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ABSTRACT

The use of sewage effluent for recreational lakes is gaining in 
popularity. Sewage effluent is rich in nutrient material which stimu
lates algal growth and can contribute to the eutrophication of such a 

lake.
Research has been conducted to find the most efficient means of 

phosphate removal, which is generally accepted to be a means of algae 
control. Phosphate removal is a function of many parameters, perhaps 
the most important of which is local water chemistry. This is demon
strated by the success of lime treatment of some sewage effluents, while 
alum is successful on others. Such a study had not been conducted using 
Tucson activated sludge effluent. One accepted phosphate level for 
controlling nuisance growths of algae is 0.5 mg/1 and the scope of this 
project was toxdetermine the chemical requirements on a jar test scale 
to achieve this level.

The use of lime was found to give erratic phosphate removal and 
was ruled out.

It was found that alum dosages from 220 to 280 mg/1 on a 
scheduled basis at an operating pH of 5.9, with effluent filtering, 
would result in a phosphate residual of 0.5 mg/1 or less at a chemical 
cost of just under $0.07/1,000 gal.

viii



CHAPTER 1

INTRODUCTION

Lakes are sometimes classified in terms of their nutritional 
level or their ability to sustain aquatic life. A near-sterile lake 
with respect to nutrient levels, termed oligotrophic, supports only 
small populations of fish and other aquatic growths. Such a lake could 
be called geologically young. Surface runoff, carrying decomposed 
organic and inorganic matter, results in increasing nutritional levels 
in a receiving lake. Densities of fish and aquatic plants and animals 
increase. The lake, now geologically middle aged, is called mesotrophic. 
A further increase in nutritional levels causes excessive growths of 
algae, penetration of sunlight is reduced, the higher plant forms die, 
and aquatic weeds predominate near the shoreline. The dissolved oxygen 
level drops and fish begin to die. The lake, now geologically old, is 
called eutrdphic. The lake dies, called dystrophy or a dystrophic lake, 
and becomes a swamp or marsh. [1] ̂

This natural aging process normally takes thousands of years.
The rate of maturation has been very greatly increased by the activities 
of man and is what people today refer to as eutrophication.

With ever increasing quantities of nutrients being discharged in 
wastewater into lakes and rivers the problem of eutrophication is becom
ing an ominous threat to these lakes and rivers in many localities 
throughout the nation; in many instances this over-fertilization is an
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unnecessary reality. Untreated or even partially treated industrial 
wastes can have chemical or thermal characteristics which can directly 
affect aquatic life and add to the eutrophication problem.

Excessive algal densities are indicative of the eutrophication 
process and consideration must be given to controlling or completely 
eliminating algae growth in these lakes. Phosphate removal is one ac
cepted means of curtailing or eliminating the growth of algae, dependent 
on the amount of phosphate removed and type of algae present.

Recreational lakes utilizing treated sewage effluent as their 
only source of water are gaining in popularity. Such a project is in 
the planning stage for Tucson, Arizona.

The scope of this project was to determine the chemical coagulant 
and dosage best suited for removing phosphate from the effluent of the 
existing activated sludge plant (Plant No. 3) at Tucson for the purpose 
of algae control in the planned recreation lakes. For this study, a 
phosphate residual of 0.5 mg/1 or less was assumed to be the level under 
which nuisance growths of algae would not occur.



CHAPTER 2

LITERATURE REVIEW

For an understanding of the phosphate problem it is necessary to 
discuss the relationships among phosphates, eutrophication, and algae, 
as well as the sources, chemistry, and methods for removing phosphates.

Eutrophication
Bacteria in their decomposition of organic matter consume large 

volumes of dissolved oxygen from the water. Algae, during periods of 
bright sunlight produce oxygen which is beneficial in maintaining the 
dissolved oxygen content, but during periods of darkness the algae con
sume oxygen which promotes depletion of the available supply. The 
combined effect of bacterial and algal activity can and has resulted in 
dissolved oxygen levels falling below the limits required for the sur
vival of fish and other aquatic animals [1). In addition, the algal 
growths can reduce light penetration into the water and hinder or stop 
photosynthetic oxygen production by aquatic plants.

Bacteria, in their decomposition of this organic matter, supply 
carbon dioxide in quantities which can stimulate excessive algae growth 
or "blooms," If this situation continues unchecked it may become ir
reversible and lead to the early death of a lake or watercourse,

Eutrophication is also undesirable from an esthetic point of 
view. There are well over 15,000 known species of fresh water algae.



although there are ordinarily less than 100 or so in any one body of 
water [2] and any one or all of these can produce vile fishy odors, pig
pen odors, scum, turbidity or result in the poisoning of waterfowl or 
animals [1].

The presence of algae in a lake can hasten corrosion or ultimate 
failure of submerged metal or concrete structures [2] such as piers or 
boat launching facilities. This phenomena may be a result of carbonic 
acid production from respired carbon dioxide or by acid production from 
anaerobic bacteria between the structure and the algal slime attached to 
the structure.

Algae Control
The presence of excessive algae in a recreation lake is undesir

able but controlling populations at tolerable levels is difficult.

Algicides
Algieides, such as copper sulfate and chlorine, are commercially 

available that are effective in controlling or reducing algal growth. 
Care must be taken in their use to ensure survival of fish, waterfowl, 
and animal populations.

Copper sulfate is perhaps the most well known and widely used 
algicide [1]. Tolerance levels lie between 0.14 mg/1 for trout and 2.1 
mg/1 for black bass [1].

Chlorination generally results in good algae control. Chlorine 
doses bf 2 to 10 times the copper sulfate dose are required to achieve 
the same destructive level depending on the type of algae present [1]. 

Any residual could be toxic to fish or wildlife populations [2].



Taft [23 suggests that a natural occurring algal virus, phage, 
may be of importance in waters. No mention was made of the possibility

Z

of culturing large populations of phage to use as an algicide.
2,3-dichloronaphthoquinone shows great selectivity for blue- 

green algae but has little effect on the green algae [2].
Merely killing the algae present in a body of water is not the 

ultimate answer, however, for cells and spores of many different kinds 
of algae are found in the air and the body of water can easily be re
infected [2].

Algae Metabolism
The metabolism of algae is very complex and no attempt will be 

made to explain it in detail, only to point out those items necessary to 
show the complexity of the problems from a sanitary engineering stand
point— domestic sewage effluent is sufficiently rich in nutrient materi
als to support excessive algal growth.

Algae exhibit a growth pattern similar in many respects to 
bacteria. Given a change of environmental conditions some algae exhibit 
a lag phase followed by an exponential growth period [3]. In time the 
algae can adapt to virtually any environmental conditions, including 
conditions of extremes in light, temperature, or food supplies [3].

Algae show a tendency towards conservation of material within 
their cellular structure rather than excreting excess substances [3]. 
This capability makes the problem of continuous algae control more diffi 
cult. This stored material can be used for later growth if the source



is removed or the decomposing algae can release the stored phosphate and 
make it available as a nutrient source for other algae.

Nutritional Control
Algae control or elimination is a complex problem because of the 

nature of the algal cell and its nutritional requirements.
Algae, like bacteria, require carbon, nitrogen, and phosphorus 

as well as many trace elements or compounds.
A logical approach to algal control is to remove or cause a 

shortage of a nutritional requirement, ideally one required in small 
amounts. Assume, for example, that algae require 10 parts of A and one 
part of B for basal metabolism. It would be easier to control growth by 
removing the one part of B than to remove the 10 parts of A. On the 
other hand, it may be easier or less expensive to remove the 10 parts 

of A.
In research conducted by Fogg [3] it was found that vitamin 

(thiamine) was required by most algal cells. It was also found that 
most forms of algae are capable of synthesizing thiamine to meet their 
requirements and that there is sufficient thiamine present in natural 
waters to support those forms incapable of this synthesis. This would 
eliminate the possibility of thiamine removal as one of those trace con
stituents required for growth of algal cells.

Removal of the carbon source is not possible. Bacteria respire 
carbon dioxide which then serves as the carbon source for some algae 
while others can remove carbon dioxide from the bicarbonate ion and still 
others can assimilate particulates and utilize the carbon [3].



The nitrogen source would be difficult to remove for it can be 
assimilated from ammonia, nitrite, or nitrate and in some eases as 
elemental nitrogen from the atmosphere [3],

Many other constituents are required for algal growth— hydrogen, 
potassium, iodine, sulfur, cobalt, magnesium, iron, etc.— but little 
research has been conducted related to algae control through their re
moval .

Algal blooms can occur at different nutrient concentrations 
which vary from location to location, depending on local conditions, 
water chemistry, and type of algae present. The carbon/nitrogen/phospho
rus ratio is also important. At times, any one of the three can be the 
limiting growth factor. If the carbon dioxide level was very low it 
could hinder algal growth. Carbon dioxide could be absorbed by the water 
from the atmosphere or could be produced as a result of the natural 
equilibrium between dissolved carbon dioxide, carbonic acid, and bi
carbonate alkalinity as shown below [4],

C02> HgO^HgCOg^HCOg * H*

or the carbon source could be supplied directly by the bicarbonate ion.
Algal growth could be hindered by low nitrogen levels or by a 

shortage of the proper form required by the particular algae present. 
Under these conditions, algal growth could proceed as the nitrogen forms 
are naturally oxidised or blue-green algae could grow by nitrogen fixa
tion from the atmosphere [3].



A shortage of phosphate will hinder algal growth but there are no 
indirect sources the algae can call upon. The algae are dependent on 
phosphate being supplied to them by sewage, runoff, decomposing organic 
matter, etc.

A study by Dryden and Stern [5] on the Lancaster, California, 
reclamation lakes, resulted in findings of the concentrations of phos
phate which affect algae growth. They found that a total phosphate con
centration of 0.5 mg/1 or less would eliminate nuisance growths of algae 
and a concentration of 0.05 mg/1 or less would virtually eliminate all 
growth. Jenkins reports that 0.5 mg/1 phosphate has been suggested as 
the upper limit for the San Francisco bay and delta area [6].

Cecil [7] reports that 0.1 mg/1 phosphorus (0.3 mg/1 phosphate) 
will sustain some growth and 1 mg/1 phosphorus (3 mg/1 phosphate) will 
cause lush growths.

Sawyer [8] reports that studies of 17 lakes in Wisconsin showed 
that a concentration in excess of 0.01 mg/1 inorganic phosphorus (0.03 
mg/1 phosphate) resulted in nuisance growths of algae. Sawyer later 
stated [9], in reference to his study just mentioned, that he ". . . was 
so brash as to suggest limits of inorganic nitrogen and inorganic 
phosphorus as a means of differentiating between well behaved and 
nuisance lakes," Sawyer's 0.01 mg/1 value is often quoted by opponents 
of phosphate removal as the level above which nuisance growths of algae 
will occur, but not Cecil's figure of 1 mg/1 for the same result.

It is evident that the phosphate concentration is not the sole 
governing factor on the production of algal blooms. For this reason, a



single value of maximum allowable phosphate concentration is of question
able value. For example, a trace element required for algal blooms, 
such as cobalt or magnesium, could be lacking in quantity or missing al
together. But in a lake fed with treated sewage effluent, all required 
nutrients are usually present in sufficient quantities to promote exces
sive algal growth.

Algal cells have been found by Fogg [3] to contain many complex 
phosphates and it is believed that any of the complex phosphates (as 
found in sewage effluent) can be assimilated. The phosphate requirements 
by algae are small: as phosphate, about 1/9 the nitrogen requirement
[10, 11].

For the above reasons, and since removal of phosphate from 
sewage is amenable to a coagulation process, phosphate is often chosen 
as the nutritional constituent to remove. While the choice of a phos
phate ̂ residual of 0.5 mg/1 or less is open to debate, it was chosen as 
the goal for this thesis.

Sources of Phosphates
Before considering the removal of phosphates from sewage ef

fluent it might be worthwhile to discuss the many sources of this 
nutrient.

Domestic Origin
The mature human body operates on a delicate metabolic balance: 

taking what it needs for immediate use and storing or discarding the 
excess. Phosphorus, however, cannot be accumulated for future use— the



excess is excreted in both urine and feces [4,6]. The metabolic require
ments for phosphorus are variable. Van Water [12] reports a maximum 
requirement of 0.0189 lb PO^/capita/day and a minimum requirement of 
0.0040 lb PO^/capita/day with a mean of 0.0107 lb PO^/capita/day. With 
little or no accumulation in the mature human body, the excreted phos
phate should be of the same magnitude as the above values. Hawk, Osser, 
and Summerson [13] report the excretion of phosphorus in feces and urine 
amounts to about 0.0115 lb PÔ /capita/day.

Another significant contribution of phosphate in domestic sewage 
comes from synthetic detergents. The usefulness of a detergent lies in 
its cleaning action. Detergents clean best in the alkaline range. Add
ing substances to the detergent which will insure an alkaline pH, provide 
good soil-suspending power, or will otherwise act as a "builder", are 
considered ideal practices from a detergent standpoint. These roles are 
filled by polyphosphates [14]. An extensive survey was conducted by 
Jenkins [6] to determine the phosphate contribution to domestic sewage 
by detergents. On the basis of detergent sales, Jenkins concluded that 
67% of the phosphate was of detergent origin. On the basis of metabolic 
human waste, using 0.0107 lb PO^/capita/day, Jenkins found the detergent 
contribution of phosphate to be 60%. Owens and Wood [15] determined 
that approximately 50% of the phosphate comes from detergents. This 
discrepancy could be a result of differences in analytical procedures or 
possibly due to differences in sales volumes of commercial brands which 

vary in the amounts and types of polyphosphates used.'
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A U. S. House Subcommittee has recommended that all U. S. 

manufactured or imported detergents be free of phosphate by 1972. A 
proposed amendment to the Federal Water Pollution Control Act to elimin
ate this source of phosphate is currently bogged-down in the legislature 
[16]. Ferguson [17] states that removing phosphate from detergents will 
eliminate from 960 million pounds only 280 million pounds of phosphorus 
from U. S. surface waters annually. The remaining 680 million pounds 
would enter surface waters as runoff.

The phosphate concentration in domestic sewage has reportedly 
increased as a result of increased use of household garbage grinders [6, 
18]. The survey by Jenkins [6] found 96% of the homes had garbage 
grinders but the phosphate contribution from this source was apparently 
ignored. Assuming the discrepancy between Jenkins' 60%.and 67% figures 
to be a result of garbage grinders, the author calculates the phosphate 
contribution to be 0.0017 lb PO^/capita/day for those that own garbage 
grinders.

Runoff
The phosphate contribution to domestic sewage by runoff is by 

infiltration through cracked or corroded sewers or through manholes.
While this contribution is felt to be very small, the total contribution 
to U. S. surface waters is very significant--as mentioned, 680 million 
pounds of phosphorus annually.

Phosphorus in runoff comes from decomposing organic matter, 
pesticides, and fertilizers.
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A report in 1958 [18] showed that 70% of the total commercial 
phosphorus consumption went to fertilizer production while something less 
than 0.7% went to insecticide production. The same report estimated the 
fertilizer phosphorus contribution to surface waters to be 120 to 1,200 
million Ib/yr.

Gaufin [19] reports that over 500 million pounds of organic in
secticides are used in the U. S. annually. The author computed the 
average phosphorus content of nine insecticides to be 12.7% by weight.
The 500 million pounds thus contain about 65.5 million pounds of phospho
rus. Pesticides have been reported to be of concern to water quality 
mainly from a pesticide point of view and not as a nutrient source [20].

A study of the southern end of Lake Michigan by Bartsch [21] 
showed that 34% of the phosphate entering the lake was from runoff, the 
rest from wastewater. Owens and Wood [15] in a study of agricultural 
runoff, concluded that the phosphate contribution came mostly from waste
water plant effluents, not runoff.

Phosphorus contributions of the magnitudes presented could raise 
the phosphate concentration sufficiently to cause algal blooms, thus 
overshadowing efforts of algae control by phosphate removal from sewage.

Water Treatment
Polyphosphates have good buffering capabilities and are some

times used in water treatment operations. They may be used in a slightly 
acidic water to control corrosion. In a softened water the poly
phosphates stabalize the calcium carbonate eliminating the recafbonation
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stage [4]. In 1964, about 96.6 million pounds of phosphorus was 
reportedly used for this operation [18].

Industrial Wastes
Without going into the various manufacturing processes it is 

sufficient to say that large quantities of phosphates can be present in 
industrial wastes, depending upon the constituents that go into the 
process, the losses, and the goal of the process. This of course varies 
throughout the nation.

Two studies were conducted in 1968 to determine sources of phos
phate [17,22] but both found insufficient data in the literature concern
ing industrial wastes. One report on "commercial phosphorus consumption" 
was found [23] and, although very outdated (1958), it is presented in 
Table I to show relative magnitudes; these magnitudes may not be repre
sentative of those existing today. One current article [16] reports 
that "industry" uses about 486 million pounds of phosphorus per year. 
Comparison of these two reported usages indicates that phosphorus usage 
has declined from 2,830 million pounds in 1958 to 486 million pounds 
currently. This obvious discrepancy could be a result of definition of 
"industrial use" and "commercial consumption" by the original authors of 
each report.

Natural Sources
Many geological formations are rich in terms of inorganic phos

phates. Groundwater passing through such a formation will leach phos
phates from the minerals or ore. These phosphates may ultimately end up
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Table I. Commercial Phosphorus Consumption in the U. S. in 1958 [23]

Commercial Use % 10̂  lb

Fertilizers 70.2 1,980
Detergents 13.3 376
Animal feeds 8.4 238
Water softening applications 2.2 57
Pharmaceuticals and foods 1.3 37
Surface treatment of metals 0.7 20
Plasticizers, gasoline additives,
and insecticides 0.7 20
Other 3.2 91

100.0 2,819
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in a sewerage system via a water supply system drawing groundwater from 
a well field.

It is felt by the author that this phosphate contribution would 
be negligible compared to all other sources.

Organism Contribution
The control of a phosphate concentration in a lake is very diffi

cult for many aquatic plants and animals store phosphate and the death 
and ultimate decomposition of just one of these organisms would add 
tremendous quantities of phosphate to the lake. A summary by McKee and 
Wolf [24] reports the phosphate concentration in caddis fly larvae was 
370,000 times that of the water; shiners was 165,000; waterfowl, 75,000; 
and the fresh water algae Spirogym* 850,000. Mackenthun and Ingram [25]

7report that phytoplankton concentrate phosphorus by a factor of 10 

to 108.

General Considerations
Phosphates are normally present in a body of water as a part of 

nature's cycle but man has greatly upset this balance. Man contributes 
from 59 to 74% of the phosphate available for algae growth as shown in 
Table II by Ferguson [17].

Phosphate Chemistry 
Phosphates in domestic sewage are found as orthophosphate (the 

simplest form), polyphosphate (complexes of orthophosphate), or as a 
constituent of an organic compound or cell protoplasm [26]. They may be 
organic or inorganic in origin.
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Table II. Approximate Quantities of Algal Growth Materials [17]

(from aouraes either in or entering U* S. surface waters)

Phosphorus Available 
million pounds/year

Natural Sources
rainfall (direct into surface water) 2-17
aquatic plants 0-107
runoff from forest land 243-587

Man Generated Sewage
domestic
human and food wastes 137-166*
washing wastes 250-280*

industrial NA
Runoff from:
urban land 
cultivated land

19
fertilized 110-380
unfertilized NA

Land on which animals are kept 170

Summary Quantities %
natural 245- 711 " 26-41
man generated 686-1015 74-59

931-1726 100

NA a Not available.
* e Data based on the assumption of 70% removal of COD and 30% 

removal of nutrients in treatment plant.
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An orthophosphate may be defined as a phosphorus-containing 

compound or ion which is derived from orthophosphoric acid, H P̂Ô :

011
HO-P-OHi

0
H

This compound in solution will lose from one to all three of its protons 
(H ions), yielding the orthophosphate ions HgPO ,̂ HPO~ , or PÔ  :

H3P04̂ H *  ♦ H2P04 : K^%7.10 X 10-3

H2P° 4 ^ H* * HP042 : k2 ^ 7-99 x 10"8

HPO"2 + PO:3 : K. ̂ 4.8 X 10"134 4 3

The particular ionic form of the orthophosphate ion is a function 
of pH (hydrogen ion concentration) as shown in Table III [24]. The 
neutralization of the last hydrogen ion is incomplete as a result of the 
very slight dissociation [27].

Polyphosphates are derived from phosphoric acid species which 
contain two or more phosphorus atoms, linked through an oxygen bridge:

0 0 
it ii

Pyrophosphoric acid: HO-P-O-P-OHi i
0 0 
H H



pH

1
2

3
4
5
6
7
8

9
10

11

12

13

Approximate Percent Distribution of Phosphate Ions at 
18 C [24]

h3po4 h2po" HPO"2

90.0 9.9 -

47.6 52.4 -
8.3 91.7 -

0.89 99.1 0.01
0.08 99.2 0.72
- 93.0 7.0
- 57.2 42.8
- 11.8 88.2
- 1.3 98.64
- 0.12 99.40
- - 95.42
- - 67.6
- - 17.1
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0 0 0
I T I T H

Tripolyphosphorle acid: H0-P-0-P-0-P-0H
i i i
0 0 0
H H H

Hexametaphosphoric acid: (about 15P atoms)

These acids, similarly, may lose protons, resulting in ions of various 
charge. These polyphosphates may be in the form of chains, as above> or 
in rings.

The rate of hydrolysis of polyphosphates is affected by many 
factors as shown in table IV [28].

The orthophosphate form is the final breakdown product and is the 
form most readily available for biological utilization; to this end, 
bacteria produce acids [29} and enzymes [4,30] to assist in the break
down of polyphosphates. This makes the efficiency of a removal scheme 
also a function of biological activity because polyphosphates interfere 
with coagulation [20,31,32].

Effects of pH
The pH not only determines the ionic species of orthophosphate 

or polyphosphate present, but it also effects the hydrolysis products 
formed and final colloidal charge upon addition of a coagulant [4]. 
Matijevic [33] further states that coagulation is a function of pH and 
coagulant concentration. An optimum pH exists at which phosphate removal 
is a maximum, dependent on initial phosphate concentration, coagulant 
used, and coagulant dosage. The general effects of these relationships 
are shown in Figure 1 [5,34].



Table IV. Factors Affecting Hydrolysis Rate of Polyphosphates [28]
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Factor Approximate Effect on Rate

Temperature

pH

Enzymes

Colloidal gels

Ionic environment in the solution 
Complexing cations

10̂  to IQ6 faster from 
freezing to boiling
10̂  to 104 slower from 
strong acid to base
As much as 10̂  to 10̂  
faster
As much as 104 to ICC* 
faster
Severalfold change
Very manyfold faster in 
most cases
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O.

PH

Phosphate residual and pH values vary for different coagulants. Hie 
curves shown above demonstrate the general relationship for any given 
coagulant at different dosages [5].

Figure 1. General Effects of pH on Phosphate Removal
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Reactions at High pH

Reactions of phosphate with lime are not fully understood [35], 
The basic precipitate formed has the structure of a hydroxyapatite (HAP) 
(the common constituent of bones and teeth) and is usually considered to 
be Câ y (OH) 2 (P0<|)6, although the Ca/P ratio has been found to vary from 
1.33 to 2.0 [35,36], HAP precipitates at various pH levels depending on 
the conditions of formation (pH, temperature, Ca/P ratio present, and 
other unknown factors) [35] but excess base over that required for the 
formation of HAP will cause it to dissolve and liberate phosphorus [36]. 
The solubility of HAP has been found to greatly increase above pH 8.0, 
but the presence of sodium chloride decreases the solubility; both ef
fects on solubility "are unexpected on purely ionic electrostatic and 
equilibria considerations [36]."

Phosphates are also removed by adsorption on solid calcium 
carbonate and magnesium hydroxide but the presence of polyphosphates 
inhibits the formation of calcium carbonate [35].

In view of the above it would seem that use of lime would be 
unreliable. There are too many unpredictable or unknown interactions or 
pure reactions possible between the inorganics, between the organics, or 
between the two.

A pilot plant study of phosphorus removal from Plant No. 3 was 
conducted by INFILCO of Tucson [37]. Their goal was 80% phosphorus re
moval using lime in the solids-contact process. They achieved this goal 
using approximately 280 mg/1 lime at a pH of 10.0. A removal of 80%, 
with an initial phosphorus concentration of 11 mg/1, yields a phosphorus
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residual of 2.2 mg/1 (about 6 mg/1 as phosphate). A residual of this 
magnitude is unacceptable from the standpoint of this thesis.

Reactions at Low pH
Phosphates at a low pH react with metallic ions (from alum, 

ferric chloride, etc.) to form an insoluble metallie-phosphate precipi
tate, or are adsorbed onto the metallic hydroxide floe produced 
[34,38,39].

There are fewer interactions between organ!cs at a low pH and 
those that do occur tend towards the formation of insoluble complexes
[33,40].

A low pH aids in the hydrolysis of the polyphosphates to the 
orthophosphate form; this is a benefit from the coagulation standpoint 
because, as mentioned, polyphosphates interfere with coagulation. Noth
ing was found in the literature which attempted to disprove or discourage 
the low pH approach to phosphate removal.

Methods of Phosphate Removal 
Before going into the various methods of removing phosphates, it 

might be well to again mention the ultimate objective. Throughout the 
literature, claims of 85% removal or 97% removal are found. If the goal 
of phosphate removal is algae control, thinking in terms of percentage 
removal is not sufficient; one must think in terms of the ultimate phos
phate residual--for this study, 0.5 mg phosphate/1 or less.
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Activated Sludge

It was thought at one time that under controlled conditions there 
existed a "luxury uptake" of phosphate [30,41] by activated sludge. 
Bacteria require phosphate in their metabolism and luxury uptake refers 
to phosphate removed (stored) over and above the basic metabolic require
ment .

Connell and Vacker [41] found an initial metabolic uptake of 3 
to 6 mg/1 phosphate and in the declining growth phase a luxury uptake of 
20 to 22 mg/1 phosphate/100 mg Of cell solids formed.

Schmid and McKinney [30] studied the problem from the standpoint 
of excess and deficient phosphate concentrations. They concluded that 
during periods of deficiency the organisms used stored phosphate or 
phosphate liberated by lysing cells, and during periods of excess the 
uptake of phosphate was very rapid and the total uptake was greater than 
that occurring under normal conditions.

The effects of luxury uptake are generally disproved [26,42].
The phosphate was removed not by the activated sludge microorganisms, 
but by precipitation of calcium phosphate and enmeshing of the precipi
tate into the activated sludge floe. Phosphate is removed with the 
sludge which is a function of suspended solids removal.

Chemical-Biological Treatment
The chemical-biological treatment scheme consists of combining 

the chemical coagulation and flocculation process with the activated 
sludge process. In the aeration tank of the activated sludge process
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the chemically coagulated particles flocculate and are enmeshed with the 
activated sludge floe. The solids are removed in the normal fashion but 
the effluent must be filtered to remove any finely divided precipitates 
which were not enmeshed or otherwise removed [26].

Ion Exchange
Many materials exist which have the capability of exchanging

ions. Synthetic resins have been developed which have much greater ex
change capacities and have largely eliminated the use of natural 
materials [4].

Exchange resins have a preference for multivalent ions because
of the more stable compounds formed. The resins are either cationic or
anionic in the exchange process. A typical example of each type of ex
change is shown below where R represents the ion exchange resin.

Cationic: 3R*Na* + Al>3^  R-Al*3 ♦ 3Na*

Anionic: 3R'C1~+ PO"3^R-PO"3 ♦ 3C1~4 4

When the capacity of the exchange resin has been reached, the 
resin must be regenerated. In the presence of the proper regenerating 
chemical, a complex of sodium for the cationic and a complex of chloride 
for the anionic, the above reactions are reversed by the mass action 
effect of an overabundance of one chemical specie.

Ion exchange would remove all phosphate present (in addition to 
all other anions) but use of this process for sewage treatment is virtu
ally precluded because of the costs--capital and operating— unless there



is a local demand for high quality water otherwise unavailable. In 
addition, large volumes of waste regenerant would have to be disposed of. 
But perhaps the most serious drawback to this system is, with perhaps 
more than 3,000 organ!cs involved [43], the sewage would require exten
sive pretreatment to reduce organic fouling of resins [26].

Research at the Taft Water Research Center [44] has shown that 
alumina (bauxite— an impure weathering product of aluminous rocks) has 
selective removal properties for phosphate and that regeneration is not 
costly. A synthetic sewage was used so the question of organic fouling 
was not entirely answered.

Chemical Coagulation
Chemical coagulation is perhaps the most well-known and widely 

proposed method for phosphate removal; it is a simple process, fairly 
efficient, and relatively economical.

When a solution of a multivalent compound such as alum or lime 
is added to water, the molecules dissociate and yield the positively 
charged ions which are then free to form various hydrolysis complexes.
A direct ionic reaction results in the formation of a fine, insoluble 
compound capable of precipitating. The positively charged hydrolysis 
complexes may combine with negatively charged colloids resulting in a 
net reduction of the negative charge on the colloid. The magnitude of 
this charge, called the Zeta Potential, is the repelling force which 
keeps the colloidal particles dispersed in a medium. At such time as 
the Zeta Potential is reduced below the magnitude of the attractive 
force, the van der Waals force, coagulation of the particles will occur.
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During the mixing period, the coagulated particles build a floe which 
traps or adsorbs the fine precipitate. The floe is allowed to settle 
leaving a clarified liquid [4,39],

The pH of the solution is important as it determines the 
hydrolysis species formed, the charge on the colloidal particle, and the 
solubility of the products formed [4].

Phosphates present in domestic sewage can be organic or inorganic 
in origin. They can be freely ionized, exist as a complex such as hexa- 
metaphosphate (an approximately 15 member complex), a single ortho
phosphate ion or any of the polyphosphate forms in between [14,24,26,30]. 

They can be part of an unmetabolized organic complex (26,40), one of 
several organic acids [29] or part of cell protoplasm [26]. The chemis
try and interactions of phosphates are not well understood [40].

As stated earlier, polyphosphates interfere with the coagulation 
process. There are virtually uncountable reactions which can occur 
between organics, many of which form gels, crystals, salts, etc., which 
would aid in the coagulation of particles, but detergents, pH, tempera
ture and urea effect the degree of this formation (sometimes adversely 
and sometimes beneficially) or may eliminate the formation altogether
[36,40]. This brief discussion on interferences is presented as an 
explanation of differences in reported laboratory procedures and find
ings. For the reasons presented, the author considers the use of an 
enriched or fortified sewage or a defined synthetic sewage not valid.

Coagulant Residual. Using alum as a coagulant results in an 
aluminum ion (Al*̂ ) residual in the product water. In sufficient con
centration this residual can be toxic to fish and/or aquatic plants.
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A summary by McKee and Wolf [24] points out that a concentration 

of 0.1 mg/1 Al*^ was toxic to sticklebacks in one week and 0.3 mg/1 Al*3
4.3was toxic in one day. A concentration of 5.0 mg/1 A1 was toxic to 

trout in five minutes. Dryden and Stern [5] found that bass, bluegill, 
catfish, mosquito fish, and minnows survived well in a product water 
treated with 300 mg/1 commercial alum.

No data were found on toxic levels of Al*3 for aquatic plants.
A summary by McKee and Wolf [24] reports 1.0 mg/1 Al*3 retarded growth 
of com, flax, and barley. The toxic level for aquatic plants may be of 
the same general magnitude.

The calcium ion (Ca*̂ ) remaining from use of lime as a coagulant 
is not toxic but it does contribute to water hardness.

Coagulant Recovery. Alum recovery from chemical sludge is 
described by Farrell, et al. [38] and by Lea, Rohlick, and Katz [34].
Aim is recovered as sodium eliminate and the phosphate as calcium phos
phate. Farrell, et al., report 35% recovery of the alum; Lea, Rohlick, 
and Katz make no claims. Lea, Rohlick, and Katz report that the re
covered aluminate is as efficient as fresh alum in the coagulation 
process; whereas, Farrell, et al., state that it is not as effective.
This discrepancy could be a result of local water chemistry differences. 
Culp, on the other hand, states that there is no economical process for 
removing phosphate from alum sludge [45].

In the same report, Culp reports 90% lime recovery by recalcin- 
ing and that the recovered lime is as efficient as new lime in a 
coagulation process.



Literature Summary
In many studies a purely synthetic sewage was used. It is felt 

that this is not valid because, as mentioned, polyphosphates interfere 
with coagulation. A synthetic sewage also would lack in the 3,000 or so 
organ!cs, which may contain phosphate, and which may interact or inter
fere with a removal process as was pointed out. Also found in the 
literature is use of an enriched domestic sewage: enriched with one or
more polyphosphates. Again, polyphosphates interfere with coagulation.

In many cases incomplete quantitative data are given; a curve 
will be presented, but no data given nor data points plotted; a percent
age removal and dosage used may be reported, but the original phosphate 
concentration is not given; the data may be given, but the sewage is not 
described--whether domestic, synthetic, or enriched; or the orthophos
phate concentration will be given instead of the total phosphate con
centration, The data given may be from a prefiltered sample to remove 
the suspended solids, which is not a valid procedure because it does not 
reflect the normal situation and filtering prior to treatment is not 
feasible in a full scale operation due to the extremely rapid rate at 
which the filters would become clogged with suspended solids. Even the 
best operated activated sludge plants are going to lose some solids with 
the effluent.



CHAPTER 3

LABORATORY PROCEDURES

A jar test study was conducted to determine the best coagulant 
and dosage required to yield a product water with a total phosphate 
residual of 0.5 mg/1 or less. In addition to phosphate removal, para
meters of filtration, pH, return solids, alkalinity, suspended solids, 
sludge characteristics and coagulant residual were considered. The 
reduction of chemical oxygen demand was also determined.

All laboratory procedures were in accordance with Standard 
Methods [46], unless modified or explained further in the following 
sections.

Jar Test
A standard six blade (paddle type), variable speed stirrer was 

used, utilizing one-liter beakers. A flash mix of one min at 60 rpm and 
a slow mix of 15 min at 30 rpm was used initially. Effects of mixing 
speed and time were also studied.

Phosphate
Phosphate analyses were conducted using the ammonium molybdate- 

stannous chloride method [46].
Initially, both orthophosphate and total phosphate were measured 

but the separate orthophosphate test was soon omitted as will be ex
plained.

30



Filtration
Two filtration procedures were used. On occasion, portions of a 

sample were filtered through glass wool prior to coagulation to remove 
suspended solids. The effects of removing suspended solids versus the 
sample with solids were studied under identical coagulation conditions 
with respect to the final phosphate residual. This will be referred to 
as pre-filtering.

On occasion, portions of a coagulated and settled sample were 
filtered through Whatman No. 40 filter paper and compared to the same 
portion with no filtering to determine the increase in phosphate removal 
efficiency by filtration as the final treatment step. This will be 
referred to as post-filtering.

Return Solids
The effect of return solids was studied by decanting 800 ml of 

supernatant from a treated sample, adding the remaining 200 ml of liquid 
and sludge to 800 ml of untreated sample, followed by the addition of 
the same coagulant dose as originally used. The pH was adjusted to the 
same value as the original, and the mixing and sedimentation steps re
peated as before.

m.

As previously mentioned, pH is critical for optimum removal. 
Tests were conducted with no pH control and with pH adjustments.

The optimum pH was located by dosing all six portions of a 
sample with the same amount of coagulant and then adjusting each sample
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to a different desired pH through the addition of IN sulfuric acid or IN 
sodium hydroxide.

SettleaMlity .
The settling characteristics of the sludge were observed by 

taking readings from the graduate markings on the beaker at 5 min inter
vals. Initially, the flocculated sample was transferred to an Imhoff 
cone but this resulted in a breaking-up of the floe particles.

Chemical Oxygen Demand 
The COD test was conducted using the modified procedures for low 

organic content wastes [46].



CHAPTER 4

EXPERIMENTAL RESULTS AND DISCUSSION

Midway through this study. Plant No. 1, the older activated 
sludge process plant, was shut down for repairs. That portion of the
flow that normally was treated by this plant was split between the other
two plants. From the standpoint of this project several changes took 
place: (1) the pH dropped from 7.6-7.8 to 7.2-7.3; (2) the alkalinity
dropped from 240-270 mg/1 as CaCO^ to 180-210; (3) solids carry-over 
increased because of hydraulic overloading; and (4) the total phosphate 
range of concentrations changed from 6-18 mg/1 to 27-35 mg/1. These 
conditions prevailed throughout a large portion of the analytical period, 
in effect, resulting in a study of two different wastes.

Phosphate Species
The orthophosphate form was found to vary from 50 to 99+% of the 

total phosphate. The separate orthophosphate test was omitted and only
total phosphate concentrations were determined.

Alum Results
Alum, as used throughout the remainder of this thesis, refers to 

reagent grade aluminum sulfate (A^ [50̂ ] ̂  18^0) unless otherwise noted 

and dosages reported include the 18 waters of crystallization. To 
correct to anhydrous salt multiply by 0.513. Filter alum contains less 
water of crystallization and a slight excess of alumina. An emperical

33
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formula for filter alum is given by Pair, Geyer, and Okun [1] as 
A^CSO^^ gy-ISĤ O. To correct reported alum dosages to filter alum 
multiply by 0.902.

Flocculation Speed
The speed of the slow mix should be adequate to maintain a homo

geneous solution for good chemical contact and reaction. A speed less 
than 15 rpm allowed solids to settle and greater than 15 resulted in a 
break up of the floe.

Flocculation Time
The mixing time must be sufficient to allow the chemical coagula

tion and flocculation of particles to reach equilibrium. Anything longer 
than a 15-minute mixing time yielded the same phosphate residual for any 
given sample, regardless of initial phosphate concentration, as shown in 
Figure 2. The actual residual depends on initial phosphate concentration 
and alum dosage used but the time required to obtain the minimum residual 
is independent of initial phosphate concentration.

Phosphate Removal
Initial results indicated that a phosphate residual of 0.5 mg/1 

or less could be achieved without pH adjustment. The relationship 
between initial phosphate concentration and alum dose required for a 
residual of 0.5 mg/1 phosphate is shown in Figure 3.

It should again be mentioned that the initial results were 
obtained from samples in 6-18 mg/1 phosphate concentration range and no 
pH control was needed. The curve shown in Figure 3 follows the general
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shape of a first order reaction indicating that heavier aluan dosages 
would be required at higher phosphate concentrations. This was found to 
be true after Plant Ho. 1 was shut down and the phosphate content in
creased to 27-35 mg/1. The alum dose required for a residual of 0.5 mg/1 
phosphate or less was in the 500-600 mg/1 range without pH adjustment. 
Removal of phosphate to the desired level by operating at the optimum pH 
dropped the required alum dosages to 220-280 mg/1 as will be explained 
further.

After Plant No. 1 was shut down it was necessary to use pH 
control to achieve the desired phosphate residual. The relationship 
between initial and residual phosphate concentrations and alum dosages 
at pH 5.9 (to be explained) are shown in Figure 4 (the lines were drawn 
by eye).

It is interesting to note— by again referring to Figure 4--the 
diverging pattern of the dosage curves. It can be seen from these curves 
that in the higher initial phosphate region, an alum dose less than that
required for a residual of 0.5 mg/1 will result in a substantially

r ■
higher residual. For example, an initial phosphate concentration of 
approximately 25 mg/1 requires about 230 mg/1 alum dosage. A dosage of 
220 mg/1 will result in a residual of about 0.6 mg/1. At 35 mg/1 initial 
phosphate, reducing the alum dosage from 270 to 250 mg/1 will increase 
the phosphate residual to about 0.8 mg/1.

The phosphate concentration in the activated sludge effluent 
varies greatly throughout any given day and also varies from day to day. 
Even with the equalizing or dampening effects of the aeration tank and
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Figure 4. Phosphate Residual and Alum Dosage at pH 5.9
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final clarifier, surges of phosphate could occur. From this standpoint, 
and recalling the effects of under-dosing as shown in Figure 4, it would 
be better to slightly over-dose. Over-dosing would also be beneficial 
to compensate for minor removal efficiency variations.

pH
The optimum pH for alum dosing of Tucson sewage was found to be 

5.9 as shown in Figure 5.
As was discussed earlier, pH is critical for optimum phosphate 

removal; deviation from the optimum results in a greater phosphate re
sidual. It can be seen from Figure 5 that the curves for the lower 
initial phosphate concentrations are quite shallow; a slight deviation 
from the optimum pH results in only a slight phosphate residual increase. 
A considerable phosphate residual increase was found for a deviation 
with the high initial phosphate concentration.

Acid Requirements
The acid required to control the pH at 5.9 varied from 0.2 to 

1.6 meq/1 of HgSO^, depending on alum dose. The average values of acid 
requirements for recommended alum dosages (to be developed) are shown in 
Table V.

Addition of alum to a sample lowers the pH as shown by the 
reaction A12(S04)3 * 6H20 2A1 (0H)3 4- SSO^2 * 6H+. The hydrogen ions
liberated by the dissociation of the water molecules will react with the 

bicarbonate ions,
H* * HC03^ H 2C03
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Figure 5. Effect of pH on Phosphate Residual at 250 mg/1 Alum Dosage
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Table V, Acid Requirements for pH Control

Alum Dose, mg/1 H2S04, meq/1

220 1.13
240 0.93

260 0.81
280 0.68
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to form some carbonic acid or will react with the phosphate (or poly
phosphate) ions,

H* + HPO"2^ H 2PO~ .

The acid required to lower the pH to 5.9 is thus a function of original 
pH, the amount of alum added, alkalinity, and phosphate concentration, 

although some unknown quantity of the phosphate may be complexed or 
otherwise unavailable to enter into the phosphate ion reaction. These 
are all factors which can vary quite extensively over a short period of 
time, making automatic pH control by acid addition a necessity.

Alkalinity and pH of Product Water
It was found that 29 mg/1 lime (Ca(OH)2) would raise the pH of 

the product water to about 7.3 with an accompanying alkalinity of 80 mg/1 
as CaCOg. No further precipitation nor coagulation occurred.

As the pH of a solution is lowered, alkalinity can be lost as
carbon dioxide as shown below:

H+ * HC0™^H2C03^  C02 + HLO .

Alkalinity in a lake is important for it serves as the carbon source for
some aquatic plants and plankton. Pish generally prefer a pH of 7.2-
7.8 [24]. It can be seen that preservation of alkalinity to maintain 
the natural food chain and a pH above neutral (hence, the choice of 7.3) 

are necessary in the product water. It can be seen from Figure 6 that 
post-filtering prior to adjusting the pH upwards results in lower
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alkalinity than if the sample is filtered after the pH adjustment; this 
is a result of loss of carbon dioxide.

As previously mentioned, pH determines the solubility of products 
formed in a coagulation process. For this reason, the sample should be 
filtered prior to raising the pH to 7.3. This removes any finely divided 
precipitates and prevents their going back into solution as a result of 
the higher pH and the resulting increase in solubility.

An alkalinity of 80 mg/1 falls within the range of 40-90 mg/1 
which Mackenthun and Ingram state will result in medium to high plant and 
fish productivity [25]. ,

Filtration
It was found necessary to filter the sample after treatment to 

remove finely divided phosphate containing precipitates which would not 
settle, as shown in Table VI. The treated sample filtered rapidly with 

little or no clogging.

Suspended Solids
The presence of suspended solids had little effect on phosphate 

removal efficiency. Solids pre-filtered from one portion of a sample 
were added prior to alum dosing to an unfiltered portion of the same 
sample. After identical treatment and filtering the zero-solids sample 
and the double-solids sample were found to contain the same phosphate 

residual.



Table VI. Effects of Filtering on Phosphate Residual
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Initial Aim Phosphate Residual______
Phosphate Dosage Filtered “ Urifiltered
mg/1  mg/1 mg/1  mg/1
29 240 0.50 1.24
30 240 0.40 0.60
35 240 0.86 0.96
35 280 0.36 0.44
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Return Solids

In some cases, returning solids to the flocculation basin will 
aid in the process by providing an already formed nucleus on which newly 
formed particles can flocculate. The use of return solids had no effect 
on the phosphate residual.

Settleability
The chemical sludge settled in 15 to 20 min to the 50 ml gradu

ate marking on the beaker leaving a relatively colorless supernatant.
The settling took place under quiescent conditions in the jar test 
beaker.

Chemical Sludge
The sludge volume, as measured by the graduations on the jar 

test beaker, was approximately 50 ml/1, regardless of alum dosage. For 
a one mgd plant this amounts to about 50,000 gal/day. It should be noted 
that this figure includes the water and dewatering would substantially 

reduce the volume.
The sludge dry weight was found to vary from 111 to 141 mg/1 with 

an average weight of 124 mg/1. Based on a one mgd treatment plant this 
amounts to a little over 1,000 lb/day.

Coagulant Residual
The aluminum ion concentration after treatment and filtering had 

a maximum value of 0.06 mg/1.
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Aluminum ions can be toxic to aquatic plants, plankton, and 
fish, but a residual of 0.06 mg/1 should not be harmful as previously 
discussed.

Chemical Oxygen Demand
The COD in Plant No. 3 effluent averaged 40 mg/1; coagulation 

and post-filtering reduced this value to an average of 25 mg/1.

Lime Results
The use of lime as a possible coagulant was studied during the 

second portion of the analysis period— the higher phosphate range. For 
comparative purposes the same general procedures which were used with 
alum during the second portion of analysis were repeated using lime 
(Ca(0H)2).

Flocculation Conditions
Maximum phosphate removal was found to occur within 15 min for 

experiments employing lime. Extended flocculation produced no further 
removal as shown in Figure 7.

A flocculation paddle speed of 15 rpm was also most suitable for 
lime coagulation.

Phosphate Removal
Initial tests indicated that a low phosphate residual could be 

achieved using heavy lime dosages. An over-dose, however, resulted in 

a light increase in the residual as shown in Figure 8.
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The increase in phosphate residual could be a result of the 

hydroxyapatite dissolving due to excess base as was explained previously.
Lime dosages in the 200 to 300 mg/1 range using pH control and 

post-filtration will result in a low phosphate residual, but the optimum 
pH and removal efficiency were found to vary quite significantly as 
shown in Figure 9. It can be seen from these curves that the optimum pH 
varied between 11.2-11.7: the higher the dosage, the higher the optimum
pH. It is also interesting to note that the higher the dosage, the 
closer must pH be maintained in order to get maximum removal of phos
phate. Increases in phosphate residuals will occur at higher lime 
dosages with slight deviations from the optimum pH (compare with 

Figure 5).
As mentioned previously, the basic precipitate formed at a high

pH is hydroxyapatite (HAP), Ca10(OH)2(PO4)6. By again referring to
Table III it can be seen that in the pH range of 11.2-11.7 the phosphate

^2  _ "7ion species is predominantly HPO~ , not P0~ which is best for HAP 
formation, although HAP may be formed by CaHPO^ hydrolysis [36].

Suspended Solids ,
It was found that the presence of suspended solids, even in

small amounts, hindered phosphate removal at lower lime dosages. It can
be seen, by again referring to Figure 9, that the sample with the initial 
phosphate concentration of 29 mg/1 showed the minimum phosphate residual 

at 200 mg/1 lime. This sample was pre-filtered through glass wool to 
remove solids. At higher dosages of lime, the presence of solids appear 
to have little or no effect on removal efficiency.
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Figure 9. Effects of pH on Phosphate Residual for Different Lime Dosages
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It was deemed necessary to use the sample as is, for this is the 

way an actual tertiary treatment plant would receive its flow— unfiltered 
effluent with suspended solids. Even with low solids in the effluent, 
the glass wool filter used in the laboratory would start to elog after 
filtering only 10 to 15 liters.

Return Solids
The procedure of returning solids as part of the treatment 

process appeared to have no effect on phosphate removal.

Other Coagulants
Ferric chloride (FeCl^’dĤ O) and cupric sulfate (CuSÔ ) were 

considered as possible choices for phosphate removal.
Phosphate removal using each of these chemicals was good as 

shown in Figure 10 but both were considered unsatisfactory for coagulat
ing sewage effluent.

Both chemicals resulted in a highly colored supernatant, some 
rising sludge due to enmeshed air bubbles, a frothy scum, and difficulty 
was encountered in filtering 50 ml through Whatman No. 40 filter paper.
No further work was done with either compound.

Cost Development
The chemical costs to be considered are alum for phosphate re

moval, sulfuric acid for pH control, and lime for alkalinity and pH of 
the product water.
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The dosage curves shown in Figure 4 indicate general dosing 

patterns for an 0.5 mg/1 phosphate residual and recommended alum dosages 
are given in Table VII.

One would not expect that the phosphate would maintain the same 
concentration throughout the day. To demonstrate this fact. Plant No. 3 
effluent was sampled for 24 hours beginning at 1900 on Thursday, November 
27, 1969. As seen in Figure 11, phosphate concentration varied through
out the day with a minimum of 19 mg/1 occurring at about noon and a 
maximum of 38 mg/1 at shortly after midnight. The curve also appears to 
be close to a mirror image of the flow curves found in sewerage systems. 
This pattern probably represents the general hourly changes, however, 
minor variations from this curve would be expected.

For the purpose of this investigation a dosage table can be 
constructed as shown in Table VIII. Dosage changes are necessary because 

of variations in phosphate concentration.
Using one mgd as in-flow to the proposed lakes results in daily 

alum dosages as shown in Table IX.
Daily sulfuric acid (98%) requirements for pH control are given 

in Table X.
The use of 29 mg/1 lime (Ca(OH)for alkalinity and pH control 

requires 242 pounds lime/day.
Chemical prices were obtained from Copper State Chemical Company, 

Tucson, Arizona [47]. The prices and total chemical costs are shown in 
Table XI. These figures include freight estimates for truck delivery in 
car-lot loads (10 ton) to Tucson. A calculated cost of $69.15/day, or
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Table VII. Recommended Alum Dosages for t 

0.5 mg/1 or Less
i Phosphate Residual of

Phosphate Recommended
Concentration Alum Dosage

mg/1 mg/1
Less than 23 220

23-26 240
26-29 260

Greater than 29 280

Table VIII. Suggested Alum Dose Rates
Time of 
Day, hour

Alum Dosage
mg/1

0000-1000
' ,1" n 11,1 .............................. r  y ; . .  t „ u  „ u, ...................................................................................

280
1000-1130 260
1130-1800 220

1800-1830 240
1830-1930 260
1930-2400 280
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Table IX, Daily Alum Requirements Based on One MGD
Time of 
Day, hour

Alum Dose 
Rate, lb/hr

Total Alum' 
Added, lb

0000-1000 97.2 972
1000-1130 90.3 135
1130-1800 76.4 496
1800-1830 83.3 42
1830-1930 90.3 90
1930-2400 97.2 437

2172 lb/day

Table X, Acid Requirements for pH Control

Time of 
Day, hour

H2S04
meq/1

Concentrated
H2SO4
lb/hr

Concentrated
H0SO4
lb

0000-1000 0.68 12.0 120

1000-1130 0.81 14.3 21

1130-1800 1.13 20.0 130
1800-1830 0.93 16.4 8

1830-1930 0.81 14.3 14

1930-2400 0.68 12.0 54
347 lb/day

Table XI. Daily Chemical Costs

Filter Alum, 1959 lb/day @ $57.00/ton $60.85
Concentrated Sulfuric Acid (98%),
347 lb/day @ $35.00/ton 6.07

Lime (Ca(0H)2), 242 lb/day 6 $18.40/ton 2.23
$69.15/day
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$0,069/1,000 gal for treatment of Tucson waste is of the same general 
magnitude as reported costs in the literature. It should be pointed out 
that this value probably represents the maximum chemical cost because of 
the necessity of pH control.



CHAPTER 5

SUMMARY AND RECOMMENDATIONS

It was found that phosphates could effectively be removed from 
Tucson’s activated sludge effluent (Plant No. 5) on a jar test scale 
using 220 to 280 mg/1 alum at pH 5.9 with a clear, relatively odor-free 
product water at pH 7.3 for just under $0.07/1,000 gal.

The following are suggested as matters for further study:
1. Determine the actual phosphate concentration in Tucson 

sewage which will support algae growth.
2. Study phosphate removal from Tucson sewage using ion 

exchange: specifically alumina columns.
3. Study alum recovery from Tucson coagulated sewage 

sludge.
4. Determine the phosphate concentration at which pH 

control becomes necessary (if and when Plant Nô  1 is 
returned to operation).

5. Determine long range trends in phosphate concentration 
variations.

6. Determine the actual phosphate residual achieved on a 
daily basis.

7. Study sludge settling characteristics under dynamic 

conditions.

59
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S. Determine sludge dewatering characteristics and 

filtration requirements.
9. Ensure that the aluminum ion residual is not harmful 

to the proposed environment for this effluent.
10. Determine the effects of coagulant aids.
It is felt that most of the above problems could be simply 

solved on a pilot scale operation or even on a full scale operation after 
the recreation lakes are built.
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