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ABSTRACT

The purpose of this investigation was to study the removal of phos-
phorus Ly chemical precipitation with sodium aluminate and alum in the
activated sludge aeration chamber, and determine the effect of the alumi-
num to phosphorus ratio and the mixed liquor suspended solids concentra-
tion on *the phosphorus removal efficiency and the effect of the precipi-
tants on the removal of organic pollutants in the activated sludge process.

The studies were conducted on settled domestic sewage in three
bench-scale continuous flow activated sludge units sup»lemented with iar
tests. Major parameters employed included influent and effluent total
phosphorus and chemical cxygen demand (COD), mixed liquor total and vola-
tile suspended solids, pH, and sludge volume index.

Both sodium aluminate and alum were found effective in reducing the
phosphorus content of the sewage and aluminum to phospherus ratios of 1.3
and 1.9 were required with alum and sodium aluminate to produce a mini-
mum rosidual phosphorus concentration in the range of 1.0 mg/1l P (a re-
duction of approximately 90 percent). On an available aluminum basis,
alum was more effective than sodium aluminate; however, when molecular
weight and cost were considered, sodium aluminate cost about one-half as
much as alum for equivalent phosphorus removal. Variation of the mixed
liquor suspended solids concentration had no significant effect on the
removal of phosphorus. The addition of chemicals did not adversely
affect the removal of COD which averaged in excess of 90 percent through-

out the studies; pH was also unaffected and remained in the 7.3 to 8.2

range.
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I. INTRODUCTION

As bhuman population increases and technology advances, environmental
problems are beginning to arise which at one time were not considered impor-
tant or whose immediate solution was not thought necessary. In the past, the
removal of biochemical oxygen demand (BOD) and suspended solids has been the
measure of efficient sewage treatment, and a treatment plant was to be com-
rlimented if it produced an effluent with low BOD and suspended solids.
While these parameters remain important, today there is evidence to indicate
that in many plants more thorough treatment is required if lakes and streams
in this country, and for that matter in all population centers of the world,
are to remain good sources of water supply and arcas of recreation. 1In
recent years, concern has been expressed over the excessive eutrophication
which is taking place in some lakes and other bodies of water.

The word cutrophication is used to describe binlogical productivity
changes occurring in all lakes and reservoirs during their 1life history (1).
It can be referred to as the aging of a body of water and is caused by a
prolific growth of algae and other phytoplankton resulting from an increased
availatility of plant nutrients. This aging process under natural condi-
tions normally takes place over a period cf tens of thousands of years;
however, the activities of man can considerably increase the rate at which
eutrophication occurs. 1In addition to trace elements which are present in
water in nonlimiting quantities, algae require larger amounts of carbon,
nitrogen, and phosphorus (2). A major portion of the nutrients which enter
& body of water become incorporated into algae and other forms cf life
which eventually die and settle to the bottom. Through digestion by
bacteria, protozoa, worms, and other organisms, a major portion of the

nutrient material is solubilized and becomes available to support further

growth (1, 3).



Eutrophication is characterized by increased algal growths, par-
ticularly the blue-green variety, larger populations of zooplankton, deple-
tion of dissolved oxygen in the hypolimnion, and replacement of game fish
with the scrap fish variety (2). The recreational use of the water is
destroyed and problems such as tastes and odors, clogged filters, color
and turbidity, and increased chlorine demand may develop where the water
is used for domestic or industrial purposes (4). Several examples of ex-
cessive eutrophication have been reported. Lake Erie is a well publicized
case., Swimming and water skiing have been curtailed in this lake because
of high bacteria counts and dead plants and fish, some species of fish
have died out and others are facing extinction, and during the summer months
hundreds of square miles of bottom waters turn anaerobic (5). Cases of
eutrophication are also being reported in Europe (6, 7).

Eutrophication can be controlled by limiting the supply of available
nutrients. However, on the basis of Liebig's Law of the Minimum excessive
algal growths may be controlled by limiting one essential element (8).
Common elements needed by algae in relatively large amounts are carbon,
hydrogen, oxygen, sulfur, potassium, calcium, magnesium, nitrogen, and phos-
phorus. Of these elements, all except nitrogen and phosphorus are normally
found in water in sufficient quantities to promote good algal growth.
Although conventional sewage treatment removes much cf the carbon, little
nitrogen and phosphorus are removed. Of the latter two, nitrogen has been
reported to be available in nonlimiting concentrations naturally and to
be fixed from the atmosphere by some species of blue green algae (9).

These facts, along with the difficulty in removing nitrogen, have led re-
searchers to select phosphorus as a reasonable limiting nutrient; however,

it is recognized that phosphorus removal alone may not control eutrophica-

tion in all cases (10).



Aigal growth has been maintained at phosplhiorus concentrations as low
as 0.0025 mg/1l P* (11), but quantities in excess of 0.0l to 6.1 mg/l P
are considered necessary for an algal bloom (8, 12). The major sources
of phosphorus are surface and ground water, urban and agricultural runoff,
and domestic and industrial wastewater. Of these, domestic and some in-
dustrial wastes are considered to be the only sources in which the phos-
phorus concentration is sufficiently high to make removal feasible ¢13).
Due to increasing use of synthetic detergents containing phosphate builders,
the concentration of phosphorus in sewage has increased from 1.7 to 4.0
mg/1 P in 1947 (14), to 4.0 to 5.5 mg/l P in 1951 (15), with an average of
16.7 mg/1 P in 1961 (16). The low allowable concentration of phosphorus,
coupled with its increasing concentration in sewage and the fact that water
reuse is becoming more prevalent, necessitates some form of phosphorus re-
moval.

A review of existing literature has shown that phosphorus removal is
technically feasible through both chemical and biological methods and can
take place during primary, secondary, or tertiary sewage treatment. Be-—
cause of minimal additional equipment requirements, chemical precipitation
in the aeration chamber of an activated sludge system was considered to be
the most appropriate phosphorus removal process for use in existing acti-
vated sludge tretiment plants. Since many plants of this type are already
in operation in areas where eutrophication is a problem, it was felt that
further investigation of the parameters involved in this process would be
of value.

Previocus investigations have shown that a number of chemicals will

precipitate phosphorus in varying degrees when added to the activated sludge

* Phosphotus may be determined in various forms; therefere, the form will
be suffixed to the value reported.



A

aeration chamber. Two coagulants, alum and sodium aluminate, have been
used to achieve residual phosphorus concentrations in treated sewage of
less than 1 mg/l P. Alum has been investigated for the dual purpose of
coagulating dispersed microorganisms and removing phosphorus in both batch
(17) and continuous flow (18) laboratory units. Sodium aluminate has been
studied primarily as a method of phosphorus removal in a 10C gpd pilot
plant unit (19). A review of the experimental approach and findings of
these studies (17, 18, 19) indicated several areas where additional work
was needed. Questions were raised on the desirability of adding alum di-
rectly to the aeration chamber and the possible adverse effects of alum

on the pH of the system; the continuous flow studies were conducted on

a one unit basis without the benefit of a control unit run in parallel;
and the effect of the total suspended and volatile suspended solids con-
centration was not investigated. In addition, the phosphorus removal effi-
ciency at low coagulant concentrations needed to be investigated.

It was the purpose of this investigation to study the chemical removal
of phospherus with sodium aluminate and alum in the activated sludge system.
The specific objectives of this study were to determine: the effect cf
the aluminum to phosphorus ratio on phosphorus removal, the effect of the
mixed liquor tetal and volatile suspended solids on phosphorus removal,
and the effect of the chemical additives on the removal of chemical oxygen
demand (COD) in the system.

The studies were carried out in three continuous flow activated sludge

' Settled domestic sewage from a Rclla

vnits supplemented with "jar tests.'
trecatment plant was used to assure realistic results. The major param-—
eters emplayed were the influent and effluent total phosphorus and COD,

the aluminum to phosphorus ratio, the mixed liquor total and volatile sus-

pended solids, pH, and the sludge volume index.



IT. REVIEW OF LITERATURE

Research findings and plant data pertaining to the removal of phos-
phorus by chemical precipitation, biological uptake, and chemical pre-
cipitation in the activated sludge aeration chamber are reported in this
chapter.

A, CHEMICAL PRECIPITATION

Considerable research work has been directed toward the chemical pre-
cipitation of phosphorus both in primary and tertiary treatment. The
mechanism of phosphorus removal by chemical precipitation is not too well
understocd. Theoretically, phosphorus may be removed from solution through
precipitation as an insoluble salt or by adsorption upon some insoluble
solid phase. Early experimental evidence indicated that both mechanisms
were operative. In the case of lime treatment it appeared that the prin-
cipal wechanism was that of precipitation of phosphorus as insoluble cal-
cium phosphate salts, while with iron salts and alum adsorption upon hy-
drated oxide floc particles appeared to play a major role (20, 21). Mecre
recent work, however, has indicated that phosphorus removal with polyvalent
metallic ions occurred by precipitation rather than coagulation or adsorp-
tion (17).

1. Primary Treatment.

Lime, ferric chloride, alum, and sulfuric qcid have been studied as
agents for the removal of phosphorus from raw sewage. Stones (22) in-
vestigated the effect of lime, sulfuric acid, and alum on phosphorus re-
moval by precipitation. One liter volumes of sewage were treated with 400
mg/1 of each chemical and then allowed to settle for 18 hours. Several

runs were made and the following results were reported:



Phosphate Content Removal

mg/1 P A
Unsettled Sewage 6.25 -
Settled Sewage 4,38 29

Precipitation

lime (Ca0) 0.75 88
sulfuric acid 4.58 27
alum [A12(804)3-18H20] 0.40 94

While alum and lime effected good phosphorus removal, sulfuric acid solu-
bilized part of the phosphorus that would have been removed by sedimenta-
tion alone.

Karanik and Nemerow (23) conducted jar studies and found that an
optimum dose of 300 mg/l lime [Ca(OH)z] raised the pH of raw sewage to
11.4 and caused a reduction of the phosphate content from 27.9 to 1.8 mg/l
PO4 or 93.5 percent. Suspended solids, volatile suspended solids, and bio-
chemical oxygen demand (BUD) were also reduced by 95, 96, and 71 percent,
respectively. In similar studies by Sawyer (24) total phosphorus was re-
duced from 3 to 4 mg/l P to 0.5 mg/l P with the addition of 50 mg/l ferric
chloride.

On the basis of pilot plant studies, Buzzell and Savwyer (25) concluded
that lime requirements were independent of phosphorus content but depended
upon the alkalinity and pH. The optimum pH for chemical precipitation of
phosphorus was found to be between 10 and 11 but had to be determined for
cach situation. Total phosphorus removals averaged 80 to 90 percent with
an average residual of 1.2 mg/l1 P. Since 50 to 70 percent of the BOD was
also removed by the addition of lime, the effluent was too weak for acti-
vated sludge secondary treatment; however, stabilization ponds were found
suitable and were capable of removing 75 to 80 percent of the remaining
phosphorus.

Neil (26) added 94 mg/l alum and 3.4 mg/l activated silica to the

influent of the sedimentation tank of a 1.5 MGD primary trecatment plant



and cbtained an effluent phosphate concentration of 3.15 mg/l PO, or a cor-

4

responding reduction of 81 percent. Filtered samples showed a concentra-

tion of 0.33 mg/l PO, or 98 percent removal.

4

2. Tertiary Treatment.

Mailhotra, et al. (27) on the basis of laboratory studies concluded
that the optimum pH of secondary treatment plant effluent for alum and
lime precipitation of phosphorus was 5.57 + 0.25 and 11.0, respectively.

Total pheosphorus removals of 95 percent with 250 mg/l alum [Alz(SO '18H20]

4)3
and 99 percent with 600 mg/l lime [Ca(OH)z] were achieved, and 55 percent
of the chemical oxygen demand (COD) was removed in the alum studies. Mal-
hotra and his coworkers estimated that the chemical costs for removal of

95 percent of the phosphorus with lime and alum were $32 and $73 per mil-
lion gallon, respectively.

Lea, et al. (20) obtained an 85 percent reduction in soluble phos-
phate concentration by including tertiary treatment in a 10 gpm pilot plant.
Tertiary coagulation with 200 mg/l alum [A12(804)3'14H20], precipitation,
and sedimentation resulted in an effluent concentration of 2.23 mg/l PO4'
Filtration of this effluent removed additional phosphate and resulted in
a final effluent containing 0.14 mg/l PO4 for a 99 percent overall phos-
phorus reduction. Alum recovery was also investigated by Lea aud his co-
workers. The aluminum hydroxide floc was recovered and purified by re-
moving the adsorbed phosphates in the form of tricalcium phosphate, and
reused for further phosphorus removal in the form of sodium aluminate.

When the recovered alum was employed, 77 to 89 percent of the soluble phos-
phate could be removed.

Owen (28) added lime to the influent channel of the finel clarifier
of a 0.77 MGD trickling filter plant. Lime added at the rate of 545 mg/1

(Ca0) reduced the effluent phosphate concentration from 22.6 to 5.2 mg/l



PO4 (0.50 mg/1 with filtration) giving 77 percent phosphorus removal for
the total plant.

Curry and Wilson (29) treated 4000 gallons of secondary treatment
plant effluent with 200 wmg/l alum [A12(804)3’18H20], mixed for 10 min-
utes, and allowed to settle for 2 hours. This system reduced the influ-
ent phosphorus, which ranged from 3.61 to 4.62 mg/1 P, by 97 percent.

Slechta and Culp (30) recently reported good phosphorus removals
using coagulation followed by filtration. Effluent from secondary treat-
ment in a 4 MGD plant was treated with 200 mg/l alum [A12(804)3'18H20]
added ahead of two mixed media filter beds which were operated in series
and were followed by granular activated carbon filters. This set-up re-
duced the phosphate concentration from 25 to 30 mg/l to a residual of 0.1
to 1 mg/1 POA’ The cest of alum was reportaed to be $48 per million gallon
of effluent. To reduce costs, chemical recovery of alum was investi-
gated; however, it was found that recovery of a suitable form of alum was
more expensive than the initial cost of alum. Lime was, therefore, in-
vestigated as a coagulant and resulted in a residual phosphorus content
ranging from 0.2 to 1 mg/l P or a reduction of about 98 percent. With
lime recovery, chemical costs, including recovery costs, were reduced to
$42.70 per million gallon; $10.90 of this sum represented the cost of
fresh lime. Due to the anticipated savings with lime, Slechta and Culp

reported that it was planned to replace alum with lime coagulation at this

plant.

B. BIOLOGICAL UPTAKE

In theory, it is possible to use biological systems to remove nutri-
ents from sewage. Cell tissue composition together with the mineral con-
tent of scwage will determine the amount of phosphorus which can be ex-

tracted. Assimilation of 1 mg/l phosphorus requires 25 to 50 mg/l carbon



and 2 to 12 mg/l nitrogen (21). Ordinary domestic sewage does not provide
a balanced diet, being deficient in carbon and nitrogen with respect to
phosphorus. Phosphorus removal by means of biological uptake has been in-
vestigated in both algal and activated sludge systems.

1. Algal Systems.

Investigatbrs at the Univeréity of Michigan (31,32) have studied algal
growth characteristics as related to phosphorus removal using a synthetic
secondary treatment plant effluent and a small laboratcry unit in which pH,
light, temperature, mixing, nutrient concentration, and density of the algal
culture were controlled. These studies revealed that the amount of radiant
energy available to each cell, the nutrient conccntration, and the tempera-
ture were important factors in the metabolic uptake of nutrients (31). Ad-
ditional studies (32) were conducted to provide information on phosphorus
requirements and uptake by algae; cultures of Scenedesmus and Chlorella at
a density of 50 mg/l were used. Algae were found to require certain amounts
of phosphorus for basic cell growth and a minimum content in the cell mass
(3 percent PO, on a dry weight basis) was necessary for cell growth to be
independent of phosphorus. Algae were also found capable of storing excess
quantities of this nutrient (up to 9 percent POA). On the basis of their
findings, these investigators classified phosphorus uptake by algae into the
three zénes: the growth dependent zone (0 to 3 percent POA), the zone of
storage (3 to 9 percent POA), and the zone of saturation (above 9 percent
POQ). Build-up of phosphorus in the algal cells over and above the level
required for nonlimited growth was termed "luxury uptake." The bacteria
functioning in the activated sludge were considered to have nutritional re-
quirements similar to algae and, on the basis of the high phosphate concen-

i i ! 1age : ry uptake during treat-
trations present in today s sewage, O undergo luxury uptax g

ment.
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Fitzgerald (33), at the University of Wisconsin, has investigated

the removal of nutrients from secondary treatment plant effluent in ter-—
tiary ponds and found that the growth of algae was influenced hy tempera-
ture and the level of nutrients available. Phosphorus was removed during
periods of high pH, probably as the result of precipitation. During the
winter months, the effluent phosphate concentrations frequently surpassed
the influent levels; this was attributed to dissolution of phosphorus pre-
vicously precipitated. In a similar study conducted in California using

a tertiary pond with recirculation, Bush, et al. (34) cbtained phosphate

residuals of 2 to 9 mg/l PO, corresponding te 19 to 68 percent removal.

4
Assenzo and Reid (35) have reported that phosphorus removal in seven oxi-
dation ponds in Oklahoma varied from 30 to 90 percent; the influent phos-
phorus concentration in these ponds ranged from 135 to 41 mg/l PO4 and

the effluent content varied from 62 to 9 mg/l POA' Correlating these data
with BOD, Assenzo and Reid concluded that the optimum BOD loading for
effective phosphorus removal was 11.23 pounds per acre-foot per day.

The most comprehensive work relative to phosphorus removal by algal
cultures has been carried out by Bogan, et al. (21) and Bogan (36). Using
secondary treatment plant effluent, Bogan and his associates developed
a high rate process whereby orthophosphate concentrations could be reduced
to less than 1 mg/l PO4 (equivalent to 90 percent removal) with contact
times as brief as 6 to 12 hours. The system was similar to an activated
sludge unit in that the algae were removed by sedimentation. Light in-
tensity secmed to be the limiting factor with minimum requirements in the
vicinity of 100 to 200 foot candles. Adsorption and coagulation appeared
to play the major role vhere rapid recmoval of large amounts of phosphorus

was involved; adsorption by the algae of insoluble calcium phosphate formed

because of a photosynthetic shift to a pH of 9.5 or greater was found to
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cause coagulation of the algal cell tissue which resulted in the effective
sedimentation of the cells. Artificial illumination at a cost of at least
ten times that required for ph adjustment with lime was nccessary to reach
the desired pH photosynthetically.

2. Activated Sludge Systems.

Activated sludge has also been considered as a means of biological
phosphorus removal. The phosphorus content in activated sludge has in-
creased in recent years along with the increase of phosphorus in sewage.
Anderson (37) reported in the mid 1950's the phosphorus content of dried
activated sludge had increased from 1 to 2 percent in 1931-5 to 2 to 4
percent in 1951-5, while Greenberg, et al. (38) suggested that a BOD to
phoephorus ratio of about 240 was necessary for the complete utilization
of phosphorus by activated sludge.

Several studies have been conducted to determine the effects of vari-
ous experimental parameters on the luxury uptake of phosphorus by acti-
vated sludge and some contradictory conclusions have been reported in the
literature. Hall and Engelbrecht (39) have found phosphorus uptake to be
influenced by the dissolved oxygen content and detention time in the
aeration chamber but unaffected by mixed liquor suspended solids. With
a minimum dissolved oxygen content of 2 mg/l, 50 percent of the soluble
phosphorus was removed in 6 hours. Phosphorus uptake was independent of
mixed liquor suspended solids in the 750 to 8000 mg/1l range. On the other
hand Rains and Ryckman (%0) have concluded on the basis of laboratory
studies that the uptake of soluble phosphorus was affected by pH, mixed
liquor suspended solids concentration, initial phosphate concentration,
and dissolved oxygen. The optimum pH for biological phosphorus uptake
was found to be between 7.0 and 8.0. Phosphorus removal was found to in-

crease and the required detention time to decrease as the suspended solids



were increused; this was in contradiction rto the findings by 1511 and
Engelbrecht (39). Increased concentrations of phosphate in the scewase re-
sulted in increased phosphorus removal by a given activated sludge. The
minimum dissolved oxygen concentration for optimum removal was reported to
be 1.9 mg/l. Levin and Shapiro (41) and Shapiro, et al. (42) have reported
that pH, aeration rate, and redox potential affected the uptake and re-
lease of phosphorus by the activated sludge. The optimum pH range was again
reported as 7.0 to 8.0; however, a minimum acration rate of 17 ml/scc per
1500 ml of mixed liquor, rather than dissolved oxygen content, was reported;
it was also stated that a redox potential greater than zero was required.
Phosphorus uptake was found to be reversible, depending on the above con-
diticens.

Vacker, et al. (43) recently reported variations in phosphorus removal
at nine wasctewater treatment plants in San Antonio, Texas. While one of
these plants {(Rilling Plant) was able to reduce total phosphate by 88 per-
cent to a 4.1 mg/l PO4 residual, the other plants effected recductions of
only 14 to 50 percent. Sludge at this plant was found to contain as much
as 20 to 22 percent PO4, on a dry weight basis. This high removal at the
Riliing Plant was attributed to high dissolved oxygen levels in the aera-
tion chamber (2 mg/l at the midpoint and 5 mg/l at the outlet end) and
to the fact that digester liquor was not being returned to the system.

C. CHEMICAL PRECIPITATION IN ACTIVATED SLUDGE

Several investigators have combined chemical and biological phospho-
rus removal in the activated sludge process. Tenney and Stumm (17) by
means of jar studies have investigated the use of alum to sinultaneously
coagulate dispersed microorganisms and precipitate phesphorus. They
reasoned that since BOD removal in activated sludge treatment occurred in

two phases, bioflocculation and substrate utilization, by chemically
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aiding flocculation the entire process could be accomplished in a "high
rate, low sclids retention unit." The optinum pll for both phosphate re-
moval and microbial flocculation was found to be between 5 and 6 and re-
moval by polyvalent metallic ions was considered to occur by precipita-
tion rather than by coagulation or adsorption. Aluminum phosphate was
the precipitate and stoichiometrically one mole of aluminum was required
to precipitate one mole of phosphorus. Tenney and Stumm reported that
settleable precipitates were formed only when the concentration of alu-
minum added was very nearly equal to the initial phosphorus concentra-
tion, and that when the aluminum concentration was less than that of
phosphorus slow settling negatively charged AlPO4 collioids were formed.
The aluminum ion had a stronger affinity for phosphorus than for the
ionogenic groups of the microbial surface; therefore, when it was added
to a suspension of microorganisms containing phosphate most of the phos-
phate was precipitated before flocculation cf the microorganisws took
place.

Eberhardt and Nesbitt (18) have also studied combined phosphorus re-
moval and microbial flocculation in a continuous flow bench scale acti-
vated sludge pilot plant using both synthetic and settled domestic sew-
age. A summary of the operational cenditions and results of this in-
vestigation which are appropriate to the present study is presented in
Table I. GCood COD and phosphorus removals were obtained for the most
part under the different experimental conditions. However it is inter-
esting to note the considerable difference in phosphorus content of the
filtered and unfiltered samples when alum was added directly to the
aeration chamber in the domestic sewage studies. The lack of scttle-
abiiity of the precipitate in some of the domestic scwage studies was

i i st to t 2 mixii ime in the aera-
attributed by these investigators to the long mixing time
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tion chamwber and in order to reduce this time alum was added just prior
to sedimentatien in the remaining runs; the removal of phosphorus was
materially improved. On the basis of these studies, Fberhardt and
Nesbitt concluded that nearly complete removal of soluble phosphorus was
possible, the removal efficiencies depended upon the pli and the alumi-
num to phosphorus molar ratio, the phosphorus content of the unfiltered
effluent varied with the suspended solids of the sample, biological per-
formance was not adversely affected by alum concentrations as high as
335 mg/l, and the addition of alum caused a decrease in the sludge vol-
ume index. Since the aeration period was one third to one half that
commonly used in activated sludge plants, Eberhardt and Nesbitt suggested
that the chemical costs could be partially offcet by the savings re-
sulting from a shorter detention time.

Rarth and Ettinger (19), at the Cincinnati Water Research Labora-
tory of the Federal Water Pollution Control Administration (FWPCA), con-
ducted pilot plant studies to determine the removal of phosphorus by wmin-
eral control in the activated sludge aeration chamber. A 100 gpd pilot
plant with a 6 hour total detention time (3 hour actual detention time
when the return sludge rate is considered) was used with domestic scwage
as the substrate. Various chemicals were added directly to the aeration
chamber and their effect on phosphorus removal was determined. A summary
cf the results reported by Barth and Ettinger is presented in Table II.
These investigators found sodium aluminate to be the most desirable pre-
cipitant because it did neot lower the pH of the system as alum did, had
no cffect on COD removal, and added sodium rather than suifate or chlo-
ride ions to the plant effluent. When sodium tripolyphosphate (NaBPBOlO)
was added to increase the phosphorus content of the sewage, the phos-

phorus removal efficiency decreased. The dose of sodium aluminate needed



*7ox3u0d pd 103 PapPV {4

‘Iuany e PTQAN],  xx
+198uT317 pue yiieg Aq USATS senea JO 93rI8ArR ODTIBWYITIY 4
*(6T) 128uT137 pue yiiey Jo STUIPUTI 2Uld JO AJpwuns Y x

56 05°0 111 ‘juswtpas | 8T - vV 0T
Kreutag &Yy
6 26°0 £l 1 2o oL,
9. 8L T £6°6 g1 o . L IVS (rO) TVEN
t6 020 00"t Y OdTIV { TV &
) YA [ z i BG IT ##0CJ
g TV § t("os) v
06 - - m m BD 07 - OMU
=3 Z TV 0€ (‘0s) v
220/ - - e o = : v 0¢ 0S) TV
%5/ -~ - A ~ 2 ‘0424 | 22 §T t1024
3 ) o .
0g -= - & 2 e~ 7oa "endn | 2K oz "ogin
SL -- -- 3 23Ta=dy | 4 9 Jey
A BD 0C1 08)
%9 - - @3taede ley ot )
-£x01pAYy 1§
0% —_— —_— — — oUON
¥ ‘Teaowdl #3uenTIIq #ruantjur Jusuw sAep ‘una snioydsoyd | wioj o3 T/ Sw ad4&3
snioudsoyg | g /8w f1usjuod snioudsoyd | —1ed1321d _mo ujduat | TeruweuwsTddng PIpPpy TEO Twau)

»UTCWVHD NOTLVEHY HA2ANTS AEIVATLOV FHL NI NOILVIIAIOWEd TVOIWIAHD A€ TTVAOMY SA¥ONdSOnd

11 T79VL




17

to remove an equal amount of phosphorus was less when bivlogic solids
were present than when they were absent. Barth and Lttinger concluded
that a one to one aluminum to phosphorus ratio could be expeccted to pro-
duce an effluent with approximately 0.5 mg/l P residual phesphorus, but
also recognized that competition from other ions in the waste would affect
this ratio. It should be pointed out, however, that in later work by

the FWPCA at a waste treatment plant located in Xenia, Ohio, it was

found that an aluminum to phosphorus ratio of 1.8 to 1 was needed in order

to remove 85 tc 90 percent of the phosphorus with sodium aluminate (44).
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ITI. *MODE OF STUDY

A, EQUIPMENT

1. Activated Sludge Units.

In order to simulate actual plant conditions as closely as possible,
it was considered necessary to conduct continuous flow studies. A bench
scale unit (Figure la) developed by Saxer (45) for studies on dairy
wastes was evaluated for this purpose. It was found necessary to modify
the design of this unit in order to improve its settling characteristics
and serviceability.

The first modification (Figure 1b) provided for the continuocus re-
turn of the settled sludge from the bottom of the sedimentation chamber
to the head of the aeration chamber by means of an air pump. It was
found, however, that the sludge adhered to the walls of the sedimenta-
tion chamber and was not drawn into the inlet of the air pump eventually
clogoing the pump.

Since this modification was not successful, the design by Saxer was
again considered and it was decided that the key to the effective return
of the settled sludge was the location of the aeration tube and the
height of the cpening connecting the sedimentation and aeration chambers.
Optimum settling conditions were achieved when the air tube was placed
slichtly in front of the baffle and midway in the opening (Figure 1lc¢).

A U-shaped air tube which had three 1/16 inches heles spaced at equal dis-
tance across the width of the aeration chamber facing the head of the

chamber was used. By connecting air lines to both sides of the U tube
and adjusting the pressure on one side, it was possible to achieve the
same flow rate through all three air holes. When the aeration rate was
properly adjusted, a rolling motion was achieved which effectively re-

moved sludge from the sedimentation chamber while keeping the mixed
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liquor suspended solids in suspension in the aseration chamber. A sliding
baffle was also employed to enable adjustment of the height of the opening
between the aeration and sedimentation chambers, as necessary. DBecause
the dead corner in the sedimentation chamber showed some tendency to
collect sludge, a slanting wall was added in the final design. Three
identical continuous flow activated sludge units (Figures 2 and 3) were
constructed of plexiglass sheets 1/4 inch thick ard were equipped with
plexiglass effluent and air tubes and aluminum V-notched overflow weirs.
The volumes of the aeration and sedimentation chambers of each unit

were 2.2 and 0.58 liters, respectively.

2. Sewage Feed System.

The sewage feed system consisted of three 3 gallon Pyrex bottles
each serving as a feed reservoir for one activated sludge unit. The feead
was distributed to each unit through an unrestricted siphon (Figure 3)
and rate control was maintained by restricting the air flow into the
reservoirs by means of capillary air inlet tubes. Cotton plugs were em-
ploved to protect the capillary tubes from dust and other foreign matter
in the air thus securing uninterrupted air flow. Since sewage was the
substrate, refrigeration was necessary to keep biological activity at a
minimum. The feed bottles were,‘therefore, placed in the cold room*
pictured on the left in Figure 3. The temperature in this room was
maintained at 5°C.

The effluent from the units was collected in 2.5 gallon Pyrex bottles
which were calibrated in order to allow determination of the volume
collected during an appropriate period of time and the computation of the

average flow rate through the activated sludge units.

% Model 7044 Constant Temperature Recom, a product of Lab-Line Instru-
ments, Inc., Melrose Park, I1linois .
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3. Chemical Feed Systems.

Two different methods were used in fecding the chemical precipi-
tants. Flows of less than 20 ml/hr were required to keep the volume of
the chemical feed small with respect to the sewage feed. This was accom-
plished during'the early part of the investigation by using capillary
tubes (1/32 inch I.D.) which were drawn to a point over a flazme. Tlow
rates were regulated by adjusting the liquid level in the 2.5 liter f{ced
bottles. Becauvse of difficulties encountered with this system, a
Buchler Dekastaltic Pump® (Figure 3) was obtained and used to regu-

Jate the chemical feed flow in the latter part of the study. 3y ad-
justing the speed and tubing size of this peristaltic actien pump, it
was possible to obtain flow rates in the range of 1.5 to 400 ml/hr.
Three 500 ml Erlenmeyer flasks served as the chenical feed reservoirs
and each was equipped with a stivring device. Constant stirring was
necessary when alum was :used because of the tendency of the alum suspen-
sion to settle; stirring Qas not needed when sodiun aluninate was used.

4. Multi-Unit Variable Speed Stirrer.

Jar studies were conducted with a six unit Phipps and Bird heavy
duty stirrer** commonly used for coagulation studies in water. Specds
from 20 to 100 rpm were possible withn this unit. Sanples were placed
in 600 ml Pyrex beakers.

B. MATERIALS
1.  Scwage.
Settled domestic sewage was used as the substrate in these studies.

It was obtained from the dosing tank of the new Rolla trickling filter

1 stru .ee, New Jersey.
* A product of Buchler Imstruments, Inc., Fort Lee, New Jersey

%% Model 7790-300, a product of Phipps & Bird, Inc., Richuerd, Virgionia.



plant three times a week in 5 gallon carboys, 20 gallons at o tine, and
was kept under refrigeration to contrel miciobial activity.

2. Activated Sludge.

A fill and draw unit was operated to provide a source of activated
sludge for these studies. The sludge was initially developced in the
laboratory by aerating raw domestic sewage and thercafter waintained on
settled demestic sewage. The unit was aerated for a period of 23 liours
daily and permitted to settle for one hour. The clear supcernatant was
then siphoned out, the unit was fed, and aersation was resumed.

3. Chemical Precipitants.

Both sodium aluminate and alum were used as the source of aluminum
for the formation of an AlPO4 precipitate. Sodium aluminate (NaZO'

A1203’3H20, ATS reagent grade) was used during the first part of this

investigation and aluminum sulfate (A12<SOA)3.1 HZO, technical, ground,
iron free) during tlie latter part.
C. EXPERIMENTAL CONDITIONS IN THE CONTINUOUS FLOW UNIILS

Throughout the studies, settled sewage fed at the average* rate of
375 mi/hr was employed as the sole source of carbon and phosphorus in

order that actual sewage treatment plant conditions would be simulated

ey . . B .
in the closest possible manner. The strength of the secwage varicd wicdely

s . . e svetem Aurin
due to large amounts of infiltration inte the Rolla sewer system during

periods of rainy weather. Over the period of study, COD valuecs ranged

. i i 1 ) s
from 170 to 639 mg/l and averaged 385 mg/1l, while total phosphorus

values ranced from 4.5 to 18.4 mg/1l P and averaged 11.6 mg/l.  Sodium
- R 3 &

ipi ing a ts and were added
aluminate and alum were used as the precipitating agencs anc wWed

* A constant rate was not possible and the flow rate decreased as the

static head decreased.
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to the units in solution at the rate of 15.5 mi/hr (24 hour averagex)
when the capillary tube system was employed and 14.3%% mi/hr when the
Dekastaltic pump was used. The required chemical soluticns were prepared
every other day and the strength of each solution was computed on the
basis of the flow rate of sewage and chemical feed through the units and
the desired concentration of the precipitanté in the units.

The mixed liquor suspended solids (MLSS) and the mixed liquor vol-
atijle suspended solids (MLVSS) were used as controlling parameters. Con-
centrations of MLSS in the range of 3000 to 5000 mg/l and of MLVSS of
1800 and 2000 mg/l were used at vardcus times during this investigation.
The level of solids in the units was adjusted when necessary by wasting
a portion of the mixed liquor. No attempt was made to regulate the pH
of the variocus systems; however pll measurcments were made and recorded
regularly in order to determine the effect of the chemical additives on
the pH of the systems.

Throughout the studies, a 5.75 hour detention peried was maintained;
because of the gravity feed systems employed, this figure represents the
average value for each 24 hour period. Alr was obtained from the lab-
oratory compressed air supply and was filtered through activated carbon
to remove any oils or other materials present which might have interfered

with the activated sludge. No attempt was made to regulate the rate of

aeration other than necessary visual adjustments to obtain complete mix-

ing and equal turbulence in all three units. The investigatlion was con-

) ¥
* A constant rate was not possible and the flow rate decreased as the

static head decreased.

%% Ip the first 4 days this pump was employed, a rate of 7 ml/hr was used

but this was increcased to 14.3 ml/hr to eliminate precipitation of
S . . ot L

sodium aluminate in the feed lines.
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ducted at room temperature which remained at approximately 21°C. during
the studies.

D. EXPERIMINTAL PARAMETERS AND DETERMINATIONS

1.  Phosphorus.

Total phcsphorus was primarily measured in this investigation; how-
ever, total soluble phosphorus was also determined in one of the runs.
There were two reasons for the measurement of total phosphorus. First,
many of the complex inorganic and organic forms of phosphorus eventually
may be broken down into soluble orthophosphates which would be available
as‘plant nutrients (4); therefore, all forms of phosphorus are important
from the standpoint of eutrophication control. Second, because of the
naturce of the determinations for the different phosphorus compounds, it
is possible to get overlapping results; in other words, the cetermination
for orthophosphate may measure a portion of the total inorganic phosphorus
present, while the determination for total inorganic phosphorus may in-
ciude some organic phosphorus. In addition, there secms to be scme ccn-—

fusion in the literature as to the terms used to describe the various

phesphorus compounds (46). The analytical determination, rather than

the chemical fermula, seems to govern the type of phosphorus being measured.

These problems were eliminated in this investigation by oxidizing the

test sample to convert all the phosphorus compounds present into ortho-

phosphate which was then readily measured spectrophotometrically.

Since the Standard Methods for the Examination of Water and Waste-

water (47) does not recommend a method for the determination of phespho-

rus in wastewater*, a method developed by Murphy and Riley (48) and

Edwards, et al. (49) and modified by Jankovic, et al. (46) for use in

* Metheds are given for the determination of phosphates in water.



wastewater was omployed. This method involved the formation under acidic
conditions of an ammonium phosphomoclybdate complex, reduction of this
complex with ascorbic acid to give a blue colored sol, and measurement

of the color intensity on a spectrophotometer. It was selected because
of its accuracy and simplicity. According to Jankovic and his coworkers,
the use of stannous chloride as reducing agent which is recommended in
Standavd Methods (47, p. 234) gave erroneous results when detecting known
amounts of added phosphorus in domestic sewage. On the other hand, the
use of ascorbic acid resulted in detection of all added phosphorus. Of
equal importance, since a large number of phosphcrus determinations was
necessary throughout the course of this investigation, was the relative
zase with which this determination can be performed. The blue colored
scl was reported to be stable for at least one hour as opposed to 2 min-
vtes for the stannous chloride method (47, p. 234) and the addition of
only one reagent was necessary when preparing a sample.

The first step in performing a total phosphorus determination was
the digestion of the sample using potassium persulfate as the oxidant.
T™wo milliliters of 5 N sulfuric acid and one gram of potassium persul-
fate were added to a 125 ml Erlenmeyer flask containing 10 ml of sample*
and a few boiling beads. The mixture was diluted to about 30 m1 with
deionized water and refluxed for 15 minutes on the COD apparatus. It
was then cooled and diluted to an appropriate volume.

Phosohorus determinations were conducted using the reagents and pro-
T .

cedure dcscribed by Jankovic, et al. (46), except that a wavelength of

%* When the total dissolved phosphorus was determined, the sample was
first filtered through a 0.45 micron membrane filter (Catalog No.

11AWG 047A0, a product of the Millipore Corporation, Bedford, Mazsa-

chusetts).
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725 mu was employed. The optimum wavelength for the determination of the
blue colored complex has been reported to be 880 to 882 mu with another
peak occurring at 725 mpy (46, 48, 49). However, the Hitachi Perkin-Elmer
spectrophotometer* used in these studies had a wavelength range of 195 to
800 mu necessitating the use of the lower wavelength. The digested sample
was diluted with deicnized water as needed** to obtain a spectrophoto-
metric transmittance in the range of 50 tc 100 percent. FEight milliliters
of a mixed reagent*** were placed in a Nessler tube and enough diluted
sample was added to provide a total volume of 50 ml. Ten minutes were
allowed for color development and the percent transmittance was deter—
mined using the spectrophotometer. A blank prepared in a similar manner
but using deionized water rather than diluted sample was employed to set
the transmittance to the 100 percent value. The total phosphorus concen-
tration in the sample was determined on the basis of the percent trans-
mittance value from the calibration curve prepared using 2 standard phos-
phate (KH2P04) solution and the results were reported as mg/l P.

2. Chemical Oxygen Demand.

Chemical oxygen demand provided a measure of the strength of the
setrled sewage fed to the activated sludge units and of the quality of

the effluent produced; therefore, it enabled the evaluation of the treat-

P

Model 139 ultraviolet visible spectrophotometer, a product of the
Coleman JInstruments Corporation, Maywood, Illinois.

%% A 25 fold dilution was employed with samples which had not received
chemical treatment and a 10 fold dilution was used with treated
samples.

*%% Prepared by mixing 125 ml of a 5 N suifuric acid solutien with 37.5
ml of on ammonium melybdate solution (40g/1l) and then adding 75 ml
of a 0.1M ascorbic acid solution and 12.5 ml of a potassium anti-
monyl tartrate solution (0.2743 g/100 ml); this mixture was pre-
pared daily.



29

rent efficiency of the various units under the experimental conditions
employed. Chemical oxygen demand was determined according to the method
described in Standard Methods {47, p. 510). A mixture containing 10 ml
of sample, 5 ml of a 0.25 N potassium dichromate solution, 15 mnl of a
concentrated sulfuric acid, end 3 boiling beads was refluxed for a 2 hour
period. The mixture was then coéled, diluted to approximately 70ml, and
titrated with a 0.05 N ferrous ammonium sulfate solution using ferroin
as an indicator to determine the amount of dichromate remaining. Two
blanks conteaining 10 ml deionized water were also run with each set of
samples.

3. Mixed Liquor Suspended and Volatile Suspended Solids.

Mixed liquor suspended and volatile suspended solids were used as
a means of controlling experimental conditions in the activated sludge
units; in addition the effect of MLSS on phosphorus removisl was eval-
vated. The procedure outlined in Standard Metheds (47, p. 424) was enm-
ployed, except that fiberglass discs* were used with the Cooch crucibles
in place of the specified asbestos mats. A 25 ml volume of sample was
filtered through a fired, preweighed crucible which was then dried in
a 103°C. oven for one hour, cooled, and weighed to determine MLSS. The
crucible was then ignited at 600°C. for 15 minutes in a muffle furnace,
cooled, and reweighed to determine MLVSS.

4. Sludge Velume Index.

This index provided a measure of the settling characteristics of
the activated sludge. It was determined as the ratio of the volume of

sludge settled in 30 minutes divided by the MLSS. The procedure out-

* Catalog No. 934AH, a product of H. Reeve Angel & Co., Clifton, New
Jersey.
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lined in Standard Methods (47, p. 541) was employed, except that a 100 ml
graduated cylinder instead cf the recommended 1000 ml cylinder was used
to determine sludge settleability.

5. pH Value.

The pH of the mixed liquor in the various units was measured because
pH has been reported toc have an effect on the efficiency of phosphorus
removal by various chemical additives; in addition, it was desired to
determine the effect of these additives on the pH of the activated sludge
units. A Beckman Zeromatic pH meter* was employed for this determination.
E. EXPERIMENTAL PROCEDURES

1. Activated Sludge Studies.

The continuous flow activated sludge units were serviced once every

24 hours; the sewage and chemical feed reservoirs were refilled, the

effluent bottles were emptied, and samples were taken. The following

procedure was used when servicing the units:

a. The chemical and sewage feed systems were stopped.

b. The feed bottles were removed from the cold room and refilled wich
sewage. A 20 ml sample was drawn from each reservoir to form a
composite sample used in determining the characteristics of the in-
fluent sewage. The bottles were returned to the cold room and the
carboys, when empty, rinsed with water.

c. The volume of treated waste collected in each effluent bottle was
recorded and a 50 ml representative sample was taken and used to
determine the characteristics of treated effluent. The bottles were

emptied, rinsed, and placed back into position.

* A product of Beckman Instruments, Inc., Fullerton, California.
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d. The chemical feed reservoirs were refilled with the appropriate solu-
ions.
e. The sludge adhering to the sides of the aeration chamber was scraped

back into the aerating mixed liquor with a rubber policeman and the

effluent weir was rinsed with water.

f. The feed systems were placed back in operation.

g. The aeration rate was adjusted in each unit as needed to provide
effective and uniform sludge return and turbulence in the aeration
chamber.

Two day composite samples were used for the phosphorus, COD, and pH
determinations. One half of the composite sample was kept under refrig-
eration until the following day when the remainder was added; analytical
determinations were begun as soon as the composite sample was collected.
Suspended and volatile suspended solids, sludge volume index, and pH
determinations were made every other day using grab samples of the mixed
liquor.

2. Jar Studies.

Jar studies were performed using a multi-unit variable speed stirrer
and the following test procedure was employed:

& The appropriate volume of settled sewage or settled sewage containing
activated sludge solids was placed in six 600 ml beakers and the
initial pHd was determined.

b. The beakers were placed on the.stirring device, the stirring mech-
anism was activated and its speed adjusted to approximately 90 rpm.
The desired chemical dose was added to each unit (volumes less than
5 ml were always used) and rapid mix was continued for a period of

30 seconds after the last chemical addition.
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The speed was reduced to 20 rpm and slow mix was ccntinued for 20
minutes. The stirring blades were then removed and the mixture was
allowed to settle for a 30 minute period.

The upper portion of the supernatant in each beaker was transferred

into a 100 ml beaker and used for phosphorus and final pH deter-

minations.

e
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IV. PRESENTATION OF DATA AND RESULT

sodium aluminate and alum were investigated as remcval agents for
the reduction of phosphorus in sewage. The main studies were conducted
in three centinuous flow laboratory activated sludge units and were sup-
plemented with jar studies. The major experimental parameters employed
were the influent and effluent total phosphorus and chemical oxygen de-
mand, the aluminum te phosphorus ratio, the mixed liquor total and vol-
atile suspended solids, pH, and the sludge volume index.
A, ACTIVATED STUDGE STUDIES

The continuous flow activated sludge studies consisted of four
different experimental runs: a preliminary run to develop the opera-
tional characteristics of the units, two runs to investigate the phos-
phcorus removal efficiency of sodium aluminate and alum, and a run to
study the effect of mixed liquor suspended solids concentration on phos-
phorus removal. The three-and-one-half week preliminary run was under-—
taken to evaluate and adjust the sewage and capillary tube chemical feed
systems in order to ensure reliable flow rates; gcneral experimental
information of value to the development of the remzining runs was also
obtained. Two of the units were maintained as controls and the third
received socdium aluminate. The data obtained in this run are not reported
in decail due to the great fluctuation in experimental conditions. Total
phosphorus residuals of 6.1 to 13.5 mg/l P and 6.2 to 14.3 mg/l P with
corresponding average removals of 13.9 and 15.4 percent were obtained
ia the control units, while residuals of 1.1 to 7.3 mg/l P for a 73.9

. . e e ; .
percent average vemoval resulted in the unit to wiiich sodium aluminate

. . e 1At e ! -
Wad been added at concentrations ranging from 10 to 70 mg/l. The influ

cnt COD was reduced by an averase of 92.8 percent in the sodium alumi-
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nate unit and 8£9.1 and 89.2 percent, respectively, in the control units.
A MLSS concentration as high as 5000 mg/l could be maintained in all
units.

1. Effect of Sodium Aluminate.

The purpose of this run was to investigate the effect of sodium
aluminate added at varying concentrations in the aeration chamber on
the removal of phosphorus in and overall treatment efficiency of the
activated sludge units. Sodium aluminate was added at concentrations
ranging from 17.6 to 52.7 mg/l in Unit B and 35.2 to 70.2 mg/l in Unit
C, while Unit A served as a control. In determining the coagulant dose,
the theoretical one to one molar reaction ratio between aluminum and
phospherus to form aluminum phosvhate (AlPOA) was considered (17, 18,
16). On this basis, a solvtion containing 3.52 mg/l sodium aluminate
(NaZO'AlZO3'3H20) would contain cnough aluminum to react stoichiomet-
rically with 1.0 mg/l phosphorus. Sludge from the stock fill and draw
unit was used to fill the three units. The data obtained from this
study are presented in Table III. In the early part of the run, it was
attempted to maintain the MLSS concentration in all units at 3000 mg/1l;
although the preliminary study had indicated that this suspended solids
concentration could be supported, the strength of the settled domestic
sewage during this period decrcased significantly and it was found im-
possible to maintain the 3000 mg/l MLSS level in the control unit. At
the same time the percentage of the MLVSS was observed to decrease in
Units B =nd C. Therefore, in order to enable comparison of the three
units from the standpoint of biological activity, it was decided to

chance the MLSS parameter to MLVSS and maintain the concentratioa at
~hang e MLSS | :

the controllable 1800 mg/l level; this change was effected after the

12th day.
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The total phosphorus data are plotted in Figure 4. Because of a

g condition observed in Unit C, it was found neccssary to replace
the gludge in this unit on the 13th day with fresh sludge from the fill
and draw stock unit. No sodium aluminate was added to this unit during
a five day acclimation period and as a result the total phosphorus con-
centration in the effluent increased to the level in the control unit;
aftter the chemical feed was again initiated the effluent phosphorus
concentration rapidly decreased. The phosphorus content of the settled
sewage fed to the units fluctuated throughout the run and had a notice-
able effect on the residuzl phosphorus in all units. The chemical dose
also affected the phosphorus removal efficiency.

The effect of sodium a2luminate on COD remcval is shown graphically
in Figure 5. The COD values determined in the effluent from the three
units were very comparable throughout the run and although the influeunt
values ranged as high as 545 mg/l, the COD residuals in all units were
in most cases less than 50 mg/l.

There was little difference in the mixed liquor pi between Units B
and C and the control, indicating that the addition of sodium aluminate
did not affect the pH of the system. The pl values ranged from 7.3 to
8.2 and were well within the acceptable limits for activated sludge. The
pi of the settled domestic sewage was determined intermittently through-
out the study and showed little variation; pH values varied fron 7.3 to
7.9 and averaged 7.7.

2 Ef fect of Mixed Liquor Suspended Solids.

psiars

The primary objective of this run vas to investigate the effect of

suspended solids on the efficiency of plosphorus removal. Barth and
Ettinger (19) have reported that better phosphorus removals were ob-

. . st . . , {cal
tained with a lower dose of precipitant in the presence of biologica
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solids than were obtained with a higher dose when solids weve absent,
and attributed this to the large surface area of the biclogical floc.
The effect of sludge mass was evaluated by maintaining the MLSS at 3000,
4000, and 5000 mg/l in Units A, B, and C, respectively; part of the
siudge cmployed in the units had been previously exposed to aluminum.
Since the previous runs had shown that the addition of sodium aluminate
had no significant effect on COD removal, a control unit was not used.
Both sodium aluminate and alum were investigated; sodium aluminate was
added at a concentration of 52.7 mg/l during the first 10 days of the
run and alum was added at 161 mg/l during the last 12 days. On a one
to one aluminum to phosphorus reaction basis*, these precipitant con-
centrations should have been capable of removing 15 mg/l P.

The data obtained in this study are given in Table IV and the eifect
of the MLSS concentration on phosphorus and COD removal is presented graph-

cally in Figures 6 and 7. The MLSS level had only a slight effect on

phosphorus removal, except on the 7th and 8th day when an abrupt in-
crease occurred in the influent phosphorus content. Unit A which had
the lowest MLSS concentration was affected relatively more than the other
units. In general, higher total phosphorus removals were obtained
during the latter part of the study when alum was employed and the re-
sulting phesphorus residuals were the lowest observed in any of the runs.
A rapid rise in influent phosphorus concentration during this period
did not significantly affect the phosphorus removal efficiency.

From the standpoint of COD removal, all units performed very sat-
The effluent COD values in all three units

isfactorily (Figure 7).

. . ~ e 4 1
were very nearly the same and, with one exception, less than 40 wg/l

10.74 mg/1l alum [Al (SO g 18H O}
h

* On this basis a solution containing % 1
act stoichiometrically kl

should contain enocugh aluminum to re
mg/1l phosphorus.
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and in many instances less than 25 mg/l. The effluent COD values were
similar when sodium aluminate and alum were employed and were not affected
by the MLSS concentration.

The pH of the mixed iiquor and the sludge volume index (SVI) were
also determined and the values obtained are shown in Table IV. The
mixed liquor pil ranged between 7.3 and 8.0 and generally remained at
the same level when sodium aluminate and alum were used; however, when
alum was first introduced the pH in all units first decreased and then
began to rise to the previous levels. The SVI was initially above the
100 value but then fell and remained below 80 in all units for the entire
period of alum addition; this was attributed to the reduced strength
of the settled domestic sewage, as indicated by the lower COD values.

The percentage of MLVSS was found to decrease in all units from an in-
itial value of 61 percent to the vicinity of 50 percent at which level
it was maintained for the remainder of the run.

3. Effect of Alum.

Because alum was found in the preceding run to remove phosphorus

more effectively than sodium aluminate, its efficiency at various con-—

: : * o i is 1 ition of alum was
centrations was investigated in this run. The additi

. . . s -
again based on the theoretical aluminum to phosphorus ratio of one to

one and concentrations of 134, 188, and 215 mg/l alum were maintained

. ~ F 1.
in the three units. The sludge present in the units at the end orf the

The MLVSS concentra-

previous run was mixed and returned to the units.

tion was held at the 2000 mg/1l level throuchout this run in all three

e} MLSS present.
units and represented approximately 50 percent of the total ML P

i & pr ini t is run are summarized in
The experimental data pretainling to this

;pl s is also
Table V and the effect of alum on the removal of phosphorus 1S

i 5 5 leter—
shown in Figure 8. Both total and total filtered phosphorus were ¢
QO
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mined end are reported in order to give an indication of the amount of
soluble phosphorus present in the effluent. According to FEberhardt and
Nesbitt (18), when alum was added directly to the activated sludge
aeration chamber a turbid effluent with a relatively high phosphorus con-
tent resulted; however, when samples were filtered a significant decrease
in effluent concentration was noted. The total dissolved phosphorus
averaged about 65 percent of the total phosphorus in the settled domes-—
tic sewage and the corresponding percentages in the treated effluents
from Units A, B, and C wevre 83, 78, and 73 percent respectively. The
total phosphorus removals obtained in this run were the highest cbserved
in any of the studies and again, as in the case of sodium aluminate,
the higher alum concentrations effected greater phosphorus removals.
The deterioration in the quality of the effluent in terms of suspended
solids reported by Eberhardt and Nesbitt (18) did not occur and the efflu-
ent remained clear throughout the run.

The COD data are plotted in Figure 9. The activated sludge units
continued té treat the waste effectively and the effluent COD values
were very similar to those obtained in previous rumns, although the COD
of the settled domestic sewage was high throughout the run ranging from
484 to 639 mg/l. As a result of the higher food to microorganisms ratio
maintained in this run, the SVI increased in all units from a value of
approximately 60 at the beginning of the run to well over 100. On the
other hand, the MLVSS remained at approximately 50 percent of the MLSS.

The addition of alum did not appear to exert any effect on the pH of

: ; : .9 range.
the activated sludge systems which remained at the 7.7 to 7 24

b. JAR STUDIES

id : al in-
Eight sets of jar tests were conducted to provide supplement

. s inate and alum
formation on the remcval of phosphorus by sodium alumina
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under different conditions of pH, aluminum to phosphorus ratieo, and
suspended solids content. Settled domestic sewage and a mixture of
sewage and activated sludge, both acclimated and unacclimated, were
used. The same sewage was used in all tests and had a ptl of 7.3

and total phosphorus content of 12.9 mg/1 P. The acclimated activated
sludge was obtained from a two wegk composité of the MLSS wasted from
the units during the latter part of the second run and had a 58 per-
cent MLVSS content, while the unacclimated sludge was obtained from
the stock fill and draw unit and had a 70 percent MLVSS content. An
attempt was made to hold as many variables as possible constant during
the various experiments. The results of the jar studies are presented
in Table VI and Figure 10.

Tests 1 and 2 were conducted to determine the optimum pH for the
reroval of phosphorus in the Rolla sewage by precipitation. The initial
pi of the sewage was adjusted with sulfuric acid or sodiunm hydroxide,
as appropriate, to obtain a range from 4 to 9 in each test and sodium
aluminate or alum was added to give a one to one aluminum to phosphorus
molar ratio. The final rather than the initial pH was most siganificant
in this study because this value could be compared to the pH in the
aeration chamber in the continuous flow studies and, therefore, provide
an indication of the optimum pl for phosphorus precipitation in the

activated sludge process. Optimum precipitation of phosphorus with

sodium aluminate and alum occurred at the pH ranges of 6.4 to 7.5 and

5.8 to 7.2, respectively. The pH in the aeration chamber of the con-

tinuous flow activated sludge units was generally outside these ranges

i imi ' phosphorus residual obtained
but close to their upper limits. The lower phosph

with sodium aluminate at the pH of 8.9 was probably due in part to the

formation of calcium phosphate, as described by Bogan (36).
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Sodium aluminate and alum were added at varying concentrations to
settled sewage in tests 3 and 4 in order to determine the effect of the
aluminum to phosphorus ratio on phosphorus removal. Ratios in the range
of 1.0 to 2.0 were used and a control was employed in each test. No
pH adjustments were made because the initial pH of the sewage (7.3) was
either in or very near the optimum range determined in the previous tests.
The removal of phosphorus increased with the aluminum to phosphorus ratio.
It is also interesting to note that pH increased at higher sodium alumi-
nate concentrations but decreased at higher alum doses. This was prob-
ably caused by the release of hydroxide ions by sodium aluminate and the
release of hydrogen ions by alum.

In tests 5 and 6 the removal of phosphorus by sodium aluminate and
alum in the oresence of varying concentrations of MLSS acclimated to alumi-
num was.investigated. The initial phosphorus content of the scwage-
activated sludge mixture was less than that of the sewage becausec of the

lower phosphorus concentration in the activated sludge portion of the

sample. An aluminum to phosphorus ratio of 1.44 to 1 was employed. In-

creasing the MLSS level from 1000 to 3500 mg/1l had little noticeable

effect on the phosphorus removal. This was in agreement with the results

of the continuous flow study where MLSS concentrations in the range of

3000 to 5000 mg/l were found to effect only a minor improvement on the re-

moval of phosphorus.

Finally, the effect of varying concentrations of unacclimated acti-
bd

i i minum to
vated sludge solids was investigated in tests 7 and 8. The alu

£ MLSS at
phosphorus ratio in this case was 1.84 to 1. The presence O

ad little effect on the

concentrations ranging from 1000 to 3500 mg/1l h

i ; ounced increase
removal of phosphorus by sodium aluminate; however, a pron



57

in the concentration of total phosphorus remaining at the end of the co-
agulation-sedimentation period was noted when alum was cmployed. Con-
trary to the findings in the previous tests, alum was velatively ineffec-

tive in removing phosphorus at the greater MLSS concentraticns.



V. DISCUSSION

The primary objective of this irvestigation was to study the re-
moval of phosphorus by chemical precipitation with sodium aluminate and
alum in the activated sludge aeration chamber; this was accomplished in
continuous Ilow bench-scale units and in jar tests using settled domes-
tic sewage as the substrate and source of phosphorus. The effect of the
aluminum to phosphorus ratio, the mixed liquor suspended solids (MLSS)
concentration, and pH on total phosphorus removal, and the effect of the
chemical precipitants on the performance of the activated sludge system,
as evidenced by the effluent chemical oxygen demand (COD), were investi-
cated.

The major findings of the activated sludge studies are sumrarized
in Table VII in which the average COD and total phosphorus removal data
are presented according to the aluminum to phosphorus ratio present in
the unité. ithout the addition of chemicals, total phosphorus was re-

Juced by an average of 30.3 percent, from an influent concentration of

11.7 mg/l P to an effluent concentration of 8.1 mg/1l P. This removal

is in agrecment with the 14 to 50 percent range reported by Vacker, et al.

(43) in conveantional activated sludge treatment plants. With the addi-

tion of chenicals, the efficiency of the activated sludge units in re~

. . - ) i
noving phesphorus was improved considerably. Approximately 63 to 90 and

s vemov ium alumi-
86 to 90 percent of the total phosphorus was removed by sodit

nate and alum at aluminum to phosphorus ratios ranging from 0.45 to 1.9

- 1 a -
and 0.8 ro 1.75, respectively. The percent removal, however, also de

. ; s e ot
pended upon the influent phosphorus content, as indicated by the fa

4
i 3 ¢ i at an alumi-
that a reduction of almost 94 percent was effected by alum

num to phospherus ratio of 1.3 when the influent concentration was 15.3

mg/1 P, the highest observed in the studies.
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Theoretically, one mole of aluminum will recact vith one mole of
phosphorus to form aluminum phosphate; this is shown by the following

equation proposed by Tenney and Stumm (17):

+3 -(3-n)

Al + HnPO = A1PO + nH+

4 4

According to these investigators this ratio applies nct only to ortho-
phosphate but to pyrosphosphate, metaphosphate, and tripolyphosphate as
well. Barth and Ettinger (19) have also reported that cxcellent phos-
phorus removal (a residual of less than 1.0 mg/l P) rcsulted by the addi-
tion of sodium aluminate at an aluminum to phosphorus ratio of one to
one (see Table II, p. 16). Ratios of 1.3 and 1.9 for alum and sodium
aluminate were, however, required in the present investigation in order
to obtain effluent phosphorus concentrations of approximately 1.0 mg/l

P. The fact thet a significant portion of the phosphorus present in

the sewage employed by Barth and Ettinger was added in the form of
sodium tripolyphosphate may account for the greater efficiency ovserved
by these investigators, and it is possible that a lover efficiency may
have resulted in unfortified domestic sewage. This is substantiated

by the findings of subsequent full-scale plant studies by the Federal
Water Pollution Control Adwinistration (44) which indicated that a 1.8
alumiaum to phosphorus ratio was required in order fot sodium aluminate

to remove 85 tc 90 perceant of the influent phosphorus. tberhardt and

Nesbitt (18) have also found aluminum to phosphorus ratios of 1.5 or

i 3 ipi i arious acci-
greater necessary when using alum as the precipitant 1n V

d f alumi-
vated sludge treatment systems (sece Table I, p. 14). The need for alumi

i i 1 i ¥ e oxplained on the
pum concentrations higher than the theoretical may b pla

i s t rmati of aluni-
basis of competing demands for aluminum, such as the formation g
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num hydroxide and the reaction of aluminum with the lonogenic groups
on the surface of the activated sludge cells (17).

Increasing doses of the precipitants removed progressively less
additional quantities of phosphorus. This is emphasized by the de-
creasing slope of the curves in Figure 11 where the residual phosphorus
is plotted against the aluminum-to phosphorus ratio. The minimum re-
sidual phosphorus concentrations which were obtained with alum and sodi-
um aluminate were 0.9 and 1.1 mg/1 P and required aluminum to rhosphorus
ratios of at least 1.3 and 1.9, respectively. For all practical pur-
poses, higher concentrations of alum did not produce a lewer phosphorus
residual ir the effluent and it would seem that the same would have been
true for higher concentrations of sodium aluminate. Therefore, it is
apparent that on a per milligram per liter of phosphorus removed basis,
the precipitants were coﬁsidefably more efficient when higher residuals

remained in the effluent. The allowable phosphorus concentration in

the effluent from a sewage treatment plant must be determined on the
basis of the requirements for eutrophication control and would depend
on the available dilution, the concentration of phosphorus already

present in the receiving water, and the maximum allowable phosphorus

concentration in the water to prevent algal blooms. Prolific algal

entrations as low
growth has been reported to occur at phosphorus conc i
as 0.01 to 0.1 mg/1 P (8, 12); however, much work still remains to be

is i i i control.
done on this important aspect of eutrophication c¢

i cffecti han sodi-
On an available aluminum basis, alum was more cffective the

i i { d sludge
um aluminate. This is shown in Figure 11 for the activated s 3

studies and in Figure 10 (p. 55) for the jar studies. The reason for

ici ium alumi-
the difference in the phosphorus removal efficiency of sodium alu

i : indings this
nate and alum can not be explained on the basis of the findings of th
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investigation. An exception to the higher removal efficicency of alum
was noted in jar tests 7 and 8 in which a mixture of unacclimated sludgpe
solids and settled domestic sewage was treated with the two precipitants
(see Table VI, p. 53).

In spite of the higher efficiency of alum on an available alumi-
num basis, sodium aluminate is the more economical precipitant when the
molecular weight and cost of the chemicals are considered. As has been
previously stated, aluminum to phosphorus ratios of 1.3 for alum and
1.9 for sodium aluminate were required to produce an effluent phosphorus
concentration of 1.0 mg/l P. On this basis, and taking into account
the molecular weights of the commercially available (50, p. 918) alum
4)3'1141%20] and sodium aluminate (NaZO'A1203) which are 594.4

and 163.9, respectively, 100 pounds of alum would be equivalent to 40.3%

[Alz(SO

pounds of sodium aluminate. Therefore, considering an approximate

cost of $42.00 per ton of alum and $2.70 per 100 pounds of sodium alumi-

nate (51), the corresponding cost of alum and sodium aluminate will Dbe

$2.10 and $1.09 or an approximate dollar ratio of 2 to 1.

The removal of phosphorus increased slightly as the MLSS concentra-

tion in the aeration chamber increased (Table VII). At 3000, 4000, and

5000 mg/l MLSS, 82.7, 85.5, and 86.7 percent of influent phosphorus was

&9. ercent was re-
removed with sodium aluminate, and 88.6, 89.2, and 89.9 p

al observed when

i i ¥ mov
moved with alum. The larger separation in perceat re

increase of 4 mg/l
sodium aluminate was used was the result of an abrupt inc

A - [: o] i e n t e ;tll atld Otil da S Of

e a1
simi increase in influent
the sodium aluminate study; however, a similar incr

* 100 x 163.9 x 1.9 = 40.3 pounds.
594.4 1.3
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phosphorus during the last six days of the alum study had little e¢ffect
(see Figure 5, p. 45). Because the MLVSS which are a measure of the
biologically active portion of the MLSS constituted essentially the
same fraction of the total solids, it could not be determined whether
the higher removal efficiency observed at higher MLSS concentrations
was the result of increased biological uptake or greater adsorption by
the activated sludge mass. The presence of a higher suspended sclids
concentration adversely affected the removal of phosphorus in the jar
studies when sludge which had not previously been exposed to aluminum
was used (see Tigure 10, p.55 ). It is possible that a portion of the
a2luminum was edsorbed by the unacclimated microbial cells and, conse-
quently, was not available to precipitate phosphorus; however, this
does not explain the greater effect of suspended solids on the removal

efficiency of alum as compared to sodium aluminate.
The addition of alum aad sodium aluminate significantly decreased

the volatile fracrion in the MLSS to a level of approximately 50 per-

cent, as compared to 80 percent in the control unit. The settling

characteristics of the activated sludge remained good throughout most

of the studies as indicated by sludge volume index (SVI) values of 50

to 180 which are within the limits considered normal for activated

1 / > available organic food
sludge. The SVI was found to depend upon the g

supply and generally increased as the COD increased.

f i its ex-
The visual appearance of the offluent from the various un

i i effluent
posed to the two chenicals was excellent. Filtration of the

. . - - 1 f tY.l e
in the alum study indicated that the majority (73 to 83 percent) © 1

uble ‘m (s able V
. X r y : a goluble form (see Ta ’
phosphorus present in the effluent was 1in

) N itt (see
p. 48). This is contrary to the findings by Eberhardt and Nesbit (

t when alum was added directly to the

Table I, p. l4) who reported tha
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activated sludge acration chamber, highly turbid effluents resulted and
vwere accompanied by low phosphorus removals of 50.5, 42.1, and 15.3
percent at aluminum to phosphorus ratios of 1.88, 2.37, and 2.09, re~
spectively. When the effluent was filtered, however, the removal in
all systems was found to be greater than 99 percent. Turbid effluents
were never a problem in this investigation.

The performance of the activated sludge units from the standpoint
of their ability to reduce the pollutional organic matter present in
the influent scwage remained excellent throughout the studies as shown
by the resulting COD removals which averaged well in excess of 90 per—
cent (Table VIT). It is sigrificant that these COD removals were
accomplished in spite of the fact that high influent COD values were
Present on several occasicens. The high COD values observed in a number
of the scttled domestic sewage samples were probably caused by digester
supernatant return. Although it was attempted to collect scwage when
supernatant was not being returned, this was not always feasible. The
addition of alum and sodium aluminate did not adversely affect the re-
moval ¢f COD in the units, in fact it may even have slightly increased
it; this is illustrated in Figure 5 (p. 40) where COD data from both a
control and two.units which received sodium aluminate were plotted.
Previous investigators (18, 19) have also reported that the addition of
aluminum precipitants had no noticeable effect on COD removal; however,
the test and contrel units were not maintained in parallel in those
studies as was the case in the early part of the present investigation.

No attempt was made to regulate the pH in the activated sludge
acration chamber but the pil of the mixed liquor was recorded to deter-
mine if the addition of sodium aluminate or alum had a significant

effect. The pH values remained in the range of 7.3 to 8.2 throughout
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all studies and little variation was noted between the control, scdiun
aluminate, and alum units. This range was higher than the optimum pH
of 5 to 6 fer the formation of aluminum phosphate reported by Tenney
and Stumm (17); however, jar studies conducted as part of this investi-
gation indicated that the optimum pH for phosphorus precipitation in
the Rolla sewage ranged from 6.4 to 7.5 for sodium aluminate and from
5.8 to 7.2 for alum. The pd in the aeration chamber was within or near
the upper limits of these ranges, indicating that pH did not greatly

influence the phosphorus removal efficiency of the precipitants cmployed.



VI. CONCLUSIONS

On the basis of the results obtained in this investigation, the

following conclusions were drawn:

1.

Sodium aluminate and alum added directly to the activated sludge
aeration chamber were capable of precifitating phospliorus and
effecting a sizeable reduction in the thosphorus content of the
influent sewage. The degree of phospherus removal depended pri-
marily upon the type of precipitant ané the aluminum to phos-
phorus ratio employed, and the influen: phosphorus concentration.
Aluminum to phosphorus ratios in excess of the stoichiometric one
te one requirement for the formation of aluminum phosphate were
needed in order to obtéin a low residual total phospherus concen-

tration in the effluent. Ratios of 1.3 and 1.9 were required

with alum and sodium aluminate to prodice a minimun residual phos-

phorus concentration in the range of 1.0 mg/l P.

€7

On an available aluminum basis, alum was more effective in reamoving

phosphorus than sodium aluminate, but sodium aluminate was more
economical than alum when molecular weight and cost were taken

into account. The chemical cost for equivalent phosphorus re-

movals would be approximately one-half as much with sodium alumi-

nate as with alum.
e mixed liquor suspended solids concentration in the activated

sludge aeration chamber had very little effect on the removal of

total phosphorus. An increase in the MLSS concentration from

3000 to 5000 mg/l resulted in an increase in phosphorus removal

from 83 to 87 percent when sodium aluminate was used and from 89

to 290 percent when alum was employed.
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The addition of sodium aluminate and alum significantly decrecased

the volatile fraction in the MLSS to a level of approximately 50

_percent, as compared to 80 percent which was maintained in a con-

trol unit.

The presence of sodium aluminate or alum did not adversely affect
the chemical oxygen demand removal effiéiency of the activated
sludge system but may, in fact, have increased it slightly; while
the average influent COD values varied from 300 to 600 mg/l, the
resulting COD removals averaged in excess of 90 percent.

The pH of the mixed liquor in the activated sludge aeration chamber
was not significantly changed by the addition of sodium aluminate
or alum but remained in the 7.3 to 8.2 range which was essentially
the same as that observed in a control unit. On the basis of jar
studies, the optimum pH for phosphorus precipitation in the Rolla
sewage with sodium aluminate and alum ranged from 6.4 to 7.5 and
from 5.8 to 7.2, respectively.

The addition of aluminum to the aeration chamber was an effective
method which could be readily integrated into the activated sludge

process and required little additional equipment.
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VII. RECOMMENDATIONS FOR FUTURE KESFEARCH

is investigation has established, on the basis of continuous flow

bench-scale studies, that the addition of alum cr sodium aluminate to

4 P - . >
the activated sludge aeration chamber was an effective means of reducing

the phosphorus concentration in the waste. In the course of the investi-

gation it became apparent that the research areas ocutlined belowv required

further study.

1

i e

The actual phosphorus removal mechanism should be ascertained and
the relationship between the precipitant, microbial floc, and pre-
cipitate and their effect on the phosphorus removal process should
be determined.

Phosphorus removal by chemicai precipitation in the activated sludge
process should be further evaluated in plant—-scale studies and
emphasis should be placed on methods for sludge treatment and dis-—
posal.

Further investigations are necessary to determine to what extent
and at what concentration phosphorus is limiting to algal blooms.
Knowledge of the minimum allowable phosphorus concentration is

necessaty in determining an acceptable phosphorus residual in sewage.
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