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ABSTRACT 

Lake Eola, 1n downto\m Orlando, was the subject of ex-

tensive research to determine the impact of stormwater run-

off to the lake and possible management alternatives. The 

focus of this research was stormwater treatment by chemical 

coagulation followed by detention. 

Phosphorus was the main parameter targeted for removal. 

Various chemical parameters were also evaluated included: 

TSS, VSS, NVSS, COD, TK~, NH 3 , TOC, TP, Ca, As, Cd, Cu, Cr, 

Ni, ~Ig, Zn, Fe, and Pb. The chemical coagulants used for 

this research included: alum, ferric chloride, and lime. 

The study involved settling column tests for the various 

treatment methods to determine stormwater settling charac-

teristics and pollutant removal rates by depth and time . . , 

Detention of the runoff in the column for 120 minutes 

resulted in average removal rates of 55% for TSS and 30 % 

for TP. Both alum and ferric chloride , coagulation followed 

by 60 minutes of settling resulted in average removal rates 

of over 90 % for both TSS and TP. Lime coagulation followed 

by 60 minutes of settling resulted in over 50% removal for 

both TSS and TP. 



Regression analysis was used to develop equations rela­

ting p6llutant removal with time and settling velocity. 

Isoconcentration lines were also developed to predict pollu­

tant removal rates for specific parameters. 
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CHAPTER I 

INTRODUCTION 

In recent years, major water quality considerations have 

been directed toward nonpoint s ources of pollution (Wanielista 

1976, Bradford 1977). Extensive research has been conducted 

in an effort to determine the e xtent and effect of urban storm­

water runoff on receiving water bo dies (Pitt and Field, 19 77). 

Legislative actions have begun to specifically address 

nonpoint sources of water pollution. The 1972 amendments 

to the Federal Water Pollution Control Act required that 

nonpoint sources of water polluti on be considered when 

developing water quality manage ment plans for both state and 

aTeawide planning (Amy 19 74). .. r eawide planning agencies 

have investigated stormwater runoff as a major source of 

pollution and have initiated step s to control and abate 

its effect on receiving waters (ECFRPC 1978). 

The water pollution potential of stormwater runoff 

was not fully appreciated until major research studies con­

cluded that in many regions urban runoff can be a more 

serious source of water pollution than municipal wastewater 

effluents (Amy 1974). Flow rate variability of stormwater 

runoff makes it much more difficult to control and treat 

than the more conventional point sources of water pollution 
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such as wastewater treatment plant effluents. Urban runoff 

is an intermittent source of large flows whereas municipal 

wastewater is typically a continuous discharge at a relatively 

constant flow rate (Colston 1974). 

The quantity of flow from urban stormwater is character­

ized by the amount, frequency, intensity, and duration of 

the storm event. The quality of stormwater runoff is 

influenced by many factors including me-teorological, hydro­

logical, and geological conditions. The ever changing land 

use patterns in a high growth region such as central Florida 

also affects runoff quality (Turner 1973). 

Nonpoint sources of water pollution have been identified 

as potential major contributors to lake degradation in the 

S t ate o f F 1 or ida (Wan i e 1 is t a 1 9 7 6 ) . M a j o r p o 11 u t ants found 

in urban runoff included suspended solids, BOD 5 , nitrogen, 

and phosphorus. Phosphorus has been found to be the limiting 

nutrient in many Florida lakes (Dye et al·. 1975) 

Once urban stormwater runoff has been determined to 

cause degradation to a receiving water body, the next step 

would be to initiate control practices which would lessen its 

impact. Because of urban stormwater's varying flow rate 

it is not conducive to effective biological treatment. It 

would appear that a physical/chemical treatment process 

would offer an effective management practice for controlling 

urban runoff. 
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Physical/ chemical treatment of stormwater runoff 

has been investigated in various research studies (Colston 

1974). Most efforts have dealt with combined sewer overflows 

(both municipal wastewater and stormwater runoff). Very little 

research has been conducted which attempted to determine 

pollutant removal efficiency rates from chemically coagulated 

processes involving stormwater runoff. _ 

Objectives 

The objectives of this research are to determine the 

water quality characteristics of the urban runoff from the 

test site, evaluate various chemical coagulants and detention 

times on var1ous chemical parameter removal rates, and to 

use this data to develop optimal design strategies. The 

primary coagulants investigated were aluminum sulfate (alum)' 

ferric chloride, and lime. 

Lake Eola in downtown Orlando was used as the test site. 

From previous studies this lake was determined to be highly 

eutrophic with phosphorus found to be the limiting nutrient 

(Harper 1979). Optim,al coagulant dosages and pH will be 

determined as a function of phosphorus removal in a series 

of column studies. A computer program will also be utilized 

to effectively correlate pollutant removal rates with various 

parameters. 



CHAPTER I I 

URBfu~ STO~VATER RUNOFF CHARACTERISTICS 

The concern of urban s torrnwater runoff as a pollution 

source has come into focus in recent years. Weibel (1964) 

was perhaps one of the first to call attention to the 

potential pollutant ·nature of stormwater runoff from both 

the chemical and sediment aspects. He noted that concen-

trations of various chemical parameters of urban runoff 
. 

were on the average comparable to typical secondary 

sewage treatment plant effluents and that concentrations 

of suspended solids in stormwater runoff were on the 

average comparable to concentrations found in raw sewage. 

Table 1 compares typical raw domestic sewage constituents to 

that of urban runoff loads. 

An urban storm event can be describe~ in a qualitative 

manner. The first step is the accumulation of materials 

on the land surface. This is a function of land uses, 

dustfall, street sweeping frequency, antecedent rainfall 

characteristics, and many other factors. When a storm event 

occurs, contaminants from street surfaces, rooftops, and 

o t h e r s our c e s are dis 1 o d g e d an d en t e r the f 1 ow s y s t em . The 

runoff transports the pollutant materials across urban areas 

and into street gutters and storm sewer systems. Eventually, 

4 
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urban runoff discharges into receiving water bodies where 

the accumulated materials cause degradation (Amy 1974). 

The pollutant concentration is greatest at the begin­

ning of the storm event and as rainfall continues the run­

off becomes less contaminated. This initial high pollutant 

concentration is known as the "first flush" effect (Wanie­

lista 1878). 

The primary effects of urban stormwater runoff on re­

ceiving waters include siltation and increased concentra­

tions of organic matter, nutrients, and pathogenic organ­

Isms. The organic materials cause an oxygen demand on water 

bodies which endanger fish populations and in extreme condi­

tions cause anaerobic conditions, producing odor problems. 

Nutrients cause increased rates of eutrophication with sus­

tained plankton and algae blooms. Chemical contaminants 

such as pesticides, can cause harmful effects to aquatic 

life (Crane 1973, Weibel 1966). 

John Lager, et al. (1977) listed principal sources of 

urban runoff pollutants which included: 

1. Street pavement. The components of road surface degra­

dation can become part of the urban runoff loading. The 

aggregate material is the largest contributor and addition­

al quantities will come from binders, fillers, and any other 

substances applied to the surface. The amount of pollutants 

will depend on the age and type of surface, the climate, 

and the quantity and type of traffic. 
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2. Motor vehicles. Vehicles can contribute a wide variety 

of materials to the street surface runoff. Fuels and lubri­

cants spill or leak, particles are worn· from tires or 

brake linings, exhaust emissions collect on the road surface, 

and corrosion products or broken parts fall from vehicles. 

While the quantity of material deposited by motor vehicles 

1s expected to be relatively small, the pollution potential 

1s important. Vehicles are the principal nonpoint source 

of asbestos and some heavy metals including lead. 

3. Atmospheric fallout. Air pollutants include dust, contam­

inants, and particles from industrial stacks and vents, from 

automobiles and planes, and from exposed land. The airborne 

matter will settle on the land surface and washoff as contam­

inated runoff. 

4. Vegetation. Leaves, grass, clippings, and other plant 

mat e r i a 1 s that fa 11 or are de p o s it e d on 1 and s u r face s w i 11 

b e co me p art o f the run o f f p rob 1 em . Quant i t i e s '" i 11 depend 

on the geographic location, season, landscaping practices, 

and disposal methods. 

5. Land surface. The type of ground cover found in a drainage 

basin and the amount of vehicular and pedestrian traffic is a 

function of land use and will affect the quality of storm 

runoff. 
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6 . Litter. Litter consists of var1ous kinds of discarded. 

refuse items, packaging material, and animal wastes. Although 

the quantities are small and not significant sources of 

pollution, the debris is highly visible in a receiving water 

and can be a focal point for citizen complaints. 

7 • Spills. These obvious surface contaminants can include 

almost any substance hauled over city streets. Dirt, sand, 

and gravel are the more common examples. Industrial and 

chemical spills are potentially the most serious. 

8. Various agricultural chemicals. A variety of chemicals 

may be used as fertilizers, pesticides, and herbicides. These 

materials may become part of the urban runoff and present a 

major pollutional problem. 

9 . Construction sites. Soil erosion from land surfaces 

disturbed by construction activities is a highly visible source 

of solids in storm runoff. Important urban sites will include 

large scale projects such as highway construction and urban 

renewal. The construction methods and control measures will 

influence quantities. 

10. Collection network. Storm sewer networks using natural 

or improved earthen channels will be subject to erosion of 

the banks. Collection networks also tend to accumulate deposits 

of material that will be dislodged and transp~rted by storm 

flows. 
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The quality of urban stormwater runoff has been determined 

in various studies throughout the United States. Table 2 

summarizes pollutant concentrations in storm\vater runoff 

from various cities. 

This table depicts the wide range of pollutant concen­

trations found at different localities. On the average, high 

suspended solids concentrations are encountered with consider­

able nitrogen and phosphorus contributions. Fecal coliform 

counts were also found to be of significant importance in 

this data. 

Recent studies have been conducted in Florida concerning 

stormwater quality. A study performed in the central Florida 

area of Eustis identified the magnitude of nonpoint sources 

as being significant. The quality of the nonpoint source 

runoff was found to vary, depending upon the rainfall:intensi ty 

antecedent dry period, and amount of rainfall (Wanielista 1976). 

A study done in Miami, Florida, reported on nonpoint 

source effects and related them to land use conditions. This 

study concluded that large amounts of nutrients and bacteria 

are being discharged in the Coral Gables Waterway during the 

the rainy s e as on (Wan i e 1 is t a 1 9 7 6) . 

Stormwater runoff characteristics at various urban sites 

were measured as part of the Orlando Metropolitan 208 Program 

(ECFRPC 1978). Various water quality parameters for this area 

are listed in Tabl e 3. 



C1 ty 

At l an t a, Georgia (10) 

Des Hoi nes, Iowa [ 11) 

Durham, No rth Carol ina 

10 

TABLE 2 

SUMMARY OF POLLUTANT CONCENTRATIONS 
IN STORMWATER RUNOFF 

- ----
A vera:~ aGll~tant conc e ~ : - a:·-~s . Q/ L 

Kjelcah1 Total Phos- OP04-P TSS vss BOD COD nitro~en n1 tro gen pnorus 

287 9 48 0 . 57 o.ez 0. 33 

419 104 56 2. 09 ]_19 0 .56 0 .1 5 

( 12 J 1 223 122 170 0 . 96 0 . 82 

Knoxvill e. Tenr.essee [ 13 ) 4J O 7 98 1.9 2.5 0. 63 0. 30 

Oi: 1 ancrlld City, Oi: 1 d 'lC"'od 14 7 22 11 6 2 .oe 3. 2? 1. 00 1. 00 

Tulsa . C~la l):>rr-.u (H) 367 12 86 0 .8 5 0 . ~ 

Santa Clara, Cali fomi a 284 70 20 14 7 s.e 0.23 

?u11ack. , Genr.!ny [JJ 158 53 11 125 

~ ~e r a 3 ~ (not we is, ted ) 41 5 88 20 113 1. 41 3.11 0. 62 0 . 46 

=lange 14 7- 1 22 3 53 - 122 7- 5E 48- 170 0 . 57-2. 09 0 .82-5 . A 0. 33-1 . 00 0.1 'i - 1 .no 

.. Orgdr.1 S::i / 1 :JO rrt.. . 

- - -- -

Fee a 1 
Lead coli f o rms a 

0.15 6 300 

0 . 46 230 

0.17 20 300 

0 . 24 40 OOJ 

420 

0.75 

0.35 13 500 

n. 15-0 . 75 2 ] :J - ! 0 000 

SOURCE: J.A. Lager, et al., Urban Stormwater Management 
and Technology Update and User's Guide (Cincinnati, Ohio: 
U.S. Environmental Protection Agency, 19 77 ), p. 96. 
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An analysis of this Orlando area data showed various 

trends including (ECFRPC 1978): 

1. Suspended solids transported from a particular watershed 

are greater during the initial part of the storm. The 

water quality parameters: BODs, nitrogen, and phosphorus 

show a lag period during transport over the watershed. 

2. For most Florida-type rainfall event~ (short, intense 

rainfalls) on small watersheds, over ninety percent (90%) 

of the suspended solids loads and in excess of eighty percent 

(80%) of the BODs and total nitrogen and phosphorus loadings 

are transported from the watershed in the first ten minutes 

of runoff. 

The nature and extent of urban stormwater runoff are 

important factors that must be determined before a control 

practice can be effectively initiated. In dealing with chemical 

treatment of stormwater runoff all aspects of the pollutant 

source must be realized. Once it is established that urban 

runoff should be treated in a given area, the next step is 

evaluation of the unit process pollutant removal efficiency 

of the chosen treatment method. Only by determining the most 

e~ficient and economical treatment method will the public be 

assured· of the maximum return on its investment (Colston 1974). 



CHAPTER I I I 

LAKE EOLA: TEST SITE 

Lake Eola, located in downto1.m Orlando, was the subject 

of this extensive research effort sponsored by the U.S. 

Environmental Protection Agency, the City of Orlando, and 

the University of Central Florida. Th~ Lake was chosen as 

the test site mainly due to past water quality information 

on the Lake, it is a landlocked lake with no point source 

' discharges, and the watershed and pollution sources were 

well-defined. Probably, the most important factor 1n 

choosin g Lake Eola as the test site was that it is of 

major concern to the local community which is interested 

in improving the aesthetic appeal of the Lake (Wanielista 

19 7 3) . 

Lake Eola i -s located in a highly urbanized area. It 

1s a small landlocked lake with a surface area of 28.75 

acres and a volume of approximately 100 million gallons. 

A fountain in the Lake is a local attraction for residents 

and tourists. The Lake is restricted with no sw1mm1ng, 

fishing, or motor boating allowed (Wanielista 19 73). 

The Lake receives stormwater runoff via an extensive 

stormsewer system from commercial and residential areas. 

Figure 1 depicts the drainage basin and various land uses 

13 
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within the basin. The drainage basin consists of approxi­

mately 350 acres with 180 acres located in the northern 

portion of the basin drained by drainage wells. The 

remaining acreage drains directly into Lake Eola and 

consists of: Lake Eola (28. 75 acres), impervious surfaces 

(85 acres), and pervious surfaces (56 acres). This 

corresponds to a contributing watershed which is sixty (60) 

percent impervious (Wanielista 1976). 

The main sources of pollution to Lake Eola are the 

various stormsewer outfalls which drain the surrounding 

urban areas. Presently, there are twelve active street 

drains discharging to the Lake and are illustrated in 

Figure 2. The Lake has no surface outfall with the 

exception of two drainage wells. These wells are primarily 

for lake level control and drain into an artesian aquifer. 

The level of the Lake is. held between 87.0 and 88.5 feet 

above mean sea level (MSL). The piezometric surface is 

at approximately 57.0 feet above iviSL which allows natural 

flow down the drainage wells. Lake Eola has a maximum 

water depth of approximately 22 feet near the center and 

decreases in depth to about 2 feet near the shore (Wanielista 

1·978). 

Lake Eola underwent a restoration program 1n the 

Spring of 1972. The project was performed due to poor 

water quality conditions and for aesthetic purposes. The 

Lake was drawn down about 10 feet exposing approximately 
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forty (40) percent of the bottom muds. About four feet of 

muck was removed, sand was replaced on the bottom, and 

the stormwater outfalls were extended into the Lake 

to reduce the siltation problem. The Lake was refilled 

using the drainage wells. However, nutrients, metals, 

and organic materials from stormwater runoff inputs 

were not effectively reduced. Lake Eola regressed into 

an unappealing water body with excessive algae growth 

and fish kills (Wanielista 1973). 

Previous studies have been conducted on Lake Eola 

to determine the impa·ct of stormwater runoff on the Lake. 

Wan i e lista ( l9 76) sampled two sites in the watershed of 

Lak e Eola which were representative of commercial and 

r es i dential land uses. Table 4 lists the various water 

quality characteristics from these two sampling sites. 

The data in Table 4 is intended to provide general 

b a c k g r o U_!l_ d con d it i on s o f non p o in t s our c e s en t e ring Lake 

Eola. Phosphorus appeared to be the limiting nutrient in 

Lake Eola and will be carefully considered when investigating 

chemical treatment of the urban runoff. 
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TABLE 4 

CHANGES IN WATER QUALITY CHARACTERISTICS 
DUE TO NONPOINT SOURCES ON LAKE EOLA 

----------------~---------Ran--g_e __ a_t--LE-1----------~~~--~---gc __ a_t __ L_EZ­

Parameter 

Flo\v, cfs 
pH 

SPCOl\TD 
(J..tmho/on) 
Turb, J1U 
SS, mg/1 

TDS, mg/1 
Alkalinity 

mg/1 as CaC0 3 
Hardness 

mg/1 as CaC0 3 
BOD, mg/1 
COD, rng/1 
TOC, mg/1 
IC, mg/1 

TJG\l, mg/1-N 
1\T03, mg/1-N 
OP, mg/1-P 
11?, mg/1-P 

Dry Period 

0.276 
8.09-8.39 
340-360 

0.9-2.8 

144.5-155.5 

152-172 

4.5-5.9 

2.1-8 .. 3 
2o.8-2s I 

0.14-0.95 
0.17-0.27 
0.37-0.68 
0.62-1.08 

Wet Period* 

0.276-14.7 
8.47-7.02 

395-77 

0.3-34 
1-372 

786-76 
15R.2-2S 

178.8-34.6 

3.2-37.2 
7.5-284.5 
0.8-146 

32.7-4.1 
0.07-3.87 
0.11-1.33 
0.47-0.12 
1.0-0.17 

*Values in second column reflect high flow conditions 

· NOTE: Dry period occurred during April, 1975. 
Wet period occurred during l'r-1ay and Jrme, 197 S 

i\'et Period 

~~ot Recorded 
7.72-6.52 

208-51 

0.9-24 
1-36 

122-59 
77 .. 7-27 

81-19 

1.8-11 
15-78.2 
2.9-31 

12.5-2.9 
0.02-1.03 
0.03-0.53 
0.01-0.2 
0.12-0.94 

SOURCE: M.P. Wanielista, et al., Nonpoint Source Ef­
fects (Orlando, Florida: Florida Techno1og1cal Un1versity, 
19 7 6) , p . IV- 6 . 



CHAPTER IV 

CHEMICAL/SEDIMENTATION TREATMENT THEORY 

Introduction 

Contaminants in stormwater runoff can be classifed as 

either colloidal (suspended) or particulate. These classi-

fications are based on the size of the particles 1n question. 

The large particles found in urban runoff can be removed 

solely by sedimentation. However, a large portion of the 

particles are too small for gravitational settling alone 

and require other removal mechanisms. 

One physical/chemical treatment method which may be 

effective for stormwater runoff treatment is coagulation. 

Coagulation is the process in which collodial particles 

in solution are agglomerated by one or a combination of 

processes into a particle of such weight arid size that it 

will settle out of the flow. 

Part i c 1 e s i z e o f the con t ami nan t s i s an imp o r t ant fact o r 

to consider when discussing stormwater runoff. A study 

done by Sartor and Boyd (1972) determined the particle size 

distribution of street surface contaminants from var1ous 

cities. Table 5 lists this data which was found by summing 

values obtained by dry sieving, wet sieving, and sedimentation 

pipette analyses. General classifications of sand, silt, and 

19 
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TABLE 5 

PARTICLE SIZE DISTRIBUTION OF SOLIDS 
FROM SELECTED CITY COMPOSITES 

RANGES 
MILWAUKEE BUCYRUS BALTI~10RE ATLANTA 

> 4 , 800 ... 12. ~ C! 17. 4% c< 
/ C t O 

2,000- 4 , 8 00 ~ 12.1 10.1 4.6 14.8 

84 0- 2 ,000 :.l 40. 8 7.3 6.0 6.6 

246- 84 0 l_l 20. 4 20.9 22.3 30.9 

104- 246 1..: 5.5 15.5 20.3 29.5 

43-104 u 1.3 20.3 11.5 10.1 

30-4 3 u 4 . 2 13.3 10.1 5.1 

14-30 u 2 .0 7.9 4 .4 1.8 

4- 14 1-1 1 . 2 4 .7 2.6 0.9 

< 4 1-1 0.5 0.9 0.3 

Sa nd %, 
43-4 , 8 00 ...l 92 . 1 74.1 82.1 91.9 

Si lt c:'o , 
4- 4 3 u 7 . 4 25.9 17.1 - 7.8 

Clay %, 
< 4 u 0.5 0.9 0.3 

Lb Sand/ curb mi 2, 480 1,020 84 5 394 

Lb Silt/ curb mi 200 356 176 33.5 

Lb Clay/curb mi 13.5 9.3 1.3 

Note: u = microns. 

TULSA 

% 

37.1 

9.4 

16.7 

17.1 

12.0 

3.7 

3.0 

0.9 

0.1 

92.3 

7.6 

0.1 

300 

30 

0.3 

SOURCE: J.D. Sartor and G.B. Boyd, Water Pollution As­
pects of Street Surface Contaminants (Washington, D.C.: U.S. 
Environmental Protection Agency, 1972), p. 48. 
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clay are also included in this Table to help describe the 

nature of the contaminants. These classifications also 

correspond roughly to the behavior these materials will 

exhibit in water. Sand will generally settle out at low 

flow velocities, clay will remain suspended, and silt will be 

intermediate (Sartor and Boyd 1972 ) . 

From Table 5, clay-like materials account for less than 

one percent of the total solids and silt accounts for ~ss than 

25 percent of the total solids. This indicates that a small 

percentage of solids will remain suspended instormwaterrunoff 

It should also be remembered that concentrations of pollutants 

are 1n most instances much higher in suspended solids than 

in the waters with which these solids are associated (Sanks 

1979). 

Sedimentation of urban stormwater runoff is probably the 

most common treatment method in use today. Table 6 lists 

the removal rates of heavy metals, nitrogen, phosphorus, and 

other constituents by sedimentation. From this Table heavy 

metals show an average removal rate of less than 40 percent, 

nitrogen removal less than SO percent and phosphorus removal 

less than 23 percent. This would suaaest that sedimentation 
~b 

alone will improve the quality of urban stormwater runoff, 

but only to a certain degree. 

Theory of ~hemical Coagulation 

Chemical treatment of stormwater runoff rna r be utilized 

for greater pollutant removal rates. Coagulation, the 



22 

TABLE 6 

POLLUTANT REMOVAL FOR VARIOUS 
CONSTITUENTS BY SEDIMENTATION 

Average 
Po 11 utant remova 1 , ~ 

Heavy metalsa 

Copper 24.1 
Ch rami urn 32.3 
Nickel 26.6 
Zinc 27.2 
Lec:d 30 .6 
Iron 16.6 
Ca dmi urn 38.8 
Calcium 19.2 
r·~clgnesium 23.5 
Sodium 18 .5 
Potassium 23.5 
~ie rcury 8.4 

Nitrogen b 

Arwnon i a 22. 1 
Organic 50.5 
Tota 1 Kjeldahl 38.4 
Nitrate 15.4 
Nitrite 0 

Phosphorus b 

Total 22.2 
Or tho 6.7 

Other constituentsb 

COD 34.4 
TOC 21.3 
Oi 1 and grease c 11.9 

a. Average o f 1 0 s amp 1 e s . 
b. Average of 2 to 3 sa r.1 ples. 
c. Average of 6 samples. 

SOURCE: J.A. Lager, et al~, Urban Stormwater Manage­
ment and Technology - Update and User's Gu1de (C1nc1nnat1, 
Oh1o: U.S. Environmental Protection Agency, 1977), p. 194. 
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aaareaation of colloidal particles in the chemical treat-oo 0 

ment process, can be considered as having two separate and . 

distinct components. The first step involves particle 

destablization which permits attachment when the particles 

are brought into contact. This is accomplished by the addi-

tion of chemicals. The second step involves bringing the 

particles into contact so that aggregation can occur. This 

is don e by gentle stirring or flocculation of the water 

(Weber 19 72). 

When d i s c us s in g the co a g u 1 at i on p roc e s s it is ad van t a -

geous to first identify forces which cause particle stability. 

Colloidal particles in water carry an electric charge. These 

particles can develop an electric charge in various ways. 

Most co l loida l particles in water develop a negative primary 

ch arge . Th e cha r ge is affected by pH and ionic content of 

the water s ample (Weber 19 72). 

When a colloidal particle exists 1n a solid and liquid 

phase together, the charge on the particle must be balanced 

by an equivalent opposite charge in the liquid phase. Because 

of this, a double layer exists at each solid-liquid interface. 

This double layer consists of a charged particle and an equ ~ -

valent ion of opposite charge which accumulate near the 

water surface. The concentration of opposite charged ions 

is greatest near the surface of a particle and graduall y 

decreases with distance from the solid-liquid interface. The 

electric double layer occupies a small volume and does not 

extend far into a solution (Veber 19 7 2). 
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Attractive and replusive forces exist between all types 

of colloidal particles. Attractive forces, termed Vander 

Waals forces, tend to draw particles together while the 

electrostatic repulsive forces tend to keep them apart. Van 

der Waals attractive forces vary inversely as the square of 

the . distance between the particles. The e le ctrns tat ic forces 

decrease exponentially with distance. Only if the kinetic 

energy of the relative particles is strong enough to overcome 

the replusive forces, where Vander Waals attractive forces 

predominate, will the particles become unstable and coagulate 

( Fa i F · e t ::11 . 1 9 7 1 ) . 

The stabilit y of colloidal systems are caused by: 

1. Mutual r eplusion due to high zeta potential. 

2 . By adsorbin g on the colloid a relatively small hydro­

philic (water liking) colloids. 

3. By adsorbin g on the colloid a non-ionic polyelectrolyte. 

Destabilization of collodial particles · to bring about 

coagulation can be accomplished by various processes which 

include: 

1 . Compression of the daub le -layer (diffus layer). 

2 . Adsorption to produce charge neutralization. 

3 . Enmeshment in a precipitate. 

4 . Adsorption to permit interparticle bridg i ng. 

The compression of the diffuse layer to cause coagula-

tion is based on electrostatic forces. Ions of similar 

charge to that of the colloid Hill repel, Hhile counter ions 
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are attracted. Coagulants which act in this manner are called 

indifferent electrolytes. Destabilization brought about by 

iridifferent electrolytes are due to ions of opposite charge 

to that of the colloid (counter-ions). This is accomplished 

by compressing the diffuse layer surrounding the colloidal 

parti~le. The effectiveness of coagulants to compress this 

layer increases with charge on the particle. A coagulant 

such as AL3+ would be a more effective coagulant than Na+ 

(Weber 1972). 

Coagulation 1n water treatment processes undergo var1ous 

interactions in addition to electrostatic attraction and 

repulsion. Coagulants which act as indifferent electrolytes, 

as in the diffuse layer compression method, are not generally 

applicable to common water systems. It is necessary to discuss 

the other modes of particle destabilization to understand 

most coagulation processes. 

The adsorption and charge neutralization method of 

particle destabilization relies on coagulant-colloid,coagu­

lant-solvent, and colloid-solvent interactions. Neutraliza­

tion of the negatively charged colloids occurs by increasing 

the amount of positively charged cations found in the coagu­

lant (Colston 1974). 

Destabilization of colloids can also be accomplished by 

enmeshment in a precipitate. Certain coagulants, AL2CS0 4)3 

or FeCL 3 , cause rapid precipitation of metal hydroxide when 

used in high concentrations. During the process, colloidal 
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particles can be enmeshed in the precipitates and subseqently 

removed. The precipitation effectiveness depends on the 

degree of oversaturation of the solution, the presence of 

anions, and the concentration of collodial particles. The 

term sweep coagulation is used to describe the proces s by 

which colloids are entrapped in the precipitating hydroxide. 

This destabilization method lS one of the predominant mechan­

isms for coagulation· (Weber 1972). 

Adsorption and interparticle bridging 1s the last maJor 

particle destabilization method discussed. This method 

mainly is associated with the use of polymers as destabilizing 

agents 1n water treatment. To be effective, the polymers must 

contain chemical groups which can interact with sites on the 

surface of colloidal particles. Anionic polymers are effec­

tive in coagulation, even though the particles in water are 

negatively charged (Weber 1972). 

Interparticle contact occurs due to p~rikinetic and/or 

orthokinetic flocculation. Perikinetic flocculation is when 

the surface charge of the colloids is reduced by ions of 

opposite charge to levels below those of Van de Waals attrac­

tive forces and thus will coagulate. Orthokinetic floccula­

tion is when the colloidal particle becomes trapped on, 

enmeshed in, or adsorbed by precipitate formed by metal hydrox­

ides. The particles are caught by the large settling mass 

of the precipitates and are removed (Colston 1974). 



27 

Coagulation in water treatment occurs predominantly by 

two mechanisms mentioned previously: adsorption of the 

soluble species on the colloid and by sweep coagulation 

(Amirtharajah 1979). Figure 3 depicts these two major methods 

of chemical coagulation. 

Destabilization by Aluminum 

Destabilization of colloidal particles can be brought 

about with the addition of aluminum to a water sample. The 

coagulation ability of aluminum ions is · dependent on its 

valence number. AL 3+ is a more effective coagulant than 

ca2+, but this specie does not exist in a natural water 

environment. The effect of AL 3+ as a coagulant is deter-

mined by its hydrolysis product (Fair, et al. 1971). 

When aluminum ions are added to water they react with 

it, or hydrolyze. The aluminum ion becomes completely 

surrounded by six water molecules and has a net charge of +3. 

The ion is represented as AL (Hz0)6 3+ or ~imply AL 3+ Due 

to the pH conditions 1n the water treatment process the tri­

valent aluminum ion reacts immediately to form various species 

such as (O'Melia 1979): 

AL 3+ + HzO = ALOH 2+ + H+ 

AL3+ + ZHzO = AL(OH)z+ + 2H+ 

7AL3+ + 17Hz0 = AL 7 (0H) 17 4+ + 17H+ 

AL3+ + 3Hz0 = AL(OH) 3 (s) + 3H+ 
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CHEMICAL STREAM 
F:ast 

(I 0-4 -I ~c) 
Fast -Slow 

(I - 7 ~cs) 

Al1(S04)) - 14J H20-+ AJ(H20):• +sol-+ H 20-+ AJ(OH) 1
• + AI(OH)•2 + AJ 7 (0H)~;-+ AI(OH)J(s) . . . 

+-.-------- + H• 
, , \ 

/ 
lAJ(OHh I 
I I 

/ ', / ---ALUM SOUmON SOLUBLE HYDROLYSIS SPEOES (HIGH ALUM DOSE) 
/ (LOW ALUM DOSE) 

WATER STREAM (COLLOID) ~8.:: Colloid 

I -o--- -

\ v"l!~~ -
If><; HIGH llJRBIDITY LOW 11J RB IDJTY 

AJ(OH) AJ(OH) 

\, ..... --.\ 
I AJ(OHht 

6 801~ 
AJ(OH)o AJ(OH) "'

9
,.:~~\ 

AJ(OH) 17 8 FLOC , _ _,/ 

Colloid Colloid 

-... -- /-.... 
I \ 1 V \ 
\ AJ(OH))J (AJ(OHh I AI(OH)3 I 

' ..... _.,, ''-,.,./ \ .. __ .,/ ADSORPTION-DESTABIUZA TION 

...... - ... \ !,--""" 
/ ~-- \ f AJ(OHh AJ(OH)) I 

' ,' / ' ,/ 'T"""' \ ....,._,. 
\AJ(OH)3I 

' j ..... / 

SWEEP COAGULATION 

Fig. 3. Reaction schematics of coagulation. 

SOURCE: A. Amirtharajah, "Design of Rapid ~1ix Units," 
in ·water Tre·a ·tm·ent· ·pl·ant· ·n·e ·si·gn ·fo·r ·t ·he· Practicing· ·En·gine·er, 
ed. Robert L. Sanks (Ann Arbor: Ann Arbor Sc1ence Publlsh­
ers, Inc., 1979), p. 132. 



29 

The ions ALOH 2+ and AL(OH) 2+, shown in the above reac-

tions contain only one aluminum atom. Their charge is less 

than +3 but they are a more effective coagulant for negative 

colloids because they are readily adsorbed on the surface of 

many solids. The aluminum species AL
7

(0H)
17

4
+, from the 

above equations, resembles a polymer and is also a good 

coagulant. The type of aluminum specie for~ed is depend-

ent on the amount of the coagulant added and the pH of the 

water treated (O'Melia 1979). 

There are two main methods which an aluminum material, 

such as alum, can act as a coagulant. Sweep coagulation 
, · 

and adsorption to -produce charge neutralization are the two 

methods which h ave been discussed previousl y . Sweep coagu-

lation is used i n coagulating waters having a low turbidit y 

and produces large quantities of aluminum hydroxide preci-

pitate to accomplish this sweep removal. The second major 

mechanism of coagulation can only be used for high turbidity 

waters ( 0' Me 1 i a 19 7 9) . 

Destabilization by Ferric Iron 

F . . ( 3+) . 1 1 d f err1c 1ron Fe 1s a so a common e ement use or 

coagulation in water treatment. Fe 3
+ does not exist in 

natural water environments. It is similar to AL 3
+ in that 

its effectiveness as a coagulant is caused by its hydrolysis 

process (Fair, et al. 1971). 
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The reaction of ferric iron 1n water can be shown 1n the 

following equations: 

3+ 2+ + Fe(H
2

0) 6 + H20 = Fe(H
2
o) 5 (OH) + H3o 

an additional proton transfer results in: 

Fe(H 20) 5 (OH)Z+ = H20 = Fe(H 20) 4 (oH 2)+ + H30+ 

When ferric iron is added to water a series of hydro-

~ lytic reactions occur, from the formation of hydroxo-

+ complexes ( Fe(OH) 2 ) , through the formation of colloidal 

hydroxometal polymers, eventually to the formation of a 

metal hydroxide precipitate. The addition of ferric 1ron 

to water results in a decrease 1n pH and alkalinity. The 

dos age of ferric iron required for destabilization of colloids 

i s a l ways suffic ient to e xceed the solubility of the metal 

hy dro xide (Weber 19 72). 

These reactions remove colloidal particles by the 

previously mentioned methods, similar to that discussed 

for aluminum coa gulants. Sweep coagulation may occur 

due to the precipitation of large quantities of ferric 

hydroxide and adsorption to produce a charge neutralization 

may also occur. 

Theory of Phosphorus Removal by 
Chemical Treatment 

Phosphorus was determined to be the major limiting 

nutrient in Lake Eola (Harper 1979). Because of this, 

phosphorus removal \as investigated. Various coagulants 

were of interest, namely aluminum, iron, and calcium compounds. 
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Sources of phosphorus in urban runoff consists of 

fertilizers from lawns, pet wastes, rainfall, soils, and 

plant matter (Porcella,et al.l974). Weibel (1966) noticed 

that phosphorus concentrations of 0.36 mg/1 were found in 

stormwater runoff ·and that rainfall concentrations averaged 

about 0.08 mg/1. This demonstrates that a high phosphorus 

input occurs from urban activities. 
-

A study done on the Lake Wingra watershed 1n Madison, 

Wisconsin, investigated nutrient loading sources. It was 

concluded that more than eighty(80) percent of the influent 

phosphorus comes from stormwater runoff (Lager, et al.l977). 

Phosphorus is found in stormwater runoff in three basic 

forms: orthophosphate, poly~hosphate, and organic phosphorus. 

Orthophosphates are defined as those phosphorus con-

taining compounds which are derived from orthophosphoric 

acid, H3Po 4 . In solution, the protons will dissociate from 

the compound and the concentration of the various 10n1c 

forms which exist are determined by the pH of the water 

(Porcella, et al.l974). 

Orthophosphates are by far the dominant form in 

typical wastewaters. A study done in Oklahoma City, Okla-

homa, and Santa Clara County, California,concluded that 

orthophosphorus was the major form of phosphorus present 

in stormwater runoff. Orthophosphorus accounted for almost 

100 percent of the total phosphorus concentrations measured 

(Lager, et al. 1977). 



32 

Polyphosphates can be looked on as polymers of phos­

phoric acid from which water has been removed. Complete 

hydrolysis results in formation of orthophosphate. The poly­

phosphates which may be present 1n stormwater gradually 

hydrolyze in the aqueous solution and reverts to the ortho 

form. Organic phosphorus is complicated in nature and 1s 

not of great concern due to its limited concentrations. The 

decomposition of organic phosphorus also leads to orthophos-

phate (U.S. EPA 1976). 

Aluminum as a Coagulant for Phosphorus Removal 

Phosphorus can. combine with al umunum ions as shown 1n 

the following equation: 

3+ 3-AL + P0 4 ~ ALP0 4 

This indicates that the mole ratio of AL toP04 1s 1:1. On 

a weight basis this means that 27 pounds of AL will react 

with 95 pounds of P0 4 to form 122 pounds of ALP0 4 . P0 4 

con t a ins 31 pounds o f P , s o t h at on a we i g h t rat i o A L = 2 7 or 
P TI 

0.87:1 (U.S. EPA 1976). 

The removal of phosphorus by the addition of aluminum 

sulfate (alum) can be expressed in the following equation: 

AL
2

(S0
4

)
3 

. 14H
2

0 + 2Po
4

3- ~ ZALP0 4 = 3S04Z- + 14H 20 

The molecular weight of alum (AL
2

(so4 ) 3 · 14 H20) is 594. 

This indicates, from the above equation, that 594 pounds of 

3- . . 
alum will react with 190 pounds of P0 4 , wh1c~ conta1ns 

62 pounds of phosphorus, to form 244 pounds of ALP0 4 . The 
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theoretical weight ratio of alum to phosphorus 1s 

molecular weight of alum 
molecular weight of phosphorus removed 

= 594 = 
62 

9. 6: 1 

Typical alum averages about 17 percent soluble aluminum as 

AL 2o3 or about 9.1 percent as AL (U.S. EPA 1976). 

The solubility of ALP0 4 in water is pH dependent as 

shown below (U.S. EPA 1976). 

E!i 
5 
6 
7 

Approximate Solubility (mg/1) 

0.03 
0.01 (minimum solubility) 
0.3 

Optimal pH values for phosphorus removal using alum have 

been found to be in the range of 5.5 to 6.0 (Ferguson and 

Kin g 1977) . 

The a dd i tion o f alum to a water will lo wer the pH, 

wh ich should be considered if discharging to ~n;~~rs 
occurs. Also the hardness of the water influences alum addi-

tions. It was found that calcium hardness tends to decrease 

the amount o f alum required for an equivalent alum dosage 

( Fran c i s co , e t a 1 . 1 9 7 6 ) . 

Overall, alum appears to be an excellent coagulant 

for the removal of phosphorus from stormwater runoff. Costs 

~ availability also influence the use of alum as a coagu-
(~ 
1 e. 

Iron as a Coagulant for Phosphorus Removal 

Ferric and ferrous ions can be used to precipiated phos-

phorus in a similar manner as that with aluminum. The 
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mole ratio of Fe to P0 4 is 1:1. Fe:P ratios of 1.5 to 3.0 

have been found to result in phosphate reduction of 75 to 

95 percent (Porcella, et al. 1974). 

Other studies have found that increasing 3+ the Fe /total 

phosphorus mole ratio significantly enhances total soluble 

and total phosphorus removal (Kavanaugh, et al. 19 7 8) . 

The situation involving ferrous (Fe 2
+) ion precipita­

tion of phosphorus is more complicated. Theoretically, the 

mole ratio of. Fe :P04 for ferrous ions should be 3:2. But 

experimental results have found that when Fe 2+ is used,the 

3+ mole ratio Fe:P will be the same as when Fe is used (U.S. 

EPA 1976). 

The optimum pH range for Fe 2
+ is approximately eight, 

with good phosphorus removal between pH seven and eight. For 

Fe 3
+ optimal pH range was found to be between 4.5 and 5 (U.S. 

EPA 1976). 

A study done by Colston (1974) on the chemical treatment 

of urban runoff found an optimum pH range of 9 - 12 for 

ferric chloride. He also found the optimum pH range using 

ferrous chloride to be between 6.8 to 11. 

Lime as a Coagulant for Phosphorus Removal 

Calcium ion reacts with phosphate ion in the presence of 

hydroxyl ion to form hydroxyapatite. This material is of a 

variable composition, but an approximate equation is shown 

below (U.S. EPA 1976). 
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3 HPO z- + 5 Ca 2+ = 40H 
4 Ca 5 (0H) (P0 4) 3 + 3 H

2
0 

(hydroxyapatite) 

Lime is a common chemical used for the removal of phos­

phorus even though its removal efficiency at a given pH 

falls below that predicted by solubility equilibria calcu-

lations. Reasons for this difference include (Fair, et al. 

1971): 

1. Precipitation of hydroxyapatite is slow, and the solu-

bility equilibrium is not reached in normal detention 

times, 

2. Particles of precipitated hydroxylapatite may behave 

as colloids and not settle out, 

3. Certain polymer phosphates are capable of forming soluble 

polyphosphate - calcium complexes, and 

4. 
2+ Within certain pH ranges, some of theCa in the water 

1s used up in the Caco
3 

precipitation. 

Experiments have shown that lime can produce signifiant 

phosphorus removals in secondary wastewater effluents. Lime 

(Ca(OH)
2

) dosages for efficient removal ranges from 200 to 

4 0 0 m g I 1 w i t h an opt i m a 1 pH range o f 1 0 . 5 . t o 11 . 5 (King , 

et al. 1979) 



CHAPTER V 

EXPERIMENTAL PROCEDURE 

Runoff Sample Collection 

There were four sites utilized for sample collection 

from the Lake Eola drainage area. These sites are depicted 

in Figure 4 and throughout the study are referred to as 

the George Stuart site, School site, Lake Eola North site, 

and Lake Eola West site. The drainage areas which contribute 

runoff to these sampling sites are 0.42, 5.72, 1.10, and 

0.56 acres in size respectively. 

The samples were collected manually from each site. Each 

site was sampled on two separate storm events except for the 

Lake Eola West site which was only sampled once. Approximately 

2 4 0 1 i t e r s o f s t o rmw at e r run o f f we r e co 11 e c t e d during e a c h 

sampling period. All samples collected were done by a team 

of two or more research assistants which were at the site 

prior to a rainfall event. The sites would be visited 

during days which had high rainfall probability until the 

required number of storm events were collected. 

All runoff samples were collected in five gallon plastic 

industrial buckets with removable lids. During any storm 

event sampled the average number of buckets filled would be 

20 with the least number collected being 12 and the maximum 

collected was 25. Figure 5 depicts several sampling buckets 
36 
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that have been filled and transported to the laboratory for 

column testing. 

The collection technique utilized to obtain representa­

tive stormwater runoff samples was to lower a sampling bucket 

into the catchbasin and have the runoff free fall into the 

container. One person is required to be in the . catchbasin 

to collect the sample, while the other person would record 

the time it would take to fill the bucket and also the 

elapsed time from the start of the storm event. This sampling 

technique insured that no solids were lost from the stormwater 

runoff and provided all necessary information to develop the 

rainfall hydrograph. 

Once the samples were collected and brought to the labora­

tory the next step was the column study. This procedure will 

be discussed next. 

Column Study Procedure 

The objective of the column study was to evaluate deten­

tion as a means of improving the quality of stormwater runoff 

that would enter a water body. The actual column settling 

test was patterned after the procedure described by Zamoni 

and Blomquist (1975). Due to the amount of pollutants in the 

dissolved form which were not removed by detention alone it 

was necessary to investigate the use of chemical coagulation 

as a method of pollutant removal. Jar tests were performed on 

the first stormwater sample collected with the procedure and 

results to be discussed in later sections. 
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Fig. 5. Sampling buckets used in the column study. 

I 
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The first column study was used to evaluate detention 

only, while the second study evaluated coagulation and 

detention on the same storm. A composite sample was 

utilized for the actual column study and was prepared by 

taking a weighted fraction of each collected sample of 

stormwater runoff. This weighted fraction was determined 

from the hydrograph with samples added to the column in 

their weighted proportion. 

The actual column is depicted 1n Figure 6. The column 

is s1x foot in length and has a diamter of 12 inches. Total 

volume of the column is approximately 120 liters. The 

column 1s suspended on a sawhorse-like structure that is 

c apable o f rotating on both vertical and horizontal axes. 

Co 1 umn r ot at ion is de p i c t e d in F i g u r e 7 . Rot at i on a 1 s pee d 

can b e controlled with the control box located on the side 

column s upport. Three ports are located on each side of the 

column, but for this study only three ports were used. 

These ports are located 1.1, 3.0, and 4.5 feet below the 

initial height of the filled column. Although the column 1s 

s1x feet in height, the filled depth was only 5.5 feet due to 

the sealer cap which requires 0.5 feet of column to properl y 

seal it. 

After the composite sample is placed in the column, 

chemicals required for coagulation are added next. The 

chemicals are added in a concentrated solution and mi xed 

with a hand-held laboratory mixer. The sealer cap is th e n 

I 
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Fig. 6 . Settling column. 
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Fig. 7. 
Settling column rotation. 
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placed on the column. A small amount of air 1s left in the 

column to promote mixing and floc formation. The column 

was then rotated on both axes at 10 - 15 rpm for 15 minutes. 

After rotation the column was righted and locked in position 

for sample withdrawal. 

Samples were withdrawn simultaneously from the three 

ports after elapsed times of 0, 5, 10, 15, 30, 60 and 120 

minutes from the time the column was lo eked in p 1 ace. It 

required three people to adequately take the samples. The 

size of each sample collected ranged from approximately 

500 to 600 milliliters. Erlenmeyer flasks were used for 

collection with each flask identified by storm date, sample 

treatment, time of sample, and port taken from. 

Each sample taken was analyzed for the general water 

quality parameters: COD, TOC, TSS, TNVSS, TP, TKN, and 

NH 3-N. The samples were also analyzed for the metals: Zn, Cd, 

Ni, Cu, Mg, Fe, Pb, Ci, and Ca. Approximately 100 milli­

liters of the total sample taken were used for metal analysis. 

Two milliliters of concentrated NH0 3 were added to these 

samples then sealed and stored on a shelf at room temperature. 

The remaining samples,used for general water quality deter­

minations, had 10 drops of saturated mercuric chloride 

solution added to them, sealed, and stored at 4°C. The 

various chemical and metal analyses methods for the Lake Eola 

Column Study are listed in Table 7. 
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Jar Test Procedure for Phosphorus Removal 

The jar test consists of placing several samples of 

stormwater runoff 1n a series of containers, and stirring 

in a manner simulating that of the proposed treatment unit. 

Varing dosages of coagulants and other chemicals used are 

added to each container. After an appropriate period of 

m1x1ng and coagulation, stirring is stopped and the floc 

formed is allowed to settle for a specified time. The 

water is then analyzed to determine optimal chemical 

dosages (Tekippe and Ham 1970). 

The step by step procedure used 1n conducting this 

research is as follows: 

1. All glassware to be used is washed with chromic acid 

and rinsed with distilled water. 

2. The parameters tested for this initial laboratory phase 

include: pH, orthophosphate, total phosphorus, total 

organic carbon and total inorganic carbon. 

3. The orthophosphate test used was the ascorbic acid 

method described in Standard ~·lethods. A combined reagent 

consisting of 50 ml of SN H2so4 , 5 ml of antimony potas­

sium tartrate solution, 15 ml of ammon1urn ol bdate 

solution, and 30 ml of 0.1 M ascorbic acid solution has 

used to form ammonium phosphomolybdate in the stormwater 

samples to be tested. The ammonium phosphomolybdate 

produces a visible blue solution that is directly propor-
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tional to the phosphate present. A standard curve was 

derived with known concentrations of phosphorus versus 

absorbence. This curve was later used in the determina­

tion of the phosphorus content in the samples. 

4. The first jar test involved finding the optimal concen­

tration of alum to remove orthophosphorus from the storm­

water samples. Six jars (1 liter beakers) were set in 

the jar test apparatus (6- paddle Phipps and Bird) and 

filled with 1 1 iter of composite stormwate r runoff. The 

stormwater samples were taken from a site which drains 

into Lake Eola, in downtown Orlando. The composite 

sample consisted of proportionally weighted stormwater 

samples which were to represent an input hydrograph to 

the catchbasin in study. The first set of jars contained 

amounts of alum weighing 0, 10, 20, 30, 40, SO milligrams 

and placed in 1 liter jars to form solutions ranging 

in concentration from 0 - SO mg/1. The second jar test 

had concentrations of alum ranging from 100 - 200 mg/1, 

~hile the third set had concentrations of alum ranging 

from 220 to 320 mg/1. The jar test procedure is depicted 

in Figure 8. 

S. The measurement of pH of each sample was taken initially 

and held constant at S.S (the original pH of the storm­

\\ ate r s amp 1 e s ) . 
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Fig. 8. 

ff\1'~ l? {' 1..5 df. f (t} l7 r f( 
Jar Test procedure 
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6. The optimal dosage of alum for orthophosphorus removal 

was now determined. The jar test apparatus was set at 

max1mum speed for three minutes while the alum was 

added. One jar \1as held constant for control purposes. 

7. After the three minutes of rapid mix, the speed was 

reduced to 30 rpm's and flocculated for an additional 

30 minutes. 

8. After the flocculation phase the samples were allowed to 

settle for 30 minutes. 

9. The samples were then analyzed for orthophosphorus 

concentrations. Percent removals were calculated and 

the optimum alum dosage was found. 

10. Optimum pH for orthophosphorus removal was now required. 

The jar test was repeated using the optimal alum dosage 

with pH adjusted to 5, 5.5, 6, 6.5, 7 and 8. Sodium 

hydroxide and sulfur·ic acid were used to adjust the pH 

prior to adding the alum coagulant and the various pH 

values were maintained throughout the experiment. 

11. The same jar test procedure used in steps 6 - 9 was used 

to find the optimal pH range. 

1 2 . An add it i on a 1 s t e p is r e qui r e d in p e r f o rrn in g j a r t e s t s 

once the optimal dosage and pH are found. This step 
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involves using the optimal pH value found and performing 

the test again for optimal coagulant dosage. 

A similar jar test procedure was followed for deter­

mining optimal dosages and pH for ferric chloride and 

lime coagulants. 

References for the above procedure are from Standard Methods 

(14th Edition), Water Chemistry Laboratory Manual (1972) by 

the American Association of Professors in Sanitary Engineering 

apd by H.E. Hudson (1974). 



CHAPTER VI 

RESULTS AND DISCUSSION FROM THE LAKE EOLA 

COL lJ1v1N STUDY 
Introduction 

The column study consisted of stormwater samples from 

seven storm events. Seven column tests-were conducted for 

detention alone, four column tests for alum coagulation and 

detention, one column test for ferric chloride coagulation 

and detention, and one column study for lime coagulation 

and detention. A total of 13 column studies were performed 

on representative samples from the seven storm events. 

The average chemical characteristics of each storm 

event and also physical characteristics of each urban 

sampling site are presented in Table 8. The chemical value~ 

were determined by averaging the initial samples taken from 

each port during the column study. In a few instances, the 

maximum value for any one parameter will exceed the average 

value listed for a particular storm. This is due to the 

averaging of the three values from the ports for each storm 

while the maximum and minimum results are singular values. 

Water quality data for each of the 13 column studies 

are listed in Appendix A. From this data it appears that 

the highest organic and metal loading occurred during the 

first storm event on 4/5/79. This storm was preceeded by 
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approximately 32 days of dry weather. The highest solids 

loading rate occurred during the fifth and sixth storm event, 

July 27 and June 8 respectively. This may be due to construc­

tion activities near these sampling sites during this period. 

The first storm event, 4-5-79, also provided the 

highest concentrations of several pollutant parameters 

including: TKN, NH3 , TOC, Ca, Ni, Mg, Zn, Fe, and Pb. No 

unusual activity occurred at thi s sampling site for the first 

storm event. The high concentrations may probably be 

attributed to the high runoff volume encountered and the 

long antecedent dry period. 

High CO D and Cd concentrations were observed from the 

r unof f durin g the 7-8- 79 storm event which were sampled from 

th e Lake Eol a North site. These high concentrations may 

b e due to construction activities in this part of the water­

s hed. Very high arsenic concentrations occurred from the 

6-2 7- 79 storm collected from the school site. No explana­

tion can be found for these unusally high arsenic concen­

trations except possible laboratory errors or some unknown 

activity at the sampling site. 

The water quality characteristics of urban stormwater 

runoff within a drainage basin are variable in nature. As 

listed in Table 8, the various water quality parameters for 

the storms tested show wide ranges. 

U r b an s t o rmw ate r run o f f char act e r i s t i c s from s eve r a 1 

sites throughout the country and one site in Germany are 
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listed in Table 2 from Chapter II. Comparisons of this 

table with the results from the Lake Eola Study listed in 

Table 8 show good correlation with many of the water quality 

parameters. Total suspended solids (TSS) from the Lake Eola 

Study are on the low side of the range listed in Table 2, 

but the volatile suspended solids show almost identical mean 

values for both tables. 

The parameters COD and Pb from the Lake Eola Study are 

on the high side of the range listed in Table 2. The 

nutrient parameters, TKN and phosphorus, are also on the 

high side of the range listed, with mean TKN values almost 

three times higher than the mean value listed in Table 2. 

On the average the results from the Lake Eola Study are in 

the range reported by other studies. 

Comparisons can also be made between the column study 

stormwater runoff results obtained in 1979 and previous 

Lake Eola sampling in 1975. Table 9 lis.ts the data from 

1975 Lake Eola Study. The parameters TOC, TKN, and TP from 

the column study data (Table 8) are mostly in the given 

range of Table 9. Only one storm event (4 -5- 79) generated 

pollutants of high magnitude that were consistently out 

of the ai ven ranae. These comparisons indicate that the 
0 0 

results obtained from the column study are typical of urban 

stormwater runoff. 
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TABLE 9 

SELECTED STORMWATER DATA FOR THE 
LAKE EOLA DRAINAGE BASIN 

Parameter Commercial Area - 28 AC Residential Area-16.1 
AC (Wet Period*) 

Dry Period Wet Period* 

Flow-cfs 0.276 0.276-14.7 Not Recorded 

pH 8.09-8.39 8.47-7.02 - 7.72-6.52 

Alkalinity (rng/1 144-155 158-25 77-27 
as CaC03) 

Conductivity 340-360 395-77 208-51 
(llillho/cm) 

Turbidity (S.U.) 0.9-2.8 0. 3-34 0.9-24 

BOD (rng/1) 4.5-5.9 3.2-37.2 1.8-11.0 

TOC (rng/1) 2.1-8.3 0.8-146 2.9-31 

TKN (rng/1-N) 0.14-0.95 0 .0 7- :s. 8 7 0.02-1.03 

N03 (mg/1-N) 0.17-0.27 0.11-1.33 0.03-0.53 

OP (mg/1-P) 0.37-0.68 0.47-0.12 0.01-0.20 

TP (mg/1-P) 0.62-1.08 1.00-0.17 0.12-0.94 

SOURCE: M.P. Wanielista, et al., Nonpoint Source Effects (Or­
lando, Florida: Florida Technological Un1vers1ty, 1976), p. IV-6. 
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Treatment of Stormwater Runoff 

Introduction -

As discussed previously, the treatment methods employed 

for the Lake Eola stormwater study included: settling, alum 

coagulation and settling, ferric chloride coagulation and 

settling and lime coagulation and settling. Graphical repre­

sentations of generalized water quality changes for various 

parameters investigated inthe Lake Eola Column Study due to 

the four treatment methods are depicted in Figures 9, 10, 11 

and 1 2 . These graphs are general trends found in the study 

and are not of considerable detail. More specific, detailed 

representations of selected water quality parameters are 

depicted on other graphs. The discussion of the results 

obtained for each treatment method will be divided by port 

(1,3, and 5) with a short summary at the end of each treat-

ment section. 

Settled Stormwater Runoff Treatment -

Figure 9 depicts generalized removal rates of poll~ants 

from settled stormwater runoff with no chemical treatment. 

After mixing in the column, the stormwater sample wasllilowed 

to settle for two hours. Samples were withdrawn periodi­

cally to determine the effect of settling on the various 

water quality parameters. 

The majority of graphs from this figure depict a consis-

tent trend in pollutant removal rates. This basic trend is a 

gradual increase in parameter removal rates, tapering off ro 

a more linear representation, usually after thirty to sixty 
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minutes of settling time. The graphs depicting total sus­

pended solids (TSS), volatile suspended solids (VSS), chemi­

cal oxygen demand (COD), ammonia nitrogen (NH 3), total 

organic carbon (TOC) , total phosphorus (TP) and cadmium (Cd) 

follow this type of removal pattern. From Figure 9, the 

order or position the various port curves are on the graphs 

varies with each parameter, but the three ports do follow 

similar removal trends. 

The majority of the metals; z1nc (Zn), arsenic (As), 

nickel (Ni), copper (Cu), iron (Fe), lead (Pb), and chromium 

(Cr) follow a slightly different removal pattern. The first 

port and occasionally the third port follow the removal 

pa tt e rn o f the other parameters discussed previously (gradual 

i ncre a s e in r emoval then tapering off). The fifth port 

usu a lly shows a decrease 1n removal rates then approaches a 

linear representation after 60 minutes of settling time. This 

fifth port curve represents basically no removal of pollutants. 

More detailed removal curves for total phosphorus and 

total suspended solids for settled storrnwater runoff are 

depicted in Figures 13 and 14, respectivel y . Also listed on 

these figures are the wide range of removal rates encountered 

for each port during all settled stormwater column tests. 

The average total phosphorus re~oved after 120 minutes of 

settling was approximately 30 percent. The average total 

suspended solids removed was about 55 percent after 1 20 

minutes. 
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Alum Treated and Settled Stormwater -

Generalized representations of water quality changes 

for various parameters due to alum coagulated and settled 

stormwater are depicted in Figure 10. Extensive jar 

tests involving Al 2 (S0 4) 3 · 18 H2o (alum) for the removal 

of phosphorus determined that optimal doses occurred at 

240 mg/1 with a pH equal to 5.5. Results of the alum jar 

tests are listed in · Appendix B. 

The analysis of the water quality data contained in 

Figure 10 for the first port of the column study indicate 

several parameters that were reduced substantially in con­

centration. Total suspended solids continued to decrease 

in concentration throughout the 60 minutes of sedimentation. 

Total suspended soli.ds (TSS) removals reached 90 percent 

after approximately 30 minutes of settling and approached 

97 percent removal after 60 minutes. Volatile suspended 

solids (VSS) decreased in concentration in a similar 

manner as TSS and reached 90 percent removal after approxi­

mately 30 minutes of sedimentation. Non-volatile suspended 

solids (NVSS) also decreased in the same manner, reaching 

90 percent removal after approximately 60 minutes. 

Chemical oxygen demand (COD) removal rates were 

variable in nature. The removals approached 50 percent after 

approximately 30 minutes. Ammonia nitrogen (NH 3- N) removal 

rates were rather consistent throughout the sedimentation 

period. From 5 - 60 minutes of settling time the percent 
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removal rate was 40 to 60, respectively. Total organic 

carbon (TOC) removal rates were also fairly constant, with 

45 to 60 percent reduction between 10 and 60 minutes. 

Total phosphorus removals in the first port were excel­

lent using alum coagulation. Total phosphorus (TP) removals 

approached 90 percent after approximately 30 minutes of 

settling time and reached 99 percent removal after 60 minutes 

of sedimentation. 

Analysis of the heavy metal data from the first port 

indicate copper (Cu), iron (Fe), and lead (Pb) removal after 

60 minutes of settling. Total kjeldahl nitrogen (TKN), 

cadmium (Cd ) , magnesium (Mg), and chromium (Ci) removals 

by alum tre a tment and sedimentation were inconsistent, thus 

ma k ing remo v al trend observations difficult. 

A review of the data from port 3 indicates a similar 

removal pattern of many water quality parameters which 

occurred at port 1. Total suspended solids, volatile 

suspended solids, and non-volatile suspended solids all 

showed similar removal trends and continue to decrease ln 

concentration through the 60 minutes of settling. All 

three parameters approached 90 percent removal after 30 

minutes of sedimentation. 

Chemical oxygen demand (COD) removal rates are fairl y 

consistent from 5 to 60 minutes with a removal range of 

45 to 60 percent. Total kjeldahl nitrogen (TKN) remo val 

rates at port 3 were variable with no conclusion bein g drawn. 
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Total organic carbon and copper both approached SO percent 

removal after 30 minutes of settling and increased slightly 

after 60 minutes. Total phosphorus removal approached 

90 percent after 30 minutes and increased to 96 percent 

after 60 minutes of sedimentation. 

From the heavy metal data, Fe and Pb neared 70 percent 

and 60 percent removal respectively after 30 minutes of 

settling. No basic change occurred fo~ the parameters 

·z inc (Zn), cadmium (Cd), nickel (Ni), magnesium (Mg), and 

chromium (Cr) at port 3. 

Port S, the lowest port tested, showed consistent 

patterns for solids and phosphorus removals as occurred at 

ports 1 and 3. TSS, VSS, and NVSS took longer to show 

any si gnificant removals compared with ports 1 and 3, but 

all approached 90 percent removal after 60 minutes of 

settl i n g . Total phosphorus removals increased consistently 

throughout the 60 minute period and app.roached 90 percent 

removal after 30 minutes. ~Iaximum total phosphorus removals 

occurred after 60 minutes and reached 9S percent reduction. 

Ammonia-nitrogen, cadmium, and total organic carbon 

all showed variable removal rates. No pattern could be 

distinguished from the available data. 

From the heavy metal data at port S Cu, As, Fe, and 

Pb approached 40, SO, 50, and 60 % removal respecti velv ~ f ter 

30 minutes of settling. All of these metals increased 
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approximately an additional 10 percent 1n removal after .60 

minutes of sedimentation. Very little change occurred for 

COD, Ni, Mg, Cr, TKN, and NH 3 throughout the course of 

the column study at port 5. 

In summary for alum treatment of stormwater runoff, 

various water quality parameters showed considerable remov-

al rates during this column study. The parameters which 
-

encountered 90 percent or greater removal rates include: 

TSS, VSS, NVSS, and TP. More detailed removal curves 

for TSS and TP are depicted in Figures 15 and 16, respec-

tively. Iron and lead were also reduced substantially 

during the study (70 to 90 percent reduction) while COD, 

~H 3 , TOC, Zn, Cd, As, and Cu were reduced 50 to 60 percent. 

From a lake management standpoint, the 90 percent 

reduction in phosphorus, which is the limiting nutrient in 

many urban lakes (Vollenweider 1968, Shannon and Brezonik 

1972), using alum coagulation and sedimentation is a signi-

ficant achievement. Another important parameter which has 

a positive effect on algae reduction in lakes is copper 

sulfate (Fair, et al. 1971). Using alum coagulation, 

copper was reduced a maximum of 60 percent which may cause 

an increase in algae productivity. 
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Ferric Chloride Treated and Settled Stormwater -

Generalized representations of water quality changes 

for var1ous parameters due to ferric chloride coagulated 

and settled storrnwater are depicted in Figure 11. Limited 

jar tests involving ferric chloride (FeCL 3) for the 

removal of phosphorus indicated that the optimal dose occurred 

at 80 mg/1 with a pH of 5.0. Results of the ferric chloride 

jar test are listed in Appendix B. 

The analysis of the data in Figure 11 at port 1 showed 

good removal rates for many of the water quality parameters 

tested. Total suspended solids (TSS) and volatile suspended 

solids (VSS) were removed consistently throughout the 

settling period. Solids removal approached 90 percent after 

20 mi nut e s o f settling. 

Total phosphorus removal rates were found to be very 

good us1ng ferric chloride. Total phosphorus was basically 

100 percent removed after 30 minutes of settling. 

Zinc removal rates were consistent throughout the 

settling period. Removal rates for zinc ranged from 30 per­

cent to 40 percent between 15 and 60 minutes. No data were 

available on any of the heavy metals at 5 minutes from port 1 . 

Arsenic had very poor removal rates from port 1. Both 

nickel and chromium showed consistently low removal rates 

during the entire study. Lead and copper had relatively 

constant removal rates of approximately 80 and 50 percent, 

respectively. Variable removal rates were found for COD, 

TK~, NH 3 and Cd. No observable removal patterns could be 



68 

detected for these parameters. 

No data were available on the parameter T.O.C. or any 

of the heavy metals for port 3. From the data presented 1n 

Figure 11, total suspended solids and volatile suspended 

solids showed good removal rates similar to port 1. Both 

parameters were very consistent in removal rates, ranging 

from 67 percent at 5 minutes settling time to 94 percent 

after 60 minutes of settling. 

The removal of total phosphorus also appears aood 
b for 

port 3, but was more variable than at port 1. Total phos-

phrous removal rates ranged from 5 to 100 percent between 

10 and 15 minutes of settling time then decreased to approxi-

mately 80 percent between 30 and 60 minutes. 

Ammonia concentrations showed very little removal 

throughout the study period. Variable removal rates occurred 

for the parameters COD and TKN. 

Many water quality parameters showed similar removal 

rates at port 5. From the data, total suspended solids and 

volatile suspended solids had removal rates of approximately 

40 percent after 5 minutes of sedimentation and approached 

95 percent after 60 minutes. 

The parameters COD, Cd, Ni, and Cu showed very consis­

tent removal rates. The removal rates for COD, Cd, Ni and 

Cu were approximately 50, 50, 10, and 55 percent respectively. 

Total phosphorus removals at port 5 were very good . 

Removal rates ranged from 10 percent at 5 minutes to 100 
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percent after 60 minutes of settling time. Total phosphorus 

was almost completely removed using ferric chloride after 

15 minutes of settling. 

Lead also showed good removal at port 5. Removal rates 

increased from 10 to 75 percent in 60 minutes of settling. 

Very little to no removal was observed for the parameters 

TKN, Zn, Ci, and Mg_. Variable removal rates were fonnd for 

~H 3 and As with no conclusions able to be made. 
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Lime Treated Stormwater Runoff -

Lime was used as a coagulant in stormwater runoff in 

only one of the column studies. From a literature research 

it was found that optimal phosphorus removal occurred at 

appro xi rna t e 1 y a pH of 11 . 5 (King 19 7 9 , Cava gn a ra 1 9 7 8) . It 

has been postulated that at this high pH level magnesium 

hydroxide precipitates and serves as a coagulant aid in 

removing the remaining phosphorus solid~ from suspension 

( Cavagnar<? 19 7 8) 

The storm event of 7-8- 79 was treated with Ca(OH) 2 (lime). 

It required 205 milligrams per liter of Ca(OH) 2 to reach 

a pH value of 11.5. The data from this column study are 

listed in Appendix A with jar test results listed in Appendix 

B. Generalized removal rates of various water quality para­

meters using lime coagulation are depicted in Figure 12. 

The results from the lime treated column study were not 

as impressive as those encountered using_ alum and ferric 

chloride as a coagulant. It was found from the first port 

of the column that total suspended solids removal increased 

throughout the 60 minute settling period and reached maximum 

removal of 84 percent. 

The data for TKN from the first port indicate that 

removals were very consistent at 60 to 80 percent reduction 

from 10 to 60 minutes of settling. Basically, TKN removals 

were complete after 30 minutes of settling. Ammonia (NH 3) 

removals were low after 60 minutes and reached approximately 

20 percent reduction. 
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Total phosphorus removals continued to increase 1n 

removal throughout the column study. Total phosphorus was 

reduced approximately 30 to 60 percent between 10 and 60 

minutes of settling. Cadmium removal rates were very 

consistent throughout the study with approximately a 40 

to 50 percent reduction at port one. Copper removals were 

also consistent during the study with a 20 to 30 percent 

reduction in concentration at port 1. 

The parameters Mg, Fe, and Pb were very similar 1n 

percent removals during the study period at port 1. All 

four parameters managed 20 to 40 percent reduction in concen­

tration after 60 minutes of settling. 

Th e p a rameters which showed variable reduction amounts 

we re COD, Zn , As, and Ni. No removal pattern could be 

observe d f rom the data concerning these parameters. 

The data from port 3 for the lime column study showed 

very similar removal patterns as those from port 1. Total 

suspended solids and volatile suspended solids all increased 

in removal during the 60 minute settling period. The concen­

tration were reduced 20 to 80 percent during the 10 to 60 

minute interval. 

TKN removal rates increased consistently throughout the 

column study at port 3. Removal rates went frdm 40 to 80 

percent reduction during the 60 minute period. Total phos­

phorus also increased removal rates, from 0 to 60 percent 

reduction during the settling period. 
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Cadmium and magnesium showed steady removals during. 

the entire study. A 20 to 30 percent reduction respectively 

for cadmium and magnesium were observed at the end of the 

settling time. 

Variable removal rates were fonnd for COD, NH 3 , Zn, Ni, 

and As. These results patterned those found from analysis 

of port 1 data. 

Port 5, the deepest port at approximately 4.5 feet, 

showed similar results for the solids reduction as in ports 

1 and 3. Total suspended solids and volatile suspended 

solids reached approximately 90 percent reduction after the 

60 minutes settling period. 

Several param~ters showed greater removal rates in port 

5 than in any of the other ports. Zinc was reduced approxi­

mat e l y 60 percent, cadmium approximately 80 percent, nickel 

about 90 percent, copper about 60 percent, and iron about 

80 percent in port 5. All of the reduction rates were much 

higher than found in ports 1 and 3. 

Total phosphorus reduction was found to be similar to 

the other ports and reached 60 percent at the end of 60 

minutes. Low removal rates were shown for lead and ammonia. 



CHAPTER VI I 

DATA ANALYSIS 

Introduction 

The data generated from the several Lake Eola column 

studies performed were analyzed by two basic methods. The 

first method involv~d regression analys~s of the data 

to determine the "best" statistical curve fit available. 

The regression analysis procedure was used to develop 

equations that would aid in describing the removal of 

various water quality parameters by the various treatment 

methods. The computer program S.A.S. (Statistical :\nalysis 

Sy stem) was employed to determine and manage the numerous 

equations that were used in the analysis. 

The second method utilized for the data evaluation 

involved the development of isoconcentration lines or 
; 

sometimes referred to as "iso-percentage" removal lines. 

The sedimentation characteristics of the storm~ater were 

determined by withdrawing samples from the column at three 

depths and various time intervals. The fraction of the 

water quality parameter removed at each depth is used to 

construct lines depicting percent removal rates. Isocon-

centration lines were developed for total suspended solids 

and total phosphorus removals for each of the stormwater 

treatment methods. 
73 
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Regression Analysis -

Regression analysis was performed on the data obtained 

from the column studies in order to make predictions of 

parameter removal rates by means of mathematical equations. 

The equations chosen for use in this analysis procedure were: 

1 . % removal X = m t + b 

2 . % removal X = m sv + b 

3. % removal X = m ln t + b 

4 . % removal X = m ln. sv + b 

5 . (% remova1 X 
) -1 = m sv + b 

Where 

X = any variable (chemical parameter) 

t = time 

sv = settling velocity 

m = slope 

b = intercept 

Regression analysis was performed at each port (1, 3 and 5) 

for percent removal of the various parameters versus time. 

Analysis was also performed for percent removal of the various 

parameters versus settling velocity and the natural lo g of 

the settling velocity. Since settling velocities are deter­

mined by depth versus time, regression analysis equations 

involving settling velocities are applicable to all ports. 

Regression analysis results for the various treatment 

alternatives are listed in Tables 10 through 15. The data 
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are pres en ted in tabular form relating the slope (m) , inter-

cept (b), correlation coefficent (r), alpha (a), and the 

number of observations (n) to the regression variables. 

The alpha value (a) relates the confidence level placed 

on the results. The lower the alpha value, the more probable 

a direct relationship exists that the slope is correct. The 

correlation coefficient (r) indicates the amount of varia­

tion that can be expected from the developed equation. The 

correlation coefficient approaches plus (+) or minus (-) one. 

Perfect correlation exists when the coefficient (r) equals 

+1 or -1. Inverse correlation 1s a negative .value of (r) 

and results when the variables are inversely related to one 

another. 

The treatment methods analyzed included detention only, 

alum treatment and detention, and ferric chloride treatment 

and detention. Lime treatment was not considered for statis­

tical analysis due to the poor removal levels experienced 

for the various chemical parameters. 

The components of the regression equations developed 

for detention treated stormwater runoff are listed in 

Tables 10 and 11. Table 10 lists the results for percent 

removals versus time for the three ports, settling velocity, 

and 1 n of t h e s e t t 1 in g v e 1 o city . Tab 1 e 11 d i f f e r s in that 

the percent removals were compared to the ln of time for 

each port and the inverse of the percent removals were com -

pared to the settling velocity . 
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No outstanding correlations were achieved for detention 

treatment only. Trends were seen in the removal of total 

phosphorus, total suspended solids and total organic carbon. 

The highest (r) value encountered for all parameters was 

0.639 found for total phosphorus removal versus ln time at 

port 1. Correlations were poor for this same parameter 

versus ln time at port 5. 

The "best" regression equations were selected on the 

basis of the alpha value being less than 0.05 and the highest 

correlation coefficient. Percent removal as a function of 

ln time was the "best" regression equation for solids, COD, 

TOC, and TP removals. NH3 - N removal was most predictable 

a s a function of settling veloctiy (sv). No correlation could 

b e ma de fo r the parameters: Ni, Ca, TKN, Zn, Cd, Cu, and Mg. 

The r eg ress1on analysis results for alum treated and 

det a ined stormwater are listed in Tables 12 and 13. wrrela­

tion coefficients are much higher in these tables compared 

to detention treatment alone. 

The highest correlation coefficient encountered was 0.908 

for the percent TSS removed as a function of ln time with 

an alpha value of 0.000. Many of the parameters experienced 

very low alpha values, less than 0.05. For solids removal 

the "best" regression equation probably involved ln of the 

settling velocity, but very good correlations also occurre d 

for time, ln time and settling velocity. 
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Total phosphorus was another important parameter 

which showed very good correlations to nearly all variables. 

Best correlations probably occur for percent removal versus 

ln of time. 

Good correlations were found for almost all parameters 

evaluated for at least one of the variables. Poor correla-

tions were found for the parameters TKN, Zn, Cd, and Ci 

which would indicate poor or variable removal rates using 

alum. 

All regression equations for alum appear ~o be some-

what predictive of the various water quality parameter 

removal conditions except for the · equation~ involving the 

i n verse of the percent removal versus settling velocity. 

The re gression analysis results for the ferric chloride 

tre a ted and settled stormwater are listed In Tables 14 and 15. 

The results from these tables are similar to those found 

for alum. Solids reduction can best be. described by the 

equation involving percent removal versus ln o f time, 

although good correlations also existed for settling velocity. 

The hiahest correlation coefficient for solids was 0.926 
C> 

with an alpha value of 0.008 which occurred at the percent 

removal versus ln time at port 5. 

Good phosphorus correlations occurred at all variables 

with the "best" fit being percent removal versus ln of time. 

The parameters TKN and NH 3-N showed the lowest correlations. 

The lack of data limited the statistical anal ysis for the 

ferric chloride treated column study. 
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A comparison involving detention treatment only ~ith 

alum treated and detained stormwater runoff on the mass 

1 o ad in g s t o L ak e Eo 1 a are 1 is t e d in Tab 1 e 16 . It was 

8 estimated that 1.4 x 10 gallons of stormwater runoff 

reaches Lake Eola each year based on estimates for rainfall, 

contributing surface areas, land uses, and percent 1mper-

vi o us s u r faces ( T a y 1 o r 19 8 0 ) . 

The "b est " fit r e g r e s s ion an a 1 y s is e quat ion b as e d on 

a 3.0 foot basin at 60 minutes of settling time for both 

treatment methods was used to determine removal efficiencies 

and are also listed in Table 16. From these equations, 

percent removal rates can be calculated and the overall 

mass loadings can be found. 

Detention of stormwater alone produces good reductions 

1n several parameter loadings including TSS, COD, TOC and 

Pb compared to the untreated mass loadings. Total phosphorus 

1s only reduced 137 pounds per year by detaining storm\vater 

runoff in a 4.5 foot basin for 60 minutes. 

Alum treatment reduces the mass loadings of many para-

meters substantially. All parameters except TKN, NH 3 , Cd, Ni, 

and Ca were reduced. Total phosphorus was reduced from 598 

pounds per year to 32 pounds per year which corresponds to 

a 95 percent reduction. 
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Isoconcentration Lines -

Isoconcentration lines were developed for total sus-

pended solids and total phosphorus removal for all four 

treatment methods. The method for constructing these lines 

is outlined by W. Weber in his book Physicochemical Processes 

for Water Quality Control (1972). 

Due to variations 1n type, nature, and concentration 

of solids involved, no one theory can be used to describe 

all water and wastewater settling. Interaction between 

particles and their possible agglomeration all effect 

s ettling characteristics. Most settling in water and 

waste wate r is of the flocculant type (Zanoni 1975). 

It is not possible to predict the performance of sedi-

mentat i on basins for watewater applications from theoretical 

r e l a tionsh i ps. The fact that interparticle contact occurs 

durin g the settlin g of flocc~lant suspensions makes it 

necessary to perform a settling test t9 determine the perfor-

mance of a settling basin (Zanani 1975). 

The general formula for the development of isoconcen-

t rat ion lines lS given by: 

R R 
hl 

6 Rl 
hz 

~:::, Rz + 
h3 

6R + = + I1 + I1 I1 0 3 
0 0 0 

Where 

R = total % removal 

R = % removal given by the isocentration line inter-
a 

sectina height "h " \vhich is the depth of the ba sin 
.::> 0 ' 
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h 1 , h 2 , h 3 , etc. are the average heights between the 

isoconcentration lines directly above 

ideal basin detention time. 

6 R1 , 6 R2 , 6 R3 , etc. are the differences between the values 

of the isoconcentration line above 

and below h 1 h 2 , h 3 , etc. 
' 

Isoconcentration lines developed for the four treatment 

methods are listed in Tables 17 through 24. The scales of 

all the graphs are equal except for the TSS and TP removals 

by sedimentation which uses 120 minutes compared to 60 

minutes of settling time for the remaining curves. 

Figures 17 and 18 depict TSS and TP removals respectively 

for settled stormwater runoff. Removal of TSS approaches 

60 percent after 120 minutes of settling at the 5 foot depth. 

Total phosphorus removals are slightly less, reaching 40 

percent removal after 120 minutes at the 5 foot depth. 

Figures 19 and 20 depict TSS and TP removals for alum 

coagulated and settled stormwater. Removal efficiencies are 

substantially increased over sedimentation alone. Removals 

for TSS approach 90 percent after 60 minutes of settling at 

the 5 foot depth with TP removals reaching 90 percent after 

only 30 minutes of settling at the 5 foot depth. 

Ferric chloride treatment results for TSS and TP removals 

are depicted in Figures 21 and 22, respectively. Ferric 

chloride showed the highest TSS removals of all the treatment 
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methods. TSS removals approached 90 percent after 20minutes 

of settling at the 5 foot depth. Total phosphorus removal 

rates were also very good with variable percent removals 

occurring at port 3. TP removals were approximately 80 

percent after 20 minutes of settling at the 5 foot depth. 

Lime treatment of TSS and TP are depicted in Figures 

23 and 24, respectively. These removal rates were much 

less than alum or ferric chlorided treated stormwater but 

are greater than sedimentation alone. TSS reductions approached 

80 percent after about 55 minutes of settling at the 5 foot 

depth. 

A comparison of the two analysis methods are listed 1n 

Table 17. This table lists the removal efficiencies for 

total susp ended solids and total phosphorus predicted by the 

isoconcentration lines and by regression analysis. The com­

parison in volves the data for the alum coagulated anddetained 

stormwater runoff. 

The regress ion equations uti 1 ized for the two water quality 

parameters are listed in Table 16. The results for the iso­

concentration line method are from Appendix C which calculates 

an example problem using the generated data for a 4.5 foot 

deep bas in. 

From Table 16, the isoconcentration line method predicts 

slightly higher removal rates for TSS and much high removal 

rates for short settling times involving TP than the re gression 

analysis method. The accuracy of the isoconcentration line 



TABLE 17 

COMPARISON OP TSS AND TP REMOVAL BY REGRESSION 
ANALYSIS ANn ISOCONCENTRATION LINES INVOLVING 

ALUM TREATED AND SETTLED STORMWATER RUNOFF 

9o TSS RIMOVAL % TP REMOVAL 
Settling* 

1Isoconcentration T RegTession Se ttling Velocjty Isoconcentration 
T .i Ill c (min) (Ft/min) lines Analysis lines 

I 

10 0. 4 5 26 16 40 

15 0.30 42 30 60 

20 0. 2 2 5 68 39 80 

30 0.15 85 53 90 

l1 0 0.1125 88 62 90 + 

60 0.075 90 76 90 + 

* BascJ on a 4.5 feet basin 

NOTE: 1. Regression analysis results \verc token .from the equations listed on 
T ~l b 1 c 1 6 

2. Isoconccntrntion results Here found from an example problem listed 111 
Appendix C. 

Regression 
Analysis 

19 

33 
1..0 
-........) 

43 

57 

67 

81 
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method to predict overall removal rates at a specific time 

is dependent on the number of lines constructed on the graph. 

More isoconcentration lines are needed for the total phos­

phorus removal figure to improve its accuracy. 

The regression analysis equations are more accurate 

due to the greater number of data points and the various 

equations tested. These equations tend to be conservative 

when compared to the isoconcentration line method which may 

be more useful in des i gn considerations. 



CHAPTER VI I I 

S~~ARY AND CONCLUSIONS 

The purpose of the column studies was to examine the 

changes in urban stormwater runoff quality due to various 

treatment alternatives. Detention of stormwater runoff 

in a man-made column was evaluated along with chemical 

treatment involving the addition of alum, ferric chloride, 

and lime to determine their effectiveness in reducing 

various water quality parameters. The main emphasis of 

the research involved removal of phosphorus from urban run­

off. From the results obtained from the column studies the 

following conclusions were reached: 

1. The quality of stormwater runoff samples collected for 

this project appear to be consistent with values found 

nationally and also from previous Lake Eola studies. 

2. Detention of stormwater runoff in the column for 120 

minutes resulted in the average total suspended solids 

(TSS) removal of approximately 55 percent and average 

total phosphorus (TP) removals of approximately 30 

percent. 

3. Detention of stor~vater runoff was not found to be 

effective in removing significant concentrations of 

heavy metals. 

99 
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4. The addition of 240 mg/1 of alum at a pH of 5.5 to the 

column along with 60 minutes of settling resulted in 

the removal of approximately 94 percent total suspended 

solids (TSS) and 92 percent total phosphorus (TP). 

5. Alum treatment of urban stormwater runoff removed to 

some degree all heavy metal concentrations encountered. 

6. The addition of 80 mg/1 of ferric chloride at a pH of 

5.0 to the column with 60 minutes of settling time 

would result in total suspended solids (TSS) removals 

of about 95 percent and total phosphorus (TP) removals 

o f about 92 percent. 

7 . Ferric chloride treatment was effective 1n reducin g the 

major i t y of heavy metals encountered in urban runoff. 

8. Lime treatment of urban runoff with 60 minutes of settling 

showed similar total suspended sol.ids (TSS) removals as 

that found for detention treatment alone for 120 minutes 

of settling. 

9. Lime treatment with detention of urban runoff at a 

pH of 11.5 resulted in total phosphorus removals o f 

approximately 55 percent. 

10. Lime treatment with detention showed no significant 

removals for heavy metals. 
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11. Regress ion analysis is a useful method in predicting 

water quality parameter removal rates as a function of 

settling velocity and time. 

12. Good correlations were found for the regress ion equa­

tions involving alum and ferric chloride treated storm­

water for nearly all water quality parameters tested. 

In terms of phosphorus removal, it is found that phos­

phorus binds readily with common coagulants such as calcium, 

iron, and aluminum to form relatively insoluble compounds. 

Calcium compounds are of limited use 1n lake environments 

because of its ineffectiveness below pH 9. Anoxic conditions 

in the hypolimnion of eutrophic lakes would reduce 1ron 

co mpounds to the soluble state if added directly to a lake. 

This addition might then aggravate rather than alleviate 

the problem of phosphorus concentrations (Funk 197?). 

It appears that aluminum compounds, namel y alum, are a 

widely used and effective treatment method for phosphorus 

removal and inactivation. Various treatment method designs 

could be used to effectively reduce many water quality para­

meters from urban stormwater runoff before dischar ge to Lake 

Eola. 



102 

APPENDIX A 

LAKE EOLA COLUMN STUDY RESULTS 
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APPENDIX B 

SUMMARY OF JAR TEST RESULTS 



Lake Eola Runoff Samples 
Date Taken: 4-5-79 
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Coagulant: Alum - AL 2 (S04)3 - 18 H2o 
Rapid Mix Max. RPM for 3 minutes 
Slow Mix 30 RPM for 30 minutes 
Sedimentation - 30 minutes 
Apparatus Phipps & Bird 
Initial pH = 5.5 

FOR OPTIMAL DOSE -

Final pH Alum Dose (mg/1) 0-P (mg/1) 

5. 5 0 (blank or raw) 5. 2 
5.5 10 5. 2 
5.5 20 5. 1 
5.5 30 5.2 
5. 5 40 5.1 
5.4 50 5.2 
5.3 100 4.3 
5.3 120 4.8 
5.3 140 3.2 
5. 2 160 1.9 
5.2 180 1. 2 
5.1 200 1.1 
5.1 220 0.7 
5.0 240 0.6 
5.0 260 0.65 
4.9 280 0.6 
4.9 300 0.6 
4.9 320 0;6 

OPT I HAL DOSE @ 240 mg/1 

Date Taken: 4-5-79 

FOR OPTIHAL pH 
Constant Alum Dose of 240 mg/1 

nH iv1a in ta ined At 0-P _ (mg/1) 

5.0 0.5 
5. 5 0.4 
6.0 0.95 
6.5 1 . 1 
7. 0 2 . 6 
8.0 3. 7 

OPTIHAL pH @ 5.5 

9.: 
0 Removal 

0 
0 

1.9 
0 

1.9 
0 

17.3 
26.9 
3 8. 5 
63.5 
76.9 
78.8 
86.5 
88.5 
87.5 
88.5 
88.5 
8 8. 5 



Lake Eola Runoff Samples 
Date Taken: 4-25-79 
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Coagulant: Alum - AL2(S04)3 . 18Hz0 
Rapid Hix Max RPM for 3 minutes 
Slow Mix 30 RPM for 30 minutes 
Sedimentation - 30 minutes 
Apparatus Phipps & Bird 
Initial pH = 7.3 
Final pH maintained @ 5.5 

Sample Nbr. Alum Dose (mg/1) T-P (mg/ 1) 

1 Raw 0 1. 1 
2 150 - 0. 2 3 
3 180 0.34 
4 200 0.35 
5 210 0.42 
6 220 0.44 
7 230 0.36 
8 240 0.42 
9 250 0.38 

10 260 0.33 
11 280 0.31 
12 300 0.43 
13 Raw Diluted (1:1) 0.66 
14 Raw Diluted ( 1: 3) 0.35 

OPTIMAL DOSE FOR T-P REMOVAL 150 mg/1 

ALKALINITY = 91.75 mg/1 as CaC03 

Turbidity 
(JTU) 

80 
12 
12 
8.0 
12 
12 
43 
34 
11 
12 
7. 3 
5.5 
14 
10 



Lake Eola Runoff Samples 
Date Taken: 5-24-79 
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Coagulant: Alum - AL2(S04) 3 . l8H20 
Rapid Mix - Max. RPM for 3 minutes 
Slow . Mix 30 RPM for 30 minutes 
Sedimentation 30 minutes 
Apparatus Phipps & Bird 
Intial pH = 7.7 
pH Maintained @ 5.5 

FOR OPTI MAL DOSE -

Sample Nbr. Alum Dose (mg/ 1) T-P - (mg/1) 

1 0 (Blank) 0.255 
2 10 0.18 
3 20 0.11 
4 30 0.12 
5 40 0.12 
6 so 0.115 
7 60 0.12 
8 80 0.12 
9 100 0.11 

10 1 20 0.12 
11 140 0.13 
1 2 160 0.12 
13 180 0.115 
1 4 200 0.13 
15 220 0.13 
16 240 0.1~5 

17 260 0.14 

OPTI~IAL DOSE @ 20 mg/1 for T-P Removal 
100 mg/1 for Turbidity Removal 

Date Taken: 5-24-79 

For Optimal pH 
Constant Alum Dose of 20 mg/1 

pH Maintained At 

0 PT I ~1AL pH @ 5 . 0 

4.0 
5.0 
5. 5 
6.0 
7. 0 
8.0 

T-P (mg/1) 

0.19 
0.15 
0.17 
0.20 
0.32 
0.35 

Turbidity 
(JTU) 

6.5 
4.8 
4.5 
4.4 
4.2 
4.5 
4.7 
4.5 
3. 8 
5.2 
4.8 
4. 5 
4.2 
5.2 
6.2 
5.6 
6.2 



Lake Eo1a Runoff Samples 
Date Taken: 4-25-79 
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Coagulant: Ferric Chloride - FeCL3 
Rapid Mix Hax RPM for 3 minutes 
Slow Mix 30 RPM for 30 minutes 
Sedimentation - 30 minutes 
Apparatus Phipps ~ Bird 
Initial pH = 7.3 
Final pH Maintained @ 4.0 

Sample Nbr. FeCL3 Dose (mg/1 ) T-P (mg/1) 

1 0 (Blank Diluted (1: 1) _Q. 6 3 
2 50 0.21 
3 60 0.185 
4 70 0.189 
5 80 0.20 
6 90 0.218 
7 0 (Blank Diluted (1: 3) 0.37 

OPT I rv1AL DOSE - TP Removal @ 60 mg/1 
Turbidity Remova l @ 60 mg/1 

OPTI ~1AL pH -

pH rv1a in ta ine d At T-P (mg/ 1) FeCL 3 

3 0. 19 
4 0. 1 7 
5 0.175 
5.5 0.18 
6 0.21 

OPTI~1AL pH @ 4.0 

ALKALINTIY = 91.75 mg/1 a.s CaC0 3 

Turbidity 
(JTU) 

42 (Raw= 80) 
6.1 
4.0 
4.0 
5.8 
4. 8 

22 

Dose (mg/ 1) 

60 
60 
60 
60 
60 
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Lake Eola Runoff Samples 
Date Taken: 5-24-79 
Coagulant: Lime - Ca(OH)2 

Rapid Mix Max RPM for 3 minutes 
Slow Mix 30 RPM for 30 minutes 
Sedimentation 30 minutes 
Aparatus Phipps & Bird 
Initial pH = 7.3 
Final pH Maintained @ 11.5 

Sample Nbr. Lime Dose (mg/ 1) T-P (mg/ 1) TP AVG.(mg/1) 

1 0 (Blank) 0.26 ,_0.253 0.2565 
2 80 0.162 0.091 0.1265 
3 100 0.58 0.152 0.366 
4 120 0.51 0.034 0.272 
5 140 0.138 0.101 0.1195 
6 160 0.095 0.128 0.1115 
7 180 0.071 0.118 0.0945 
8 200 0.004 0.138 0.071 ,. 
9 250 0.071 0.041 0.0.56 

OPTI -1AL DOSE @ 250 mg/1 



Lake Eola Runoff Samples 
Date Taken: 7-12-79 
Coagulant: Lime - CA(OH)2 
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Rapid Mix Max RPM for 3 minutes 
Slow Mix 30 RPM for 30 minutes 
Sedimentation 30 minutes 
Initial pH = 6.9 
Final pH Maintained@ 11.5 

Sampled Nbr. Lime Dose (mg/ 1) 

1 0 (Blank) 
2 80 
3 100 
4 120 
5 140 
6 160 
7 200 

OPTIMAL DOSE @ 140 mg/1 

T-P (mg/ 1) 

0.12 
0.144 
0.175 
0.124 
0.076 
0.111 
0.112 



Lake Eola Runoff Samples 
Date Taken: 7-12-79 
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Coagulant: Ferric Chloride - FeCL3 
Rapid Mix Max RPM for 3 minutes 
Slow Mix 30 RPM for 30 minutes 
Sedimentation- 30 minutes 
Apparatus - Phipps & Bird 
Initial pH = 6.9 
pH Maintained@ 5.0 

Sample Nbr. FeCL 3 

1 0 
2 20 
3 40 
4 60 
5 80 
6 100 
7 5 
8 10 

OPTI~~L DOSE @ 80 mg/1 

OPTIMAL pH -
InitialpH = 6.9 

pH ~laintained At 

3 
4 
5 
6 
7 

0 PT I f.-1A L pH @ 5 • 0 

Date Taken: 7-12-79 
Coagulant: FeCL 3 

OPTIMAL pH -
Initial pH = 6.9 

pH ~aintained At 

3 
4 
5 
6 
7 

Dos~mg/!1_ 

Blank 

T-P (mg/ 1) 

0.195 
0.115 
0.068 
0.188 
0.477 

T-P (mg/1) 

0.078 
0.065 
0.062 
0.094 
0.263 

T-P (mg/1) 

0.145 
0.096 
0.089 
0.142 

<0.05 
<0.05 

0.128 
0.098 

FeCL3 Dose (mg/1) 

10 
10 
10 
10 
10 

FeCL3 Dose (mg/1) 

80 
80 
80 
80 
80 
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APPENDIX C 

EXAMPLE PROBLEM INVOLVING ISOCONCENTRATION LINES 
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Example Problem -

Settling Tank Design Problem for Coagulated and 

Settled Stormwater Runoff Using Alum 

The data for total suspended solids (TSS) and total 

phosphorus (TP) removals for alum treatment from each port 

at various time intervals are listed below: 

Total Suspended Solids 

\Time I % TSS RE~·lOVED (AVERAGE) 
. (min) 

1 
5 10 15 30 

Port 
60 

1 (l.Zft) 20 74 79 85 97 

3 (3.2ft) 16 26 35 87 92 

5 (4.5ft) -11 -6 20 74 89 

Total Phosphorus 

\ Time % TP RE~·10VED (AVERAGE) 

(min) 5 10 15 30 60 
Port 
1 (l.Zft) 0.14 90 95 98 99 

3 (3. 2ft) -5. 5 - 7 37 94 96 

5 (4.Sft) 30 22 -9 97 95 

The data for total suspended solids and total phosphorus 

removals were graphed and are depicted in Figures 25 and 26 

along with the developed isoconcentration lines. Using equa-

tion 3-16, p. 119, of W. Weber (1972) and the developed 

figures, the overall removal efficiences for the two water 

quality parameters can be determined. 
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Rc + i-Ia (Rdo- R O) + Hb 
t2vo c t2vo 

where R = removal efficiency 

H = height 

t = time 

v = velocity 

Using the developed isoconcentration lines for TSS and 

TP removals and assuming a 4.5 foot deep tank, Tables 18 

and 19 were developed to calculate the overall removal 

efficiencies for the listed times. The data for TSS and TP 

removals were now graphed on Figures 27 and 28 respectively 

to develop a single overall removal efficiency line versus 

time. Figures 27 and 28 can be used for settling tank design 

calculations. A safety factor should be included in design 

problems us1ng the data. 



TIME % TSS 
(MIN) RANGE 

15 0-20 
20-40 
40-60 
60-70 
70-80 
80-90 

18 0-40 
40-60 
60-70 
70-80 
80-90 

22 0-60 
60-70 
70-80 
80-90 

27 0-70 
70-80 
80-90 

34 0-80 
80-90 

60 0-90 
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TABLE 18 

DESIGN CALCULATIONS FOR A 4.5 FOOT 
DEEP TANK FOR TSS REMOVAL 

AVG. DEPTH 
OF RANGE Vs \[ 

• 0 

(FT.) i!_PM) gal/ft 2 j(day) 'l s /V o 

4.5 0.3 3231.79 1 
3.6 0.24 0.8 
2.5 0.167 0.555 
1.9 0.127 0.42 
1.3 0.087 0.29 
0.5 0.033 0.11 

Total 

4.5 0.25 2693.2 1 
3.7 0.206 0.82 
2.6 0.144 0.58 
1.9 0.1055 0.21 
0.8 0.0444 0.178 

Total 

4.5 0.205 2208 1 
3.9 0.177 0.86 
2.6 0.118 0.58 
1.2 0.055 0.27 

Total 

4.5 0.167 1799 1 
3.6 0.133 0.8 
1. 6 0.059 0.35 

Total 
--

4.5 0.132 1422 1 
3.7 0.1088 0.818 

Total 

4.5 0.075 808 1 

Total 

% TSS 
RE~,IOVAL 

20 
8 
5. 5 
4.2 
2.9 
1.1 

41.7 

40 
8.2 
5.8 
2.1 
1. 8 

57.9 

60 
8.6 
5.8 
2.7 

77.1 

70 
8.0 
3.5 

81.5 

80 
8.2 

88.2 

90 

90 



TL1E % TP 
(HIN) RANGE 

20 0-60 
60-70 
70-80 
80-90 

22 0-70 
70-80 
80-90 

26 0-80 
80-90 

33 0-90 
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TABLE 19 

DESIGN CALCULATIONS FOR A 4.5 FOOT 
DEEP TANK FOR TP REMOVAL 

AVG. DEPTH v Vo, OF RANGE s L... 

(FT.) (FPM) ga1/ft2 /(day) 

4.5 0.225 2424 
3.9 0.195 
3.0 0.15 
2.2 0.11 

-----·--------

4.5 0.205 2208 
3.8 0.173 
2 . 7 0.123 

4.5 0.173 1864 
3. 7 0.142 

4.5 0.136 1465 

~ TSS V /V 0 

REMOVAL s 0 

1 60 
0.866 8.66 
0.666 6.66 
0.488 4.88 

Total" 80.20 

1 70 
0.844 8.44 
0.6 11.0 

---

Total 84.44 

1 80 
0.82 8. 2 

Total 88.2 

Total 90 
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Fig. 25. Isoconcentration lines for total suspended 
solids for alum coagulated and settled stormwater runoff. 
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APPENDIX D 

WEIGHT RATIOS OF VARIOUS CHEMICAL PARAMETERS 
FOR ALUM, FERRIC CHLORIDE, AND LIME TREATMENT 
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ALUM TREATED 

x. = initial parameter concentration 
1 

XF = final parameter concentration 

TSS- = initial TSS concentration 
1 

TSSF = final TSS concentration 

1) Port 5 (4.5 ft) at 60 minutes settling 

Initial Cone. (mg/1) Final Cone. (mg/1) % 
Parameter . (Average of all storms) (Average of all storms) Removal 

TS& 145.9 10.75 93 
vss 89.9 2.5 97 
NVSS 56.0 8.25 85 
COD 168.9 60.9 64 
TKN 4.2 1.72 59 
NH3 0:5 0.235 53 
TOC 139.9 14.2 90 
TP 1.0 0.0425 96 

x. ~ XF 1 

Parameter TSS. TSSF TSS. 
-l -1 

TSS 1 1 0.074 
vss 0.616 0.233 0.0171 
~vss 0.384 0. 767 0.057 
COD 1.16 5.67 0.417 
TKN 0.029 0.16 0.0118 

~ 
0.0034 0.022 0.0016 
0.959 1.32 0.0973 

TP 0.0069 0.00395 0.0003 



135 

2) Port 3 (3.17 ft) at 60 minutes settling 

Initial Cone. (mg/1) Final Cone. (mg/1) % 
Parameter (Average of all storm6) (Average of all storms) Removal 

TSS 145.9 12 92 
vss 89.9 3.75 96 
NVSS 56.0 8.25 85 
COD 168.9 53.7 68 
TKN 4.2 1.76 58 
NH 0.5 0.15 70 
1D~ 139.9 14.8 89 
1P 1.0 0.0325 97 

X. ~ XF l 

Parameter TSS. TSSF TSS. 
-1 -l 

' 
TSS 1 1 0.082 
vss 0.616 0.3125 0.026 
:NVSS 0.384 0.6875 0.057 
COD 1.16 4 .475 0.368 
TKN 0.029 0.1467 0.012 

~~ 
0.0034 0.0125 0.001 
0.959 1.233 0.1 

TP 0.0069 0.0027 0.0002 
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3) Port 1 (1.17 ft) at 60 minutes settling 

Initial Cone. (mg/1) Final Cone. (mg/1) % 
Parameter (Average of all storm6) (Average of all sto~) Rennval 

TSS 145.9 4.25 97 
vss 89.9 2.75 97 
NVSS 56.0 1.5 97 
COD 168.9 62.4 63 
TKN 4.2 1.89 55 

~oC 
0.5 0.16 68 

139.9 14.2 90 
1P 1.0 0.028 97 

X. XF ~ l 

Parameter rss-. 
-l TSS"F Tss-F 

TSS 1 1 0.029 
vss 0.616 0.647 0.0189 
NVSS 0.384 0.353 0.0103 
COD 1.16 14.7 0.438 
TKN 0.029 0.445 0.013 
NH3 0.0034 0.038 0.0011 
roc 0.959 3.34 0.097 
TP 0.0069 0.0066 0.0002 
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FERRIC CHLORIDE TREATED 

1) Port 5 (4.5 ft) at 60 minutes settling 

Parameter 

TSS 
vss 
NVSS 
COD 
TKN 

~~ 
TP 

Parameter 

TSS 
vss 
NVSS 
COD 
TKN 

~ 
TP 

Initial Cone. (mg/1) 
(Average of all storms) 

145.9 
89.9 
56.0 

168.9 
4.2 
0.5 

139.9 -
1.0 

x. 
l 

TSS. 
-l 

1 
0.616 
0.384 
1.16 
0~029 
0.0034 
0.959 
0.0069 

Final Cone. (mg/1) % 
(Average of all storms) Removal 

10 93 
5 94 
5 91 

56~25 67 
1.4 67 
0.223 55 

0.05 95 

~ XF 
TSSF TSSF 

1 0.069 
0.5 0.034 
0.5 0.034 
5.63 0.386 
0.14 0.0096 
0.022 0.0015 
----.- ------
0.005 0.0003 



138 

2) Port 3 (3.17 ft) at 60 minutes settling 

Initial Cone. (rng/1) Final Cone. (mg/1) ~ 
0 

Parameter (Average of all s tonns) (Average of all storm5) Removal 

TSS 145.9 9 94 
vss 89.9 4 96 
NVSS 56.0 5 91 
COD 168.9 46.87 72 
TKN 4.2 0.84 80 
NH 0.5 0.207 59 
TO~ 139.9 ------
TP 1.0 0.061 94 

X. XF XF l 

Parameter TSS". 
-1 

rssF TSSF 
TSS 1 1 0. 062 
vss 0.616 0.444 0.027 
NVSS 0.384 0.555 0.034 
COD 1.16 5.2 0.321 
TKN 0.029 0.093 0.0058 

~ 
0.0034 0.023 0.0014 
0.969 ------

TP 0.0069 0.0067 0.00042 
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3) Port 1 (1.17 ft) at 60 minutes settling 

Initial Cone. (mg/1) Final Cone. (mg/1) % 
Parameter (Average of all storms) (Average of all storms) Removal 

TSS 145.9 11 92 
vss 89.9 5 94 
NVSS 56.0 6 89 
COD 168.9 67.5 60 
TKN 4.2 1.68 60 

~c 
0.5 0.223 55 

139.9 ------
TP 1.0 0.05 95 

x. XF XF l 

Parameter T§". 
~ TSS"F s 

TSS 1 1 0.075 
vss 0.616 0.45 0.034 
NVSS 0384 0.55 0.041 
COD 1.16 6.14 0.463 
TKN 0.029 0.153 0.0116 
NH 0.0034 0.02 0.0015 
TO~ 0.959 ------
TP 0.0069 0. 005 0.0003 
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LIME TREATED 

1) Port 5 (4.5 ft) at 60 minutes settling 

Initial Cone. (rng/1) Final Cone. (mg/1) % 
Parameter (Average of all storms) (Average of all storms) Removal 

TSS 145.9 25 83 
vss 89.9 12 87 
NVSS 56.0 13 77 
COD 168.9 5_0 70 
TKN 4.2 0.98 77 

~~ 
0.5 0.94 0 

139.9 -----
TP 1.0 0.427 57 

X. XF XF 1 

Parameter TSS. 
-1 

TSSF TSSF 

TSS 1 1 0.171 
vss 0.616 0.48 0.082 
NVSS 0.384 0.52 0.089 
COD 1.16 2.0 0.343 
TKN 0.029 0.04 0.0067 

~c 
0.0034 0. 04 . 0.0064 
0.959 ------

TP 0.0069 0.017 0.0029 
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2) Port 3 (3.17 ft) at 60 minutes settling 

Initial Cone. (rng/1) Final Cone. (rng/1) % 
Parameter (Average of all stonns) (Average of all storms) ReiiDval 

TSS 145.9 24 84 
vss 89.9 8 91 
NVSS 56.0 16 71 
COD 168.9 36 79 
TKN 4.2 0.77 82 
NH3 0.5 -0.059 88 
TOC 139.9 ------
TP 1.0 0.354 65 

Parameter TSS. TSSF TSSF 
-l 

TSS 1 1 0.164 
vss 0.616 0.333 0. 055 
NVSS 0.384 0.666 0.11 
COD 1.16 1.5 0.25 
TKN 0.029 0.032 0.0053 

~ 
0.0034 0.0025 0.0004 
0.959 ------ ------

TP ------ 0.015 0.0024 
0.0069 
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3) Port 1 (1.17 ft) at 60 minutes settling 

Initial Cone. (mg/1) Final Cone. (rng/1) % 
Parameter (Average of all stonns) (Average of all storms) Removal 

TSS 145.9 24 84 
vss 89.9 12 87 
NVSS 56.0 12 79 
COD 168.9 70 59 
TKN 4.2 1. ~- 67 
NH 0.5 0.059 88 
TO~ 139 . 9 - -----
TP 1.0 0.321 68 

v 
XF ~ A· 

l 

Parameter TSS"· -=-=-=:_J.. 
TSSF TSSF 

TSS 1 1 0.164 
vss 0.616 0.5 0.082 
NVSS 0.384 0.5 0.082 
COD 1.16 2.9 0.48 
TKN 0.029 0.06 0.0096 

~ 
0.0034 0.0025 0.0004 
0.959 ------ ------

TP 0.0069 0.0133 0.0022 
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