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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 ~he phosphorus removal efficiency and the effect of the precipi

tants on the removal of organic pollutants in the activated sludge process. 

The studies were conducteci on settled domestic sehTage in three 

bench-scale continuous flow activated sludge units sup:)lemented with jar 

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 se\vage and aluminum to phosphorus ratios of 1.3 

and 1.9 Here required with alum and sodium aluminate to produce a mini

mum r~sidual phosphorus concentration in the range of 1.0 mg/1 P (a re

duction of approximately 90 percent). On an available aluminum basis, 

alum Has more effective than sodium aluminate; hmvever, 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. TI1e 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 human 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

plimented 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 areas of recreation. In 

recent years, concern has been expressed over the excessive eutrophication 

which is taking place in some lakes and other bodies of water. 

The word eutrophication is used to describe biological productivity 

changes occurring in all lakes and reservoirs during their life history (1). 

It can be referred to as the aging of a body of water and is caused by a 

prolific g~owth 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. In 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 

wltich 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}. 
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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 g&ue fish 

with the scrap fish variety (2). The recreational use of t~1e 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 'vell 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 6f 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 bas is 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 norrr.ally 

found in \vater in sufficient quantities to promote good algal gro,~th. 

Although conventional sewage treatment removes much of the carbon, little 

nitrogen and phosphorus are removed. Of the latter two, nitrogen has been 

reported to be available in nonlimi ting 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 l:in1i t:ing nutrieat; hmv-evcr, 

it is recognized that phosphorus removal alone may not control eutrophica

tion in all cases (10). 
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Aigc._l grmvth has been maintained G.t phosphorus concer.trations as low 

as 0.0025 mg/1 P* (11), but quantities in excess of 0.01 to 0.1 mg/1 P 

are considered necessary for an algal bloom (8, 12). TI1e major sources 

of fhosphorus are surface and ground water, urban and agricultural runoff, 

and domestic and industrial '.<raste•.vater. Of these, dorr:estic and some in-

dustrial wastes are considered to be the only sources in which the phos-

phorus concentration is sufficiently h:Lgh to make removal feasible ~13). 

Due to increasing use of synthetic detergents containing phosphate builders, 

the concentration of phosphorus in se\vage has increased from 1. 7 to 4.0 

mg/1 Pin 1947 (14), to 4.0 to 5.5 mg/1 Pin 1951 (15), with an average of 

10. 7 mg/1 P in 19 61 (16). TI1e low allm.rab le concentration of phosphorus, 

•:.:oupled 1:vith its increasing concentration in se1:vage and the f.:1ct that 1:v.:1ter 

reuse is becoming more prevalent, necessitates some form of phosphorus re-

moval. 

A reviev.· of existing literature h.:1s shmvn that phos:;:>horus removal is 

technically fe.:1sible through both chemical and biological ~nethods and can 

take place during primary, secondary, or tertiary sewage treatment. Be-

cause of minimal additional equipment requirements, chemical precipitation 

in the aeration chan1ber of an activated sludge system was com-:idered to be 

the most appropriate phosphorus removal process for use in existing acti-

vated sludge tretment plants. Since many plants of this type are already 

in operation in areas where eutrophication is a problem, it was felt that 

furtl1er investigation of the parameters involved in this process would be 

of value. 

Previous investigations have shoun that a number of chemicals '"ill 

precipit&te phosphorus in varying degrees when added to the activated sludge 

-----------··------
* Phosphorus may he determined in various forms; therefore, the form l.Vi.ll 

be suffixed to the value reported. 



aeration cbamber. 1\vo coagulants, alum and sodium alu:;~inate, have been 

used to achieve residual phosphorus concentrat:i.or1s in treated se'.vage of 

less than 1 mg/1 P. Alum has been investigated for the dual purpose of 

coagulating dispersed microorg;:misms and removing phosphorus in both batch 

(17) and continuous flo\v (18) laboratory units. SoditL'Il aluminate has been 

studied primarily as a method of phosphorus removal in a 100 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 aer-ation chamber and the possible adverse effects of alum 

on the pH of the system; the continuous fl~v 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-

cent-ration ;.;rns not investigated. In addition, the: phosphorus removal effi-

ciency at lo',v coagulant concentrations needed to be investigated. 

It was the purpose of this investigation to study the cltemical removal 

of phosphorus with sodium aluminate and alum in the activated sludge system. 

The specific objectives of this study \.Jere to detL~rmine: the effect cf 

the aluminum to phosphorus ratio on phosphorus removal, the effect of the 

mixed liquor total and volatile suspended solids on phosphorus removal, 

and the effect of the chemicnl additives on the removal of chemical oxygen 

demand (COD) in the system. 

TI1e studies were carried out in three continuous flow activated sludge 

· 1 t d · tl 11 J . .,r tests." UnltS S~pp ernen·e Wl 1 n Settletl dm:~estic sewage fror.1 a Rella 

trc:.:1trncnt pla.nt ~..ras used to assure realistic results. TI1e major param-

eters employed ·,vere the influent and effluent totdl phosphorus and COD, 

the aluminum to phosphorus riltio, the mixed liquor total ond volatile sas-

pendcd solids, pH, and the sludge volume index. 
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II. R.EVIE\-J OF LITERATURE 

R2.search findings and plant data pertaining to the removal of phos-

phorus by chemical precipitation, biological uptake, and chemical pre-

cipi tat ion in the activated sludge aeration char.1ber are reported in this 

chapter. 

A. CHEHIClu. PRECIPITATION 

Considerable research work has been directed tmv-ard the chemical pre-

cipitation of phosphorus both in primary and tertiary treatment. The 

mechanism of phosphorus removal by chemical precipitation is not too well 

understood. Theoretically, phosphorus may be remc.,ved from solution through 

precipitation as an insoluble salt or by adsorption upon some insoluble 

solid pl1 ase. Early experimental evidence indicated that both mechanisms 

v:cre operative. In the case of lime treatment it appeared that the prin-

ci?:ll rrc:::bar.ism \vas tltat of precipitation of phosphorus as insoluble cal-

cium phosphate salts, while \vith iron salts and alum adsorption upon hy-

drated oxide floc particles appeared to play a major role (20, 21). Here 

recent work, however, has indicated that phosphorus removal with polyvalent 

metallic ions occurred by precipitation rather than coagulation or adsorp-

tion (17). 

I l. e fe,rrl· c chloride, alum, and sulfuric acid have been studied as • m . ' 

agents for the removal of phosphorus from rm-1 se;v-age. Stones (22) in-

vestii;ated the effect of lime, sulfuric acid, and alum on phosphorus re-

moval by precipitation. One liter volumes of sewage \vere treated with 400 

mg/1 of each chemical and then allowed to settle for 18 hours. Several 

runs Here made and the folloT;~ing results were reported: 



Unsettled Sewage 
Settled Sewage 
P·recipi tation 

lime (CaO) 
sulfuric acid 
alum [Al 2 (so4 ) 3 ·18H2o] 

Phosphate Content 

---~1 --=p=------

6.25 
4.38 

0.75 
4.58 
0.40 

Removal 
% 

29 

88 
27 
94 

6 

While alum and lime effected good phosphorus removal, sulfuric acid solu-

bilized part of the phosphorus that would have been remuved by sedimenta-

tion alone. 

Karanik and Nemerow (23) conducted jar studies and found that an 

optimum dose of 300 mg/1 lime [Ca(OH) 2 ] raised the pH of raw sewage to 

11.4 and caused a reduction of the phosphate content from 27.9 to 1.8 mg/1 

Po4 or 93.5 percent. Suspended solids, volatile suspended solids, and bio

chemical oxygen demand (B11D) were also reduced by 95, 96, and 71 percent, 

respectively. In similar studies by Smvyer (24) total phosphorus was re-

duced from 3 to 4 mg/1 P to 0.5 mg/1 P with the addition of SO mg/1 ferric 

chloride. 

On the basis of pilot plant studies, Buzzell and Sm-ry-er (25) conclud('(l 

that lime requirements were independent of phosphorus content but depended 

upon the alkalinity and pH. The optimum pH for chemical precipitation of 

phosphorus Has found to be bebveen 10 and 11 but had to be determined for 

each situation. Total phosphorus removals averaged 80 to 90 perce.nt \vith 

an average residual of 1.2 mg/1 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; ho\vever, stabilization ponds were found 

suitable and \vere. capable of removing 75 to 80 percent of the remaining 

phosphorus. 

Neil (26) added 94 mg/1 alum and 3.4 mg/1 activated silica to the 

influent of the sedimentation tank of a 1.5 HGD primary treatment plant 
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and obtained an effluent phosphate concentration of 3.15 n~g/1 PO 4 or a cor

responding reduction of 81 percent. Filtered samples shmved a conccntra-

tion of 0.33 mg/1 Po4 or 98 percent removal. 

2. Tertiary Treatment. 

Malhotra, et al. (27) on the basis of laboratory studies concluded 

that the optimum pH of secondary treatment plant efflueat for alum and 

lime precipitation of phosphorus was 5. 57 + 0. 25 and 11.0, respectively. 

Total phosphorus removals of 9 5 percent ~vith 250 mg/1 alum [Al 2 (SO 4 ) 3 • J.8H2o] 

and 99 percent \vith 600 mg/1 lime [Ca(OH) 2 ] were achieved, and 55 percent 

of the chemical oxygen demand (COD) was removed in the alum studies. Hal-

hotra and his cmvorkers 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/1 alum [Al 2 (so4 ) 3 •14H20], precipitation, 

and sedimentation resulted in an effluent conc~ntration of 2.23 mg/1 P04 • 

Filtration of this effluent removed additional phosphate and resulted in 

a final effluent containing 0.14 mg/1 P0 4 for a 99 percent overall phos

phorus reduction. Alum recovery \vas also investigated by Lea and 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 fo~ of sodium aluminate. 

When the recovered alum was employed, 77 to 89 percent of the soluble phos-

phate could be removed. 

O..ven (28) added lime to the influent channel of the final clarifier 

of a 0.77 HGD trickling filter plant. Lime added at the rate of 545 mg/1 

(CaO) reduced the effluent phosphate concentration from 22.6 to 5.2 mg/1 



PO 4 (0 · 40 mg/1 \vi th filtration) giving 77 percent phospl'.orus removal for 

the total plant. 

Curry and Hilson (29) treated 4000 gallons of secondary treatment 

plant effluent \vith 200 mg/1 alum [Al (SO ) •18H 0], mixed for 10 min-
2 4 3 2 

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 
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using coagulation follm.;red by filtration. Effluent from secondary treat-

ment in a 4 MGD plant \vas treated with 200 mg/1 alum [Al2 (SO 4 ) 3 "18H 2o] 

added ahead of two mixed media filter beds which Here operated in series 

and were followed by granular activated carbon filters. TI1is set-up re-

duced the phosphate concentration from 25 to 30 mg/1 to a residual of 0.1 

to 1 mg/1 PO 1_.. The cost of alum was reported to be $48 per .nillion r;allon 

of effluent. To reduce costs, chemical recovery of alum \vas investi-

gated; hm.;ever, 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/1 P or a reduction of about 98 percent. 'Hth 

lime recovery, chemical costs, including recovery costs, were reduced to 

$42.70 per mill ion gallon; $10.90 of this sum represented the cost of 

fresh lime. Due to the anticipated savings \vith lime, Slechta and Culp 

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

plant. 

B. BIOLOGICAL UPTAKE 

Tn theory, it is possible to use biological systems to remove nutri-

ents irom sewage. Cell tissue composition together with the mineral con-

tent of ::;ewage ,.Jill determine the amount of phosphorus which can be ex

tracted. Assimilation of 1 mg/1 phosp!wn~s requires 25 to 50 mg/1 carbon 



and 2 to 12 mg/1 nitrogen (21). Ordinary domestic se\vage docs not p10vide 

a balanced diet, being deficient in carbon and nitrogen Hith respect to 

phosphorus. Phosphorus removal by means of biological uptake has been in-

vestigated in both algal and activated sludge systems. 

1. Algal Systems. 

Investigators at the University of Michigan (31,32) have studied algal 

gro\vth characteristics as related to phosphorus removal using a synthetic 

secondary treatment plant effluent and a small laboratory unit in \vhich 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 concentration, and the tempera-

ture were important factors in the metabolic uptake of nutrients (31). Ad-

ditional st:udies (32) were conducted to provide information on phosphorus 

requirements and uptake by algae; cultures of _Scenedesmus and Chlorel1a at 

a density of 50 mg/1 were used. Algae \vere found to require certain amounts 

of phosphorus for basic cell grm-.rth and a minimum content in the cell mass 

(3 percent Po4 on a dry weight basis) was necessary for cell growth to be 

independent of phosphorus. Algae \..rere nlso found capable of storing excess 

quantities of this nutrient (up to 9 percent P04). On the basis of their 

findings, these investigators classified phosphorus uptake by algae into the 

three z6nes: the growth dependent zorte (0 to 3 percent P04), the zone of 

storage (3 to 9 percent P04), and the zone of saturation (above 9 percent 

P0 4). Build-up of phosphorus in the algal cells over and above the level 

• • h d 11 1 t 1 II required for nonl1m1 ted growt \vas terme uxury up a <e. The bacteria 

functioning in the activated sludge were considered to have nutritional re-

qui re!l1ents similar to algae and, on the bas is of the high phosphate concen-

t- • t · toda':f'S se.\·T"a .... e·, to undergo luxur"j uptake during treat-
~ratlons presen 111 ·~~ 

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 ,.;ras influenced by tempera

ture and the level of nutrients.available. Phosphorus Has 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

viously precipitated. In a similar study conducted in California using 

a tertiary pond w·ith recirculation, Bush, ~ al. (34) obtained phosphate 

residuals of 2 to 9 mg/1 P04 corresponding to 19 to 68 percent removal. 

Assenza 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/1 P04 and 

the effluent content varied from 62 to 9 mg/1 P04 • Correlating these data 

"lith BOD, Assenza and Reid concluded that the optimur.1 BOD loading for 

effective phosphorus removal v.ras 11.23 pounds per acre-foot per day. 

The most comprehensive work relative to phosphorus removal by algal 

culture3 has been carried out by Bogan, ~t 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 mgil P04 (equivalent to 90 percent removal) >vith 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 seemed to be the limiting factor ,.;rith minimum requirecaents in the 

vicinity of 100 to 200 foot candles. Adsorption and coagulation appeared 

to play the major role Hhere rapid removal 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 t!te 2lgal cell tissue which resulted in the effer.tive 

sedimentation of the cells. Artificial illumination at a cost of at l~ast 

ten times that required for ~i adjustment with lime was necessary 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 s0.;rage. 

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 t!tat a BOD to 

phosphorus ratio of about 240 was necessary for the cor;1pletc utilization 

of phosphorus by activated sludge. 

Several studies have been conducted to determine the effer.ts 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. Hith 

a minimum dissolved oxygen content of 2 mg/1, 50 percent of the soluble 

phosphorus 1-.1as removed in 6 hours. Phosphorus uptake ~.;ras independent of 

mixed liquor suspended solids in the 750 to 8000 mg/1 range. On the other 

hand Rains and Ryckman (40) 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 \.Jas found to in

crease and the req~ired detention time to decrease as the suspended solids 
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W ere l·-1'Cr"'·'s"'r1,· th1"s W"S 1"n t !" •. ] -' -~ .... ~- u con ·ra( lC~lon to t H' l inclin:;s by il:>ll nnJ 

Engelbrecht (39). Increnscd concentrations of plw~rll;1tc in the SL'\,':l):e rc-

sulted in increased phosphorus re!noval by o give:·: activ.:>tcd sludge. ·n1 e 

minimum dissolved oxyge:1 concentration for opti''iU:n removal HilS rc;'ortcd to 

be 1.9 mg/1. Levin and Shapiro (41) and Shapiro, ~ iD_. (!•2) have reported 

that pH, aeration rate, and redox potential affected the uptake and re-

lease of phosphorus by the activated s]udge. TIH~ optimum rH range '-'<lS again 

reported as 7.0 to 8.0; however, a minimum aeration rate of 17 n:l/scc per 

1500 n:l of mixed liquor, rather than dissolved oxygen content, \·Jas reported; 

it was also stated that a redox potential greater than zero was rc~uircd. 

Phosphorus uptake was fou~d to be reversible, depending on the above con-

ditions. 

Vacker, et al. (/+3) recently reported variations i.n phosphorus remove1l 

at nine wast~later treatment plants in San Antonio, Tex.1s. ~1ile one of 

these plants (Rilling Plant) Has able to reduce total phosphate by 88 per-

cent to a 4.1 mg/1 P04 residual, the other plants effected reductions of 

only 14 to SO percent. Sludge at this plant was found to contain as much 

as 20 to 22 percent PO 4 , on a dry \\7eight basis. Tills high re1:1oval at the 

Rilling Plant was attributed to high dissolved oxygen Jcvcls in the aera

tion chamber (2 mg/1 at the midpoint and 5 rng/1 at the outlet end) and 

to the fact that digester liquor was not being returned to the system. 

C. CHEHICAL PRECIPITATION IN ACTIVATED SLUDGE 

Several investigators have combined chemical and biological phospho-

rus rer.1oval in the activated sludge process. Tenney and Stu:.1m (17) by 

means of jar studies have investigated the use of alum to simultaneously 

coagulate dispersed microorganisrr:s and precipitate phosphorus. 'They 

reasoned that since BOD ren:oval 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, lmv solids retention unit." The optimum t>H for both phosphate re-

moval and microbial flocculation was found to be bet1-1een 5 and 6 and re-

rnoval by polyvalent metallic ions was considered to occur by precipita-

tion rather than by coagulation or adsorption. Aluminum phosphate Has 

the precipitate and stoichiometrically one mole of aluminum Has 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 1vas less than that of 

phosphorus slow settling negatively charged AlP04 colloids were formed. 

The aluminum ion had a stronger affinity for phosphorus than for the 

ionogenic groups of the microbial surface; therefore, when it ,,,as c;.dded 

to a suspension of microorganisms containing phosphate most of the phos-

phate was precipitated before flocculation of the microorganisms took 

place. 

Eberhardt and Nesbitt (18) have also studied combined phosphorus re-

moval and microbial flocculation in a continuous flm.;r bench scale acti-

vated sludge pilot plant using both synthetic and settled domestic se\v-

age. A summary of the operational ccnditions and results of this in-

vestigation ~vhich are appropriate to the present study is. pr:esented in 

Table I. Good 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 \vas added directly to the 

aeration chamber in the domestic sewage studies. The lack of settle-

' ·1· f the pr•"c~p~tate in some of the dor'lestic sewage studies 1..1as ao~.~ty o ..... .._ ...... 

attributed by these investigators to the long mixing t]me in t:he aera-
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tion chamber and in order to reduce this ti1-:-te alum was added just prior 

to sedimentation in the remaining runs; the removal of phosphorus was 

materially improved. On the basis of these studies, Eberhardt and 

Nesbitt concluded that nearly co~plete removal of soluble pbosphorus was 

possible, the removal efficiencies depended upon the p!i 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 alu~ concentrations as high as 

335 mg/1, 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 su~gested 

that the chemical costs could be partially offset by the savings re

sulting from a shorter detention time. 

Barth and Ettinger (19), at the Cincinnati Hater Research Labora

tory of the Federal Water Pollution Control Administration (8~PCA), con

ducted pilot plant studies to determine the removal of phosphorus by min

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 smiage 

as the substrate. Various chemicals were added directly to the aeration 

chamber and their effect on phosphorus removal was determined. A summary 

of the results reported by Barth and Ettinger is presented in Table II. 

'fhese investigators found sodium aluminate to be the most desirable pre

cipitant because it did not lower the pH of the sys ten1 as al urn did, had 

no effect on COD removal, and added sodium rather than sui.fate or chlo

ride ions to the plant effluent. 1.Jhen sodium tripolyphosphate (Na5P 3o10) 

was added to increase the phosphorus content of the se•.vage, the phos

phorus removal efficiency decreased. The dose of sodium aluminate needed 
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to remove an equal amount of phosphorus Has less \''hen hiolog-i c sol ids 

were present than when they were absent. Barth and Ettinger concluded 

that a one to one aluminum to phosphorus ratio could be expected to pro

duce an effluent with approximately 0. 5 mg/1 P residual phosphorus, but 

also recognized that compe.tition from other ions in the 1.;raste '"'ould affect 

this ratio. It should be pointed out, hm.;rever, that in later work by 

the F.~PCA 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 to 90 percent of the phosphorus 1..rith sodium aluminate (44). 
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III. HODE OF STUDY 

A. EQUIPHENT 

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 ln) 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. 

1ne first modification (Figure lb) provided for the continuous 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 

founc, hm-Jever, that the sludge adhered to the \-Jalls of the sedimenta

tion chamber and was not dravm into the inlet of the air pump eventually 

clog3ing the pump. 

Since this modification was not successful, the design by Saxer was 

ag;:lin considered and it \vas decided that the key to the effective return 

of the settled sludge 'vas the location of the aeration tube and the 

height of the opening connecting the sedimentation and aeration ch;;.mbers. 

Optimum setl:ling conditions were achieved \vhen the air tube was placed 

slightly in front of t:he baffle and mid\vay in the opening (Figure lc). 

AU-shaped air tube which had three 1/16 inches holes spaced at equal dis

tance ac.ross the width of the aeration chamber facing the head of the 

chamber \-Jas used. By connecting air lines to both sides of the U tube 

and adjustiag the pressure on one side, it \vas possible to achieve the 

same flm.r rate through all three air holes. When the aeration rate was 

properly adjusted, a rolling motion \·las achieved which effectively re

moved slu::lge from the sedjJnerrtatj_on chamber while keeping the mixed 
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liquor suspended solids in suspension in tlce aeration chamber. A sliding 

baffle was also employed to enable adjustcnent of the height of the opening 

between the aeration and sedimentation chambers, o.s necessary. Because 

the dead corner in the sedimentation chamber shm..red 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 and were equipped with 

plexiglass effluent and air tubes and aluminum V-notched overflm..r weirs. 

The volumes of the aeration and sedimentation chacnbers of each unit 

were 2.2 and 0.58 liters, respectively. 

2. Sew~~ Feed System. 

The se-..;ragc feed system consisted of three 3 gallon Pyrex bottles 

each serving as a feed reservoir for one activated sludge unit. TI1e feed 

was distributed to each unit through an unrestricted siphon (Figu~e 3) 

and rate control was m<dntained by restricting the air flow into the 

reservoirs by means of capillary air inlet tubes. Cotton plugs Here em-

ployed to pro~ec:= the capillary tubes from dust and other foreign matter 

in the air thus securing uninterrupted air f lm..r. Since seHage was the 

substrate, refrigeration was necessary to keep biological activity at a 

minim:.1m. TI1e feed bottles were, therefore, placed in the cold rooP1* 

pictured on the left in Figure 3. The temperature in this room was 

maint.sined at 5°C. 

The effluent from the units was collected in 2.5 gallon Pyrex bottles 

·.vhich 1,vere, 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. 

* ~1odel 704/, Constant TempAxature Room, a product of Lab-Line Instru
ments, Inc., Helrose Park, Illinois • 
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Figure 3. OVERALL ARRANGEMENT OF ACTIVATED SLUDGE UNITS 
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3. Chemical Feed Systems. 

Two different methods were used in f ecd ing the chord cal prec ipi

tants. Flows of less than 20 ml/hr were required to keep the volume of 

the chemical feed small \.;rith respect to the se,.;rage feed. 1~Lis \.;as ;,ccom

plished during" the early part of the im·estigation by using capillary 

tubes (1/32 inch I.D.) \vhich >·Jere drm.;rn to a point over a fla~e. Flow 

rates were regulated by adjusting the liquid level in the 2.5 liter feed 

bottles. Because of difficulties encountered with this system, a 

Buchler Dekas tal tic P~1mp* (Figure 3) was ob t:aincd and used to regu-

late the chemical feed flow in the latter part of the study. 3y ad

justing the speed and tubing size of this peristaltic ~ction pump, it 

\vas possible to obtain flow rates in the range of 1. 5 to 400 Nl/hr. 

Three 500 ml Erlenmeyer flasks served as the chenical feed reservoirs 

and each was equipped with a stirring device. Constant stirring was 

necessary when alum \vas ·,_:sed because of the tendency of the alum sespen

sion to settle; stirring was not needed whe~ sodimn altminate ,,·as used. 

4. .t!.~.Jti-!Jnit Variable Speed Stirrer. 

Jar studies \.Jere conducted with a six unit Phipps <md Bird he<:l\ry 

duty stirrer** commonly used for coagulation studies in w2ter. Speeds 

from 20 to 100 rpm were f!Ossible \vitn this unit. Samples ,.;ere placed 

in 600 ml Pyrex beakers. 

B. HATERIALS 

1. §ewa~. 

Settled domestic se\vage was used as the substrate in tht:>se studies. 

It -.;as obtained from the dosing tank of the new Rolla trick:li:1g filter 

--------~--------

* A product of Buchler Instru>r.ent:s, Inc., Fort Lee, New Jersey. 

** Hodel 7790-300, a product of Phipps & Bird, Inc., Richmond, Virginia. 



plant three times a \-:eek in 5 gallon c.-.HLovs, 20 ::all-.1-,'.s· ,·>.t · J ~ a t 1 ::: l', 

was kept under refrigeration to control micto~ial activity. 

2. }.lctivateg Sludge. 

A fill and draw unit v:as operated to provioe a sourcl:' L'f activatL'd 

sludge for these studies. The sludge was initially dcvelup~d in the 

laboratory by aerating raw dome.stic sc\._rage .:md there-after ~~ •. :lintair:c·d on 

settled domestic sev;age. The unit was aerated for a pc•riod of 23 hours 

daily and permitteci to settle for one hour. The clear supL'rnatant w.:>s 

then siphoned out, the unit Has fed, and aerc<tion \,·as resumed. 

3. Chemical Precipitants. 

Both sodium aluminate and alum Here used as the source of a 1 u;:-1 i num 

for the forrr.ation of an AlP0 4 precipitate. Sodium .-tlul'linate (~a 2o· 

Al 2o3 • 3H 2o, AC:S reagent grade) was used during the first p.-1rt of this 

investigation and aluminum sulfate (Al 2 (so4 ) 3 ·1BH 20, ted1nical, ground, 

iron free) during tL.e latter part. 

C. EXPERI~rENTAL CONDITIONS IN THE CONTINUOUS FL0'.-1 l!1HTS 

Throughout the studies, settled sewage fed at the av.:ragc* rate of 

3 7 5 ml/hr \vas employed as the sole source of carbon ar:d p~1osphorus in 

order that actual se\..rage treatment plant conditions \..rould he s i:-:mlated 

24 

in the closest possible manner. The strength of the s e·...rage varied .,,idel:-• 

due to large amounts of infiltration intc the Rolla se\-:E-r syste:n chjring 

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

from 170 to 639 mg/1 and averaged 335 :ng/1, ~.;rhile total phosphorus 

values ranged from 4. 5 to 18.4 mg/1 P and averaged 11.6 rr.g/1. Sod i urn 

aluminate and alum were used as the precipitating agents and were a2ded 

----------
* A constant rate ~.;As not possible and the flO\v rate dccrc.:1scd as the 

static head decreased. 



25 

to the units in solution at the rate of 15.5 ml/hr (2ft hour :weragc*) 

wher. the capillary tube system was employed and 14.3>':.'< 1~ 1 l/J 1 r \vlwn the 

Dek.:J.s tal tic pump was U"' ed. T11e re · d 1 • 1 1 · ~ qulre c 1emlca so utlGns we're prepared 

every other day and the strength of each solution \vas computed on the 

basis of the flow rate of se\vage and chemical feed through the units and 

the desired concentration of the precipitants in the units. 

The mixed liquor suspended solids (HLSS) and the mixed liquor vol-

atile susp0nded solids (.HLVSS) He:--e used as controlling parameters. Con-

centrations of MLSS in the range of 3000 to 5000 mg/l and of NtVSS of 

1800 and 2000 mg/1 were used at varci_ous times during this iuvestigation. 

The level of solids in the units \vas adjusted when neccss~try by \v.t~>ting 

a portion of the mixed liquor. No attempt Has made to rcijulate the pH 

of the various systems; hmvever pll measurements Here m.tde and recorded 

regularly in order to determine the effect of the d1emical additives on 

the pH of the systems. 

Throughout the studies, a 5.75 hour dc-:::w1tion period was rr:ainta:ncd; 

because of the gravity feed systems employed, this figure represents the 

average value for each 24 hour period. Air vJas obtained from the lab-

oratory compressed air supply and was filtered through activated carbon 

to re~:1ove any oils or other materials present which might have interfered 

\vith the activated sludge. No attempt \vas made to regulate the rate of 

aeration other than necessary visual adjustments to obtain complete mix-

· · 1 b 1 e 1· n all three unl· ts •rt-. e inves ti~a tion Has con-lug ana equa tur u enc • 1.11 ., 

* A constant rate was not possible and the flow rate decre:1sed as the 

static head decreased. 

** In the first 4 Jays this pump was employed, a rate of 7 ml/hr w~s used 
but this was increased to 14.3 ml/hr to eliminate precipitation of 

s.:;dium aluminate in the feed lines. 
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ducted at room temper t L • h ·. a ure Hlllc rern<Jined at approximat2ly 21 °C. dnd 113 

the studies. 

D. EXPERIHENTAL PARANETERS At'-m DETERNINATIONS 

1. Phosphorus. 

Total phcsphorus \vas primarily measured in this investigation; ho·_.;~-

ever, total soluble phosphorus -;;-.ras also determined in one of the runs. 

There v.'ere tv.ro reasons for the measurement of total phosphorus. First, 

many of the complex inorganic and organic forms of phosphorus eventually 

may be broken dmvn into soluble orthophosphates \vhich Hould be avail.3ble 

as plant nutrients (4); therefore, all forms of phosphorus are important 

from the standpoint of eutrophication control. Second, because of the 

nature of the determinations for the different phosphorus compounds, it 

is possible to get overlapping results; in other words, the dcterrrination 

for orthophosphate may measure a portion of the total inorganic phosphorus 

present, while the determination for total inorganic phosphorus may in-

elude some organic phosphorus. In ~ddition, there se~~s to be some ccn-

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

pl1osphorus compounds (46). The analytical detenHination, rather than 

the chemical formula, seems to govern the type of phosphorus being r.;e:l:;ured. 

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 spectrophot.omctrically. 

Since the Standard Hethods for the Examination of Hater and \.Jaste-

·.vater (47) does not recommend a method for the determination of phospho-

rus in was te\Ja ter*, a method developed by Murphy and Riley ( 48) and 

Edwards, et ~1. (49) and modified by Jankovic, ~~31. (46) for use in 

* Hethods are given for the determination of phosphates in \vater. 
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-wasteHater ;.,_ras 2mploycd. 1"'1-.l· · m th l · 1 • h f 11 s c .oc lnvo~ved t e ormation under acidic 

conditions of an ammonium phosphomolybdate complex, reduction of this 

complex with ascorbic acid to give a blue colored sol, and mensurement 

of the color intensity on a spectrophotometer. It 11as selected because 

of its accuracy and simplicity. According to Jankovic and his cm.,rorkers, 

the use of sLm.nous chloride as reducing agent which is recommended in 

Stcnda:;:d 1-fethods (47, p. 234) gave erroneous results when detecting knm.;rn 

amounts of added phosphorus in domestic selVage. On the other hand, the 

use of ascorbic acid resulted in detection of all added phosphorus. Of 

equal importance, since a large number of phosphorus determinations \.Jc>.s 

necessary throughout the course of this investigation, was the relative 

e2s e \.Ji th 'hThich this detenaination can be performed. The blue colo red 

sol w~s reported to be stable for at least one hour as opposed to 2 min-

L~tes for the stannous chloride method (47, p. 234) and the addition of 

only one reagent wCJs necessary when preparing a sarnple. 

The first step in performing a total phosphorus determination was 

the digestion of the sample using potassium persulfate as the oxidant. 

1\.,ro milliliters of 5 N sulfuric acid and one gram of potassium persul-

fate ':H,re added to a 125 ml Erlenmeyer flask containing 10 ml of sample* 

nnd a feH boiling beads. The mixture Has diluted to about 30 ml Hith 

deionized water and refluxed for 15 minutes on the COD apparatus. It 

\lc;s then cooled and diluted to an appropriate volume. 

Phos~1orus determinations were conducted using the reagents and pro-

cedure described by Jankovic~ et al. (46), except that a \J<>Velength of 

* \Jhcn the total dissolved phosFhorus was detennincd, the sample was 
f~r-st filtered through a 0.45 micron membrane filter (Catalog No. 

d t ~ the Millipore Corporation, Bedford, MnssaIIA\.JG 047AO, a pro uc OL 

chusetts). 
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725 fill ,,Tas Gmployed. The optimum wavelength for the determination of the 

blue colored complex has been reported to be 880 to 882 m]J \vi th another 

peak occurring at 725 m]J (!+6, 48, 49). Hmvever, the Hitachi Perkin-Elmer 

spectrophotometer* used in these studies had a v:avelength range of 195 to 

800 m!J necessitating the use of the lmver wavelength. The digested sample 

was diluted with deionized water as needed** to obtain a spectrophoto-

metric transmittance in the range of 50 to 100 percent. Eight milliliters 

of a mixed reagent*"'t* \vere 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 waa 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 Has determined on the basis of the percent trans-

mittance value:. from the calibration curve prepared using a standard phos-

phate (KH 2Po4 ) solution and the results were reported as mg/1 P. 

2. Chemical 0Egen Demand. 

Che;-r1ical oxygen ciemand provided a measure of the strength of the 

settled se·w-oge fed to the activated sludge units and of the quality of 

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

----------------

* Model 139 ultraviolet visible spectrophotometer, a product of the 
Coleman Instruments Corporation, HaY'·JOod, Illinois .• 

'1:* A 25 fold dilution \·JJS employed \vith s2.mples \vhich had not received 
chemical treatment and a 10 fold dilution \vas used with treated 
sa:nples. 

*-1=* Prepared by mixing 125 ml of a 5 N sulfuric acid solution \vitl1. 37.5 
ml of c.m ammonium r-;wlybdate solntion (!10g/l) and then adding 75 ml 
of a O.lH o.scorbic ucid solution and 12.5 ml of a potassium anti
monyl tartrate solution (0.2743 g/100 ml); this mixture was pre
pared daily. 
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1"-E:ilt efficiency of the various units under the experimental conditions 

employed. Chemical oxygen demand was determined according to the J'1ethod 

described in Standard Methods (/.J7~ p. 510). A mixture containing 10 ml 

of sample, 5 ml of a 0. 25 N potassium dichromate solution, 15 i.nl of a 

concentrated stilfuric a~id, and 3 boiling beads was refluxed for a 2 hour 

period. TI1e mixture v;ras then cooled, diluted to approximately 70 ml, and 

titrated with a 0.05 N ferrous arrmonium sulfate solution using ferroin 

as an indicator to deter111ine the amount of dichromate remaining. Two 

blanks containing 10 ml deionized \vater were also run with each set of 

samples. 

3. _tiixed Li_g:!:_or Suspended and Volatile Susnended Solids. 

Hixed liquor suspended and volatile suspended solids were used as 

a mear..s of controlling ex?erimental conditions in the activated sludge 

ur~i ts; in addition the effect of MLSS on phosphorus remov~1.l \vas eval-

uated. 'The procedure outlined in Standard Methods (47, p. 424) was em-

played~ except that fiberglass discs* were used with the Gooch crucibles 

in place of the specified asbestos mats. A 25 ml volume of sample was 

filtered through a fired, pre\veighed crucible which was then dried in 

a 103°C. oven for one hour, cooled, and \'leighed to de:termine :t-'lLSS. 1be 

crucible v:as then ignited at 600°C. for 15 minutes in a muffle furnace, 

cooled, and rev>eighed to determine HLVSS. 

'TI-lis index provided a r.1easure of the settling characteristics of 

the acti,ra::ed sludge. It Has determined as the ratio of the volume of 

sludge settled in 30 minutes divided by the HLSS. 11w procedure out-

* C&tal~g No. 934Nl~ a product of H. Reeve Angel & Co., Clifton, New 

Jersey. 
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lined in Standard l'i:ethods (47, p. 541) was employed, except that a 100 ml 

graduated cylinder instead of the recommended 1000 ml cylit1der Has used 

to determine sludge settleability. 

5. oH Value. 

The pH of the mixed liquor in the various units was measured because 

pH has been reported to have an effect on the efficiency of phosphorus 

removal by various chemical additives; in addition, it ~.,ras desired to 

determine the effect of these additives on the pH of the activated sludge 

units. A Beckman Zeromatic pH meter* T..Jas employed for this deten'lination. 

E. EXPERU1ENTAL PROCEDURES 

1. A~t,;_ivate_d Sludge .§_tudies. 

The continuous flow activated sludge units were serviced once every 

24 hours; the se,,rage and chemical feed reservoirs ,.,-ere refilled, the 

effluent bottles ,.,-ere emptied, and samples ,.,-ere taken. The follm.;ring 

procedure was used when servicing the units: 

a. The che-:nical and sewage feed systems ,.,-ere stopped. 

b. The feed bottles Here removed from the cold room and refilled ,.,-irh 

se~.;age. A 20 ml sample was drawn from each reservoir to form a 

composite sample used in determining the characteristics of the in-

c. 

fluent se\.,rage. The bottles ,.,-ere returned to the cold room and the 

carboys, ,.,-hen empty, rinsed ,.,-ith water. 

The volume of treated Haste collected in each effluent bottle \vas 

recorded and a SO 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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The chenical feed reservoirs -were refilled with the appropriate solu

ions. 

The sludge adhering to the sides of the aeration chamber Has scraped 

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

effluent weir \vas rinsed Hith water. 

f. The feed systems w·ere placed back in operation. 

g. The aeration rate was adjusted in each unit as needed to provide 

effective and uniform sludge ~eturn 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 Has kept under refrig

eration until the follmving day when the remainder Has added; analytical 

determinations were begun as soon as the composite sample was collected. 

Suspended and volatile suspended solids, sludge volume index, and pH 

cleterrr.inations were made every other day using grab samples of the mixed 

liquor. 

2. Jar Studies. 

Jar studies \.Jere performed using a multi-unit variable speed stirrer 

and the following test procedure was employed: 

Clo 111(~ appropriate volume of settled se\vage or settled se\.Jage containing 

activated sludge solids was placed in six 600 ml beakers and the 

initial pH was determined. 

b. TI1 e beakers were plnced 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 ah1ays used) and rapid mix \.Jas continued for a period of 

30 seconds after t~e last chemical addition. 



c. The speed v1as reduced to 20 rpm and slow mix was continued for 20 

minutes. The stirring blades were then removed and the m;_xture 1vas 

allmved to settle for a 30 minute period. 

d. The upper portion of the supernatant in each beaker \vas transferred 

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

minations. 

32 



33 

IV. PEESENTATION OF DATA AlW RLSUL'LS 

Sodium aluminate and alum ''ere investigated as rer.1cval agents for 

the reduction of phosphorus in seHage. The main studies uere conducted 

in three continuous flow laboratory activated sludge units and '"ere sup-

plc.me·,,ted \-lith jar studies. The major experimental par2'1!Pters employed 

-were t1lJ.~ influent and effluent total phosphorus end chemical oxygen de-

mand, the aluminum to phosphorus ratio, the mixed liquor total and vol-

atile suspended solids, pH, and the sludge volume index. 

A. ACT1VA'TED SI"UDGE STUDIES 

The continuous flow activated sludge studies consisted of four 

different experimental runs: a preliminary run to develop the opera-

tional ci1aracteristics of the units, t•.v-o runs to investig<1te the phos-

?~orus rer.1oval efficiency of sodium aluminate and alu~, and a run to 

study the effect of mixed liquor suspended solids concentration on ~1os-

plwr'.lS -.:·ernoval. The thl'ee-anc.l-one-hulf v.'eek preliminary run "''as under-

taken to evaluate and adjust the s e\,'age and capillary tube chc:mical f ced 

systcrr:s in orde:L to ensure reliable flow rates; gcnerC!l cxpe1.·5mcntal 

ir.fon:~;c.tion o£ value to the development of the rcm:d~1ing runs v:as 2.lso 

obta.ined. 1\;o of the units \ve.re nainta:ined as controls and the third 

rccei\rcd soc:ium aluminnte. The clata obtained in this run are not ·::.::ported 

in detail ciut. to the great fluctuation in exrcrimental conditions. Total 

phosphorus rcsich.t2ls of 6.1 to 13.5 mg/1 P il.I'd 6.2 to ]_/!.3 mg/1 P \oJith 

cor~c3ponding average r~nov~ls of 13.9 and 15.4 percent were obtained 

in the control units, while residuals of 1.1 to 7.3 mg/1 P for a 73.9 

pcrcc;1 t :.:;vc!~;tfJ~ removal resulte-d in the unit to Hi1ich sodium altwdnate 

d t . . ~ ll-J t·"' '0 -~g 11 had oc12n addc at concentra ·lon::~ rangJ.:.lg r-ro!;-, . v ' ,,t., · 'Tile in flu-

c~nt COD w,1,; reJuccd by un avcr·:.:.f;E. of 92.8 percent in the sodium alurni-
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nate unit and 89.1 and 89.2 percent, respectively, in the control units. 

A NLSS c.oncc::ntration as high as 5000 mg/1 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/1 in Unit B and 35.2 to 70.2 mg/1 in Unit 

C, while Unit A served as a control. In determining the coagulant dose, 

the theoretical one to one molar reaction ratio bet\veen aluminum and 

phosphorus to form aluminum phosphate (AlP0 4) was considered (17, 18, 

19). On this basis, a solvtion containing 3.52 mg/1 sodium aluminate 

(Na2o·Al2o3 ·JH 20) would contain enough aluminum to react stoichiomet

rically \vith LO mg/1 phosphorus. Sludge from the stock fill and draw 

unit ~vas 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 

atte;npted to maintain the HLSS concentration in all units at 3000 mg/1; 

although the preliminary study had indicated that this suspended solids 

concentration could be supported, the strength of the settled domestic 

sewage during this period decre~scd significantly and it was found im-

possible to maintain the 3000 mg/1 }1LSS level in the control unit. At 

the same tirr<e the perc~ntage of the MLVSS was observed to decrease in 

Units B :md c. 111erefore, in order to enable comparison of the three 

units from the standpoint of biolo::;ical activity, it. \vas decided to 

1 tt "1I ~S e'-er to ~1LVSS and maintain the concentration at c1ange -:1e j· JL • par<!m L -

the controllable 1800 mg/1 level; this chnnge was effected after the 

19th day. 
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The total phosphorus data are plotted in Figur·e 4. B f ecause o a 

:•ulking_ condition observed 1."rt Un1."t c "t ~ , 1. was found necessary to replace 

the sludge in this unit on the 13th day \vith fresh sludt;e from the fill 

and dr&lv stock unit. No soditun 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; 

after the cl1enical feed was again initiated the effluent phosphorus 

concentration rapidly decreased. The phosphorus content of the settled 

se'..vage fed to the units fluctuated throughout the run and had a notice-

able effect on the residual phosphorus in all units. T:1e chemical dose 

also affected the phosphorus removal efficiency. 

The effect of sodiu~ aluminate on COD remcval is sl1mvn graphically 

in Figure 5. The COD values determined in the effluent from the three 

units were very comparable throughout the run ancl although the influent 

values ranged as high as 545 mg/1, the COD residuals in all units were 

in most cas2s less than 50 mg/1. 

There was little difference in the mixed liquor pH bet\veen Units B 

and C and the control, indicating that the addition of sodium aluminate 

did not affect the pH of the system. The pH values ranged from 7.3 to 

8. 2 and were T.vell within the acceptable limits for activated sludge. The 

pH of the settled c':l1"estic se,.,rage was determined interoittently through-

out the study and shm.;ed little variation; pH values varied frOin 7.3 to 

7.9 and averaged 7.7. 

The pri.1aary objective of this run uas to investigate the effect of 

suspended solids on the efficiency of p1:osphorus removal. Barth and 

Ettinger ( 19) have reported that better phosphorus removals \vere ob-

tained with a lower dose of precipitant in the presence of biological 
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solids than T..\'ere obtained i·lith a higher dose when solids \vere absent, 

and attributed this to the large surface area of the biological floc. 

41 

The effect of sludge mass was evaluated by maintaining the MLSS at 3000, 

t~ooo, and 5000 mg/1 in Units A, B, and C, respectively; part of the 

slutlge employed 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 sodiu111 aluminate and alum were investigated; sodium aluminate was 

added at a concentration of 52.7 mg/1 during the first 10 days of the 

run and al urn \vas added at 161 mg/1 during the last 12 days. On a one 

to one aluminum to phosphorus reaction basis*, these precipitant con-

ccntrations should have been capable of removing 15 mg/1 P. 

The data obtained i.n this study are given in Table IV and the effect 

of the MLSS concentration on phosphorus and COD removal is presented graph-

ically in Figures 6 and 7. The HLSS level had only a slight effect on 

phosphorus removal, except on the 7th and 8th day '..rhen an abrupt in-

crease occurred in the influent phosphorus content. Unit A which had 

the lowest }aSS concentration was affected relatively more than the other 

units. In general, higher total ~1osphorus removals were obtained 

durint; the latter part of the study '"hen alum Has employed and the re-

sul t ing ph osp1wrus residuals \\/ere the lm.;es t observed in any of the runs. 

A rapid rise i~ influent phosphorus concevtration during this period 

did not significantly affect the phosphorus removal efficiency. 

From t.he standpoint of COD removal, all units performed very sat-

( 7) 'l11e effluent COD values in all three units isfactorily Figure . · 

were very nearly the same and, with one exception, less than 40 mg/1 

* On this bas is a solution containing 10 · 74 m~/1. alum ~Al2 (SO~~ 1 ·18H20 l 
should contain enough aluminum to reac.t stol.ch1.ometr1.caily \>il.Eh 1.0 

mg/ l phosphorus. 
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and in many instances less than 25 mR/1. TI f'" ~ 1e e £..Lu~nt COD value;,; \·:o~re 

similar ivhen sodium aluminate and alum i..rere on played and \vere not af f cctcd 

by the MLSS concentration. 

The pH of the mixed liquor and the sludge volume index (SVI) were 

also determined and the values obtained are shm..rn in Table IV. Tne 

mixed liquor pH ranged beti..reen 7.3 and 8.0 and generally remained at 

the same level when sodium aluminate and alum were used; hmvever, \..rhen 

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 ur:i!:s for the entire 

period of alum addition; this was attributed to the reduced strength 

of the settled domestic sewage, as indicated by the lm..rer COD values. 

The percentage of MLVSS vras 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. 

Because alum was found in the preceding run to re:nove phosphorus 

rrJ.ore effectively than sodium aluminate, its efficiency at various con-

centrations was investi3ated in this run. The addition of alum was 

again based on the theoretical aluminum to phosphorus ratio of one to 

or.e ancl concentrations of 134, 188, and 215 rng/1 alum \·lere maintained 

l·n th th · t The sludge present in the units at the end of the e ree un1 s. 

previous run was mixed and returned to the units. T11e ~1LVSS concentra

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

units and represented approximately 50 percent of the total HLSS present. 

· 1 dat"'. preta1·.n 1·ng t-o this run are summarized in The exper1menta ~ -

Tc1ble V and the effect of alum on the removal of phosp~torus is also 

shown in Figure 8. Both total and total filtered phosphorus were deter-
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mined and are reported in order to give an indication of the nmount of 

soluble phosphorus present in the effluent. According to Eberhardt and 

Nesbitt (18), when alum \vas added directly to the activated sludge 

aeration chamber a turbid effluent 'v-ith a relatively high phosphorus con

tent resulted; hmv-ever, when samples >vere filtered a significant decrease 

in effluent concentration was noted. T'ne total dissolved phosphorus 

averaged about 65 percent of the total phosphorus in the settled dorees

tic seHage and the corresponding percentages in the treated effluents 

from Units A, B, and C \vere 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 i.n Figure 9. The activated sludge units 

continued to treat the waste effectively and the effluent COD values 

were very similar to those obtained in previous runs, alt~10ugh the COD 

of the settled domestic s~v-age was high throughout the run ranging from 

484 to 639 mg/1. 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 SO percent of the NLSS • 

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

the. .:1ctivated sludge systems \vhich remained at the 7. 7 to 7.9 range. 

B. JAR STUDIES 

Eight sets of jar tests were conducted to provide supplemental in-

formation on the removal of phosphorus by sodium aluminate and alum 
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under different conditions of pH, aluminum to phosphorus ratio, and 

suspended solids content. Settl d d · 
e omcstJ.c se\vage and a mixture of 

sewage and activated sludge, both acclimated and unaccli1'1ated, were 

'l4sed. The same se~vage was used in all tests and had a pH of 7.3 

and total phosphorus content of 12.9 mg/1 P. TI1e acclimated activated 

sludge was obtained from a tvlO week composite of the HLSS wasted from 

the units during the latter part of the second run and had a 58 per-

cent HLVSS content, while the unacclimated sludge \las obtained from 

the stock fill and draw unit and had a 70 percent HLVSS content. An 

attempt \vas made to hold as many variables as possible constant during 

the various experiments. The results of the jar studies are pr.~sented 

in Table VL and Figure 10. 

Tests 1 and 2 were conducted to determine the optir;mm pH for the 

removal of phosphorus in the Rolla sewage by precipitation. The initi3l 

pH of the se1..rage was adjusted with sulfuric acid or sodiuf'l hydroxide, 

as appropriate, to obtain a range from 4 to 9 in each test and sodium 

aluminate or alum \vas added to give a one to one aluminum to phosphorus 

molar ratio. The final rather than the initial pi:-I ,,Tas most sig11.ificant 

in this study because this value could be compared to the pH in the 

aeration cha~ber in the continuous flow studies and, therefore, provide 

an indication of the optimum pH for phosphorus precipitation in the 

activated s1 udge process. Optimum precipitation of phosphorus 1-.ri th 

sodium alurr.inate 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 th0se ranges 

~ut close to their upper limits. The loHer phosphorus residual obt;tined 

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. Q · · .. atJ.os J.n the range 

of 1.0 to 2.0 were used and a control \vas employed in each test. No 

pH adjustments were Made because the initial pH of the se1..·age ( 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 aluninate and 

alum in the ~~resence of varying concentrations of I1LSS acclimated to alumi-

num vas. investigated. The initial phosphorus content of the sei>lage-

activated sludge mixture was less than that of the se1..;1age because of the 

lower phosphorus concentration in the activated sludge portion of the 

sample. An aluminum to phosphorus ratio of 1. 44 to 1 iolas employed. In-

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

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

of the continuous flow study \vhere MLSS concentrations in the range of 

3000 to 5000 mg/1 \olere found to effect only a minor improvement on the re-

moval of phosphorus. 

Finally, the effect of varying concentrations of unacclima ted acti-

vated sludge solids was investigated in tests 7 and 8. 
The aluminum to 

phosphorus ratio in this case was 1. 84 to 1. The presence of HLSS at 

1000 3500 / 1 had little effect on the 
concentrations ranging from to mg 

removal of phosphorus by sodium aluminate; however, a pronounced increase 
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in the concentration of total phosphorus rcE>aining 2t the end of the co-

agul at ion-sedimentation period v;as noted when alum h"'as crap loy ed. Con

trary to the findings in the previous tests, alu~ was relatively ineffec

tive in removin8 phosphorus at the greater "t-1.LSS concentrations. 
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V. DISCUSSION 

The primary objective of this i!'.':estigation w·as to study the re

:noval of phosphorus by chemical precipitation with sodium aluminate and 

alum in the activated sludge aeration chamber; this ~v-as accomplished in 

cont~;1uous flow bench-scale units and in jar tests using settled dor.les

tic se'.·.~age as the substrate and source of phosphorus. The effect of the 

aluminum to phosphorus ratio, the mixed liquor suspended solids (HLSS) 

concentration, and pH on total phosphorus removal, and the effect of the 

chemical precipitants on the performance of the activated sludge system, 

as e-videnced by the effluent chemical oxygen demand (COD), ~-.'ere investi-

g,ated. 

The major findings of the activated sludge studies are sumrr:arized 

in Table VII in which the average COD and total phosphorus removal data 

are prcserttcd according to the al_uminum to phosphorus ratio present in 

the units. \Ethout the addition of cht?micals, total phosphorus 1.vas re-

Juced by ari average of 30.8 percent, from an influent concentration of 

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

is in agree-ment \vith the 14 to 50 percent range reported by Vacker, ~t _?_..!_. 

(43) in conventional activated sludg~ treatment plants. With the addi

tion .Jf chcnicals, the efficiency of the activated sludge units in re

:•wvin~~ phcsphorus Has improved considerably. Approximately 63 to 90 and 

86 to 90 percent of the total phosphorus was removed by sodium alumi-

nate and alum at .:1luminum to phosphorus ratios ranging from 0.45 to 1.9 

<1nd 0.8 :::o 1. 75, respectively. The percent removal, hm-.rever, also de

pc·ndc,l upon the influent phosphorus content, as indicated by the fact 

that a rcduc~ion of almost 9/f percent ~v-as effected by alum at an alumi

num to phosphorus ratio of 1. 3 Hhen the influent concentration was 15 • 3 

ntg/1 P, the highest observed in the studies. 
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Theoretically, one mole of aluminum 1-<ill react 1dth o:1e ;:10lc <lf 

phosphorus to form aluminum phosphate,· t]1 l·s l·s sJ,,,,,J1,,n b~· , _, tl1e foJlc>lving 

equation proposed by Tenney and S tunun (17): 

Al+3 + H PO -( 3-n) = 
n 4 

+ AlP04 + nH 

According to these investigators this ratio applies net only to ortho-

phosphate but to IJvrosphosphate, metaphosph~te, and "rl· 1 1 • J - t po yptospnatc as 

well. Barth and Ettinger (19) have also reported that excellent phos

phorus removal (a residual of less than 1.0 mg/1 P) resulted by the <1ddi-

tion of sodium aluminate at an aluminum to pho~;phorus rntio of one to 

one (see Table II, p. 16). Ratios of 1. 3 and 1.9 for .:1lum zmd 

alui!linate were, however, required in the present invl'stigatiun in ordL'r 

to obtain effluent phosphorus concentrations of approximately l.O mg/1 

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

the sev.'age employed by Barth and Ettinger was added in the fonn of 

sodium tripolyphosphate may account for the greater efficiency o~served 

by these investigators, and it is possible that a lo1Ver efficiency may 

have resulted in unfortified domes tic seHage. This is subs t<1n tiated 

by the findings of subsequent full-scale plant studies by the federal 

Water Pollution Control Administration (44) which indicated that a 1.8 

aluminum to phosphorus ratio was required in order for sodium a1u~inate 

to remove 85 tc 90 percent of the influent phosphorus. Eberhardt and 

Nesbitt (18) have also found aluminum to phosphorus ratios of 1. 5 or 

greater necessary Hhen using alum as the precipitant in various acti-

( T bl I 14) 111e need for 2lumi-vated sludge treatment systems see a e , P• · 

t · h;gher than the theoretical may be cxp1<1incd on the num conccntra 10ns L 

basis of competing demands for aluminum, such as the formation of aluQi-



num hydroxide and the reaction of aluminum witl1 the · 
- lanogenic ~roups 

on the surface of the activated sludge cells (17). 

Inc~easing 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 v.'here the residual phosphorus 

is plotted against the alur!linum to phosphorus ratio. The minimum re-

sidual phosphorus concentrations which were obtained 'vi. th alum and sodi-

um aluminate \vere 0.9 and 1.1 mg/1 P and required i11uminu;n to phosphorus 

ratios cf at least 1.3 and 1.9, respectively. For all practical pur-

poses, higher concentrations of alum did not produce a lcHer phos pi-torus 

residual in the effluent and it would seem that the some would have been 

true for hisher concentrations of sodium aluminate. TI1erefore, it is 

apparent that on a per milligram per liter of phosphorus removed basis, 

the precipitants '"ere conside.cably more effici2nt Hhen higher resicuals 

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 ir.. the receiving water, and the maximum allm..rablc phosphorus 

concentration in the water to prevent algal blooms. Prolific algal 

grm.,th has been reported to occur at phosphorus concentrations as low 

as 0.01 to 0.1 mg/1 P (8, 12); hm..,rever, much Hark still remains to be 

done on this important aspect of eutrophication control. 

On an available aluminum basis, alum Has more effective than sodi-

urn aluminate. This is shown in Figure 11 for the activated sludge 

studies and in Figure 10 (p. 55) for the jar studies. TI1e reoson for 

the difference in the phosphorus removal efficiency of sodium alur.li-

nate and alum can not be explained on the basis of the findings of this 
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investigation. A11 except1' t h h · - on o t e 1gher removal efficiency of alum 

was noted in jar tests 7 and 8 · h' h · 1n w 1c a m1xture of unacclimated sluJfle 

solids and settled domestic sewage \vas treated with the tHo precipita.nts 

(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 •.;hen the 

molecular weight and cost of the chemicals are conside:-ed. 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/1 P. On this basis, and taking into account 

the molecular wei~hts of the commercially available (50, p. 918) alum 

.::rnd 163.9, respectively, 100 pounds of alum would be equivalent to 40.3* 

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 be 

S2.10 and $1.09 or an approximate dollar ratio of 2 to 1. 

The removal of phosphorus increased slightly as the HLSS concentra-

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

5000 rng/1 HLSS, 82.7, 85.5, and 86.7 percent of influent phosphorus \vas 

removed "'it!1 sodium a]uminate, and 88.6, 89.2, and 89.9 percent was re-

moved vlith alum. The larger separation in perce:1t removal observed \·1hen 

Was Used was the result of an abrupt increase of 4 mg/1 
sodium aluminate 

P in the influent phosphorus concentration on the 7th and Sth days of 

. . f 1 t 
the sodium aluminate study; hmvever, a similar increase 1·11 ln Luen 

* 100 x 163.9 x 1.9 = 40.3 pounds. --- ---·-
594.4 1. 3 



phosphorus during the last six days of the alum study had little effect 

( 4'. , see ~lgure o, p. 45). Because the 1-1LVSS \>Jhich 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 HLSS concentrations 

was the result of increased biological uptake or greater adsorption by 

the activated sludge mass. The pr.'>.sence of a higher suspended solids 

concentration adversely affected the removal of phosphorus in the jar 

studies v.rhe.n sludge '"hich had not previously been exposed to aluminum 

was used (see Figure 10, p.SS ). It is possible that a portion of the 

aluminum was adsorbed by the un<!cclimated 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 and sodium aluminate significantly decreased 

the volatile fraetion in the :t-1LSS 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 throu:;hout 1:1ost 

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

to 180 1.;hich are within the limits considered normal for activated 

sludge. The SVI was found to depend upon the available organic food 

supply and generally increased as the COD increased. 

1 Of tlle effluent from the various units ex-
The visua appearance 

11 t Fl'ltration of the effluent 
posed to the t1-10 chemicals was exce . en · 
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h · · t (73 to 83 percent) of the 
j_n the alum study indicated that t e maJOrl Y . 

1 · a ~oluble form (see Table V, 
phosphorus present in the eff uent was ~n --

p.48). 
This is contrary to the findings by Eberhardt 3nd Nesbitt (see 

Table I, 
p. 14) ,.;rho reported that w·hen alum was added directly to the 



activated sludge aeration cham·b .... r, 1 · 1 1 b 
•• ~ 11g~ y tur id effluents resulted and 

Here accompanied by lmv phosphorus removals f 50 5 4 _ o . , 2.1, and 15.3 

percent at aluminum to phosn. horus ratios of 1 88 2 37 • • , . , and 2.09, re~ 

spectively · \<Then the effluent ~vas filtered, hmvever, 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 thd.r ability to reduce the pollutional organic matter pn!Sent in 

the influent sewage remained excellent throughout the studies as shmm 

by the resulting COD removals ~vhich averaged T,Tell in excess of 90 per-

cent (Table VII). It is significant that these COD removals were 

accomplished in spite cf the fact that high influent COD values were 

present on several or:casi<'Ii.S. The high COD values observed in a number 

of the settled domestic sewage samples were probz.hly caused by digester 

supernatant return. Although it \vas attempted to collect se\vage when 

supernatant was not being returned, this was not ah1ays feasible. The 

addition of alum and sodium aluminate did not adversely affect the re-

moval of 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 

contr•Jl and t\vO units \Jhich received sodium aluminate \.Jere plotted. 

Previous investigators (18, 19) have also reported that the addition of 

aluminum precipitants had no noticeable effect on COD removal; hm-lever, 

the test and contrcl units ~.:ere not maintained in parallel in those 

studies as ·..vas the case in the early part of the present investigation. 

No attempt \vas mnde to r2gulate the pH in the activated sludge 

aeration chamber but the pH of the mixed liquor ~..,ras recorded to deter-

mine. if the addition of sodium aluminate. or alum had a s.ignificant 

effect. The pH values remained in the f-c:mge of 7.3 to 8.2 throughout 
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all studies and little variation was noted bet'''cen the control, sodiu:n 

aluminate, and alum units. This range was higher than the optimum pH 

of 5 to 6 for 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 se~age ranged from 6.4 to 7.5 for sodium aluminate and from 

S. 8 to 7. 2 for alum. The pH in the aeration chamber Has within or ne2.r 

the upper limits of these ranges, indicating that pH did not greatly 

influence the phosphorus removal efficiency of the precipitants cr.:ployed. 



VI. CONCLUSIONS 

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

following conclusions were drawn: 

1. s d. 1 • 
o 1.um a_uml.nate and alum added directly to the activated sludge 

aeration chamber ~vere capable of precipitating phosphorus and 

effecting a sizeable reduction in the rhosphorus content of the 

influent sewage. The degree of phosphorus removal depended pri-

marily upon the type of precipitant and the aluminum to phos-

phorus ratio employed, and the influent phosphorus concentr:1tion. 

2 • Aluminum to phosphorus ratios in excess of the stoichiometric one 

to one requirement for the formation of aluminum phosphate hrere 

needed in order to obtain a low residual total phosphorus concen-

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

\vith alum and sodium aluminate to produce a minimum residual phos-

phorus concentration in the range of 1.0 mg/1 P. 

3. On an available aluminum basis, alurn was more effective in rc:noving 

phosphorus than sodium aluminate, but sodium aluminate ~vas more 

economical than alum ~vhen molecular weight and cost Here 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. 

4. The mixed liquor suspended solids concentration in the activated 

sludge aeration chamber had very little effect on the removal of 

total pho.:;phorus. An increase in the HI.SS concer..tration from 

3000 to 5000 mg/1 resulted in an increase in phosphorus removal 

from 83 to 87 percent vlhen sodium alurn.Lnate was used and from 89 

to 90 percent when alum Has employed. 
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5. The addition of sodium aluminate and alum significantly decreased 

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. 

6. The presence of sodium aluminate or alum did not adversely affect 

the chemical oxygen demand removal efficiency of the activated 

sludge system but may, in fact, have increased it slightly; ,.;bile 

the average influent COD values varied from 300 to 600 mg/1, the 

resulting COD removals averaged in excess of 90 percent. 
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7. 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 smne as that observed in a control unit. On the basis of jar 

studies, the optimum pH for phosphorus precipitation in the Rolla 

se\Jage ".vith sodium aluminate and alum ranged from 6.4 to 7.5 and 

from 5.8 to 7.2, respectively. 

8. 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. 



69 

VII. RECOI'frlENDATIONS FOR FUTURE RESt-:.ARCH 

This investigation has established, on the basis of continuous flm~ 

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

the activated sludge aeration chamber Has 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 outlined bela~ required 

further study. 

1. The actual phosphorus removal mechanism should be ascertained and 

the rela~ionship between the precipitant, microbial floc, and pre-

cipitate and their effect on the phosphorus removal process should 

be determined. 

?.. Phosphorus removal by chemical precipitation in the activated sludge 

p:cocess should be further evaluated in plant-scale studies and 

emphasis should be placed on methods for sludge treatment and dis-

posal. 

3. Further investigations are necessary to determine to what extent 

and at what concentration phosphorus is limiting to algal blooms. 

K 1 ;~ of the minimum allm-.rab le phosphorus concentration is. nov..- euge. 

nece::>saty in determining an acceptable phosphorus. residual in se-:vage. 
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