary to cause phosphate
precipitation.



H~1~-T~
~oDcI~Jq$oqqrx~q~ui~dn~~~~~cqqu~ui~dn~

~9~~TPUIOJJG~dSOT~GAOWGJO~GTcTS$0d9qp1flO1~.~‘W$TU~L~D~UI

~Icq~u~q~uJGdfl9q~s~~pO~P~T~’~c~d~oqcIp~noq~
9UOT~J~U~DtIOD~ODtI~tt~~P-EDHd~GTJ~.JO~$fl8DG~ttIO~SG~Tp

~P~T$~UT~flP~iqissocIsçqu~u~x~cIns~~oqGq~qJsot~cI
$Tqq~JO~9~[DJG41‘9~pfl1Sp~A~qo~oqnoUODGJa:I$O~

Wfl10[9DSk~p9I~owa~i~qcI$oqc~~o~~oqp~~d~qp~noqsuou~q~

T~TOG~9uO~q$G~Tp3~pfl]SUT~LtdsOt{dJo~-~J~tq-~UTUI~t~1~3Poq
p~q~OnpuODGqp]flOt(S9T~O~p]~Jpu~qu~icIq~O~~d~00900149GAUI9



APPENDICES





APPE)NDIX A

PILOT-SCALE ACTIVATED SLUDGE ~CP~IM~TS — ANALYSES
AiND MATERIALS BALAICE CALCUDATIONS

Analyses

TABLE XI

NEASUIUD~tSNTS AND ANALYSES MADE DAILY DURING
PILOT-SCALE ACTIVATED SLUDGE EriCPERIIv15[~TS

Primary
Effluent Secondary

Mixed Liquor Waste Sludge(Influent to Effluent
activated

sludge plant)

Flow rate Flow rate - Flow rate

Total P Total P Total P -

Dissolved P Dissolved P Dissolved P -

- SS SS -

- VSS VSS -

Total COD Dissolved COD - -

Total Ca - Total Ca -

- Dissolved Ca Dissolved Ca -

Total Dissolved
Alkalinity Alkalinity - -

pH pH pH -

- - Temperature -
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Materials Balance Calculations

Materials balances on P were made in the following fashion:

P Input

/Influent’~ / Total p
Flow ) X ~Concentration) wt P In/day.

P Output in Effluent

/Influent Waste ~ / Dissolved P ~ Dissolved P out/day
Flow - Sludge Flow) x çConcentration)

7% P in\
/Influent Waste ~ ~ (~fluent VSS ~ I VSS \ Suspended P

Flow - Sludge Flow) \Concentration) X~ 100 ) = Out/day

Dissolved P’\ + (Suspended P~ Total P Out( Out/day ) ~ out/day ) = In Effluent/day

P Output in Waste Sludge

/ Waste ~ /~fluent Dissolved
çSludge Flow) X ~ Concentration ) = Dissolved P Out/day

7% P In
/ Waste ) x ( ~VSS ~ x VSS ) = Suspended P Out/dayç Sludge Flow Concentration) \ 100

Dissolved ~\ + (Suspended P~ Total P Out In( Out/day ) ~ Out/day ) = Waste Sludge/day

Since all of the input and output terms can be measured, a
materials balance can be made:

TOTAL P INPUT = TOTAL P OUTPUT.
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TABLE XII

CRITERIA FOR STEADY STATE

Deviati on
From Mean

Parameter

ML~VSS,mg/.~ ±30

Substrate Removal Rate,
lb COD Removed/lb VSS-day ± 30

Sludge P Content, % ± 15

Sludge Ca Content, % ± 15



APPENDIX B

ANALYTI CAl3 METHODS

Biochemical Oxygen Demand. BOD was determined by the method
given in Standard Methods 11th Edition [26].

Soluble Calcium. Soluble calcium was determined by EDTA
titration using hydroxynaphthol blue as indicator [27].

Total Calcium (sludge samples). Total calcium was determined
on a sample after ashing. A suitable sample volume (usually 20 m.g) was
evaporated to dryness on a steam table. The dried sample was ashed at
800°C for 30 minutes. The residue was heated on a steam table with
10 m.e of 2N HC1 for 10 minutes and then transferred to a 25O-m~ beaker
using deionized water. The sample was neutralized to a pH of 7.0 with
O.1N NaOH and titrated with EDTA using hydroxynapthol blue as indicator.

Chemical Oxygen Demand. COD was determined by the method given
in Standard Methods 12th Edition [28] using a silver sulfate catalyst.

Magnesium. Magnesium was determined by the difference between
the total hardness and the calcium concentrations.

pH. The pH measurements were made using a Beckman Expandomatic
pH meter.

Sludge Volume Index (SVI). SVI of the mixed liquor was
determined using the method given in Standard Methods 12th Edition [28].

Suspended Solids (sewage samples). Suspended solids were
determined by the membrane (Millipore) filter technique of Winneberger
et al [29).

Suspended Solids in Activated Sludge. Suspended solids in
activated sludge were determined by filtration through a Whatman GF/C
glass filter followed by drying at 105°C and weighing of the residue
(Jenkins [30]).

Total Solids in Raw Sludge. Total solids were determined
gravimetrically on raw sludge following blending of the sludge in a
Waring blender.
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Total Phosphate. Total phosphate was determined on a sample
after alkaline ashing. A suitable sample volume (usually 10 m~) was
treated with 1 m.g of 5% mgCl2 . 61120 solution and evaporated to dryness
on a steam table. The dried sample was ashed at 800°c for 1 hr. The
residue was heated on a steam table for 30 mm with 3 m.~ strong acid
molybdate solution and after cooling was transferred to a l00-m~
volumetric flask. Aminonaphthol sulfonic acid (L~~ m~) was added and
the volume made up to 100 m~3. The absorbence of the molybdenum blue
was read at 630 m~.i after 6 mm using a 1—in, cell in a Bausch and Lomb
Spectronic 20. The concentrations of all reagents were as given in
Standard Methods 10th Edition [31].

Soluble Phosphate. Soluble phosphate was determined by filtering
the sample through washed 0.1~-5~~j membrane filters and then proceeding
as for the total phosphate.

Orthophosphate. Orthophosphate was determined using the
aminonaphthol sulfonic acid (ANS) method outlined in Standard Methods
10th Edition [31] with the following modifications:

1. Absorbence was read at 630 m~i instead of 690 m~.

2. Three m~ of strong-acid molybdate was used instead of 14~ m.e.

3. Six minute reaction time was used instead of 10 mm. The two
latter modifications were made to reduce the possibility of
polyphosphate hydrolysis during the orthophosphate analysis.

Ortho + Hydrolyzable Phosphate. The sample was placed in a
250-mi beaker, 8 m~ of 8N H2S04 were added and the mixture diluted to
~ m~ with distilled water. Two Hengar selenized granules were added,
the beaker covered with a watch glass, and the mixture boiled gently
for ~-~-0 mm. After cooling, the sample was neutralized with 8N NaOH
to the phenolphthalein end point. A few drops of )-f..5N H2S04 were
added until the pink color disappeared. The sample was then transferred
to a l00-m~ volumetric flask and 3 m.€ strong acid molybdate solution
was added and mixed by swirling. ANS reducing agent (~ m~) was added
and mixed and then the mixture diluted to 100 m~ with distilled water.
The absorbence was read after 6 mm on a Bausch and Lomb Spectronic 20
at 630 m~ using a 1-in, cell. Reagent concentrations were as described
in Standard Methods, 10th Edition [31).

Total Hardness. Total hardness was determined by EDTA titration
using eriochrome black T as indicator [26].

Volatile Suspended Solids in Activated Sludge. Volatile
suspended solids in activated sludge were determined by combustion
of the solids retained by a Whatman GE/c glass filter at 500°C for
30 mm [30].
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