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SUNNARY

Phosphorus is present in most municipal sewages. It may occur there
as organic phosphorus contributed by organic matter and cell protoplasm,
as complex inorganic phosphates such as the polyphosphates used in clean
ing compounds, and as soluble inorganic phosphate. Though phosphorus is
essential to the operation of any biological waste treatment process, the
concentration in most domestic waste waters greatly exceeds the biologi
cal requirements of the treatment plant. The excess, carried to streams
and lakes by the plant effluent, is not directly toxic, but its ability
to fertilize aquatic growths produces a variety of undesirable effects.

The need to reduce the phosphorus content of sewage treatment plant
effluents has been recognized. The purpose of the work here reported
was to suggest how this might be accomplished. From a review of the
literature it appears that the objective of an acceptable process should
be to reduce effluent phosphorus from an average concentration of 8 mg P
per liter to 0.1 mg per liter. Economic evaluation of several possible
removal methods indicated that in the light of present knowledge some
form of chemical precipitation would be the most feasible means of re
ducing effluent phosphorus to concentrations that will not cause nuisance
growths in receiving waters.

ADVERSE EFFECTS OF PHOSPHORUS

The total phosphorus in municipal treatment plant effluents is well
below the toxic limit for fish. Henderson et al. [37]* showed that the
limits of sodium polyphosphate for a 50% fish kill in a test population
are 140 mg/i in soft water and 1300 mg/i in hard water. The adverse
effects of phosphorus are due not to its direct toxicity but to its stimu
lation of aquatic growths in the receiving body of water.

Lackey [52] described the effects of aquatic overfertilization as
toxic, aesthetic and physical, and oxygen—use effects. As an example of
toxic damage, he cited the destruction of the oyster industry in Great
South Bay, Long Island. Waste discharges from the Long Island duck in
dustry caused in the bay an excessive growth of algae that was not suit
able as oyster food or produced metabolites which adversely affected the
oysters. Aesthetic and physical effects are scummy or cloudy waters,
which have tastes and odors and increase water treatment costs.

Oxygen—use effects occur mostly in streams and are indicated by di
urnal variations of the dissolved oxygen concentration. During daylight
hours the photosynthetic action of the aquatic growths produces oxygen;
at night these same growths consume oxygen. Sawyer [971 presented data
from Spring Creek in Pennsylvania that showed these fluctuations varying
from as low as 20% of saturation at 4:00 A.M. to as high as 140% at 4:00
P.M. Though these fluctuations in dissolved oxygen concentration will
not usually kill fish, they will make the fish seek a stream reach where

*
See Bibliography.



particularly the heterotrophic ones, whose phosphorus requirements are
well below the levels to which tertiary treatment of municipal sewage
plant effluents would be likely to reduce the phosphorus concentration.
We should therefore expect such phosphorus removal to alter the composi
tion of the bloom rather than its magnitude.

Changes in the trophic nature of Lake Washington have been discussed
by Anderson [1]. Few nuisance blooms of algae were observed before 1950.
The blooms that did occur were composed mostly of harmless diatoms.
Since 1950 nuisance blooms composed mainly of blue—green algae have oc
curred quite frequently, particularly in the late summer. From 1933 to
1950 the wintertime concentration of phosphate phosphorus in the epilim—
nion increased from 0.008 to 0.015 mg P/i, and in 1950 the summertime
concentration decreased to less than 0.001 mg P/i because of biological
action. Phosphate phosphorus concentrations in the hypolimnion of the
lake during summer stratification are reported in Table 1. Phosphorus
concentrations in the epilimnion at the same time were nearly zero. Win
tertime concentrations of phosphorus in the epilimnion were not given,
but from the hypolimnion data in Table 1 it could be expected that they
exceeded the 0.015 mg P/i value recorded in 1950.

Sylvester [104] and Sylvester and Anderson [105] reported the ef
fects of drainage from forested, urban, and agricultural lands on the
productivity of Green Lake near Seattle, Washington. Although algae grew
in the lake all year around, nuisance conditions were caused only by peak
growths of blue—green algae in the late summer or early autumn. Total
phosphorus, expressed as mg P/i, was 0.180 in March, dropped to 0.040 in
May, and varied between 0.040 and 0.100 the remainder of the year. Phos
phate phosphorus, expressed as mg P/i, varied between zero and 0.005 from
April to June, averaged 0.030 with peaks of 0.060 from July to October,
and then dropped to 0.005 to 0.010 for the remainder of the year. When
ever blue—green algal blooms occurred, phosphate phosphorus dropped to
concentrations near zero, the blue—green algae population declined, and
the general population became more varied.

Conditions in Zoar and Candlewood lakes in Connecticut were reported
by Benoit and Curry [6] and Curry and Wilson [15]. Lake Zoar was fed
continuously by the Housatonic River. Lake Candlewood, which was a power
plant pump storage facility, was filled from the Housatonic only once a
year in the spring season. Phosphate phosphorus concentration in the
river averaged 0.033 mg P/i. In Lake Zoar the concentration ranged from
0.012 to 0.041 and averaged 0.025 mg P/1. This was sufficient phosphorus
to cause large nuisance growths of blue—green algae in the late summer
growing season. In Lake Candlewood, the river concentration of phosphorus

TABLE 1. Phosphate Phosphorus in the Hypolimnion
of Lake Washington During Summer Stratification

Year 1933 1950 1955 1957 1958
Phosphorus,

mg P/i 0.0096 0.0061 0.0166 0.0191 0.0264



triggered a growth of diatoms in the spring, which reduced the phosphate
phosphorus concentration to 0.008 mg P/i. The diatom growth was not a
nuisance, and since the phosphorus concentration was not replenished by
the river or apparently by the turnover in the lake, no further growths
occurred during the season.

Some of the difficulties in evaluating the phosphorus concentration
necessary to trigger a nuisance algal growth may be due to the presence
of other nutritional requirements not yet discovered. Hasler [341 re
ported that in 1947 both the upper and lower basins on the Zurichsee in
Switzerland contained phosphate phosphorus concentrations of 0.05 ing P/1
at the time of the spring turnover, but only the lower basin suffered
from nuisance growths of algae.

Provasoli and Pintner [83],working with the alga Cryptomonas ovata
under laboratory conditions, observed different phosphate optima when
they varied the concentration of magnesium sulfate. For MgS0i~7H20 con
centrations of 200 mg/i, the optimum level of KH2P0,.~ was 100 mg/i (22.8
mg P/l), whereas for concentrations of 50 mg/l, the optimum KH2P0i.~ level
was 40 mg/i (9.2 mg P/l). These same authors reported on the work of
Chu and Rodhe, who found in laboratory studies that Asterionella formosa
on an artificial inorganic basal medium was indifferent to 0.01 to 0.02
mg P/l, and that maximum growth occurred at concentrations of 1 mg P/i.
In Lake Erken, where this organism grew commonly, the phosphorus rarely
attained a concentration of 0.01 mg P/l. When the artificial medium was
replaced by Lake Erken water sterilized by filtration, maximum growth
was attained at phosphorus concentrations of 0.004 to 0.010 mg P/1. The
conclusion was that the lake water must have contained a growth factor
which facilitated the growth of Asterioneila at low phosphorus concentra
tions, but no suggestions were given as to what that growth factor might
be.

Tucker [108] suggested that organic matter might be the growth
factor. He reported on studies of Douglas, Munro, and Vincent lakes
in Michigan, none of which were yet troubled with nuisance algal growths.
In Douglas Lake the blooms were 76% diatoms and 10% blue—green algae; in
Munro and Vincent lakes the blooms were 60 to 67% blue—green algae. The
phosphate phosphorus in these lakes never exceeded 0.007 mg P/i and was
nearly the same in all three lakes, but Munro and Vincent lakes had the
most abundant organic matter.

Phinney and Peek [78] lent support to this theory in their report
on nuisance blooms of Aphanizoinenon in Kiamath Lake, Oregon. Though this
lake had a very low concentration of inorganic nutrients and its phos
phate concentration was 0.0 mg P/i in both winter and summer, nuisance
blooms occurred frequently. They believed that humates coming from
swampy waters which feed the lake were responsible for the growth.
Benoit [5] also indicated that blue—green algae grow best in waters with
a high content of organic matter.

Municipal sewage treatment plant effluent, which contains both or
ganic matter and nutrients, therefore appears to be an ideal medium for
the growth of nuisance—producing algae.



LABORATORY STUDIES

Nutritional studies on synthetic media in the laboratory appear to
be a valuable source of information on nutrient levels to support algal
growths —— for all nutrients except phosphorus. Provasoli and Pintner
[831 observed a remarkable parallelism between in vitro results on the
effective concentration of nutrients and the composition of natural
waters as established by chemical analysis, for all the nutrients except
phosphorus. The concentrations of phosphorus needed to support growth
in synthetic media far exceeded those normally present in nature. For
this reason, only a few of the many laboratory nutritional studies will
be noted here.

One of the media most commonly used in these nutritional studies
was Chu’s medium. Reporting on the influence of mineral composition of
the medium on the growth of planktonic algae, Chu [12] gave 0.018 to 0.09
mg P/1 as the lower limit of optimum phosphate concentration to stimulate
growth. Fitzgerald [24] and Gerloff et al. [29] found that growth of
the blue—green algae Chiorella and Coccochloris peniocystis was propor
tional to phosphate phosphorus concentrations up to 0.04 mg P/1. Higher
phosphorus concentrations increased growth very little. Gerloff and his
coworkers felt that effective concentrations in lakes are much lower
than this level because of the algae’s ability to concentrate and store
phosphorus. Thus the larger volume of the lake supplies the needed phos
phorus at lower concentrations.

The ability of the blue—green algae Chlorella and Microcystis
aeruginosa to store phosphate phosphorus in quantities considerably in
excess of those needed for growth was demonstrated by Fitzgerald [24]
and Gerloff and Skoog [30,31]. The latter investigators showed that the
minimum cell concentration for maximum growth of Microcystis was 4.0%
for nitrogen (as N) and 0.12% for phosphorus (as P). As nitrogen and
phosphorus concentrations were increased, cell concentrations increased
but growth remained constant. Analyses of Microcystis from several Wis
consin lakes showed nitrogen in the minimum cell concentrations and phos
phorus in luxury •amounts, indicating that nitrogen was the limiting
growth factor in this instance.

FERTILIZATION STUDIES IN LAKES AND FISH PONDS

For many years the fertilization of lakes and fish ponds with in
organic nutrients has been practiced for the expressed purpose of stim
ulating sufficient growth of phytoplankton to provide food for fish and
thus increase the fish crop. It would not be expected that this practice
would add enough nutrients to produce nuisance aquatic growths, because
the periodic low concentrations of dissolved oxygen caused by these
growths would be harmful to the fish. Data from such studies should pro
vide additional evidence regarding permissible levels of phosphorus in
lakes.

Correlation of these data with data for fertilization by municipal
sewage treatment plant effluents is not, however, a simple matter. It
must be recognized that not all the nutrients added are available for
algal growth. Tucker [108] indicated that about 90% of the nutrients

8



added are immediately removed from solution, leaving only 10% available
for algal growth. How to evaluate this factor in analyzing the data is
not known, since similar information regarding fertilization with sewage
nutrients was not uncovered. Moreover, sewage fertilization is continu
ous, whereas other types of artificial fertilization are batch operations
occurring from one to ten times during the growing season. Nutrient con
centrations added in the latter operations should therefore be larger
than in the former.

A further problem arises from the fact that data for artificial
fertilization are usually given in pounds of phosphorus added per unit
of water surface area. Hence the effective depth of fertilization must
be assumed. For the purposes of the present report a depth of 20 ft is
assumed for lakes, since Sawyer [96] indicated that most algal growth
occurs above this depth. The fish ponds described by Swingle and Smith
[103] were 3 ft deep, and this depth is used for pond calculations.

Hasler and Einsele [35] said that fertilization of a lake with
superphosphate once a year in May at the rate of 10.7 lb per acre was
adequate. Juday and Schloemer [48] fertilized the soft waters of 38.5
acre Weber Lake with 1750 lb of superphosphate each year for three years,
with no appreciable change in plankton growth. By using the given as
sumption for lakes and considering superphosphate to be 7.1% phosphorus,
the phosphorus levels in the lakes of these two cases just after ferti
lization were calculated as 0.197 and 0.06 mg P/1, respectively.

Ozeretskovskaya and Smirnova [74] fertilized fish ponds with super—
phosphate at 35.7 kg per acre. The fertilizer also contained other min
erals and organics. The phosphorus concentration just after fertilization
was 0.31 mg P/1. One—tenth acre ponds 3 ft deep were fertilized by
Swingle and Smith [1031 with sulfate of ammonia, superphosphate, muriate
of potash, and basic slag (calcium carbonate) in amounts sufficient to
give concentrations, expressed as milligrmns per liter, of 1 N, 0.5 P,
0.25 K, and 2.0 CaCO3, just after the addition. Applications were made
at three one—week intervals in the spring and every four weeks there
after. In all, eight to ten applications were made between April and
October. Petkov [76] studied the effect of a mixture of eleven inorganic
salts, an infusion of decomposed manure, and an infusion of hay in rice
paddy water. The mixture provided 0.0132 mg P/l just after addition.
It had a favorable influence on the zooplankton and the rice, and con
tributed to an increase in food for fish.

RIVER STUDIES

In streams and rivers the problems caused by overfertilization with
municipal sewage treatment plant effluents are not the same as in lakes.
Sawyer [97] says that the problem in lakes is caused by algae, whereas
the problem in streams is caused by rooted aquatics except for lemna and
duckweed. Because of this difference, stream productivity is greatly
affected by the bottom material in the stream. Tarzwell and Gauf in [106]
reported that shifting sand bottoms are aquatic deserts, but rubble
gravel bottoms support large populations of aquatic growths.



The literature search revealed no quantitative information with
regard to nutrient concentrations necessary to cause nuisance aquatic
growths in streams. Reid and Assenzo [86] determined qualitatively that
prevention of algal growth in streams requires dilutions of four volumes
of stream flow to one volume of sewage effluent with 90% or more of the
BOB removed. This dilution is equivalent to 80% removal of phosphorus
at zero dilution. Using an average effluent concentration of phosphorus
of 8 mg P/i (see later data), this would mean that the effluent phospho
rus should be reduced to about 1.6 mg P/i.

When asked to specify the desired composition of the water in Spring
Creek, a trout stream in Central Pennsylvania, the Pennsylvania Fish Com
mission included in their specifications [66] a phosphorus concentration
of 0.13 mg P/1 or less.

Nall [70] studied the ecology of phytoplankton blooms in the Ohio
River at Louisville, Kentucky, but the size and pool—like nature of the
river made his data more like those from lake studies. Blooms consisted
mostly of diatoms, some green algae showing up when the velocity de
creased. Average fall and winter concentrations of phosphate phosphorus
were 0.08 mg P/i. In the spring and summer these concentrations were
reduced to 0.02 mg P/i. Laboratory studies using river water and Chu’s
medium indicated that phosphorus was the one nutrient in the river that
was limiting the growth of the phytoplankton.

DISCUSSION

On the evidence of the work reported in the literature and summa
rized here, the following statements can be made regarding the objectives
of a process for removing phosphorus from sewage treatment plant effluent.

1) The lake studies, laboratory studies, and fish pond studies do
not show a clear—cut relationship between phosphorus concentration and
the occurrence of nuisance aquatic growths. For the purposes of the
present study, however, an orthophosphate concentration of 0.01 mg P/1
in a receiving lake appears to be desirable as the objective of a process
to remove effluent phosphorus.

2) For streams as receiving bodies there is little information on
critical phosphorus levels, but they can be assumed to be considerably
higher than in lakes. Because many receiving streams feed lakes and
reservoirs, in this report the process objective for streams will be the
same as that proposed for lakes.

3) Since organic matter is also a probable contributor to nuisance
growths of algae in lakes, removal methods that reduce both phosphorus
and organic matter appear to offer the most promise of controlling those
growths.
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TYPES AND SOURCES OF PHOSPHORUS

As previously stated, phosphorus in lakes and streams may occur as
organic phosphorus found in organic matter and cell protoplasm; as com
plex inorganic phosphates such as sodium tripolyphosphate (STP), tetra—
sodium pyrophosphate (TSPP), and hexametaphosphate used in agriculture,
water treatment processes, and in cleaning compounds; and as soluble
inorganic orthophosphate (P043), the final breakdown product in the
phosphorus cycle and the form in which phosphorus is most readily avail
able for biological utilization.

Although this phosphorus may enter the water from such sources as
agricultural drainage, urban drainage, and municipal sewage treatment
plant effluents, the evidence in the literature is that sewage treatment
effluents contribute by far the largest fraction. Lackey and Sawyer [55]
indicated that nearly all the phosphorus (89%) in the Madison lakes came
from that source. In a report [661 on the disposal of sewage and indus
trial wastes in Spring Creek, Pennsylvania, it was also determined that
nearly all of the phosphorus in Spring Creek (98% of the soluble ortho—
phosphate and 95% of the soluble plus inorganic complex phosphates) came
from a stream receiving the effluent from the sewage treatment plant
serving The Pennsylvania State University and Borough of State College.
Weibel et al. [1111 studied a 27 acre area in Cincinnati, Ohio, with a
population of nine persons per acre, and determined that the soluble
orthophosphate contributed by urban runoff was only 9% of the contribu
tion from sewage.

The quantity of phosphorus in effluents from municipal sewage treat
ment plants has been increasing steadily through the years, but appears
to have reached a plateau. In 1947 Rudolf s [91] reported that the ortho—
phosphate in the trickling—filter effluent from twelve American sewage
treatment plants ranged from 0.09 to 0.79 mg P/i and averaged 0.22 mg.
Johnson [46] and Owen [73] reported that during a 1950—1951 survey of
six Minnesota towns in which the sewage was completely treated, the
orthophosphate averaged 4.5 mg P/1. In July 1958 Stone and Merrell [1001
reported that the orthophosphate in the sewage treatment plant effluent
from seven California towns ranged from 1.2 to 21.2 mg P/i and averaged
8.5 mg.

A 1961 report [66] on the phosphorus composition of the effluent
from the sewage treatment plant serving The Pennsylvania State University
and the Borough of State College indicated that the orthophosphate con
centration was 8.2 mg P/i and the total phosphorus (orthophosphate plus
inorganic complex phosphates) was 13.9 mg P/i. }{ume et al. [43] reported
that in 1962 the orthophosphate concentration in the effluent from the
Hyperion sewage treatment plant serving Los Angeles, California, averaged
8 mg P/i. Levin [591 reported on a survey of orthophosphate levels in
sewage treatment plant effluents throughout the country. Levels were
found to vary between 6.5 and 9.0 mg P/i.

From these studies it appers that the orthophosphate concentration
in effluents from municipal sewages receiving complete treatment averages
approximately 8 mg P/i, although individual instances may show concentra
tions considerably above or below that amount.
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Orthophosphate is the most important form of phosphorus for fertili
zation of receiving waters, but other complex inorganic phosphates that
may revert to orthophosphate should also be considered. In the Pennsyl
vania study [661 these complex phosphates averaged about 40% of the total
effluent phosphorus. In Spring Creek, the receiving stream, they
averaged 50% of the total stream phosphorus and did not decrease in con
centration appreciably while traveling through the 9 mile reach of stream
that was under study. Engelbrecht and Morgan [19] analyzing the ef flu—
ents from four Illinois sewage treatment plants, found that the inorganic
complex phosphates averaged only 10% of the total phosphorus in the ef flu
ent, but 50% of the total in the receiving streams. They concluded that
a considerable quantity of complex phosphate must come from land drain
age. They also found that this phosphate could be biologically degraded
to orthophosphate in the stream, but that the degradation was quite slow,
with half—lives ranging from 0.4 to 40 days.

On the basis of these reports it appears that phosphorus levels in
waters receiving municipal sewage treatment plant effluents can be re
duced by removing the phosphorus from the effluents. The suggested
objective should be to remove orthophosphate from effluents having ortho—
phosphate concentrations of approximately 8 mg P11.

PHOSPHORUS REMOVAL METHODS

BASIC REQUIREMENTS

The efficiency required of a process to remove phosphorus from
municipal sewage treatment plant effluents will vary with the type of
the receiving body of water. To avoid nuisance blooms of algae in lakes,
the previous discussion suggests that the orthophosphate concentration
in the lake water should not exceed 0.01 mg P11. In streams a consider
ably higher concentration is probabipTh~Tbl~, but because many
streams flow into lakes or reservoirs where the lower concentration
would be controlling, the same efficiency requirement will here be ap
plied to all cases.

Allowing for a dilution factor of 10 in the receiving body of water,
the removal process should be able to reduce phosphorus in the effluent
from 8 mg P11 to a value of 0.1 mg P71 for approximately 99% removal.
Since organic matter in the effluent contributes to the formation of
nuisance algal blooms in lakes, the process should also remove organic
matter.

CONVENTIONAL TREATMENT

Since phosphorus is an important nutritional element in biological
waste treatment, it seems logical that investigators have considered
various ways of modifying the treatment processes to increase their abil
ity to remove phosphorus. Various removal efficiencies are reported in
the literature. Rudolf s’ survey [911, based on averages of twelve sewage
treatment plants in the United States prior to 1947, showed average re
movals of 75 to 80% for trickling filter plants and 80 to 90% for acti
vated sludge plants, from influent sewages in which the orthophosphate
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concentration ranged from 1.75 to 4.0 mg P/i and averaged 2.27 mg.
Stones [101], in studies at Salford, England, found removals of 32% in a
trickling filter plant receiving sewage with an orthophosphate concentra
tion of 4.4 mg P/i. In an activated sludge plant receiving a sewage with
an orthophosphate concentration of 5.1 mg P/i, the removal was 70%. In
State College, Pennsylvania, a trickling filter plant was reported to
remove no phosphorus at all [661.

Phosphorus removal by conventional biological treatment processes
is dependent upon BOO/P ratio, and with activated sludge it depends also
on the rate of aeration and amount of return sludge. Sawyer [94] showed
that the BOD/P ratio for complete phosphorus removal should exceed 100
to one. He reported on some laboratory batch studies in which sewage
was supplemented with glucose to raise the BOO of the mixture to 400 mg/l.
Activated sludge treatment of this mixture reduced the orthophosphate
from 2.68 mg P/i to zero. Glucose supplementation was tried at State
College [661 in sewage containing orthophosphate at 8.2 mg P/1, and al
though phosphorus removals were increased, considerable phosphorus still
remained in the effluent. Because of both the effluent phosphorus con
centration and the cost of supplying glucose, the process was not con
sidered practical.

Levin [59] reported some extensive studies on modification of the
activated sludge process to increase its phosphorus removal capability
without adding BOO to the sewage. Although he proved that “luxury” up
take of phosphorus considerably above the C/P ratio of the bacteria was
possible, the modifications permitted the process to utilize only 1.2
to 1.3 mg P/i. In view of the phosphorus levels present in today’s
sewage, these modifications do not appear to be worthwhile.

A reasonably successful operation of the activated sludge process
for phosphorus removal was reported from India by Srinath et al. [99].
In an activated sludge containing 3000 and 800 cells per milliliter of
the protozoa Operculoria and Epistylis, the phosphorus removal results
shown in Table 2 were obtained. These data indicate the effect of
return sludge and aeration time on phosphorus removal, and although the
effluent concentration of 0.1 mg P/i is not met, a reasonably effective
treatment process is indicated.

TABLE 2. Phosphorus Removals in Activated Sludge (after Ref. 99)

Return Sludge, Aeration Permanganate Total Soluble
percent of Time, Value, Phosphorus, Phosphorus,
sewage flow hours mg/i mg P/i mg P/l

25 0 22 10.3 7.7
25 1 10 3 2
25 2 4 3 1
25 6 3 1 0.5

0 6 20.5 10.1 7.5
10 6 4.7 4.8 4.35
30 6 2.6 0.66 0.45



Because it is not readily apparent why the Indian operation was so
successful at removing phosphorus when other biological processes are
not, a hypothetical design for economic evaluation of the process cannot
be made at this time. It is reasonable to assume, however, that if phos
phorus removal can be combined with secondary biological treatment, the
dual process should be a very economical one in terms of phosphorus
removal.

REDUCTION BY ALGAL CULTURES

Because of the relatively low C/P ratio of algae, many workers have
studied algal cultures as a means of stripping nutrients from municipal
sewage treatment plant effluents. This method has a possible economic
advantage. It has been estimated [86) that the daily domestic sewage
from one person will produce from 0.12 to 0.14 lb of protein, which has
a potential value of $80 to $100 per ton of dry algae [60] in food—short
areas. Few markets appear to exist in the United States at the present
time, however.

Most of the algae studied for nutrient removal have been grown in
oxidation ponds. Some high rate studies have used algae in a process
similar to the activated sewage process. Phosphorus is removed either
by metabolism and subsequent incorporation of the phosphorus in the algal
cell tissue, or by precipitation as calcium phosphate. The precipitation
occurs when the pH in the pond is raised because of the utilization of
the carbon dioxide by the algal culture.

Reduction of phosphorus by algal metabolism is largely a function
of light and detention time, although extreme temperatures may play an
important role. Bogan [7,8,9,10] has shown that under natural lighting
conditions and with the cell tissue concentration of 50 mg/l which usual
ly exists in oxidation ponds, the minimum time to remove 80 to 90% of
the phosphorus can be calculated by dividing the initial phosphorus con
centration (as P) by 0.35. Thus for phosphorus concentrations of 8 mg
P/1, a detention time of 23 days would be required. Increased cell con
centrations would reduce the time in direct proportion to the cell con
centration, but under natural conditions this is difficult to do.

Witt and Borchardt [115], in laboratory studies of phosphorus re
moval using cultures of Scenedesmus and Chlorella at concentrations of
9 x 106 cells/ml, showed that the optimum light intensity was 400 to 600
footcandles at the surface of the culture. At this intensity, tempera
ture had only a slight effect between 20 and 30 C and the mixed culture
removed phosphorus at a rate of 0.28 mg P/hr. At that rate a detention
time of 29 hr would be needed to remove 8 mg P/l from a sewage treatment
plant effluent. Additional design considerations would be a culture
depth of 5 cm with lighting from both sides, and the addition of 0.3 to
1.5 ml CO2 per minute per liter of culture volume to provide sufficient
carbon for the phosphorus metabolism. Harvesting the algae would also
have to be considered.

Bush et al. [11] treated activated sludge effluent in a lagoon in
which carbon dioxide was added to provide carbon and control the pH at
7.5 to 8.5. Lagoon influent concentrations varied from 1.6 to 4.8 mg P/l.
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As detention time in the lagoon was decreased from 29 to 2.5 hr, phos
phorus removal increased from 19 to 68%. The higher flow rates, which
gave the shorter detention times, promoted greater growth and thus higher
phosphorus removals.

The use of algae to raise the pH in a sewage treatment plant ef flu
ent and reduce the phosphorus by calcium phosphate precipitation was
investigated by Bogan [7,8,9,101 and Fitzgerald and Rohlich [25,26].
Bogart [8] reported that under fall lighting and temperature conditions
in Seattle, Washington, detention times of 10 to 12 days were required.
With 1000 footcandles of light at the culture surface, a temperature of
18 to 20 C, and a cell tissue concentration of 250 mg/i, he found [91
that the pH was raised to 10.5 in 27 hr. Fitzgerald and Rohlich [26]
reported that in laboratory culture flasks illuminated to 175 footcandles
at the flask surface and incubated at 24 C, phosphorus in secondary ef flu
ent from the Madison, Wisconsin, sewage treatment plant was reduced from
6.0 to 0.3 mg P/1 in 14 days. Much of this removal was believed to be
due to the increased pH brought about by the algae.

Bogan [7,8] investigated the high—rate phosphorus removal process
shown in Fig. 2, both in the laboratory and in field pilot plants. In
the laboratory, where a 1000 footcandle light source on the contact tank
and an 800 footcandle light source on the algae growth tank provided suf
ficient light, orthophosphate was reduced from 9.7 mg P/i to 1.6 mg P/l.
In the field plant, because the depth was too great and the mean light
intensity in the culture (< 100 footcandles) was not high enough to ef
fect an appreciable pH rise, little phosphorus was removed. Bogan con
cluded, and Oswald et al. [72] recommended, that to provide sufficient
light throughout the culture the optimum pond depth should be less than
1 ft, preferably 8 in.

Another factor to consider in phosphorus removal by algal culture
is the drop in pH that can occur when photosynthetic action ceases owing
to lack of light at night or to cold temperatures in the more northern
climates. Fitzgerald [22] showed that when the pH drops to 8.0, previ
ously precipitated phosphorus will redissolve. In ponds with 9 to 10
day detention times and depths of 2 to 3.5 ft, he found a direct corre
lation between pH and phosphorus removal. Removal was high in summer,
but in winter the effluent phosphorus often exceeded the influent phos
phorus. This problem could be partly solved through intermittent mixing
of the pond (requiring lined ponds) and continuous harvesting of the
algae, which presumably would also remove the precipitated phosphorus.
It is doubtful, however, that much can be done to produce effective phos
phorus removal in northern climates where ponds are ice—covered in winter.
In these areas ponds would be successful only if they discharged into a
flowing stream or into a reservoir that was drawn down in the spring,
thus releasing the wintertime accumulation of phosphorus.

Comprehensive studies on the harvesting of algae were reported by
Golueke et al. [32] and Oswald et al. [72]. They investigated initial
concentration by centrifugation, flocculation with inorganic and organic
electrolytes, autoflocculation, flotation, microstraining, a charged
electrical field, and sonic vibration. They studied dewatering or sec
ondary concentration by gravity filtration and centrifugation, and final
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Detention time — 5 days
Depth — 4 ft

FIG. 2. High rate phosphorus removal plant (after Ref s. 7 and 8).



drying in steam—heated rotary drums or by air—drying on sand beds (which
included dewatering). The combination of autoflocculation and air—drying
on sand beds proved to be the most economical. But since autofloccula—
tion required very shallow ponds (5 in. deep) and only worked under
proper weather conditions, the least expensive reliable system was chemi
cal flocculation and air—drying on sand beds. Their design factors for
flocculation involved an alum dose of 50 mg/i, with 3 mm mixing and 15
mm settling times. Air—drying required a sand area of 6400 sq ft per
acre of oxidation pond. Algae dried in this way could be stored indefi
nitely or disposed of with the other solid wastes of the community.

Wilson [113] indicated the possibility of harvesting algae in a
final retention fish pond deliberately stocked with fish that would feed
on the algae and thrive in such an environment. In a discussion of the
paper, Abbott stated that Tilapic mossambica withstood dissolved oxygen
fluctuations better than bass, bluegills, or perch, and that experiments
had shown effluent fish ponds could grow 1000 lb of fish per acre per
year. Because no design data or removal results are given, it is not
possible to evaluate the process at this time.

In summary, it appears that oxidation ponds will remove phosphorus
from municipal sewages in warm climates or during the summertime in more
northern areas. Design factors would involve a pond 1 ft deep, a deten
tion time of 12 days, and supplemental artificial illumination over the
entire pond to provide at least 200 footcandles at the pond surface,
operating approximately 60% of the time. This method would also require
algal harvesting, employing alum doses of 50 mg/i with 3 mm mixing and
15 mm settling times followed by air—drying on sand beds at 6400 sq ft
per acre of oxidation pond. No allowance need be made for disposal of
the dried algae, as it probably can be disposed of with the other solid
wastes of the community at little additional cost.

Data on the removal of organic matter in oxidation ponds designed
to remove phosphorus were not found in the cited references. Since
similar ponds have a long history of successful biological treatment for
the removal of organic matter, there is no reason to believe these ponds
would behave differently. In fact Oswald et al. [72] suggested that the
ponds could be used to replace secondary treatment. His scheme reduced
detention times to 2 days and obtained complete phosphorus removal during
the algal harvesting process by increasing alum doses to 90 mg/i.

CHEMICAL PRECIPITATION

Successful removal of phosphorus from sewage treatment plant ef flu
ent has been accomplished by chemical coagulation with lime, alum, ferric
chloride, ferric sulfate, and sodium aluminate. A summary of the doses
used and the results obtained is presented in Table 3. All of these
coagulants can be expected to produce better than 90% removal of ortho—
phosphate. Although all will also remove some complex inorganic phos
phate, the aluminum and iron salts gave good results more consistantly
than did lime.

Henriksen [38,39] explained at some length the mechanism of phos
phate reduction by these coagulants. Removal by calcium and magnesium
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TABLE 3. Summary of Chemical Precipitation Data for Phosphorus Removal

I-.,
OD

(Flocculation and settling only)

Orth~)~~phste Complex Tnorganic Phosphate Sludge Produced
Optimum Initial Final Removal, Initial Final I Removal, per MCD Flow Removal
Dose, Conc., Conc., per— Conc., Conc., per— Volume, Solids, of Organic Remarks

Coagulant Reference mg/l mg P/1 i~eP~ cent mg P/1 mg P/1 cent gal/day percent Matter

Cs(OH)2 70 720 4.3 0.13 97 3.1 1.56 50 10,000 6.6 —— One hour settling. Filtered effluent

0.04 mg P/1.

90 280 7.0 0.5 93 —— —— Good —— —— ——

64 330 9.0 0.8 91 1.7 0.2 88 11,000 —— 63% Two hour settling.
108 660 —— —— —— —— —— —— —— —— 60 mgCOO/1 COD removal was from prefiltered secon

dary effluent.

97 540 6.25 —— 88 —— —— —— —— —— ——

59 200+ —— —— —— —— —— —— —— —— —— This is a flotation process.

A12(5O4)3 56 200 —— —— 90 —— —— —— —— —— 87% BOO Flocculation time 10 mm; settling, 2
~18H2O hours. Filtered effluent 97% removal.

Alum recovery system reduces chemical cost
80%.

90 130 6.0 0.5 92 4.0 —— Good —— —— —— 80 mg alum/l needed for PO~~3 alone.
64 240 (5.2) (0.4) (92) —— —— Good —— —— 60% BOO Removals reported are total P. Gelatinous

sludge, filtration difficult.

108 100 —— —— —— —— —— —— —— —— ——

97 400 6.25 —— 94 —— —— —— —— —— ——

17 300 7.0 0.18 98 —— —— —— —— —— —— Alum and ferric sulfate best of 7 coagulants
tried.

15 200 4.0 —— 97 —— —— —— —— —— ——

FeC13 90 100 6.0 0.5 92 4.0 —— Good —— —— ——

108 100 —— —— —— —— —— —— —— —— ——

89 70 3.2 0.05 99 1.0 0.15 85 —— —— ——

Fe2 (SO~) ~ 108 100 —— —— —— —— —— —— —— —— ——

17 230 7.0 0.18 98 —— —— —— —— —— ——

NaA1O2 90 130 —— —— Good —— —— —— —— —— —— Needed additional 150 mg alum/l or H2SO~ to
reduce pH to remove complex inorganic
phosphate.



is due to precipitation of the respective phosphate salts. Removal by
aluminum and iron results from complex formations, with adsorption
playing an additional but minor role.

Lea et al. [58] reported a scheme for recovery of the coagulant
when phosphorus was precipitated with aluminum. The hydrous aluminum
oxide phosphate complex removed from the bottom of the settling basin
was treated with sodium hydroxide and calcium chloride at pH 11.9, in a
reaction tank having a volume of 28,000 gal/MGD of plant flow. Aluminum
was recovered as sodium aluminate, and the phosphorus was precipitated
as calcium phosphate. The supernatant was stored in a second tank with
a volume equal to the reaction tank. Coagulant loss, about 10%, was made
up by adding alum to the system. It was estimated that chemical costs
would be reduced 80% by the aluminum recovery process. Calcium phosphate
was not discussed, but it could be dried on sand beds and disposed of
with other municipal solid wastes, or could perhaps be used as a ferti
lizer component.

Sawyer [95] expressed some doubt as to the effectiveness of the
recovered sodium aluminate in removing phosphorus, particularly from
the complex inorganic phosphates. He reported that alum or sulfuric acid
must be added to reduce the pH to the zone effective for coagulation.
The cost of these additional chemicals would nearly nullify the savings
realized in the recovery process.

Considerable disagreement exists among the investigators regarding
the best coagulant to use for phosphorus removal. Eliassen [17] tried
lime, laboratory alum, liquid alum, ferrous sulfate, ferric chloride,
commercial ferric sulfate, and Separan, and had the best results with
liquid alum and ferric sulfate, the former being the cheaper of the two.
In a study [66] using alum and lime on sewage treatment plant effluent
at State College, Pennsylvania, lime was considered the better coagulant.
Alum produced a voluminousgelatinous sludge that was difficult to handle.

The results summarized in Table 3 are for flocculation and settling
alone. Results recorded by Lea et al. [58] and Owen [73] indicated that
phosphorus levels can be reduced considerably more if the flocculated
material is further removed by a filtration process. Owen reported that
the phosphorus concentration was reduced to 0.04 mg P/1 when sand filtra
tion followed coagulation with lime.

As determined from the data analyzed for this report, design of a
chemical coagulation process for the removal of phosphorus from sewage
treatment plant effluents would involve the following coagulant doses:

Dose,
Coagulant mg/l

Ca(OH)2 450
Al2(SO~)3l8H2O 225
FeCl3 100
Fe2 (SOL+) 150



On the basis of these doses and current market prices, lime and ferric
sulfate are the cheapest chemicals, ferric sulfate having the edge be
cause of the smaller quantities required (see Appendix). Flocculation
should take place in a typical water flocculation unit with a detention
time of 10 mm. Settling can be accomplished in a normal clarifier with
a detention time of 2 hr. Sludge disposal can presumably be handled by
existing digestion, air—drying, or vacuum—filtration facilities. It is
entirely possible that flocculation and clarification can be carried out
in conjunction with secondary settling in the normal sewage treatment
plant, particularly in a trickling filter plant. In that case the only
additional units required for treatment would be the flocculators. This
process would reduce phosphorus to approximately 0.5 mg P/1, and could
be expected to remove an appreciable amount of organic matter. Phosphorus
can be reduced to less than 0.1 mg P/1 if the process is followed by
filtration.

CHEMICAL PRECIPITATION WITH ACTIVATED SLUDGE TREATMENT

An interesting and promising modification of the chemical coagula
tion process is its combination with high—rate activated sludge treatment,
as proposed by Stumm [102] and described by Thomas [107]. Stumm suggested
that the activated sludge process could be used with aeration times of
perhaps 1 to 2 hr by adding iron to induce faster flocculation of the
sludge than the rate obtainable with the lower food—to—microrganism ratio
brought about by longer detention times. The iron could also be expected
to remove~ phosphorus in the manner previously described.

Thomas described a process, patented in Switzerland, similar in ef
fect to activated sludge but usable with or without activated sludge.
Phosphorus was precipitated by ferric chloride in a mixing basin with a
short detention time. Separation of iron sludge was accomplished in a
clarifier with an average detention time of 0.5 to 3.0 hr. The settled
sludge was returned to the mixing tank, where it was mixed with incoming
waste and more ferric chloride. Return sludge was about 6% of the incom
ing waste flow, and ferric chloride additions were about 1 to 1.5% of
the iron content of the return sludge. Thomas suggested that this proc
ess could be carried out simultaneously with the activated sludge process,
but gave no design data or results. If successful, such a process would
be economically most attractive, since the only expense would be for the
iron coagulant and aeration costs would be reduced.

This process is considered in the present feasibility study with
coagulant doses 1.5 times those required in the effluent, ignoring the
possible reduction in aeration tank volume. It is possible that the
iron may interfere with the digestion process by precipitating the neces
sary phosphorus, and that the excess activated sludge might have to be
disposed of without going through sludge digestion. It will be presumed,
however, that this sludge can be handled without any appreciable increase
in normal treatment plant costs.

CHEMICAL PRECIPITATION WITH FILTRATION

Another promising modification of the chemical coagulation process
is precipitation of the phosphorus with a coagulant such as alum or iron,
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and separation of the precipitate in a high—rate multiple—medium filter
bed like that recently developed for water treatment.

Cuip [141 and Priday et al. [811 reported on the development and
design of a tertiary treatment plant for the Lake Tahoe area in Califor
nia, which used this principle plus activated carbon treatment for addi
tional removal of organic matter. The plant treated effluent from an
existing activated sludge treatment installation. The separation beds
were standard rapid filter boxes containing 8 in. of sand topped with 22
in. of coarse anthracite coal medium. The rate of filtration was 5
gal/mm/ft2 for average runs of 8 hr. Wash water requirements were 4% of
the treated water volume. Wash water was returned to the sewage treat
ment plant influent, and the sludge was disposed of with the sewage
sludge. Using alum doses of 100 to 200 mg/i, the plant reduced ortho—
phosphate concentrations ranging from 3.2 to 7.1 mg P/i to residual
concentrations of 0.13 to 0.65 mg P/l. BOD and COD removals from the
sewage treatment plant effluent averaged about 50%.

Aluminum recovery processes could be used to lower the chemical
requirements, but the sodium aluminate thus produced does not appear to
be an ideal coagulant. The activated carbon units should not be neces
sary if phosphorus removal is the only objective. This process should
produce an effluent not only low in phosphorus but also extremely clear.

ION EXCHANGE

Highly porous, strongly basic anion exchanges have been shown to be
very effective in removing phosphorus as well as other inorganic and
organic materials from municipal sewage treatment plant effluents.
Eliassen [17] reported results in which orthophosphate was reduced from
2.8 to 0.16 mg P/l, while nitrates were reduced 92%, nitrites 97%, ap
parent alkyl benzene sulfonate (ABS) 88%, and chemical oxygen demand
(COD) 50%. Since the resin was operated on the chloride cycle, chlorides
increased 52%, from 179 to 370 mg Cl/l. Eliassen and Wyckoff [18] re
ported some pilot plant runs in which phosphorus was reduced 97%, from
8.5 to 0.25 mg F/i, by the resin Duolite A—102D. Removals of other
materials were similar to those reported in Ref. 17.

Martinez [63] used the resin IRA 410, operating on the chloride
cycle, and was able to reduce orthophosphate in sewage treatment plant
effluent from 7.55 to 0.11 mg P/l and nitrate nitrogen from 3.5 to 0.03
mg N/l.

Design data for this process were given by Eliassen and Wyckoff [18]
as follows:

Resin depth 15 in.

Operating rate 1.6 gal/mm/ft2.

Regeneration 2 bed volumes of 10% NaC1. After 5500 bed volumes,
regeneration with 4 bed volumes of 1 normal NaOH at
38 C is necessary.



Exchange capacity 200 bed volumes of sand—filtered activated
sludge effluent containing phosphates at 8.5
mg P/i, nitrates at 16.8 mg N/i, nitrites at
1.0 mg N/l, COD at 36 mg/l, apparent ABS at
0.94 mg/l, color at 58 mg/l, and chlorides
at 110 mg C1/l.

Although ion exchange will produce effluents of nearly satisfactory
quality, several complications make it a questionable process when only
phosphorus removal is being considered. One of these is the fouling of
the resin bed with both suspended particulate matter and dissolved or
ganic matter. Eliassen and Wyckoff felt that filtration of suspended
matter from the effluent was necessary in order to achieve successful
operation of the ion exchange resin. Dissolved organic matter is known
to foul the resin internally. Although Eliassen and Wyckoff recommended
periodic regeneration with hot sodium hydroxide solution, no really ef
fective method of restoring these fouled resins to their original ex
change capacity has yet been found.

Disposal of the waste regenerant poses another very difficult
problem. The volume of regenerant amounts to about 3% of the total water
processed. For oceanside communities disposal to the ocean would be
possible, but for inland communities deep—well injection [51] or distil
lation [71] appears to be necessary.

Because of these complications ion exchange is not a practical
process for phosphorus removal alone, but its ability to remove much more
than phosphorus could make it feasible when more complete treatment is
required.

ELECTROCHEMICAL TREATMENT

An electrochemical method for the precipitation of phosphorus and
ammonia has been developed by F~yn [27], and a British patent on the
process was given to Electrokemisk A/S [85]. In this process sewage was
mixed with about 20% by volume of seawater and passed into a single cell
with about a half—hour detention time. The cell contained carbon elec
trodes, to which electric current amounting to about 400 kwh per million
gallons of sewage was supplied. At l~/kwh the power cost would be $4.00
per million gallons. Owing to the relative densities of the seawater
and the seawater—sewage mixture, the former accumulated in the anode area
at the bottom of the cell and the latter floated in the cathode area at
the top of the cell.

The current raised the pH at the cathode, thus precipitating the
phosphorus and ammonia as Ca3(PO~)2 and MgNH~PO~ along with Mg(OH)2.
Hydrogen bubbles lifted the sludge to the surface, where it was skimmed
off and disposed of by normal means of sludge—handling. Chlorine was
developed at the anode of the cell and provided excellent disinfection
of the effluent. The seawater—sewage mixture was then discharged to the
ocean.

According to Föyn the method reduced orthophosphate an average of
83%,from 4.0 mg P/l to 0.7 mg. Percentage removals increased considerably
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at higher concentrations of influent phosphorus, since the effluent con
centration remained fairly constant regardless of the influent concentra
tion. The process also reduced ammonia nitrogen 82%, and turbidity was
reduced 85%.

Constructors John Brown Ltd. [98] built a sewage treatment plant at
Portsmouth, England, based on the Fdyn principle. This plant had a
solids disintegrator that ground up everything, including cans, bottles,
and dead animals, and produced a sewage with 200 mg/l finely ground
solids and 200 mg/i dissolved solids. It had also a mixing tank, in
which 25% by volume of seawater was blended with the sewage; an electro
lytic cell, 5 ft square and 1.5 in. deep, with 5 to 10 sec detention
time; and a forced—circulation separator for the floated solids. The
total treatment time was about one hour. No results were reported.

Although electrochemical precipitation appears to be an excellent
process for communities with ready access to seawater, it is difficult
to evaluate generally as a method for removing phosphorus. A source of
magnesium ions is necessary for successful operation. These ions can be
supplied very economically from seawater, but neither the required
amounts nor the effectiveness of an artificial supply is now known. Also,
the process has so far been used only on raw sewage. Föyn [27] believed
that raw sewage gave better flotation and was therefore more easily
treated than secondary effluent.

In the United States, it is doubtful that the process would remove
sufficient organic matter to be the only treatment employed. Consider
able research would have to be carried out to determine whether electro—
chemical precipitation should precede or follow biological treatment.
Used either in place of or following primary treatment, it would very
possibly reduce the phosphorus concentration to levels such that biolog
ical treatment would produce effluents nearly phosphorus—free. Caution
would have to be exercised, however, not to produce a phosphorus—defi
cient sewage that would interfere with subsequent biological treatment.

LAND DISPOSAL

Because of the abundance of nutrients in municipal sewage treatment
plant effluent, investigators at Penn State and elsewhere [55,75] have
considered land disposal of the effluent. This method would not only
dispose of the liquid volume, but would also utilize the nutrients to
fertilize agronomic and forest crops, at the same time producing water
of excellent quality to replenish groundwater supplies. So far the
literature records only two studies concerned with both fertilization
effects and water quality, and the respective investigators have ap
plied effluent at the two extremes of the rate scale.

Larson [55] reported on irrigation at Detroit Lakes, Minnesota,
where a 4 acre tract was used to dispose of effluent from a low—rate
trickling filter plant. For a period of 4 years the effluent was applied
at the extremely high rate of 3.3 in. per day, using sprinkler heads and
galvanized steel irrigation piping. An acre of irrigation area contained
7.25 sprinkler heads, 330 ft of 8 in. pipe, 72 ft of 4 in. pipe and 580



TABLE 5. Removal of Sewage Effluent Components by Forest Floor and Soil [751

Effluent, Cover, Appli— Nitrate Organic
cation, Soil Depth pH ABS N N P K Ca Mg Na Cl

Average Concentration, ppm

Effluent quality 7.4 3.0 5.0 6.9 8.4 14.1 32.6. 18.7 47.0 45.0

Renovation, percent
Hardwood — 1 in.

Forest floor 5.9 86.7 a a 59.5 a 25.5 62.0 41.3 33.2
6 in. 6.2 95.3 80.0 82.6 98.8 83.0 85.0 93.0 55.7 9.1

12 in. 6.0 95.0 68.0 82.6 98.8 81.6 81.6 93.0 73.4 31.8

Red Pine — 1 in.
Forest floor 6.1 80.0 a 21.7 77.4 2.8 33.7 69.5 41.1 28.2

3 in. 5.1 86.7 a 75.4 94.0 70.2 84.0 87.7 71.5 22.7
6 in. 4.4 96.7 88.0 85.5 98.8 78.7 92.3 95.7 84.0 2.4

Red Pine — 2 in.
Forest floor 6.5 63.3 a 26.1 60.7 12.1 32.8 37.4 20.2 9.8

6 in. 6.0 97.7 38.0 85.5 99.3 68.1 80.7 94.7 49.7 a
12 in. 5.9 98.0 68.0 75.3 99.4 75.2 77.3 88.2 49.4 a

Old field — 2 in.
6 in. 6.1 95.3 86.0 85.5 99.2 83.7 84.0 93.0 52.1 17.6

12 in. 5.8 94.7 82.0 79.7 99.2 85.8 77.9 68.8 60.9 20.0

aAverage concentration in percolate higher than average concentration of effluent.



TABLE 4. Analysis of a Test Well Before and After Irrigation,
Detroit Lakes, Minnesota [55]

Conc. Before Conc. After
Irrigation, 3 Years,

Factor mg/i mg/i

Total hardness 300 420
Total alkalinity 310 320
Chloride as C1 9 130
Nitrate as N 1 31
Nitrite as N 0 0
Ammonia as N 0.19 2 2
Organic nitrogen as N 1.4
Total nitrogen as N 2.6 33.2
Total phosphorus as P 0.6 2.9

ft of 3 in. pipe. Effiuent was supplied by a 20 hp centrifugal pump
with a 110 ft head, at the rate of 600 gal/mm.

Analysis of the sewage treatment plant effluent showed suspended
solids at 34 mg/i, BOD at 33 mg/i, soluble phosphorus at 7.8 mg P/l,
total phosphorus at 9.1 mg P/l, and nitrates at 2.9 mg N/i. Data from
a test well, taken before irrigation began and after 3 years, are shown
in Table 4. The results indicate that effluent was applied at a rate
considerably in excess of the rate at which the nutrients could be uti
lized by vegetation in the area, and that the groundwater contained
enough nutrients to produce nuisance aquatic growths if it ever became
surface water.

At The Pennsylvania State University both agronomic and forest crops
were irrigated at rates of 1, 2, and 4 in. per week with effluent from a
two—stage trickling filter and activated sludge sewage treatment plant
serving the University and the Borough of State College. The composition
of the applied effluent during the first summer of irrigation and the
quality of the water at various soil depths are given in Tables 5 and 6.
Even at the highest application rate, 4 in. per week, the phosphorus
concentration was reduced to less than 0.05 mg P/i in just a few feet of
soil, and other sewage components were removed to a considerable extent.
These data show that land disposal produces treated effluent of better
quality than any of the other methods included in this report. Winter
time experiments in continuous periods of subfreezing weather indicate
that with deflector—type nozzles, spraying can be accomplished all year
around.

In the Penn State experiments agronomic and forest crops have also
benefited from land disposal. Besides supplying irrigation water, an
application of 1 in. per week of the typical effluent provides amounts
of nitrogen, phosphorus, and potassium slightly in excess of those that
would usually be supplied during the year by the application of ferti
lizer. For the first year of the experiment, in the areas irrigated
with 1 and 2 in. per week corn grain yields were 40%, corn stover yields
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TABLE 6. Removal of Sewage Effluent Components by Upper 6 Feet
of Soil in Hardwood Plot Receiving 4 Inches per Week [75)

Effluent, Nitrate Organic
Soil Depth pH ABS N N P K Ca Mg Na Cl

Average Concentration, ppm
Effluent quality 7.4 3.0 5.0 6.9 8.4 14.1 32.6 18.7 47.0 45.0

Soil depth, in Renovation, percent

6 7.1 94.0 a 76.1 99.4 a —— —— 96.2 26.2

12 6.8 67.0 a 80.1 89.3 60.7 53.4 74.2 41.2 1.6

24 6.9 83.7 a 82.5 99.5 66.9 68.5 83.0 49.3 13.5

36 6.9 93.7 26.4 87.7 99.2 63.4 70.1 81.9 77.4 27.8

48 6.6 97.7 59.2 87.4 99.4 70.5 83.4 90.9 85.9 76.0

60 7.0 96.3 61.6 89.9 99.5 67.6 80.4 90.4 84.1 72.4

72 6.9 96.3 52.6 95.1 99.3 56.4 72.9 79.7 83.8 65.0

aAverage concentration in percolate higher than average concentration of effluent.



50%, and hay yields 100% greater than in nonirrigated areas. Wheat
yields were unchanged, but the wheat had essentially made its crop before
irrigation was begun. There was practically no difference between the 1
and 2 in. per week treatments (L. T. Kardos, personal communication).

In the forest areas irrigation had little effect on diameter growth
of the trees. Height growth, however, increased 10 to 40% in the red
pines and 60% in the white spruce saplings as compared to the nonirri—
gated control. Irrigation in an idle field area more than quadrupled
the dry matter production of herbaceous vegetation in the second year of
operation. Again there was little difference between the 1 and 2 in.
per week areas [92].

Based on the Penn State experience, land disposal of municipal sewage
treatment plant effluent requires the following units for successful
operation:

1) A surge pond of appropriate volume to insure a uniform pumping
rate to the irrigation site. A volume equal to 20% of the average daily
flow is probably sufficient.

2) A pumping station and pipeline to deliver the effluent to the
irrigation site. Design of this installation will depend upon the dis
tance to the site and the pumping head, and cannot be generalized.
Pumping and pipeline costs for the estimates in this report are based on
the 4.5 mile line required at The Pennsylvania State University. It is
believed that this situation, which has readily available land, repre
sents minimum costs. For comparison, costs with no pipeline are also
computed.

3) An irrigation site with a capacity of about 200 acres per million
gallons per day (equivalent to 2 in. per week), and winter and summer
irrigation equipment.

4) A groundwater quality control network consisting of deep and
shallow test wells and a seismic soil mantle profile.

5) Labor for operation, sampling, and analysis. At Penn State it is
estimated that four people are needed for a system pumping 6 million
gallons per day ( R. R. Kountz, personal communication).

For the moment the cost of land disposal will be figured as only
the disposal costs. If this method becomes popular, sale of the ef
fluent at prices based on its irrigation and fertilization value should
be possible, but at present the associated health and psychological prob
lems restrict that possibility.

DISCUSSION AND CONCLUSIONS

For most of the phosphorus removal methods discussed, Table 7 sum
marizes the expected final phosphorus concentrations and annual costs
per million gallons (MG) of waste treated, for installations with capaci
ties of 1 MG and 10 MG per day (MGD). Calculations for the cost
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determinations are included in the Appendix of this report. As a compari
son, it is estimated that the annual cost figures for municipal sewage
treatment by the activated sludge method are $150 for a plant processing
1 MCD and $85 for a 10 MCD plant.

On the basis of the figures in Table 7, it appears that some form
of chemical precipitation would now be the most economical method of
removing phosphorus from sewage treatment plant effluents. Of the three
listed processes in this category, only the one using high—rate multiple—
medium filtration for separation of the precipitate could be expected to
produce an effluent with the required phosphorus concentration, 0.1 mg
P71 or less. It should be pointed out that predictions for chemical
precipitation combined with high—rate activated sludge are extremely
nebulous, since little research has been done on this process with phos
phorus removal as a primary objective. If further research shows that
satisfactory effluents can be obtained without upsetting the existing
treatment plant, this process appears to be the most economical one.

In terms of phosphorus removal alone, land disposal is easily the
best of the various removal methods investigated. This statement would
probably be true also for effluent quality in general, as the data in
clude high percentage removals of many ions in the waste. A study of
the cost breakdown in the Appendix reveals that chances of reducing
these costs through further research are fair. For a 1 MCD land disposal
installation with a 4.5 mile pipeline, 69% of the cost results from
amortization of the construction cost. Of the construction cost, about
46% is the pipeline and another 46% is the irrigation site. For a 10
MCD installation 75% of the cost results from amortization of the con
struction cost, but only 22% of this is the pipeline and 78% is irriga
tion site. Since these costs are all based on an irrigation rate of 2
in. per week, a higher irrigation rate would produce a significant saving
in annual cost, particularly at the higher plant capacity. It is doubt
ful, however, that if phosphorus removal alone is being considered, costs
will be as low as those reported for the chemical precipitation processes.
Further research along this line is being conducted at The Pennsylvania
State University.

Prospects for reducing the cost of phosphorus removal by oxidation
ponds are not good. Even without the cost of lighting and purchasing
power for the lights, which accounts for 73% and 81% of the annual cost
for the 1 MCD and 10 MCD plants respectively, this process is still ex
cessively expensive. Although research might show that pond detention
times could be reduced by as much as a factor of 10, it is not likely
that the annual costs will approach those of the chemical precipitation
processes.

For the ion exchange process the cost breakdown shows that for the
1 MCD plant 65% of the annual cost is for the ion exchange unit, 14% for
prefiltration, and 12% for waste brine disposal. For the 10 MCD plant
the corresponding percentages are 78%, 9%, and 4%. The cost of salt for
regeneration amounts alone to 51% and 64% of the ion exchange operating
costs for the 1 and 10 MCD plants respectively. For these reasons, even
if research develops a resin that does not foul or require prefiltration,
ion exchange will probably not be a minimum—cost process when phosphorus
removal is the primary consideration.
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TABLE 7. Estimated Final Phosphorus Concentrations and
Annual Costs for Various Methods of Removing Phosphorus

from Municipal Sewage Treatment Plant Effluents

Final Phos— Annual Costb in Dollars
phorus Conc., per MG of Effluent Treated

Removal Method mg p/ia 1 MCD Plant 10 MGD Plant

Oxidation pond with
artificial lighting
and algal harvesting 0.8 $1310 $1172

Chemical precipitation
with flocculation and
sedimentation 0.5 70 36

Chemical precipitation 0.1
with high—rate multi— or
ple—medium filtration less 92 74

Chemical precipitation Prob—
with the activated ably
sludge process <0.5 77 44

Ion exchange preceded
by high—rate multiple—
medium filtration 0.2 365 242

Land disposal with a
4.5 mile pipeline <0.05 202 117

Land disposal with no
appreciable pipeline <0.05 132 96

aBased on a concentration of 8 mg P/1 leaving the existing sewage

treatment plant.

bud amortization (5.783% of construction cost to cover 30

years at 4% interest rate) plus operating costs. Amortization does not
include administration costs.

NOTE: Multiplying the cost figures by a factor of 10~ will convert
them to dollars per capita per day, assuming a per capita sewage contri
bution of 100 gal/day.
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OXIDATION POND

Basis for Design and Cost Estimate

Flow rate: 1 MGD and 10 MCD
Detention time: 12 days
Depth: 1 ft
Supplemental illumination: 200 footcandles operating 60% of the time
Algal harvesting: alum flocculation, settling, and air—drying

Solution, 1 MCD

1. Oxidation pond

Volume: 1 MCD x 12 days = 12 x 106 ~a1 = 1.6 x 106 ft3
Surface area at 1 ft deep: 1.6 x 10b ft2 = 37 acres
Estimated construction cost [68): $67,000
Estimated land cost: $750/acre x 37 = $28,000

2. Paving: $5000/acre x 37 = $185,000

3. Lighting: $75,000/acre x 37 = $2,760,000

4. Mixing pumps: 10 10—hp propeller pumps = $62,000

5. Algal harvesting

Amortization of construction costs and operating costs for alum
flocculation, settling, and air—drying have been calculated by
Colueke et al. [32] as $l33/yr/MC effluent treated.

$133 x 365 = $48,500/yr

6. Operating costs

a. Mixing pumps

Consider 10 pumps operating 4 hr/day at 50% efficiency, with
power cost at 1 cent/kwh.

(100 + 0.5) x 0.746 x 4 x 365 = 217,000 kwh/yr

217,000 x $0.01 = $2170/yr

b. Pond illumination

200 footcand.les = 200 lumens/ft2 required 60% of 24 hr
200 x 1.6 x 106 = 320 x 106 lumens at 90 lumens per input watt

320 x 106 + 90 = 3.55 x 106 watts or 3.55 x l0~ kw
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OXIDATION POND — Solution, 1 MCD (Cont.)

6. Operating costs (Cont.)

b. Pond illumination (Cont.)

24 x 365 x 0.6 = 5250 hr/yr of operation

3.55 x l0~ kw x 5250 hr/yr = 1.86 x lO~ kwh/yr

1.86 x i07 kwh/yr x $0.01/kwh = $188,000/yr

c. Operating and maintenance personnel

Oxidation pond: 3 men at $6000 = $18,000/yr
Harvesting: Included in harvesting cost figures

7. Summary of costs

a. Construction cost

Ponds $ 95,000
Paving 185,000
Lighting 2,760,000
Mixing pumps 62,000

Total $3,102,000

b. Annual cost

Amortization at 5.783% of construction cost $179,000
(Represents amortization period of 30 yr
at 4% interest. Does not include admin
istration costs, machinery for which is
assumed to already exist.)

Operating cost
Power 190,170
Personnel 18,000

Harvesting cost 48,500

Subtotal $435,670

Maintenance and contingencies, 10% 43,567

TOTAL annual cost $479,237

Cost per MG of waste treated $1,310

Solution, 10 MCD

1. Oxidation pond

Volume: 10 MCD x 12 days = 120 x 106 gal = 16 x 106 ft3
Surface area at 1 ft deep: 16 x 106 ft2 = 370 acres
Estimated construction cost [68]: $20,500/MGD x 10 = $205,000
Estimated land cost: $750/acre x 370 = $280,000
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OXIDATION POND — Solution, 10 MGD (Cont.)

2. Paving: $2000/acre x 370 = $740,000

3. Lighting: $75,000/acre x 370 = $27,600,000

4. Mixing pumps: lop 10—hp propeller pumps $620,000

5. Algal harvesting

Amortization of construction costs and operating costs for alum
flocculation, settling, and air—drying have been calculated by
Golueke et al. [32] as $72/yr/MG effluent treated.

$72 x 10 x 365 = $263,000/yr

6. Operating costs

a. Mixing pumps: $2170/yr x 10 $21,700/yr

b. Pond illumination: $188,000/yr x 10 = $1,880,000/yr

c. Operating and maintenance personnel

Oxidation pond: 5 men at $6000 = $30,000/yr
Harvesting: Included in harvesting cost figures

7. Summary of costs

a. Construction cost

Ponds $ 485,000
Paving 740,000
Lighting 27,600,000
Mixing pumps 620,000

Total $29,445,000

b. Annual cost

Amortization at 5.783% of construction cost $1,700,000
(See note at 7b for 1 MCD.)

Operating cost
Power 1,901,700
Personnel 30,000
Harvesting cost 263,000

Subtotal $3,894,700

Maintenance and contingencies, 10% 389,470

TOTAL annual cost $4,284,170

Cost per MG of waste treated $1,172

42



CHEMICAL PRECIPITATION

Basis for Design and Cost Estimate

Relative chemical costs per MG of waste flow (Chem. Eng. News, Aug. 1964)

Ca(OH)2 at $10/ton: (450/0.93) x 8.34 x ($10/2000) = $20/MG

Alum at $2.25/l00 ib: 225 x 8.34 x ($2.25/l00) = $42.30/MG

FeC13 at $8/l00 ib: (100/0.90) x 8.34 x ($8/100) = $74/MG

Fe2(S04)3 at $33.25/ton: (150/0.90) x 8.34 x ($33.25/2000) = $23/MG

Flow rate: 1 MGD and 10 MGD
Detention time: flocculation, 10 mm (0.167 hr); settling, 2 hr

Solution, 1 MGD

1. Flocculation basin

1 MGD x (0.167 24) = 7000 gal = 930 ft3 = $6500

2. Settling basin

1 MGD x (2 + 24) 83,400 gal = 11,200 ft3 = $20,000

3. Chemical feeders

For ferric sulfate at 167 x 8.34 x 1 = 1400 lb/day = $2400

4. Ferric sulfate storage, 1 month

(1400 lb/day x 30) + 70 lb/ft3 = 600 ft3/month

600 ft3 at 5 ft high = 120 ft2 x 2 = 240 ft2 $1800

5. Operating costs

a. Chemical cost: ferric sulfate at $23 x 1 x 365 = $8400/yr

b. Power at 1 cent/kwh: $1000/yr

c. Operating and maintenance personnel: 2 men at $6000 $12,000/yr

6. Summary of costs

a. Construction cost

Flocculation basin $ 6,500
Settling basin 20,000
Chemical feeders and storage 4,200

Total $30,700



CHEMICAL PRECIPITATION — Solution, 1 MCD (Cont.)

6. Summary of Costs (Cont.)

b. Annual cost

Amortization at 5.783% of construction cost $ 1,775
(Represents amortization period of 30 yr
at 4% interest. Does not include admin
istration costs, machinery for which is
assumed to already exist.)

Operating cost
Chemical cost 8,400
Power 1,000
Personnel 12,000

Subtotal $23,175

Maintenance and contingencies, 10% 2,318

TOTAL annual cost $25,493

Cost per MG of waste treated $70

Solution, 10 MGD

1. Flocculation basin: 70,000 gal or 9300 ft3 $15,000

2. Settling basin: 834,000 gal or 112,000 ft3 = $75,000

3. Chemical feeders: ferric sulfate at 14,000 lb/day = $6000

4. Ferric sulfate storage, 1 month: 2380 ft2 $13,000

5. Operating costs

a. Chemical cost: ferric sulfate at $8400 x 10 = $84,000/yr

b. Power at 1 cent/kwh: $1000 x 10 = $10,000/yr

c. Operating and maintenance personnel: 3 men at $6000 = $18,000/yr

6. Summary of costs

a. Construction cost

Flocculation basin $ 15,000
Settling basin 75,000
Chemical feeders and storage 29,000

Total $119,000
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CHEMICAL PRECIPITATION — Solution, 10 MGD (Cont.)

6. Summary of costs (Cont.)

b. Annual cost

Amortization at 5.783% of construction cost $ 6,300
(See note at 6b for 1 MCD.)

Operating cost
Chemical cost 84,000
Power 10,000
Personnel 18,000

Subtotal $118,300

Maintenance and contingencies, 10% 11,830

TOTAL annual cost $130,130

Cost per MG of waste treated $36

CHEMICAL PRECIPITATION WITH FILTRATION

Basis for Design and Cost Estimate

High—rate multiple—medium filter with alum or iron coagulant added to
remove phosphorus. Construction and operating costs are taken from
data given by Culp [141 and Priday et al. [811.

Flow rate: 1 MCD and 10 MCD

Solution, 1 MCD [14]

1. Construction cost: $145,000

2. Annual cost

Amortization at 5.783% of construction cost $ 8,390
(Represents amortization period of 30 yr
at 4% interest. Does not include admin
istration costs, machinery for which is
assumed to already exist.)

Operating cost at $6O/MC 22,000

Subtotal $30,390

Maintenance and contingencies, 10% 3,039

TOTAL annual cost $33,429

Cost per MC of waste treated $92



CHEMICAL PRECIPITATION WITH FILTRATION (Cont.)

Solution, 10 MCD [81]

1. Construction cost

A 5 MGD plant with high—rate multiple—medium filtration, activated
carbon treatment, and steam regeneration for carbon, is estimated
to cost $818,000 to construct and $64/MG to operate. Assuming the
filtration units to be 40% of the construction cost for that plant,
the construction cost for a 5 MCD filtration plant would be $818,000
x 0.40 = $326,000. If a logarithmic relationship between construc
tion cost and plant capacity is assumed to exist, a 10 MGD plant
could be expected to cost $460,000.

2. Annual cost

Amortization at 5.783% of construction cost $ 26,000
(See note at 2 for 1 MCD.)

Operating cost: $60/MG x 10 x 365 219,000

Subtotal $245,600

Maintenance and contingencies, 10% 24,560

TOTAL annual cost $270,160

Cost per MG of waste treated $74

CHEMICAL PRECIPITATION WITH ACTIVATED SLUDGE

Basis for DesiRn and Cost Estimate

Activated sludge with additions of ferric sulfate to flocculate the
sludge and remove the phosphorus. Chemical additions will be consid
ered as 1.5 times those required for effluent treatment.

Flow rate: 1 MCD and 10 MCD

Solution, 1 MCD

1. Construction cost

Chemical feeders: ferric sulfate
at 2100 lb/day $2,400

Floor space: 360 ft2 2,800

Total $5,200
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CHEMICAL PRECIPITATION WITH ACTIVATED SLUDGE (Cont.)

2. Annual cost

Amortization at 5.783% of construction cost 300
(Represents amortization period of 30 yr
at 4% interest. Does not include admin
istration costs, machinery for which is
assumed to already exist.)

Operating cost
Chemicals: $23 x 1.5 x 1 x 365 12,600
Power 500
Personnel: 2 men at $6000 12,000

Subtotal $25,400

Maintenance and contingencies, 10% 2,540

TOTAL annual cost $27,940

Cost per MG of waste treated $77

Solution, 10 MGD

1. Construction cosl

Chemical feeders: ferric sulfate
at 21,000 lb/day $ 7,000

Floor space: 3600 ft2 26,000

Total $33,000

2. Annual cost

Amortization at 5.783% of construction cost $ 1,910
(See note at 2 for 1 MGD.)

Operating cost
Chemicals: $12,600 x 10 126,000
Power: $500 x 10 5,000
Personnel: 2 men at $6000 12,000

Subtotal $144,910

Maintenance and contingencies, 10% 14,491

TOTAL annual cost $159,401

Cost per MG of waste treated $44



ION EXCHANGE

Basis for Design and Cost Estimate

Ion exchange unit design based on the data of Eliassen and Wyckoff [18].
Preliminary sand filtration by high—rate multiple—medium filtration,
with operating costs reduced by 50% since phosphorus will not be removed
by coagulation. Disposal of waste regenerant by deep—well injection,
costs for which are calculated from graphs in Koenig [50].

Flow rate: 1 MCD and 10 MGD

Solution, 1 MCD

1. Resin volume

Flow rate: 1 MGD 1.44 x l0~ mm/day = 695 GPM
Surface area: 695 GPM + 1.6 CPM/ft2 435 ft2
Resin required: 435 ft2 x 1.25 ft = 540 ft3 = 4060 gal

2. Regeneration requirements

a. Number of salt regenerations per year

4060 gal x 200/cycle = 812,000 gal/cycle

1 MCD x 365 ÷ 812,000 450 regenerations/yr

b. Salt requirements per year

Two bed volumes of 10% salt solution = 8120 gal 10% NaC1 solution

8120 x 0.894 lb/gal = 7300 lb NaCl per regeneration

7300 x 450 regenerations = 3.28 x 106 lb/yr

3.28 x 106 lb/yr x $1.34 x 102/lb = $44,000/yr

c. Salt storage

3.28 x 106 lb/yr ÷ (12 mo/yr x 2000 lb/ton) = 137 tons/month

137 x 7 ft2/ton x 2 1920 ft2 $11,000

d. Number of hot NaOH regenerations per year

4060 gal x 5500/cycle = 22.4 x 106 gal/cycle

1 MGD x 365 + 22.4 x 106 = 16.3 regenerations/yr
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ION EXCHANGE - Solution, 1 MCD (Cont.)

2. Regeneration requirements (Cont.)

e. NaOH requirements per year

1 normal Na0H = 40 g NaOH/liter

40 g x 0.0022 = 0.088 lb/liter

0.088 + 0.264 gal/liter = 0.335 lb NaOH/gal

Four bed volumes 1 normal NaOH = 4060 gal x 4 x 0.335 lb/gal

= 5450 lb Na0H per regeneration

5450 x 16.3 regenerations = 89,000 lb/yr

89,000 lb/yr x $3.85 x l02/lb = $3400/yr

f. Resin replacement costs

These costs are not well known, but are given by Eliassen and
Wyckoff [18] as 4.5 cents/1000 gal.

$0.045 x (1 MCD : 1000) x 365 = $16,400/yr

3. Operating personnel: 3 men at $6000 = $18,000/yr

4. Prefiltration costs

Amortization $ 8,390
Operating costs 11,000

Total $18,390/yr

5. Disposal of waste regenerant

Volume: 0.03 x 1 MCD = 30,000 GPD
Cost at $1.50 per 1000 gal injected: $1.50 x 30 = $45/day

$45 x 365 = $16,400/yr

6. Summary of costs

a. Construction cost

Ion exchange units $65,000
Housing and chemical storage 11,000

Total $76,000



Annual cost

Amortization at 5.783% of construction cost
(Represents amortization period of 30 yr
at 4% interest. Does not include admin
istration costs, machinery for which is
assumed to already exist.)

Operating cost
Salt
Sodium hydroxide
Resin replacement
Operating personnel

Total cost of ion exchange

Cost of prefiltration

Cost of waste regenerant disposal

Subtotal

ION EXCHANGE - Solution, 1 MCD (Cont.)

6. Summary of costs (Cont.)

b.

$ 4,390

44,000
3 ,400

16,400
18,000

$86 ,l90

18,390

16,400

$120,980

12,098

$133,078

$365

Maintenance and contingencies, 10%

TOTAL annual cost

Cost per MC of waste treated

Solution, 10 MCD

1. Resin volume: 540 ft3 x 10 = 5400 ft3

2. Regeneration requirements

a. Salt requirements: $44,000 x 10 $440,000/yr

b. Salt storage: 1920 ft2 x 10 = 19,200 ft2 = $90,000

c. NaOH requirements: $3400 x 10 = $34,000/yr

d. Resin replacements costs: $16,400 x 10 $164,000/yr

3. Operating personnel: 3 men at $6000 = $18,000/yr

4. Prefiltration costs

Amortization $26,600
Operating costs 54,000

Total $80,600/yr
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ION EXCHANGE — Solution, 10 MGD (Cont.)

5. Disposal of waste regenerant

Volume: 30,000 GPD x 10 = 300,000 GPD
Cost at $0.30 per 1000 gal injected: $0.30 x 300 = $90/day

$90 x 365 = $32,800/yr

6. Summary of costs

a. Construction cost

Ion exchange units $485,000
Housing and chemical storage 90,000

Total $575,000

b. Annual cost

Amortization at 5.783% of construction cost $ 33,200
(See note at 6b for 1 MGD.)

Operating cost
Salt 440,000
Sodium hydroxide 34,000
Resin replacement 164,000
Operating personnel 18,000

Total cost of ion exchange $689,200

Cost of prefiltration 80,600

Cost of waste regenerant disposal 32,800

Subtotal $802,600

Maintenance and contingencies, 10% 80,260

TOTAL annual cost $882,860

Cost per MG waste treated $242



LAND DISPOSAL

Basis for Design and Cost Estimate

Cost estimates for the irrigation site are from The Pennsylvania State
University study (R. R. Kountz, personal communication). Pipeline and
pumping station costs from Greeley and Hansen [33] are applied to the
Penn State installation. Operating costs for the pumping station and
the pipeline are from Kountz. The irrigation rate is 2 in. per week.

Flow rate: 1 MCD and 10 MCD

Solution, 1 MCD

1. Construction cost

a. Pumping station $ 68,000

b. Pipeline, 10 in., at $l7/lin ft

$17 x 5280 ft/mile x 4.5 miles 405,000

c. Surge pond: 200,000 gal 12,000

d. Land: 200 acres x $750/acre 150,000

e. Irrigation equipment

200 acres x $1200/acre 240,000

f. Croundwater quality control

200 acres x $50/acre 10,000

Total $885,000

2. Annual cost

Amortization at 5.783% of construction cost $51,200
(Represents amortization period of 30 yr
at 4% interest. Does not include admin
istration costs, machinery for which is
assumed to already exist.)

Operating cost
Pumping station and pipeline 4,000
Personnel: sampling, analysis, and

operation — 2 men at $6000 12,000

Subtotal $67,200

Maintenance and contingencies, 10% 6,720

TOTAL annual cost $73,920

Cost per MC of waste treated $202
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$24 ,000/MCD

at $52/un ft

at $750/acre

$ 240,000

1,225,000

60,000

1,500,000

2,400,000

$27,700

16,000

$43,700

4,370

$48,070

$132

$319,000

40,000

30,000

$389,000

38,900

$427 ,900

$117

LAND DISPOSAL - Solution, 1 MCD (Cont.)

3. Annual cost without pipeline

Amortization at 5.783% of construction cost
(See note at 2 for 1 MCD.)

Operating cost

Subtotal

Maintenance and contingencies, 10%

TOTAL annual cost without pipeline

Cost per MC of waste treated

Solution, 10 MCD

1. Construction cost

a. Pumping station:

b. Pipeline, 30 in.,

c. Surge pond: 2 MC

d. Land: 2000 acres

e. Irrigation equipment

2000 acres at $1200/acre

f. Croundwater quality control

2000 acres at $50/acre 100,000

Total $5,525,000

2. Annual cost

Amortization at 5.783% of construction cost
(See note at 2 for 1 MCD.)

Operating cost
Pumping station and pipeline: $4000 x 10
Personnel: sampling, analysis, and

operation — 5 men at $6000

Subtotal

Maintenance and contingencies, 10%

TOTAL annual cost

Cost per MC of waste treated



LAISTD DISPOSAL — Solution, 10 MCD (Cont.)

3. Annual cost without pipeline

Amortization at 5.783% of construction cost $248,500
(See note at 2 for 1 MGD.)

Operating cost 70,000

Subtotal $318,500

Maintenance and contingencies, 10% 31,850

TOTAL annual cost without pipeline $350,350

Cost per MG of waste treated $96

U.Ed. 6—430
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