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phorus precipitation , sol id-liqui d separation of the insol ubilized phosphorus ,
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indi cate that low level lime addi tion to raw wastewater in a trickling filter
system can provide an effective simpl e-to-operate, cost-effective method of
upgrading a plant to successfully comply with effluent l imi tations.

UNCLASSIFIED
— — -~~~-- 

- 

— —r — —— a. ~~~~~~~~ 
PA,. 

~~~~~~~~~~~~~~~~~~~~~~~ 
1~~ W41 -~~ 

-
~~~



( 3

- 

.
. AC KN OWLED ~IEN TS

The a uthors wish to extend special thanks to Mr. Kenneth A. Bartgis ,
Engineering Technici an and SP5 Felix B. Legaspi , Jr., Engineering Assist-
ant, for the i r tech nical ass istance for the dura tion of the proj ect.

I

4
,

I j 

~~~~~~~~~~~~~~~~~~~~~; ,
~~~~ 

.,

~~ 
,
~ 

$,etIiU $
t~~~~.c*ISS a

C ~ 
• • *~M . 4S~U 

“ ~~~~~~~



TABLE OF CONTENTS

ACKNOWLEDGMENTS . . . .  . . . . . . . . . . . . . . . .  1

• INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5
RESEARCH APPROACH . . .  .  . .  .   .  .   6

— 

P URPOS E . . . . . . . .    . . . . .  9

MATERIAL S AND METHODS .  .  . .  .  .   .   9

Laboratory Studi es . . . . . . . . . . . . . . . . . . . . . . . . 9
Pilot Studies . . . . . . . . . . . . . .  . . 10
Sampling and Analyses . . . . . . . . . . . . . . . 12

RESLJLTS AtI D DISCUSSION . . . . . . . . . . . . . . . . . . . . . . . . 13

SUMMARY AND C O N C L U S I O N S . . . . . . . . . . . . . . . . . . . . . . . . 2 8

R Ec0MMENDATr0Ns . . . . . . . .        29

L ITERATURE CITED . . . . . . . . .   . . . .       31

LIST OF ABBREVIAT IONS  32

APPENDIX. Summary of Data . . . . . . . . . . . . . . . . 33

DISTRIBUTION LIST . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

TABLES

1. Wastewater Discharge Permits Requi ring Advanced Treatment . .  . . 7

2. Hypothetical Phosphorus Removal System . . . .  . 17

3. Biologi cal Recarbonatlon . . . . . . . . . . . .  . 26
4. Lime Dose Requi red to Reach the Indicated pH, and the Resulting

Alkalinity . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
5. Sol ids—LiquI d Separation , Lime Addition Only . . . . . . . . . . . 28

~~~~~~~~~



FIGURES

1. Ex perimental Conditions . . . .  . 11

2. TypIcal Jar Test Result, Lime Addition to Primary Influent . . . . 14

3. Phosphorus Removal from Primary Effluent Using Lime Addition
to Primary Influent . . . . . . . . . . . . • . . . 15

4. Phosphorus Remova l from Secondary Effl uent, Lime Addition
to Primary Infl uent . . . . . . . . . . . . . . . • 16

5. Jar Test Using Ferric Chlori de as Coagulant Aid , pH 9.7,
Pr imary Inf luent . . . . . . . . • . . . . . . . • . 18

6. Jar Test Using Ferric Chlori de as Coagulant Aid , pH 8.5,
Trickling Filter Effluent . . . . . . . . . . . . . . . . . . . . 19

7. Phosphorus Removal Using Lime and Coagul ant Aids , pH 9.5,
Pri ma ry Effl uent . . . . . . . . . . . . . . . • . . 21

8. Phosphrous Removal Using Lime and Coagulant Aids , pH 9.5,
Trickling Fi lter Secondary Effluent . . . . . . . 22

9. Total Organic Carbon Removal Across a Trickling Filter at
Selec ted pH Levels . . . . . . . . . . . . 23

10. Chemi cal Oxygen Demand Reduction Across a Trickling Filter at
Selected pH Levels . . . . • . . . . . . . . . . . . 24

11. Biochemical Oxygen Demand, 5—Day , Filtered, mg/ i . . . . . . . . . 25

H ~~~~~~

-~~~~ —~ 
~~~~~~~~~~~~~~~~~ 

-
~~



INTRODUCTION

Accelerated eutrophication Is causing serious deterioration of much
of the nation ’s fresh surface water resources. ~tany surface water sup-plies have already d eteriorated, creating water supply and treatment
prob l ems. Aq uati c biota and water recreation are adversely affected by
accelerated eutrophication. Increased restrictions on water uses due to
quality deterioration are attributed to the availability of critical
nutrients which stimulate excessi ve algae and plant growth. Phosphorus
has long been i dentif led as one limi ting nutri ent. Man ’s wastewaters are
primary sources of phosphorus in many surface water supplies ; hence, con-
trol of was tewa ter d isc harges c an be a key to con troll ing accel erated
eutrophi cation. Research indicates that phosphorus is usual ly the limi t-
ing nutrient and the nutrient most amenable to removal by wastewater
treatment systems.1

Identifi cation of phosphorus as a limi ting nutri ent, plus high phos-
phorus concentrations in wastewaters, have resulted in wast ew ater dis-
charge limi tations for phosphorus. Discharge limi tations are embodied tn
the National Pollutant Discharge Elimination Sys tem (NPDES ) within Public
Law 92_5002 and app ly to al l categories of wastewaters. Department of
the Army ins tallations must apply for and recei ve discharge permits for
all wastewater discharges. In many cases, existi ng NPDES permits impose
phosphorus limi tations on Army produced wastewaters. It is antici pated
that future NPOES permits wi l l  contain phosphorus limi ta tions for a
greater nun~er of wastevater discharges than at present.

This report describes phosphorus removal studies undertaken to pro-
vide advanced wastewater treatment (AWT) technology appl icable to US Army
wastewater treatment facilities . A detai led review of phosphorus removal
technology was conducted pri or to initiating these studies and has been
previous ly published. 3 The review show ed that technology provided must
be capable of meeting current and future NPDES permit limi tations .
Al though AWT technology exists , new approaches need investigation to more
efficiently meet new requi rements . Appl ication of some AWT technology by
actual facility design Is currently underway; however , applica tion of AWT
technology in meeting (iS Army NPDES permit l imi tations is not yet well
established. The review poInted out that Army wastewater treatment
sys teme have speci al characteristics such as types of processes and
flows , and that normal AWT technology may not apply or may need modifi-
cation before it can be applied.

This research e ffort was directed primari ly toward upgrading existing
Army wastewater treatment facilities to meet NPDES permit limitations , as
opposed to res earch directed toward completely replacing existing facili-
ties . Consi derations in research for design upgrade incl uded maximum use

• of existing equi pment and faciliti es, s impl icity o f o pera tion and ma inte

J nance , and mi nimum laboratory support. Research objectives Incl uded
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identifi ca tion and assessment of a proces s with potential wide appl ica-
tion to existing Army wastewat er treatment systems and compatibility with
other treatment unit proces s es .

RESEARCH APPROACH

In order to assess the impact of Public Law 92-500 on Army installa-
t ions , a comprehens ive review of NPDES permit limi ta tions was conducted
in early 1976 for many Army wastewater discharges. Of 78 installations
revi ewed, 49 had been issued NPDES permits for 64 wastewater discharges .
Since Public Law 92-500 places limitations on wastewater discharges , but
does not dictate methods of obtaining those limi tations , the Army has
alternati ves of meeting stri ngent limi tations by AWT wastewater treat-
ment plus land appl i cation or connec tion to area wide systems. Of the
78 installations revi ewed, 19 installations had all wastewater discharges
connected to muni ci pal/area wide systems. Feasibility studi es for land
application had been conducted at 14 Installations , but pursuit of land
application as a means of meeting NPDES permit limitations had ceased at
most of those installations for a vari ety of reasons. Of the alterna-
tives for stringent l imitations , AWT would be necessary in most cases.

Of the 64 NPDES permits reviewed, 37 required only secondary treat-
ment while 27 contained more stringent limitations . AWT was the only
al ternati ve in most cases . More specific data on the 27 permits contain-
ing stri ngent limi tations (AWl requi rements ) are p resented in Table 1.
Phosphorus removal was indica ted for more than one—thi rd of those waste-
waters havi ng AW l requi rements . The wastewater discharge limitations for
phosphorus showed a range (as P) of 0.2 to 2.0 mg/i with a mode of
1.0 mg/ i. Da ta are for NPDES permi ts after 1 Ju ly 1977 and prior to
1930. New NPDES permi ts will be issued for the 1980 ’s.

Army wastew a ter treatment systems consist primari ly of trickl ing fil-
ters as secondary treatment processes, a few activated sludge systems and
several extended aeration package plants . The Army has unique situations
in wh i ch treatment plants are often flow u nderloaded due to decreases in
size of t”e Army population duri ng peacetIme. Al so, consolidation of
acti vi ties from several Installati ons to only one installation , su mmer
training of Reserve and National Guard troops , and manuevers of troops
can cause drasti c s easonal c hanges in loadings on treatment plants .
Drasti c dIurnal changes in loadi ngs can be caused by civilian work fo rces
that contribute wastes duri ng normal working hours but not at other times.
In addition , post staffing of Army treatment plants (most plants are 0.1
to 5.0 mgd) has dictated the need for simpl icity of operation and mainte-
nance. There fore, AWl techniques applied to munici pal wastew ater treat-
ment systems may not be applicable to A rmy treatment systems.

6
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TABLE 1. WASTE UATER DISCHARGE PERMITS REQUIRING ADVAN CED TREATMENT
(64 PERMITS REVIEWED)

P NH 3—N Total N BOD SS Total

2 - — - - 2
— 2 — — — 2
4 4 4 4 4 4
1 1 — 1 1 1
— 5 — 5 — 5
2 2 — 2 — 2
2 - - 2 2 2
— 1 — 1 1 1
- - - 8 8 8

Total 11 15 4 23 16 27

Technology assessment i ncl uded a literature review of state-of—the-art
of phosphorus removal technology.3,L Recommendations were made concerning
process s el ec tion, applicability and research needs for Army installa-
tions .3 A sunmary of pertinent p hos phorus removal technology Is presented
herein; the reader i s referred to references 3 and 4 for more details.

Domesti c sewage conta ins roughly 5 to 20 mg/ i phosphorus (as P).
About 50 percent of thi s will be in the ortho form, 40 percent in an
inorganic condensed form and 10 percent organically bound. Detergents
contribute 20 to 70 percent of the phosphorus in domestic wastewater.
The Inorganic condensed and organic forms are partially converted to the
ortho form as the phosphorus moves through a treatment plant.

Biologi cal removal of phosphorus occurs in tri ckling filters and acti-
vated sludge plants through microbial action. Microorganisms adsorb the
phosphorus (usually in the ortho form) and i ncorporate it into new cel l
mass. The cel l mass is removed and treated by solid waste disposal tech-
niques. Overall phosphorus removal depends on the phosphorus capacity of
the cells , the rate of uptake, the rate of cell growth and cel l wastage.
Expected removals across a trickling filter are 20 to 30 percent while an
activated sludge plant can expect to remove 30 to 50 percent.

Phosphorus can be removed from a wastestream and Incorporated into a
sludge by chemical preci pitation. The use of lime , alum , sodium alumi —
nate and iron sal ts to preci pita te phosphorus is common practi ce in wast e—
water treatment. The chemicals are used in full scal e plants in several
different flow schemes . Expected effluent concentrations from a chemical -
physical process are from 0.5 to 2.0 mg/l total phosphorus (as P).

7
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Chemical—phys ical techniques are most successful with the orthoform.
Phosphorus removal using lime is a function of pH and alkalin ity . Al um ,
a lum i nate and i ron sa lt dosages depend o n phos pho rus concen tra tions an d
alkalinity . Successful lime treatment Is accomplished at pH l evels
greater than 9.0. Al um is most successful at pH l evels of 5.7 to 6.3.
Ferrous salts are successful near the pH of 8.0 while ferric sal ts are
more effective in the pH range of 4.0 to 5.0. Control of a lime feed
system requi res only pH monitoring, while alum and iron doses shoul d be
made in a proportion to the influent phosphorus concentration. Conse-
quently, a l ime precipitation scheme is the simpl est of the three chemi-
cal schemes commonly used. Al um and iron salts could be dosed at one set
l evel , or based on daily jar tests. However, fl uctuating phosphorus
l evels resul t in signifi cant chemi cal wastage in such a control scheme.

Al though physical—chemi cal treatment to remove phosphorus can be
operated as a separate system, the usual method is to combine chemi cal
treatment with a biologica l system. Chemi cal—biologica l removal is
a ccomplished with the s ame chemicals used in purely chemi cal—physical
removal . The chemi cals can be added to raw, degritted sewage; to the
pri mary effl uent; to the aeration tank or tri ckling filter; to the second-
ary clarifier infl uent or effl uent. The choice of chemi cal and point of
add iti on depe nd on eff l uent s tan dards , alkalinity , pH, sludge dewatering ,
sludge disposal , chemi cal costs and chemi cal availability . A chemical -
biologi cal process can produce effluent phosphorus levels of 1.0mg/ i
total phosphorus (as P) consistently. Should effluent l evels of 1.0mg/ i
or l ess be requi red, a filtration step following the secondary clarifier ,
or tertiary clari fier, can be added to produce phosphorus l evels as low
as 0.2 mg/i total phosphorus (as P).

The addition of a chemi cal precipitation process will increase over-
all sludge production. Sludge handl i ng , dewatering and disposal proper-
ties will also change. These properties depend on the chemical used and
the poi nt of chemical application. Sl udge dewatering and disposal can
contribute 30 percent of initial capital costs and up to 50 percent of
annual operati ng costs in a secondary plant. Consequently, process
selection efforts must consider the amount and rature of additional
solids produced for each scheme considered.

From conbined revi ews of the literature, Army NPDES permits , and
existing Army wastewater treatment facilities , it was concluded that
phosphorus removal in Army wastewater treatment plants should be l imited
to chemi cal precIpitation techniques using l Ime, iron sal ts, or alum inum
salts plus adjunct materials for effective sol id—liqui d separation. Fur-
ther, it was concl uded that l ime addition to pH l evels below 10.0 (I.e.,
low level l ime addition) should be a prime candida te for phosphorr~removal due to the s impl i city of proces s con trol , reliability , economic
desirability and potential effectiveness

.8



Low level lime addition has recently been arplied prior to acti vated
sludge aeration basins with favorable resul ts .’~ The point of addition is
to the raw , degritted sewage and the pH is elevated to 9.5 to 10.0.
Revi ew of the literature yielded no appl ications or studies of low level
lime addition prior to a tri ckling filter. Lime addition has tradition-
ally been associated wi ~h higher pH l evel s and a recarbonation requi re-
ment. Activated sludge aeration basins contain enough buffering capaci ty
due to microbial activity to reduce the el evated pH to a reasonable l evel
for biologi cal treatment, normally below pH 8.5. The buffering capacity
of trickling filters is generally regarded as too littl e for much pH
adjustment. Subsequently, lime addition has not been previously attempted
for use in tri ckling filter systems except as a tertiary process employ-
ing higher pH l evels and a recarbonation requirement.

PURPOS E

The purpos e of this study was to eval ua te phosphorus removal in a
trickling filter system by low level lime addition to raw wast ewat€ r .
Phosphorus rem oval , trickl i ng filter performance, recarbonation require-
ment, and n eed for adjunct materials for floc formation and solid—liquid
separation were evaluated . Characteristi cs of the low l evel lime addi-
tion process such as ease of process control , reliability , and effective-
ness were to be verifi ed. Adjunc t materials includi ng polyel ectrolytes ,
clay and ferric chloride were tested as aids in sol id-liquid separation.
The mai n criterion for phosphorus removal was that 2.0 mg/l total phos-
phorus (as P) in the waste wa ter effluent would indica te an effective
process , while l.Omg/ l would indi cate a highly effecti ve process.

MATERIALS AND METHODS

Labora tory studi es were used to initially evalua te phosphorus precipi-
tation by lime . The p11 l evel at which phos phorus became insolubilize d ,
and the lime dose required , were primary factors to be observed . Labora-
tory studies were followed by pilot—sc ale eval uations. Pilot-scale
studies were conducted only on sel ected laboratory tests. The use of
adjunct material for effective sol id— liquid separation was also evaluated
at the laboratory level , and only brIefly tested at the pilot—scale level .

Laboratory Studies

• Laboratory studi es were conducted on primary clari fi er Influent to
determine pH and lime doses to be evaluated at the pilot scale. During
pilot studies , labora tory i nvestigations continued with studi es of coagu—
lant and flocculant aids . Two high mol ecula r we ight an ion i c polymers
were evalu ated for solId— liqui d separation. Ferric chloride was tested
for both solid -liqui d separation and pH reductIon. Three clays (sodium

9
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saturated montmorillonite, calci um saturated montmorillonite and
Kaolinite) were studied as weighting agents to assist in sol id-liqui d
separation. Laboratory studi es were also done under elevated condensed
phosphate levels and, separately, under eleva ted alkalinity l evels.

Labora tory studi es were conducted with a Phipps and Bird jar test
apparatus which allow ed six samples to be stirred in i dentical fashion.
The speed of the stirri ng paddl es could be controlled at a constant rate
anywhere between 10 to 100 rpm~ Sampl e sizes of 1 000 ml were used and
were placed in 2000 ml beakers. Chemi cal addition of lime, polymers and
clay for various studi es were made from stock slurri es. Jar test pro-
cedures incl uded a 3-minute rapid mix at 100 rpm , 20 minutes of floccula-
tion at 20 rpm followed by 20 minutes of qui escent settl i ng . Studies
without flocculation used a 10-mi nute rapid mix followed by 30 minutes of
quies cent settling.

Pilot Studies

Lime dosing prior to pri riiary sedimentation was evalua ted at pilot
scale by adjusting pH l evels to 9.0, 9.5 and ~~~ Figure 1 s ummari zes
the operating conditions of pilot scale evaluations ., A relatively con-
stant flow of 1 200 gpd was appl i ed to the primary clarifier for all
phases of the study. Primary clari fier detention time was approximately
75 minutes with a 200 gpdfsq ft overflow rate. An average of 800 gpd of
primary effl uent was applied continuously to the trickling filter for a
surface loading rate of 350 gpd/sq ft or 15.5 million gallons per acre
per day. Filter recycl e averaged 400 gpd . The secondary clarifier
recei ved 700 gpd of trickling filter effluent for a detention time of
60 minutes and a 200 gpd/sq ft surface overflow rate. Clari fier solids
were wasted daily. System perforn~ance was evalua ted for 6 weeks at the9.0 pH l evel . Two weeks acclimati zation preceded 6 weeks of evaluation
at the 9.5 pH l evel. Three weeks of operation at pH 9.8 was followed by
1 week of clay addi tion and 1 week of sludge recycle. An iron salt was
evaluated as a flocculant aid both with and without flocculation in t~e
primary sedimentation basin. All adjunct material studies were conducted
at a 9.5 pH l evel .

Pilot studi es used domestic wastewater from the Fort Detrick housing
area. The wastewater was shredded by a grinder pump and pumped into a
250 gallon equaliza tion tank which was periodically repl enished through a
float l evel switch control. This enabled an essentially constant flow of
partially settled wastewater to be pumped to the primary clari fier. Pri-
mary effl uent was collected In a wet wel l and pumped to the filter to
provide a constan t hydraulic load. The wastewater was sprayed continu-
ous ly over the 2—Inch irregular stone media onto 2.25 square feet of
filter surface. Effecti ve medIa depth was 4 feet . Effl uent was collected
at the bottom of the filter in a wet wel l and pumped to the secondary
clarifier.

10
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L The lime feed system consisted of a lime slurry tank, a rap id mi x
tank and an autom ati c pH control system. The lime slurry tank was filled
daily with a 2 percent slurry of Ca(OH)2 and continuously mixed. The
rapid mix tank had an 8-minute detention time. The pH measurement
occurred just prior to entry i nto the primary clari fier. Feedback was
employed by a pH controller to control the off-on time of the lime slurry
feed pump. Swings of set point ± 0.2 pH units were observed duri ng con-
troller operation .

Adjunct materials were added to primary and secondary clari fiers.
Ferric chlori de was added to the pri mary clarifi er i nfl uent and fed by a
timed pump over 24—hour periods . Ferric chloride was also added prior to
the secondary clari fier on a timed basis. Cl ay slurries were added to
the primary effluent with a timed pump as well . Polymers were added to
primary and secondary i nfluent.

Flocculation studi es used a flocculator with approximately 1 5—mi nute
theoreti cal detention time . The flocculato r was inserted into the clari-
fier, and the clari fier depth was increased to maintain a constant deten-
tion time . Mixing was provided by a single paddl e rotating at 20 rpm.

Background data (no lime addition) initially consisted of g rab sam-P
ples and limited composite samples . However, trickling filter performance
was evaluated in detail about 8 months after the lime addition ceased.

Sampl ing and Analyses

Sample points i ncluded 24 hour composites of rapid mix tank influent,
primary clarifier effluent and trickl i ng filter clarifier effluent.
Delays in obtaining compos i te sampl ers prevented compos i te sampling of
the mixing tank i nfl uent until the pH 9.5 eval uation was under way.

Measurements of flow, temperature, dissolved oxygen, pH, suspended
sol ids, total organic carbon and all forms of phosphorus (total and solu-
ble) were made daily . Al kalinity and chemical oxygen demand (COD) meas-
urements were made four times a week and BOD analyses performed three
times weekly. Phosphorus forms were measured by the Au tomated Colon-
metric Ascorbic Acid Reduction Method on an Au toanalyzer I system.5
Soluble val ues were determined on samples filtered through 0.45 urn mem-
brane filters . Sample digestion was accomplished in am autoclave. Car-
bon measurements were made on a Beckman Model 915 Tot~- ’ Organic Carbon
Analyzer. The Au tomated Methyl Orange procedure for al kalinity deter-
minations was modi fied for adaptation to an Au toanalyzer I System wi th
acid phthalate concentration in a buffered reagent reduced to increase
sensitivity . DIssolved oxygen and BOD determinations were made with a
meter and probe. Chemi cal oxygen demand was measured by a micro-
semiautomati c procedure on an Au toanalyzer II system.6 All COD sampl es
were fIltered through 0.45 urn membrane filters. All other analyses were
performed according to Standard Methods.7
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RESULTS AND DISCUSSION

The pH levels sel ected for trickling filter performance eval uation
were bas ed on prelimi nary jar tests using lime for phosphorus removal .
A total of eight prel imi nary jar tests were run over a period of about
1 month on separate primary infl uent grab samples . Figure  2 shows a
typical jar test result. Lime was added to give the i ndi cated pH, and
the jar tests were conducted as explained previous ly in the “Materials
and Methods” section using no flocculati on. Soluble phosphorus was
reduced to about l.Omg/ l at pH 9.5 and less than l.Omg/l at pH 10.0.
These l evels of soluble phosphorus reduction were considered to be highly
effective for obtaining total phosphorus l evels of 1.Omg/l (as P) after
biologi cal treatment. The biological treatment process was expected to
remove about 0.5 to 1.0 mg/l total phosphorus (as P) due to biological
synthesis as explained in an earl ier section. Soluble phosphorus was
reduced only to about 3.0 mg/l at pH 9.0. However, additional phosphorus
reduction through biologi cal synthesis and the capability for precipita-
tion after the biological process made pH 9.0 a potentially effective pH
level . Therefore, the pH l evels selected for eval uation at pilot scale
became pH 7.1 (neutral), pH 9.0, pH 9.5, and pH 9.8.

Figure 2 shows that the insol ubilized phosphorus (unfiltered minus
filtered phosphorus) did not settl e well. For the treatment process to
be successful , the i nsolubili zed phosphorus would have to be removed prior
to the biologi cal process. The best method to renove the Insoluhilized
phosphorus appeared to be through the use of flocculation and/or coagulant
aids such as polymers, salts of aluminum and iron, and weighting agents
such as clay . Laboratory studi es were continued in an effort to evaluate
the effecti veness of flocculation and coagulant aids for solid-liquid
separation. Pilot s tudi es were begun using lime alone to eval uate phos-
phorus removal and trickling fi lter performance at the sel ected pH levels.
Additional pilot studi es were conducted later based on outcome of labora-
tory studies for effective sol id-liqui d separation.

Resul ts of all pilot studies are listed in the Appendix. The pilot
trickling filter system was operated without chemi cal addition , with l ime
addition to pH 9.0, 9.5 and 9.8, and with lime addition plus flocculation
and coagulant aids for solId—l iquid separation. Coagulant aids tested at
pilot level Inc l uded ferric chloride and polymer with and wi thout floccu-
lation in the primary sedimentation basin and secondary sedimentation
basin. Analyses included total , ortho, and hydrolyzabl e phosphorus .
Organic phosphorus can be calculated as total phosphorus minus ortho and
hydrolyzable phosphorus . Both filtered and unfiltered phosphorus analyses
were conducted. Chemical oxygen demand, total o rganic carbon, and bio-
chemical oxygen demand analyses were conducted to evaluate trickling fil-
ter performance by organic carbon removal . Al kalinity, pH, suspended
solids , settleability , temperature and flow were measured to evaluate the
effects of phosphorus removal and trickl ing filter performance.
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TABLE 2. HYPOTHETICAL PHOSPHORUS REMOVAL SYSTEM

Phosphorus
Process/Location Chemical Added pH Level , mg/i

Raw wastewater 7.0 10.0

Rap id mi xa LIme 9.5
Fl occula tiona Coagulant a id
Primary sedimentation 1.5-2.0

Biologi cal process 7.5—8.5 0.5—1.5
(Trickling filter, acti va ted
sludge , or rotating biologi-
cal contactor)
Rapid mixa a Coagul ant aid 7.2-8.0
Floccula tion

Secondary sedimentation 0.2—0.8

Filtrationa 0.1-0.3

a. Processes not currently part of s econdary treatment plants .

phosphorus concentrations when flocculation was used. No noticeable
reductions occurred in the absence 0f flocculation. Clays were also
tested for their e ffect in sol Id-liqui d separation. Clays tested
Incl uded Kaolinite and montmorillonite (bentonite). Bentonite produced
70 to 90 percent phosphorus reductions at clay dosages of 500 to 1000 mg/ l ,
while Kaolinite showed no noticeable reductions. The use of clays and
polymers gave res ults similar to the use of clay alone. Cl ay dosages up
to 200 mg/i showed no Improvement In total phosphorus removal . The high
dosages of clays required for effective solid—liqui d separation were con-
sidered unreasonable for plant operations due to the solids produced.

Ferri c chlori de was eval uated as a coagulant aid to improve solId—
liquid separation. Laboratory studies were conducted at iron doses of
2.0, 5.0 and 10 mg/i (as Fe). Jar tests were conducted using floccula-
tion and using no flocculation. Figure 5 shows the results of ferric
chlori de addition as a coagulant aid using flocculation. The wastewater
used In the jar tests was pri mary influent grab sample that had been
treated to the Indi cated pH using l ime. Total phosphorus was reduced to
less than 1.Omg/l at iron doses of 5 mg/ i or greater when added to lime
treated primary effluent at pH 9.7. Figure 6 shows the resul ts of ferric

17



El UNFILTERED (total)

\ 0 FILTERED (solu b le)
2.0-

0~
U)

C,
C

L/)

~ là-
0.

L
I— I

0 2 S 10

FeCl 3 DOSE, mg/i as Fe

FI~ are 5. Jar Test Using Firr ic Chloride as Coagulant
Aid. pH 9.7, PrImary Influent.

18



(.

3.0-

0 Un fi l tered (total)

0. \ ® Filtere d (soluble)

~ 2.0-
‘a

C,
C

L/,

0
=
0.

0
=
0.

LO-

0- I I
0 2 5 10

Fed 3 DOSE, mg/ i AS Fe

Figure 6. Jar Tes t Using Ferri c Chloride as Coagulant Aid,
pH 8.5, Trickling Filter Effluent.

( • 

19

* ~
_ 

— ~~ 
— ‘ — •



chlori de addition to trickl ing filter effluent at pH 8.5 (lime addition
in primary settler to pH 9.8) . The wastewater used in the jar tests was
tricklin g fi l ter effluent grab sample that had an initial pH of 8.5.
Aga in, total phosphorus was reduced to less than 1.0mg/i at i ron doses
of 5 mg/l or more. Laboratory results i ndicated that ferric chlori de was
an effective coagulant aid for solid— liquid separation. Flocculation
seemed to produce slightly better reductions of phospt~orus than studies
without flocculation.

Based on successful l aboratory studies using ferric chlori de as a
coagulant aid for sol i d— liqui d separation, a pilot scale evaluation of
iron addition at pH 9.5 was conducted. Iron was added to the primary
influent at a dose of 5 mg/l (as Fe) and to the trickling filter effluent
(seconda ry clari fier influent) at a dose of 3 mg/i . Pilot scale studi es
were conducted initially without flocculation, and then with flocculation
of the pri ma ry i n f luen t , and later with flocculation of the trickling
filter effl uent. In addition , anionic polymer (Na lco 6173) was eval uated
with ferri c chlori de for solid-liquid separation. Resul ts of these pilot
studies are shown in Figures 7 and 8. Figure 7 shows phosphorus removal
after primary sedimentation in which lime had been added to the primary
influent to obtain pH 9.5, and ferric chloride , flocculation , and/or poly-
mer were added as indicated before primary sedimentation. Figure 8 shows
phosphorus removal after secondary sedimentation under the same conditions
as those for Figure 7. Use of ferric chlori de as a coagulant aid gave
definite improvement in removal of unfi ltered phosphorus. Flocculation
gave lower unfiltered phosphorus levels than studi es without flocculation.
Use of polymer gave no noti ceable reduction in unfi ltered phosphorus
levels. Pilot scale removal of total phos phorus was not as successful as
laboratory studies . However , the pilot studies were terminated befo re
thorough evaluation was completed. Several factors of effecti ve solid-
liquid separation were not eval uated, such as longer settling times and
better flocculation. Pi lot studi es were limited by relati vely short
settling times (see Figure 1) and effecti ve flocculation. The solid—
liquid separation of lnsolublilzed phosphorus should be evalua ted in more
detail. Ferri c chloride has recently been eval uated in some detail as a
coagulant aid for removal of Insol ubilized phosphorus using low level
lime addition to acti vated sludge secondary effl uent.10 Phosphorus was
reduced to 0.7 mg/l (as P) without filtrati on using 180 mg/i of lime and
4.1 mg/i of ferri c chlori de (as Fe). It should be noted that res ults of
reference 10 were not a vai lable unti l this s tudy had terminated. Other
coa~ ilant aids should be eval uated for this same sol i d-li qui d separatIon
problem to provi de alternati ves where use of ferri c chloride may be
undesirable.

The effect of elevated pH on trickling filter performance is shown In
Figures 9, 10 and 11. It appeared that no deterioration in trickling
filter performance occ urred at pH 9.0 and 9.5 and that a slight reduction
in performance occurred at pH 9.8. OrganIc removal effi ciencies were
wi thin ranges expected of a high rate fi lter under the loading applied.
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a Trickling Filter at Selected pH Levels.
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In addition to the organic reduction data , pH reduction across the filter
(see Table 3) indicated continuous ly active biological activity . Visual
observation of the trickl ing filter (which was made of plexiglass)
reveal ed that biologi cal slime was present in a ll layers of the f i l ter
during the pilot studi es. Calcium carbonate solids appeared to coat the
top few inches of filter slime . However, the sol i ds and sl ime sloughed ,
so that the coating never penetrated more than 6 i nches i nto the filter
bed.

TABLE 3. BIOLOGICAL RECARBONATION

1 ° EFF 20 EFF
Medi an pH Range Median pH Range

7.1 6.7—7. 5 7.1 6.7-7. 5

9.0 9.0—9.2 8.5 8.2—8. 5

9.5 9.4-9.7 8.9 8.7-9.0

9.8 9.6-9.8 9.0 8.9-9.1

Table 3 illustrates pH reduction through biological ly produced recar-
bonati on. Primary effl uent pH levels were reduced about 0.7 pH units .
Final effl uent values were generally within the 6.0—9.0 pH range found in
most NPDES permits . Greater reduction in pH can be expected in standard
and intermedi a te rate f ilters. Ch lorination and the addi tion of coagu-
lant aids such as ferrlc chloride and alum would reduce final effluent pH
val ues even more. The s econdary effl uent pH values as shown in Table 3
and effl uent alkalinity values shown in Table 4 resulting from lime addi-
tion are ideal for biological nitri fication.8

An acclimation period of 1 to 2 weeks was used before data collection
started at pH 9.5 and 9.8. It is believed that the fixed fi lm micro-
organisms were able to adjust to elevated pH l evel’s through population
shifts and recarbonation produced by the biomass. Recarbona tion across
the filter was previous ly explained by data contained in Table 3. It is
hypothesi zed that microorganisms in the fixed fi lm were exposed to pH
levels much lower than wastevater pH values. Thus, carbon dioxIde and pH
gradients would exist in liqui d films adjacent to the fixed blomass.
This hypothesis would explain both observed trickling filter performance
at elevated pH l evels and the recarbonation of the wastew ater.
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TABLE 4. LIME DOSE REQUIRED TO REACH THE INDICATED pH,
AND THE RESULTING ALKALINITY

Lime Dose , Sol ublea Al kalinity , mg/i as CaCO3
pH mg/l as Ca (OH )2 

10 INF 10 EFF 2° EFF

• 7.1 NAb ND C 143 142

9.0 82 ND 225 228

9.5 140 158 200 210

9.8 144 145 217 235

a. Filtered through 0.45 im membrane filter.
b. Not applicable.
c. No data.

The lime dose requi red to reach s uccessively higher pH levels obvi-
ous ly increased as shown In Table 4. There was no correlation between
infl uent wastewater alkalinity and lime dose requi red to reach a given pH
level for al kalinity values encountered , 1 00— 200mg/i as CaCO.~. Labora-
tory studies wherein the initial alkalini ty was increased by 150 mg/i
also s how ed no correlati on between alkalinity and lime dose requi red to
reach a given pH level . Table 4 shows no significant change in alkalinity
val ues across the tri ckling fi lter for initial pH level s of 7.2 and 9.0;
whereas there was an obvious increase for pH levels of 9.5 and 9.8.
Calci um carbonate and calcium hydroxyapati te solubility d~ita may explain
these observations .’ Biological recarbonati on reduced pH levels across
the tri ckling filter syst em, and the calci um sal ts became more sol uble at
lower pH levels (8.5-9.0). Carbonate and phosphate ions were subse-
quently released , resulting in increased soluble alkalinity. Table  4
also shows pH 9.5 to be the minimum solubility point for calcium carbonate
as reported elsewhere ,k since sol uble al kalinity was lowest at tha t pH
level.

The solid—liqui d separat4 on problem mentioned earlier is examined in
greater detail by data in Table 5. Since primary influent suspended
sol ids averaged 95mg/i , it is apparent from Table 5 that solids were

• produced by l ime addi tion at all elevated pH l evels. A mass balance for
suspended solids showed that 110 mg/l were produced at pH 9.0 and 140 mg/l
produced at pH 9.5. Primary clari fier solids concentrations were
4.2 percent at pH 9.0 and 5.8 percent at pH 9.5 with 45 percent volatile
solids at each pH l evel.
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TABLE 5. SOLIDS-LIQUI D SEPARATION, LIME ADDITION ONLY

Sus~ended Sol ids , mg/i Settleabiiit.y mi/i
pH i EFF 2° EFF 1° EFF �8 Err

7.1 68 50 ~ 0.2 ~ 0.2

9.0 122 69 ~ . 0.2 ~ . 0.2

9.5 151 100 ~ 0.2

SUI4IARY AND CONCLUSIONS

The low l evel lime addition process for phosphorus removal consists
of lime addition to raw wastewater to obtain a pH of about 9.5 to 10.
Phosphorus is preci pitated at that pH l evel and settled out in the pri-
mary clari fier. Microbial acti vi ty of the acti vated sludge process pro-
vi des sufficient buffering capacity to lower the pH to near neutral , thus
making recarbonation unnecessary. In the study undertaken, laboratory
and pilot tests were conducted to evaluate phosphorus preci pita tion
wi thin pH ranges of the low level lime addition process; pilot tests were
conducted at pH 9.0, 9.5, 9.8 and neutral.. Pilot tests consisted of lime
addition to raw wastewater within a trickling filter system. Coagulant
aids were evaluated at the pH 9.5 l evel by addition to both primary and
secondary clari fiers to assist in solid—liqui d separation. Phosphorus
reductions to less than 2.0 mg/i (as P) were considered effective. The
following concl usions can be made relati ve to the system studied:

1. Phosphorus was e ffectively insol ubilized at pH 9.5.

2. Trickling filter performance was not adversely affected by the
el evated pH of 9.5.

3. Recarbonation was not necessary due to sufficient buffering
capacity of the trickling filter blomass.

4. Total phosphorus was not effectively removed at pH 9.5 by l ime
addition alone.

5. Use of coagulant aid(s) appeared favorable for producing effec—
tive phosphorus removal at pH 9.5.
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RECOF+1ENI~tTIONS

1. A fu ll—scale project should be undertaken to demonstrate the
- feasibility of phosphorus removal by low 1 Ime addition to raw wastewater

in a trickling filter system.

- 2. The sol id—liqui d separation of Insol ubilized phosphorus should bestudi ed in more detail to determine an optimum removal process.
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LIST OF ABB REVIATIONS

NPDES Na tional Pollutant DIscharge Elimination System

AWT advanced wastewater treatment

BOD biochemical oxygen demand

SS suspended sol ids

P phos phorus

NH 3-N ammonia nitrogen

N nitrogen

COD chemical oxygen demand

mg/i milligrams per liter

INF infl uent

EFF effluen t
10 primary

2° secon da ry

m i crometer

mi/i milliliter per liter

NA • not applicable

ND no da ta
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Condition #1, No Chemical Addition , 13 Jan — 19 Apr 1976,
Primary Infiuent

Average Range Std. Dev. No. Observ.

Fl ow , gpd 1244 1 065-1388 100 55

Temperature , °C 18 1 5-20. 5 1 .3 56

pH 7.46 6.94-7.98 -- 55

Phosphorus , mg/i (as P )

Total Unfiltered -- —— —- -
Total Filtered -- -- —- -
Ortho Unfi 1~ered -- —- -- -
Ortho Filtered -- -- -- -
Hydrolyzable Unfiltered -- —- -- -
Hydrolyzable Filtered -- —- -- --

• Al kalinity , mg/i (a s CaCO3)

Unf i l tered -- -- -- --
FIl tered 132 84-172 32 43

Suspende d Sol ids , nig/l 55 27— 106 22 57

5-Day Bi ochemi cal Oxygen
Demand, mg/i

Unfiltered 110 56-148 30 28
‘F iltered 60 23—103 22 31

• Chemical Oxygen Demand -- • -- -- -
Filtered, mg/ i

Totai Organic Carbon , 45 31—77 10 29
Fil tered, mg/ i

Settleability, mi/i 0.2 0.1—3.0 0.5 55
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Condit ion # 2, No Chemica l Add i ti on , 19 Jan - 17 Feb 1978,
Pr imary Inf luen t

Average Range Std. Dev. No. Observ .

Fl ow, gpd 1223 1150— 1330 39 20

Temperature, °C 14.3 12.9—16 0.86 20

pH 7.05 6.9—7.2 —— 20

Phosp horu s, mg/i (as P)

Total Unfiltered 11 .1 9.8—12.5 0.83 15
Total F i l tered 9.3 7.5 ll.3 1.02 15
Ortho Unf i l t e red  7 5 4.5 9.9 1.4 15
Ortho Filtered 6. 7 5.1—8. 8 1.2 15
Hydrolyzable Unfiltered -- —- -- — -

Hydrolyzable Filtered -- —— -— ——
Al kalinity , mg/i (as CaCO3)

Unfiltered 166 135-188 16 12
Fil tered -- -- -- ——

Suspended Sol ids, mg/i 101 58-154 32 14 ’

5—Day Biochemi cal Oxygen
Demand , mg/i

Unfi ltered -- -- -- --
Fi ltered -- -- -- --

Chemical Oxygen Demand 179 1 26— 281 39 15
Fi ltered, mg/ i -

Total Organic Carbon , 58 43 66 7 14
Fil tered, mg/i - 

-

Settleability, m i/i -- —— -- --

36



Condi tion #2, No Chemical Addition , 19 Jan - 17 Feb 1978,
Pr imary Efflue nt

Average Range Std. Dev. No. Observ.

Fl ow, gpd 1223 1150— 1330 39 20

Tempera ture, °C 14.3 12.9—16 0.86 20

pH 7.05 6.9— 7.2 —— 20

Phos phorus , mg/i (as P)

To tal Unfiltered 10.4 8.1—11.8 1.1 15
Total Filtered 8.6 6.5—10 0.91 15
Ortho Unfiltered 7.5 5.3—10.5 1.6 15
Ortho Filtered 6.6 4.2-9.5 1.6 15
Hydrolyzable Unfiltered -- -- -— ——
Hydrolyzable Filtered -- -- -- —-

Al kalinity , mg/i (as CaCO3)

Unfi ltered 168 150— 186 10 13
Fil tered -- —— —— —-

Suspende d Sol ids , mg/i 77 46-115 20 15

5—Day Biochemi cal Oxygen
Demand , mg/i

Unfi ltered -- -- -- --
Fi ltered 

- 
—- -— -- --

Chemical Oxygen Demand 1 62 121- 236 38 15
Filtered, mg/i

Total Organic Carbon , 51 41-63 7 13
Fi ltered , mg/ i

Settl eabi l i ty, mi/i -- —- -- -—
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Condition #2, No Chemical Addition , 19 Jan - 17 Feb 1978,
Trickling Filter Secondary Clarifier Effluent

Average Range Std. Dev. No. Observ.

Fl ow, gpd 665 608-773 44 20

Tempera ture , °C 14.3 12.9-16 0.86 20

pH 7.05 6.9—7.2 -— 20

Phosphorus , mg/i (as P)

Total Unfiltered 9.0 6.4—1 1.6 1.7 15
Total Fi l tered - 7.9 6.0-9.7 1.2 15
Ortho Unfiltered 7.7 4.6-10.9 1.8 15
Ortho Fi ltered 6.9 3.9—9. 7 1.7 15
Hydrolyzable Unfiltered -- -- -- --
Hydrolyzable Filtered -- -- -- --

Al kalinity , mg/l (as CaCO3)

Unf i l tered 172 153-193 14 13
Fi l tered —— —— -— -—

Suspended Sol i ds , mg/i 60 28-84 15 15

5—Day Bi ochemi cal Oxygen
Demand, mg/i

Unfi ltered -- -- -- --
Fi ltered -- -- --

Chemical Oxygen Demand
Filtered, mg/i 123 74-162 30 15

Total Organic Carbon , 38 27—48 7 
• 

14
Fil tered, mg/i

Settl eabi l ity, mi l l -- -- -— --
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Condi tion #3 , Lime Addition to pH 9.0, 15 Nov - 27 Dec 1976,
• Prima ry Effluent

Average Range Std. Dev. No. Observ .

Fl ow , gpd 987 894—1259 121 27

Temperature , °C 15.6 13.8—19.5 1.3 25

8.85 8.48-9.22 -- 25

Phos phorus , mg/i (as P)

Total Unfiltered 8.6 3.8-10.6 3.0 13
Total Filtered 2.6 2.0-4.7 0.7 13
Ortho Unfiltered 4.5 3.3-7.7 1. 1 13
Ortho Filtered 2.1 1.6-3.4 0.5 13
Hydrolyzable Unfiltered 3.1 0.5 7.3 1.6 13
Hydrolyzable Filtered 0.3 0.0—1.7 0.2 13

Al kalinity , mg/l (as CaCO 3 )

Unfiltered -- -- -- --
Fi l tered 208 157 262 32 24

Suspended Sol ids, mg/i 122 56-191 34 26

5—Day Biochemi cal Oxygen
Demand, mg/i

Unfiltered 147 68-186 33 10
Filtered 74 32- 100 19 10

Chemical Oxygen Demand -- -- -- --
F i ltered, mg/ l

Total Organic Carbon , 48 25—77 14 22
Fil tered, mg/i

Settleability , mi/i 0.23 0.1—1.0 0.20 26

1~
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Condi tion #3 , Lime Addition to pH 9.0, 15 Nov - 27 Dec 1976,
Trickling Filter Secondary Cl arifier Effluent

Average Range Std. Dev. No. Observ .

Fl ow, gpd 682 560-86 7 66 27

Tempera ture, °C 14.6 11.4—19.5 1.8 26

pH 7.8 7.1-8. 5 —- 25

Phosphorus , mg/i (as P)

Total Unfiltered 9.0 7.0-12.4 1.5 13
Total Fi ltered 5.3 4.1-7.0 1.1 13
Ortho Unfiltered 5.8 4.1-8.0 1.0 13
Ortho Filtered 4.3 3.3-6.6 0.9 13
Hydrolyzable Unfiltered 2.2 0.0-4.8 1.4 12
Hydrolyzable Filtered 0.2 0.0—0.8 0.4 12

Al kalinity , mg/l (a s CaCO3) ‘

I

Unf i l tered -- —- -- -—
Fi l tered 219 1 56-300 31 • 24

Suspended Sol ids , mg/i 69 35-124 20 24

5—Day Bi ochemi cal Oxygen
Deman d, mg/ i

Unfiltered 95 57-126 25 9
Fil tered 44 19—70 

- 
15 9

Chemical Oxygen Demand -- -- -- --
Fi ltered , mg/i

Total Organic Carbon , 25 3— 46 13 15
Fil tered , mg/i -

Settl eabii ity, mi/ i 0.22 0.1-0.8 0.17 ‘ 25

‘
I
- ’
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Condition #4, Lime Addition to pH 9.5, 7 Jan — 28 Feb 1977 ,
Pr imary Effluen t

Average Range Std. 0ev. No. Observ.

Fl ow, gpd 1035 925-1191 74 26

Tempera tur e, °C 14.7 12.4—15 .9 0.9 22

pH 9.4 9.1-9.6 -- 22

Phos phoru s , mg/ i (as P)

Total Unfiltered 7.4 2.4—1 1.2 2.4 21
Total Filtered 1.5 1.0—2.6 0.5 19
Ortho Unfiltered 3.9 2.2—7.8 1.6 21
Ortho Fi l tered 1.0 0.6 l.9 0.4 20
Hydrolyzable Unfiltered 2.5 0.3-4.8 1.5 19
Hydrolyzable Filtered 0.3 0-1 0.3 20

Alkal inity , mg/ i (as CaCO3 )

Unfi ltered -- -- * -- --
Filtered 215 1 38—255 30 18

Suspended Solids , mg/i 133 75-170 25 25

5-Day Blochemi cal Oxygen
Demand , mg/i 0
Unfiltered 156 90—230 35 13
Filtered 87 38—125 • • 24 13

Chemical Oxygen Demand 104 54-161 33 18
Filtered, mg/i

Total Organ ic Carbon , 
• 51 36-84 ii 24

Fil tered , mg/ i •

Settleability, mill 0.11 0.1-0.2 0.03 25
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Condition #4 , Lime Addition to pH 9.5 , 7 Jan - 28 Feb 1977,
Trickling Filter Secondary Clarifier Effluent

Average Range Std. Dev. No. Observ.

Fl ow, gpd 691 566-874 75 25

Tempera ture , °C 14.6 12.1-17.1 1.3 22

pH 
0 

8.7 8.2-9.2 -- 23

Phos phoru s, mg/ i (as P)

Total Unfiltered 6.2 3.0-10.2 2.1 20
Total Filtered 2.1 1.3-2.8 0.5 21
Ortho Unfiltered 4.5 2.6- 7.9 1 .7 20
Ortho Filtered 1.8 0.7-8.2 0.6 21
Hydrolyzable Unfiltered 1.7 0.6-3.0 1.0 20
Hydrolyzable Fi ltered 0.1 0.0-0.5.. 0.2 20

Al kalinity , mg/i (as CaCO3)

Unf i ltered 
0 -- -- -- --0 Fi l tered 252 235—255 11 7

Sus pende d Sol ids , mg/l 96 • 66-152 19 21

5—Day Biochemi cal Oxygen
Demand, mg/i

Unfi l tered 104 61—139 25 13
Fi ltered 53 24— 71 20 13

Ch emi cal Oxygen Demand .81 • 48—127 22 12
Filtered, mg/ i

Total Organic Carbon , 33 17—46 7 21
Fi ltered, mg/i

Settleability, mi/l 0.2 0.1-1.7 0.4 25
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Conditi on #5, Lime Addition to pH 9.8, 1 Mar - 18 Mar 1977
Pr ima ry Inf luen t

Average Range Std. Dev. No. Observ .

Fl ow, gpd -- -- -- --
Tempera ture , °c 16 13.8-16.9 1.0 12

pH 7.1 6.8— 7.5 —— 12

Phosphoru s , mg/i (as P)

Total Unfiltered 11.2 9.3 i2.6 1.2 6
Total Filtered 8.5 4.5-10.5 2.1 6
Ortho Unfiltered 8.3 7.4—11.0 1.3 6
Ortho Fi ltered 6.8 3. 7-7.8 1.5 6
Hydrolyzable Unfiltered -- -- -- --
Hydrolyzable Filtered -- -- -- --

Al kalinity , mg/ i (as CaCO3 )

Unf i ltered -- -- -- --
Fi l tered -- -- -- --

0 Suspended Sol ids , mg/i 86 66 111 19 12

5—Day Biochemi cal Oxygen
Deman d, mg/i 0 -

Unfiltered 204 158-249 41 6
Fil tered 102 71—130 24 6

Chemical Oxygen Demand -- -- -- --
Fi ltered , mg/i

Total Organ ic Carbon , 53 30—97 18 10
Fil tered, mg/ i

Settieability, mi/l -- -- - --
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CondItion #5, Lime Addition to pH 9.8, 1 Mar - 18 Mar 1977,
Primary Effluent

Average Range Std. Dev. No. Observ.

Fl ow, gpd 1100 995—1191 62 14

Tempera ture , °c 15 13.8—16.7 0.8 14

9.7 9.5—9.8 -- 14

Phosphorus, mg/ i (as P )

Total Unfiltered 7.9 5.5—9.4 1.3 6
Total Filtered 1.4 0.9-2.1 0.5 6
Ortho Unfiltered 3.3 2.2—3.8 0.7 6
Ortho Fi ltered 0.8 0.6-1.3 0 .3 6
Hydrolyzable Unfi l tered — - -- -- ——
Hydrolyzable Filtered -- -- -- --

Alkalinity , mg/ i (as CaCO3 )

Unfi l tered —- -- -- --
Filtered 216 1 75-252 • 31 12

Suspende d Solids , mg/ i 127 102— 176 21 14

5—Day Biochemi cal Oxygen
Demand , mg/ i

Unfiltered 
0 

171 130-235 36 6
• Filtered 

0 
106 77 176 35 6

Chemicdl Oxygen Demand 99 62-161 • 32 12
Fi ltered, mg/ i

• Total Organic Carbon , 52 34-77 10 12
Filtered , mg/l

Settleability , mi/i 0.12 0.1—0.2 0.02 14
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Condition #5, Lime Addition to pH 9.8, 1 Mar — 18 Mar 1977 ,
Trickling Filter Secondary Clarifier Effluent

• Average Range Std. Dev. No. Observ.

Fl ow, gpd 757 658—878 71 14

Temperature, °C 16 15.1- 17.6 0.8 12

pH 8.7 8.3-9.0 -- 13

Phosphorus , mg/l (as P)

Total Unfiltered 7.9 2.7-9.2 2.6 6
To tal Fi ltered 1.7 1.4—2.0 0.2 6
Ortho Unfiltered 3.0 2.7-4. 7 0.8 6
Ortho Filtered 1.2 1.0-1.7 0.5 6
Hydrolyzable Unfiltered -- -- -- --
Hydrolyzable Filtered -- -- -- --

Alkalinity , mg/i (as CaCO3 )

Unf i l tered -- -- -- --
FIltered 249 128—280 45 12

Suspended Solids , mg/i 108 861 38 15 14

5—Day Biochemi cal Oxygen
Demand , mg/i

UnfIltered 113 85-147 27 4
Filtered 58 44— 85 19 4

Chemical Oxygen Demand 70 33-128 29 12
• Filtered, mg/ i

Total Organic Carbon , 41 27-54 8 12
Fi l tered, mg/I

Setti eability, mi/i 0.14 0.1 0.3 0.07 13

- 
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Condition #6, Lime Addition to pH 9.5 Plus Ferric Chloride,’
- 15 Apr — 24 Apr 1977, Primary Influent

Average Range Std. 0ev. No. Observ.

Fl ow , gpd 1286 1135- 1306 145 6

Temperature, °C 18.4 16.8-20 1.1 - 6

pH 7.2 7.1-7.3 0.1 6

Phosphoru s, mg/i (as P)

Total Unfiltered 13.7 12 8-15.2 0.9 5
Total Filtered 9.8 5.3—12.2 2.9 5
Ortho Unfiltered 11.1 9.5-12.5 1.3 5
Ortho Filtered 8.7 5.3-11.6 2.6 5
Hydrolyzable Unfiltered 0.9 0.5-1.8 0.7 5
Hydrolyzable Filtered 0.3 0.0-1.1 0.5 4

Al kalinity , mg/l (as CaCO3)

Unf il tered -- -- -- --
Filtered 174 l57 2i4 17.6 8

Suspended Solids , mg/i 116 60—165 35 6

5-Day Biochemi cal Oxygen
Demand, mg/i

UnfIltered 195 162-212 29 3
Fiitered 72 58-91 17 3

Chem ical Oxygen Demand 94 67-177 42 7
Fi ltered, mg/ i

Total Organic Carbon , 46 41-53 4 5
Filtered, mg/ i

Settleability, mi/l -- -- - 

- -- --
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Condition #6, Lime Addition to pH 9.5 Plus Ferric Chloride,
15 Apr - 24 Apr 1977, PrImary Effluent

• Average Range Std. Dev. No. Observ.

Fl ow, gpd -- -- - -- —
Temperature, °C 18.2 16.1—19.9 1.2 5

pH 9.1 8.8-9.3 0.2 5

Phospho rus , mg/i (as P)

Total Unfiltered 5.1 2.2—6.0 1.7 5
Total Filtered 2.5 1.3-~4.6’ 1.3 5
Ortho Unfiltered 3.3 2.2-4.5 0.9 5
Ortho Filtered 1.7 0.8— 3.1 0.9 5
Hydrolyzable Unfi ltered 1.5 0.0—3. 5 1.6. 5
Hydrolyzable Filtered 0.5 0.0-1.3 0.5 5

Al kalinity, mg/i (as CaCO3 )

Unf i ltered -- -- -- --
Filtered 210 172 235 22.3 7

Suspended Sol ids, mg/i 118 93-154 23 5

5-Day Biochemi cal Oxygen
Demand, mg/I

Unfiltered 107 85- 134 25 3
Fil tered 52 38—63 . 

• 13 3

Chemical Oxygen Demand 105 73-144 30 7
Filtered, mg/i

Total Organic Carbon ,, 41 37-50 5 6
Fi l tered, mg/i

Settleability, mi/i 0.1 0.1—0.1 0 5
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Condition #6 , LIme Additi on to pH 9.5 Plus Ferric Chloride,
15 Apr - 24 Apr 1977, TrIckling Filter

Secondary Clarifier Effluent

Average Range Std. Dev. No. Observ .

Fl ow, gpd 787 696-1000. • 131 5

Temperature, °C 19.8 18.2—21.3 1.2 5

pH 8.3 7.8-8.5 3 5

Phosphoru s, mg/i (as P)

Total Unfiltered 3.7 2.9—4.2 0.5 5
Total Fi ltered 1.6 0.9—2.2 0.5 4
Ortho Unfiltered 2.1 1.7— 3.2 0.6 5
Ortho Filtered 1.3 0.9—1.8 0.4 5
Hydrolyzable Unfiltered 0.7 0.0-1.7 0.6 5
Hydrolyzable Filtered 0.1 0.0—0.3 0.2 4

• Al kalinity , mg/i (as CaCO3)

Unfi ltered -- -- -- --
Filtered 220 192—252 24.5 6

Suspended Sol ids , mg/i 93 78— 109 11 5

5—Day BI ochemi cal Oxygen
Demand, mg/i -

Unfiltered 52 41—62 11 3
Filtered 20 .15—22 4 3

Chemical Oxygen Demand 96 47-151 39 5
Filtered, mg/ i

Total Organic Carbon , 25 24— 29 2 6
Fi ltered, mg/i

Settl eabili ty, m i/i 0.3 0.1—0.5 0.2 5 0
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CondItion #7, Lime Addition to pH 9.5 Plus Ferric Chloride
and Floccu l a tion , 25 Apr - 10 May 1977 ,

Pr imary Inf luen t

• Average Range Std. Dev. No. Observ.

Fl ow, gpd 1 302 1 261—1331 25 ii

Temperature, °C 19.8 18.5-20.5 0.6 10

pH 7.3 6.7—7.9 —— 10.

Phosphoru s, mg/i (as P)

Total Unfiltered ‘ 11.7 6.2—15.2 2.5 12 0

Total Filtered 9.8 5.1—12.2 2.4 12
Ortho Unfiltered 10.2 5.5—13.3 3.0 12
Ortho Filtered 9.1 4.5-12.0 2.7 12
Hydrolyzable Unfiltered 0.8 0.0-2.9 0.9 12
Hydrolyzable Filtered 0.5 0.0—2.5 0.8 11

Al kal i n ity, mg/i (as CaCO3)

Unf il tered -- -- -- --
Fil tered 171 165-231 ‘ 26 11

Suspended Solids, mg/i 93 62-123 20 ii

5-Day Biochemical Oxygen
Demand, mg/ i

Unfiltere d 213 182-224 21 6
Filtered 1 15 90-146 22 6

Chemical Oxygen Demand 132 82 200 35 12
Fil tered, mg/I

Total Organic Carbon, 48 37-61 7 11
Fi l tered, mg/i 

-

Settleability, mi/i -- -- --

I .
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Condition #7, Lime Addition to pH 9.5 Plus Ferric Chloride
and Floccula tion , 25 Apr - 10 May 1977,

Pr imary Eff lue nt

Average Range Std. 0ev. No. Observ.

Fl ow, gpd -- -- --

Tempera ture , °C 18.8 17.5-20.0 1.4 10

pH 9. 1 8.9-9.2 -- 10

Phosphoru s, mg/i (as P)

Total Unfiltered 3.8 2.2-6.2 1.2 12
Total Filtered 1.4 0.7- 3. 5 0.7 12
Ortho Unfiltered 2.3 l.6 3.4 0.6 12
Ortho Filtered 1.0 0.6 3.3 0.8 12
Hydrolyzable Unfiltered 1.3 0.3- 2.8 0.7 10
Hydrolyzable Filtered 0.2 0.0—0.5 0.2 11

Al kalinity , mg/i (as CaCO3)

Unf iltered -- -- -- --
Fil tered 195 180-214 27 ii

Suspended Soli ds , mg/l 78 62—143 24 11

5-Day Biochemi cal Oxygen
Demand , mg/i

Unfiltered 132 103-170 22 6
Filtered 100 81—127 19 6

Chemical Oxygen Demand 116 68—ill 29 12
Filtered, mg/ i

Total Organic Carbon, 44 35-51 6 ii
Filtere d, mg/i

Settleability, mi/i 0.5 0.2—0.8 0.2 9 0
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Condition #7, LIme Addition to pH 9.5 Plus Ferric Chloride
and Floccu la tion , 25 Apr — 10 May 1977,

Tr ickl ing F ilter Secondary Clar if ier Effluen t

• Average Range Std. Dev. No. Observ.

Fl ow, gpd 892 830-1089 72 11

Temperature, °C 1 9.8 17.5—21.9 1.6 10

pH 8.2 7.8—8.5 -- 9

Phosphorus, mg/i (as P)

Total Unfiltered 3.5 2.0 5.4 1.3 12
Total Filtered 1.9 1.2-4.6 0.9 12
Ortho Unfiltered 2.3 1.1—4.7 1.1 12
Ortho Filtered 1.6 0.9-2.6 0.5 12
Hydrolyzable Unfiltered 0.7 0.0-1.3 0.5 12
Hydrolyzable Fi ltered 0.3 0.0-0.8 0.3 11

Al kalinity , mg /l (as CaCO3)

Unf i ltered -- —- -- --
Fil tered . 203 117-222 30 ii

Suspended Solids , mg/i 62 40-93 17 11

5-Day Biochemi cal Oxygen
Demand, mg/i

UnfIltered 70 54— 112 23 6
Filtered 41 19-78 20 6

Chemical Oxygen Demand 76 53-98 14 12
Filtered, mg/ i

Total Organic Carbon , 27 24-35 3 11
Filtered , mg/i 0

Setti eability, mi/i 0.6 0.2—0.8 0.2 10

I
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CondItion #8, Lime Addition to pH 9.5 Plus Ferric Chloride
and Floccula tion , 16 May - 1 Jun 1977,

Pr imary Inf luen t

Average Range Std. Dev. No. Observ.

Fl ow , gpd 1 336 1033—1433 115 10

Tempera ture , °C 20.8 19.9—21.9 0.6 10

pH 6.8 6.7-6.9 -- 9

Phosphoru s , mg/i (as P)

Total Unfiltered 11.3 8.5-13,4 1.7 9
To tal Filtered 8.8 5.8-li 1.8 9
Ortho Unfiltered 8.7 6.0-12.2 2.3 9
Ortho Filtered 7.7 5.7—10.3 1.8 9
Hydroiyzable Unfi itered 1.8 1.0-3.9 0.9 9
Hydrolyzable Filtered 0.9 0.1-2.4 0.7 8

Al kalinity , mg/i (as CaCO3)

Unfi ltered -- -- -- --
Filtered 162 l4 7 l82 14 11

Suspende d Solids , mg/ i 106 78-128 14 10

5-Day Bi ocherii cal Oxygen
Demand, mg/ i

Unfiltered 221 174— 279 41 6
Filtered 113 87-161 26 6

Chemical Oxygen Demand 178 120-299 49 11
Fi ltered, mg/ i

Total Organic Carbon , 41 28— 57 11 
- 

7
Filtered, mg/ i

Settl eablilty , mi/i -- -- -— —-

j
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Condi tion #8, Lime Addition to pH 9.5 Plus Ferric Chloride
and FlocculatIon , 16 May — 1 Jun 1977 ,

0 Primary Effluent

Average Range Std. 0ev. No. Observ .

Flow , gpd -- —- -- --
Temperature , °C 20.3 18.6-21.8 1.0 8

pH 9.1 9.0— 9.2 —— 7

Phos phorus , mg/i (as P)

Total Unfiltered 3.9 3.0—4.6 0.5 9
Total Filtered 1.2 0.5—3.0 0.7 9
Ortho Unfiltered 2.2 1.6-3.8 0.7 9
Ortho Fi ltered 0.8 0.5-2.6 0.7 9
HydrolyzabletJnfiltered 1.4 0.5-2.0 0.5 8
Hydrolyzable Filtered 0.2 0.0 0.4 0.2 8

Al kalinity , mg/i (as CaCO3 )

1 96 1 62:222 ~~~~

Suspende d Sol i ds, mg/i 70 42-96 19 8

5—Day Bi ochemi cal Oxygen
Demand , mg/i

Unfiltered 151 118— 218 39 6
Filtered lii 68-143 29 6

Ch eni cal Oxygen Demand 1 41 11 7-210 29 9
Filtered, mg/ i

Total Organic Carbon , 35 25— 45 ii 6
Fil tered, mg/i

Settieability, mi/i 0.1 0.1—0.2 0.05 8
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Condi tion #8, Lime Additi on to pH 9.5 Plus Ferric Chloride
and F loccu l a tion , 16 May — 1 Jun 1977,

Tr ickl ing F i l ter Secondary Clar ifier Effl u en t

Average Range Std. Dev. No. Observ .

Flow , gpd 916 855-977 48 8

Temperature, °C 21.2 19.5-22.7 1.0 8

pH 8.0 7.7-8. 3 -- 8

Phos phoru s , mg/l (as P)

Total Unfiltered 3.2 2.1-4.1 0.6 9
Total Filtered 1.8 1.0-2.8 0.6 9
Ortho Unfiltered 2.2 1.4— 3.6 0.7 9
Ortho Fi ltered 1.5 0.7—2.2 0.5 9
‘Hydrolyzable Unfiltered 0.8 0.4—1 .1 0.2 8
Hydrolyzable Filtered 0.3 0.0— 1.0 0.3 9

Al kalinity, mg/i (as CaCO3 )

Unfi ltered —- -- -- --
Filtered 210 165- 228 21 8

Sus pended Sol i ds , mg/i 54 25-79 16 8

5-Day Bi ochemi cal Oxygen
Demand , mg/i

Unfiltered 88 46—114 26 5
Filtered 53 41 64 13 5

Chemi cal Oxygen Demand 112 76—21 1 45 9
Fi ltered, mg/i

Total Organic Carbon , 22 2-45 16 7
Fil tered, mg/ i

Settl eabi l i ty, mi/ i  0.7 0.4-1.0 0.3 8
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CondI tion #9, L ime Additi on to pH 9 5  Plu s Ferr ic Chlor ide,
Plus Pol ymer , 2—17 Jun 1977, Pr imary Inf luen t

Average Range Std. Dev. No. Observ.

• Fl ow, gpd 1353 1312-1467 49 10

Temperature, °c 21 20—22.3 1.2 10

pH 6.8 6.6-7.0 -- 10

Phosphoru s , mg/i (as P)

Total Unfiltered 13 11.2—15.4 2.2 3
Total Fi ltered 9 7.4—10.2 1.5 3
Ortho Un filtered 11.1 8.1—15.4 3.8 3
Ortho Filtered 8.8 7.0-10.2 1.6 3
Hydrolyzable Unfiltered 2.7 2.3—3.1 0.6 2
Hydrolyzable Filtered 3.5 0. 1—10.2 5.8 3

Al kalinity , mg/l (as CaCO3)

Unf i ltered -- -- -- --
Fi ltered -- -- -- --

Suspended Sol ids , mg/i 116 75-192 32 11

5-Day Blochemi cal Oxygen
Demand, mg/i

Unfi ltered 249 226-267 17 4
Filtered 118 96-134 19 0 4

Chemical Oxygen Demand -- -- - -- --
Filtered, mg/i

Total Organic Carbon , 50 42-60 5.7 10
Filtered, mg/ i

Settl eabiiity , mi/ i  -— —— -- -—
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Conditi on #9, Lime Additi on to pH 9.5 Plus Ferric Chloride,
Plus  Po l ymer, 2—1 7 Jun 1977, Primary Effluent

Average Range Std. 0ev . No. Observ .

Fl ow, gpd -— -- -— 0 --
Tempera ture, °C 21 19.1-22.8 1.9 3

9.2 8.9—9.4 -- JO

Phosp horus , mg/i (as P)

Total Unfiltered 45 3.7-5.0 0.7 3
Total Filtered 1.3 ‘ 1.0—1.5 0.3 3
Ortho Unfiltered 2. 7 2.3- 3.0 0.4 3
Ortho Fi ltered 0.7 0.6—0.9 0.2 3
Hydrolyzable Unfiltered 1.4 0.5- 2.6 1.1 3
Hydrolyzable Filtered 0.3 0.1-0.4 0.2 3

Al kalinity , mg/i (as CaCO3 )

Unf i l tered —- —- -— --
Filtered -- -- -- --

Sus pende d Sol ids , mg/i 82 58-128 22 10

5-Day Biochemi cal Oxygen
Demand , mg/i

Unfiltered 157 1 20-191 30 4
Filtered 107 76-150 35 4

Chemical Oxygen Demand -- -- -- --
Fi ltered, mg/i

Total Organic Carbon , 46 37-52 4.6 10
Fil tered, mg/i

Settl eabi lity, m i/i 0.4 0.1—2.5 0.8 9
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Condition #9, Lime Addition to pH 9.5 Plus Ferric Chloride ,
Pius  Polymer, 2—1 7 Jun 1977 ,

Trickling Fliter Secondary Clari fier Effluent

Average Range Std. Dev. No. Observ .

Flow , gpd 860 811-957 84 3

Tempera ture, °C 20 18.5— 21.5 1.1 10

pH 8.1 7.5—8.7 —- 3

Phosphorus, mg/i (as P)

Total Unfiltered 3.4 2.9—4.1 0.6 3
.. Total Filtered 1.5 1.0—1.8 0.5 3
Ortho Unfiltered 2.7 1.7-3.7 1.0 3
Ortho Filtered 1.2 0.7-1.4 0.4 3
Hydrolyzable Unfiltered 0.4 0.1-0.8 0.4 3
Hydrolyzable Filtered 0.3 0.1—0.4 0.2 3

Al kalinity , mg/i (as CaCO3)

Unf i ltered -- -- -- --
Fil tered -— -- -- ——

Suspended Solids , mg/i 75 31— h O 
- 

40 3

5-Day Biochemical Oxygen
Demand, mg/i

Unfiltered -- -- -- --
Fi ltered 

- 

-- -- -- --
Chemical Oxygen Demand -- -- -- --
Filtered, mg/ i

Total Organ ic Carbon , -- -- --
Filtered, mg/ i

‘ Settl eability, ml/i 1.0 0.5-2.5 1.3 3
i
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