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EXECUTIVE SUMMARY

The nitrogen and phosphorus in wastewater treatment plant ef fluenks
promote increased algal growth in natural waters and accelerate
eutrophication, Efficient methods of predicting the effect of sewage on
receiving waters is important in setting rational nutrient limits. The
Algal Assay: Bottle Test {AA:BT) is a promnising method for measuring the
algal growth stimulatory properties of wastewater directly.

Phosphorus is generally the nutrient of greatest concern in reducing
receiving water algal growth. Most of the phosphorus in treated wastewater
is orthophosphorus; the form most readily available for plant nutrition, but
fortunately the form most easily removed by chemical coagulation and
precipitation. Chemical coagulation/precipitation by alum or ferrie
chloride addition to secondary treatment is the most common technology for
wastewater phosphorus removal. Biological processes have also been
developed to remove phosphorus.

This report presents a series of algal assays pefformed on Ware ﬁiver
water and on combinations of Ware Wastewater Treatment Plant (Ware, MA.)
effluent and dilution water. The experiments were designed with three
objectives: 1) to measure the effect of different levels of of sewage
treatment on algal growth, 2) to explore possible limiting nutrient shifts
in the Ware River, and 3) to evaluate the reduction in growth stimulation
that can be achieved by removing wastewater phoaphorus with alum.

Two kinds of experiments were performed in this study: Algal Growth
Potential (AGP) tests on upstream Ware River water, and sewage addition
experiments with combinations of sewage and dilution water. The AGP

experiments included a control treatment to measure productivity level and




nutrient spiked treatments to determine limiting nutrient. 1In the sewage
addition experiments, sewage effluent (primary, secondary, and tertiary) was
added in four proportions (1, 5, 10, 20%) to two kinds of dilution water
(Ware River and distilled). Primary and secondary sewage Wwere collected at
the plant. Tertiary sewage was prepared by bench scale alum treatment of
secondary sewage at three levels (low alum, medium alum and high alum). All

treatment were innoculated with the test algae (Selenastrum capricornutum),

incubated for 14 days, and analyzed for Maximum Standing Crop (MSC in mg dry
wt./1) by electronic cell counting,

AGP tests showed that both productivity level and limiting nutrient in
the Ware river differed between July and October samples. The calculated
nitrogen/phosphorus ratio N/P failed to predict the correct limiting
nutrient on both dates, The N/P ratios of Ware River water—-sewage
combinations identified probable conditions for shifts in receiving water
limiting nutrient. The limiting nutrient identificat;ons, however, should
only be used as a rough guide.

Algal growth botential was highest for primary éewage and lowest for
tertiary (alum treated) sewage. Reduction in the concentrations of nitrogen
and phosphorus in the sewage accounted for these reductions. Additions of
1, 5, 10, and 20% sewage to dilution water produced a linear increase in
maximum standing e¢rop. The linear response held for all types of sewage
added to either Ware River water or distilled water. Ware sewage was
slightly toxic to algae in high proportions. EDTA and the natural organics
in Ware River water ameliorated this toxicity. 1In general, observed maximum
standing crops for sewage-dilution water combinations agreed with

predictions based on the measured phosphorus and nitrogen concentrations.
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Bench scale wastewater phosphorus removal experiments followed by algal
assays gave good estimates of the reduction in algal yield produced by a
given alum dose. An aluminum/phosphorus ratio of 1.22 or greater was
required to shift Ware River water-sewage combinations from nitrogen to
phosphorus limitation. A 96% reduction in ortho~phosphorus concentration by

alum precipitation reduced algal growth by 46%.
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INTRODUCTICN

The discharge of municipal sewage into natural waters is of envirommental
concern because it accelerates eutrophication. Eutrophication or nutrieht
enrichment decreases water quality by causing increased phytoplankton growth
and proliferation of aquatic plants. Efficient methods for predicting the
algal stimulatory properties of wastewater effluents are important in setting
rational limits on wastewater nutrient concentrations, Nitrogen and
phosphorus are the nutrients of greatest concern in limiting algal growth in
receiving waters.

The Algal Assay Bottle Test (AA:BT) has been frequently cited as a direct
method for assessing the algal growth stimulatory properties of wastewater
effiuents (1-11). In the test's simplest form, a sample of water is

inoculated with the standard test algae, Selenastrum capricornutum. After

incubation under optimum growth conditions, the biomass of algae produced or
Ma#imum Standing Crop (MSC) is measured. rThis same test, performed on a
mixture of sewage and recelving water, measures the growth stimulatory
property of the sewage.

This report analyzeé and discusses a series of algal assays performed on
Ware River water (Ware River, MA.) and on primary, secondary, and tertiary
sewage fnom_the Ware Wastewater Treatment Plant. The experiments were
designed to measure the effect of different levels of sewage treatment on.
algal growth, to explore possible shifts in limiting nutrient in the Ware
River, and to evaluate the reduction in growth stimulation that can be
achieved by removing wastewater phosphorus with alum. The background section

of this report briefly examines sources, forms, and concentrations of



wastewater phosphorus; technology for wastewater phosphorus removal, and

application of the AA:BT to analysis of wastewater treatment and pollution.
The University of Massachusetts Envirommental Engineering Program has

produced several reports on appliecation of the AA:BT in wastewater Lreatment

{7-11). This report is the last of that series.



BACKGROUND

Municipal Wastewater Phosphorus

Phosphorus 13 generally the productivity limiting nutrient in freshwater
ecosystems (12). Conventional primary and secondary wastewater treatment
plant effluents are major point sources of phosphorus (13). Domestic
wastewaters normally contain substantial amounts of phosphorus. Approximately
30-60 percent of the phosphorus in domestic wastewaters originates as human
wastes such as feces, urine and waste food. Approximately 50-T0 percent
originates in detergents containing phosphate builders (14,15). Wastewater
treatment plants operating in areas having phosphate detergent bans discharge
approximately 50 percent less median annual per capita phosphorus loads than
plants in areas without bans (16). Typlieal phosphorus concentrations in fresh
domestic wastewater are: inorganic (4-15 mg P/1l), organic (2-% mg P/1}, and
total (6-20 mg P/1). Typical phoaphorus secondary treatment removal
efficiencies are: 10-20% without chemical addition and 80-95% with addition
of alum or ferric chloride coagulants (13}.

Phosphorus exists in raw wastewater primarily as either organic
phosphorus or soluble phOSphates; Forms of phosphate include orthophosphate
ions, polyphosphates and metaphosphates, which are cyclic polyphosphates (15).
Significant amounts of both socluble phosphates and organic phophiorus are
present in raw wastewater. However, polyphosphates and organic phosphorus can
be converted to orthophosphate ions during biological treatment (15).
Therefore, a large portion of the phosphorus present in biological effluents
is orthophosphate lons. Orthophosphate is the phosphorus form most easily

removed by chemical precipitation; unfortunately, it is also the form most

readily available for plant nutrition,



Green (11) gives a detailed account of both the soluble and particulate
forms of phosphorus ahd the bloavailability of these forms.

The most common technology for wastewater phosphorus removal is chemical
coagulation/precipitation. The most common chemicals used are aluminum and
iron salts although lime and polymers are also used (17). The chemicals may
be added to either primary sedimentation basins, secondary aeration basins, or
as a separate tertiary step. 1In general, the most widely practiced option is
alum or ferric chloride addition to the secondary treatment (17). A more
complete description of phosphorus removal by chemical
coagulation/precipitation may be found elsewhere (13).

More recently, biological processes have heen developed and are being
used for phosphorus removal (18). Several different processes exist Phostrip,
Bardenpho and the A/0 System (19). As of 1984, there were several full scale
bioiogical phosphorus removal plants in operation in the United States-with
moce plants in the pilot or development stage (18). However, at present
chemical addition remains the process of choice.

Algal Assays for Predicting the Stimulatory Properties of Wastewater

The algal assay: bottle test has been cited quite frequently in the
literature as a direct method for assessing the impact of a wastewater loading
on the aquatic enviromment (6,10). Ram (10) noted that the AA:BT has been
found to be an effective method for determining:

1. the limiting nutrient of a water,

2. the presence or absence of algal growth inhibitors,

3. possible trace element limitation of a water sample, and

4, the overall productivity level of a water sample.



Ram (10) also noted that the AA:BT may be used as an appr‘oaéh (when the
limiting nutrient of the receiving water is known) to predict the effect of
wastewater dischargers on the nutrient loading into streams and the resultant
algal responses.  Previous invenstigators have used this approach (77,20-24),

The AA:BT canralso be used on alum treated wastewater to determine the
algal growth response in a water recelving such treated effluent. BResults of
wastewater AA:BT testing can be used to evaluate (10):

1. the level of improvement in water quality resulting from reduction of
wastewater phosphorus loading on the receiving water,

2. the bicavailable phosphorus content in the raw or treated wastewater,

3. any shifts in nutrient l1imitation below the wastewater outfall which
may be attributable to phosphorus removal by alum treatment,

4§, any change in trophic status of the rgceiving water attributable to
the alum treatment, and

5. the extent to which established effluent guidelines prevent nutrient

enrichment and aquatic plant proliferation in receiving waters,




OBJECTIVES AND APPROACH

This research project had three main objectives: 1) to demonstrate how
the AA:BT can measure the growth stimulatory properties of treated sewage, ?2)
to examine the utility of algal assays in evaluating the level of phosphorus
removal neceasary to reach some specified goal of reduced algal growth, 3} to
show how aigal assay data can identify possible shifts in receiving water
limiting nutrient from above Lo below a wastewater discharge.

The Ware Wastewater Treatment Plant sewage and Ware River dilution water
were selected fdr this study. Between August and November 1984, the Ware
Plant was upgraded from primary treatment to secondary treatment allowing
collection of two distinct sewage types. Secondary effluent was treated with
alum in the laboratory to remove phosphorus and produce tertiary treated
sewage. Algal assays were performed on combinations of sewage and Ware River
water to measure growth and stimulation. The variables chosen for sewage
addition experiments along with the rational for their selection are listed in
Table 1.

Standard algal growth potential (AGP) tests were performed on Ware River
water collected upstream from the plant discharge to determine the background
‘growth potential and iimiting nutrient status of the receiving water.
Measurements of phosphorus and nitrogen in the sewage and receiving water
allowed prediction of the algal yield and of the limiting nutrient in upstream

water and in sewage-dilution water combinations.



Table 1.

Variables and rational for varlable selection

for the sewage addition experiments.

VARIABLES

RATIONAL FOR VARIABLE SELECTION

Sewage Type

-Primary

-Secondary

-Tertiary
-Low Alum

~Medium Alum

-High Alum

-Test the ability of different levels of 3sewage
treatment to reduce algal growth stimulation.

-Evaluate the level of phosphorus removal necessary
to reach some specified goal of reduced growth
stimulation.

Dilution Water
Type

-Ware River
water

-Distilled
water

-Test the sewage from the selected treatment plant in
combination with water from the receiving stream.

-Check for changes in nutrient limitation status with
sewage addition.

-Distilled water provides a seasonal control for
possible changes in receiving water nutrient status.

Sevwage
Proportions

-1%
-5%
-10%
-20%

-Choose proportions which bracket combinations of
high flow and low flow of plant and receiving
stream.

Chelator
Addition

-with EDTA

-without EDTA

-Check f'or possible presence of metal toxicity or
micronutrient limitation




MATERIALS AND METHODS

Study Site

Sewage samples were collected from the Ware Wastewater Treatment Plant in
Ware, MA, The Ware plant was upgraded from primary treatment to extended
aeration activated sludge secondary treatment between Auéust and ﬁovember
1984, 'Alum coagulation/precipitation for phosphorus removal (tertiary
treatment) was added to the plant toward the end of this period. Phosphorus
removal takes place in the converted primary plant tank at the end of the
treatment process, Design flow for the new plant is 2 mgd (3.1 efs) with
April-October effluent limits of 1.0 mg/l ammonia nitrogen-N and 1.0 mg/1l
total P.

Waste from the plant i3 discharged into the Ware River, The average flow
(1912-1984) of the Ware River at the U.S.G.S. gauging station at Gibb's
Crossing was 280cfs. Thus, at design flow the plant accounts for about 1% of
the river's flow on average. Calculation of the plant's contributionat two

pertinent low flow conditions are 13% at the 30Q2 of 22.7 cfs and 16% at the
7210 of 18.9 ofs.(25). The 30Q2 is the 30 day low flow likely to recur every

two years. The 7Q10 is the 7 day low flow likely to recur every 10 years.

Sample Collection and Preparation

Primary sewage was collected as a grab sample from the primary
clarifier tank effluent weir on 15 July 1984, The primary plant was still
operating at this time. Secondary sewage was collected as a 24 hr composite
on 6 Octovber 1984 from the collection trough of the final clarifier, The
plant was operating without phosphorus removal at this time. Ware River

" water was collected at mid astream, mid depth just above the Church Street



=
o ’ .
B B B NS BN W = e N I Ea WE BN N =R N - L -lll

Bridge in Ware, MA (ca. 3 miles upstream from discharge). All samples were
collected in acid washed polyethylene bottles, transported on ice, and
refrigerated until experiments began"(always less than two days).
Preparation of Ware River Wwater Tfor AGP experiments and as dilution
water for sewage addition experiments followed the protocols given in Miller
et al. (20) and Plotkin and Ram (7). Sewage samples were prepared by
sequential filtration through Whatman No. 44 paper, Whatman 934 AH glass
fiber filters, and Q.45 um membrane filters. This procedure agrees with the

recommandations foritesting sewage given in Miller et al. (20).

Algal Growth Potential Experiments

AGP experiments were performed on Ware River water from both collection
dates, The protocol followed for these tests Is detailed in Miller et al.
{20) and Plotkin and Ram (7). Briefly, three replicate flasks of each of

the solutions listed in Table 2 were innoculated with the test algae

(Selenastrum capricornatum). The flasks were then incubated under optimal
groWih conditions for 14 days. The Maximum Standing Crop (MSC, mg dry
Wwi./1l} was determined by measuring cell concentration and volume with a

Coulter Counter (Model ZBI) and multiplying the numbers by a specific weight

coefficient of 3.6 x 10d10 mg/pm3 (see 7). The Appendix lists the MSC for
gach replicate flask in the AGP experiments and in the sewage addition

experiments described below,

Miller et al. (20) and Plotkin and Ram {7) explain AGP test

interpretation.



Table 2. Nutrient and chelator additions needed to determine

limiting nutrient and possible presence of algal toxicants.

Additions were made exactly as described in (12 and 13).

+

.Symbol _Additions to Water
C Control
P Control
N Control
PN Control
E Control
PE -Control
NE Control
PNE Control
M Control
CuU

Autoclaved Ware River water
0.05 mg P/1

1.00 mg N/1

0.05 P/1 + 1.00 mg N/1

1.00 mg EDTA/1 (as Disodium Ethylene dinitrilo
Tetraacetate)

0.05 mg P/1 + 1.00 mg EDTA/1
1.00 mg N/1 + 1.00 mg EDTA/1
0.05 mg P/1 + 1.00 mg N/1 + 1.00 mg EDTA/1

micronutrients

Unautoclaved Control

¥npiceronutrients are Ca, B, Mn, Fe, Mo, ZIn, Cu, Co, S, Mg, Concentrations
are exactly as given in (20}.

10



Sewage Addition Experiments

Filtered sewage (primary, secondary and tertiary) was added in four
proportions (1, 5, 10 and 20%) to two kinds of dilution water (Ware River
and distilled). The metal chelator EDTA was added to an identical set of

treatments to detect possible algal toxicants or deficiencies in

" micronutrients. Distilled dilution water was included as a seasonal control

for possible large nutrient changes in the Ware River.

Tertiary sewagé was prepared by bench scale alum addition,
flocculation, and sedimentation as described in (7) and (26). Alum doses
ranging from 20-120 mg alum/1l (0.35-2.25 Al/P molar ratio) were added to 500
ml aliquots of secondary sewage. The sewage was rapid mixed for 30 sec at
100 rpm and then slow mixed for 20 min at 20 rpm with a Phipps-Byrd gang
stirrer. After one hour of settling, supernatant was filtered as described
above. Three of the treated samples were selected for inclusion in sewage
addition experiments: one with relatively high residual P (designated
Tertiary-Low Alum Dose), one with intermediate residual P (designated
Tertiary-Medium Alum Dose), and one with low residual P (designated
Tertiary-High Alum Dose).

‘Gewage-dilution water combinations were inoculated, cultured, and

counted exactly as described above for the AGP experiments,

Chemical Analysls and Predicting Algal Yield

Samples of prepared sewage and Ware River dilution water were analyzed
_ ]
for phosphorus and nitrogen according to the methods listed in Table 3.
Appropriate reagent blanks and standards were run in all cases,
Predicting the algal yield of a treatment depends on the measured N/P
ratio where: N is the Total Soluble Tnorganic Nitrogen concentration (TSIN =

ammonia-N + nitrite-N + nitrate-N) and P is the soluble reactive phosphorus

1



Table 3. Methods for measuring water quality parameters.
Parameter Method Reference
Ammonia-N Scaled down colorimetic

determination using (27)
indophenol reaction
Nitrate-N Cadmium Reduction Method (28)
Nitrite-N Cadmium Reduction Method {28)
Orthophosphate Heteropoly Blue-Ascorbic
Acid Spectrophotometric (29)
Method
Total Phosphorus Potassium persulfate
digestion followed by
Heteropoly Blue-Ascorbic (28,29, 30)
Acid Spectrophotometric
determination
pH potentiometric method (30)

12




concentration (commonly called orthophosphorus). Values of N/P less than
11.3 are N limiting while values greater than 11.3 are P limiting (20). For
P limiting treatments, the phosphorus concentration (mg P/1) is multipiied
by the algal yield factor of 430 to obtain the predicted MSC (mg dry wt. of
algae/1). For N limiting treatments, the TSIN concentration (mg N/1) is
multiplied by 38 to predict MSC. Fallure to attain the predicted MSC may be
attributed to micre nutrient limitation, presence of algal toxicants or
inaccurate chemical analysis (7,20).

There is an area of gitrogen—phosphorus co-limitation extending at the
least between N/P ratios of 10 and 13 (see 7,20). The MSC of samples with
go~limitation must still be predicted from either the N or P algal yield
factor. Thus, the observed and predicted MS5C for co-limiting samples may

show poor agreement.

Predicted MSC and the N/P ratio of all experimental treatments are

given in the Appendix.

Data Analysis

Miller et al. (20) suggest two methods for analyzing AA4:BT data, the
first based on percent differences between means and the second based on
analysis of variance of the data 3et in question. The percent difference
method, cutlined in Table 4 was chosen for this study. Thne percent
difference vetween treatment means required to assign statistical
significance increases as the MSC decreases, This is because small
experimental errors inheritantly cause greater variability in measuring

small MSC (7).

For reference, the mean and variance of each experimental treatment is

given in the Appendix.

13



Table 4. Criteria for determining the significance of differences
between algal assay treatment means. Values are for means of three
replicate filasks of test water.
percent are considered statistically significantly different at
the 95% confidence level (after Miller et al. 7).

Algal Assay Treatment Means
(mg dry wt./1)

Means differing by the specified

Percent difference between

treatment means considered significant

MSC less than 1.0
MSC between 1.0 and 2.0
MSC between 3.0 and 10.0

MSC greater than 10.0

14

50
30
20

10



Quality Assurance/Qualit& Control

Quality assurance was maintained during this project by adhearing
closely to the documentated chemical analyéis and AA:BT protocols cited
above.

Quality assurance/quality control checks were made both on chemical
analysis methods and algal growth results during this study. An EPA water
pollution quality control sample was analyzed for phosphorus and nitrogen
(Table 5). The values measured in the Envirommental Engineering Laboratory
of the University of Massachusetts Depaftment of Civil Engineering closely
matched the EPA means. A check for glassware contamination and algal
culture vigor was performed for both sampling dates (Table 6) by growing
algae in replicate flasks of Algal Nutrient Medium (ANM). The values for
this study and those measured by Green (16) are quite similar. These values

are consistent with ANM yields done in other DCE's Envirommental Engineering

Algal Assays (7).

15



Table 5.

Analysis of U.S. EPA water pollution quality control

sample #4. Measurements were made during routine nutrient
analysis between 6 October and & November 1984,

EPA Recovery Values
95%
Standard Confidence Env. Eng.

Parameter Mean Deviation Range Lab Values
Ammoni a~N 1.90 0.1 1.68-2.12 1.96

{mg/1)
Nitrate-N 1.42 0.065 1.29-1.55 1.47

(mg/1)
Orthophosphate 0.35 0.01 0.33-0.37 0.35

Table 6., Maximum standing crop of algae grown in standard algal

nutrient medium in the UMass Environmental Engineering Laboratory.
Samples were run as routine quality assurance checks for culture vigor
and glassware contamination, Algal nutrient medium routinely gives
yields halfway between the phosphorus concentration prediction {80 mg

dry wt./1)
wt./1)

and the nitrogen concentration prediction (160 mg dry

Maximum Standing Crop (mg dry wt./1)

Number of Samples Mean Standard Deviation
Dates '
July 84 3 121 b1
October B84 3 128 2.4
January-December 84 y 116 9.2
-from Green (11)
16



RESULTS AND ANALYSIS

Nutrient Concentrations

The Ware River water samples differed considerably in nutrient
concentrations on the two collection dates (Table 7). Concentrations of
nutrients tended to be higher in July than in October. The N/P ratio was
lower for the July sample. Shifts in N/P ratio with season have been noted
elsewhere (20).

Nutrient concentrations of sewage samples varied with the type of
treatment (Table 7). Primary sewage contained mainly ammcnia-N with iittle
nitrate-N or nitrite-N. Nitrification in the extended aeration process
converted much of the ammonia to nitrate so, secondary sewage had much more
nitrate-N and less ammonia-N. Alum treatment decreased the phosphorus
concentration of sewage, but did not alter the concentrations of the

nitrogen species.

Algal Growth Potential Experiments

The MSC and limiting nutrient for Ware River water differed on the two
collection dates (Fig. 1, 2). The MSC of control flasks was about 40%
greater in July than in October (difference significant since 20%, see Table
4). This increased algal yield reflects the increased nutrient levels for
the July sample {Table 7).

The observed ylelds for July indicated phosphorus limitation. Note
that the P and PE spiked treatments showed increased growth over the C and E
treatments. The N and NE flasks showed no such increase. Toxicity and/or
micronutrient limitation for this sample were unlikely since the C, E, and M

treatments had essentially equal yields.

17



Table 7.
water was autoclaved and filtered before measuring nutrients.
Sewage samples were filtered before measuring nutrients,

Chemical data for Ware River water and sewage,

River

Taotal

Sample NOE-N+ Soluble N/P

Type pH Total-P Ortho-P NO3-N NH3-N Inorganic-N Ratio
Ware River rg/1 ug/l g/l ug/l ng/l
July 84 7.0 by, 6 28.5 246 N 277 9.7
October 84 6.1 28.1 13.3 125 56 181 13.6
Sewage mg/l mg/1 mg/1 mg/1l mg/ 1l
Primary 7.3 6.1 5.4 0.04 22.6 22.6 y,2
Secondary - 6.5 6.5 5.3 1.0 6.3 1.0
Tertiary - - 1.3 5.6 1.1 6.7 5.1
Low Alum
Tertiary - 0.51 0.50 6.2 1.2 7.3 Th.7
Med. Alum
Tertiary - 0.28 0.25 5.9 1.0 6.9 27.6
High Alum

18



MSC (mg dry wt./1)

Observed - July 84

107

Predicted - July 84

101

s

¢ P PN E PR NE PNE M &

Figure 1. Observed and predicted algal Maximum Standing Crops (MSC)
in Ware River water - July 1984. The cross hatched bars identify the
observed or predicted limiting nutrient. Letters and letter
comdbinations identify the additions to each treatment: ¢ - control,

¢u -~ unautoclaved control, P - phosphorus, N - nitrogen, E - EDTA
chelator, M - micronutrients.
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Figure 2. Observed and predicted algal Maximum Standing Crops (MSC)
in Ware River water - Uctober 1984, The cross hatched bars identify
the observed or predicted limiting nutrient. Letters and letter

combinations identify the additions to each treatment: o - control,

¢y - unautoclaved control, P -~ phosphorus, N - nitrogen, E - EDTA
chelator, M -~ micronutrients.
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The ohserved and predicted ylelds for the July sample do not agree,

The measured N/P ratio of 9.7 for this sample predicts nitrogen limitation,
Thus, the predicted N and NE yield exceeds the predicted control yield. 1In
this case, predicted yields did not match observed yields because the
calculated N/P ratio falled to predict the true limiting nutrient., Miller
et al. (20) state that measured N/P ratios can serve only as approximate
guides to nutrient limitation.

AGP results from the October sample were equivocal (Fig, 2). Neither P
nor N treatments produced yields consistently greater than control yields.
EDTA and micronutrient additions also failed to increase ylelds. Thus, this
sample was most likely nitrogen-phosphorus co-limited. Co-limitation at a
N/P ratio of 13.6 is outside the accepted co-limitation range of 10 to 12

for Selanastrum capricornutum (20). Chiaudi and Vighi (31) have observed

eo-limitation at N/P ratios as low as 5.

The 13.6 N/P ratio of the October 1984 Ware River sample demanded yield
prediction based on P limitations and the P algal yield factor. Therefore,
predicted yields did not match observed yields well.

Analysis of the two Ware River samples demonstrated that predicted
yields will inherently show poor agreement with observed yields when:

1) the measured N/P ratio incorrectly predicts the limiting nutrient, and

2} the sample displays nitrogen-phosphorus co-limitation.

Sewage Addition Experiments

Higher levels of sewage treatment decreased the algal stimulatory
properties of the sewage (Fig. 3). Primary sewage additions yielded about
four times more algae than secondary sewage for all proportions tested.

Alum treated sedage yielded less algae than secondary sewage. Reduced
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Figure 3, Observed algal Maximum Standing Crops {MSC)} in
combinations of Ware River water and sewage.
increase in MSC with increases in sewage proportion and the decrease
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concentrations of nitrogen and phosphorus (Table 7) were responsible for the
decreased algal yields.

For all sewage types, there was a linear increase in MSC with increases
in sewage proportion (Fig. 3). This same trend was present with distilled
dilution water and with EDTA additions'to dilution water. Other
investigators have reported similar linear trends of increasing algal yield
with sewage addition {8-10,21-23).

The mean MSC for all treatments in the sewage addition experiment are
presented in Table 8. Several trends are worth noting:

1) Treatment with Ware River dilution water produced higher MSC than
treatments with distilled water. Nutrients in the river water account for
the differences.

2) Addition of EDTA increased the algal yield over treatments without
the chelator. The EDTA may have bound and inactivated some slightly toxic
materials in the sewage this promoting more growth,

3) Increase in algal yield due to EDTA was greatest for high sewage
additions in distilled water, but less distinct at similar doses in Ware
River water. This may indicate that natural organic matter in river water
also acts as a chelator of algal toxicants,

Algal yields predicted from measured nutrient concentrations and algal
yield factors were generally close to observed values (Table 9). However,
observed ylelds were significantly (> 10%) larger than predicted yields for
the higher sewage additions. It is difficul; to propose a satisfactory
explanation for these differences. It is possible that the algae
sequestered organic forms of nitrogen and phosphorus not detected by our
analytical methods. Sachdev and Clesceri (32) have demonstrated that

organic fractions of wastewater stimulate algal growth.
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Table 8.

and sewage.

Observed algal maximum standing crops in combinations of dilution water

Maximum Standing Crop (mg dry wt./1)

Dilution waters were Ware River water and distilled water both with
and without EDTA chelator (E) additions.

% Dilution Primary Secondary Tertiary Tertiary Tertiary
Sewage Water Low Alum Med. Alum High Alum
] River 19 10 9 6 5
1 River + E 20 10 9 8 7
1 Distilled 0.1 0.1 0.2 0.1 0.1
1 Distilled + E 0.1 0.2 0.1 0.1
5 River 50 23 21 17 12
5 River + E 55 23 21 19 15
5 Distilled 30 3 1 3 0.2
5 Distilled + E 43 17 15 5 1
10 River 111 38 37 32 22
10 River + E 111 38 34 34 26
10 Distilled 90 27 28 23 8
10 Distilled + E 9y 34 32 22 8
20 River 198 75 70 60 i1
20 River + E 194 75 T 61 45
20 Distilled LN 57 62 51 22
20 Distilled + E{ 183 63 71 55 33
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Table 9. Quserved and predicted algal maximum standing crops in
combinations of Ware River water and sewage.

Maximum Standing

Sewage % | Crop (mg dry wt/1)
Type Sewage Observed Predicted

Primary 1 ! 19 19

5 50 53

10 111 95

20 198 180

Secondary 1 10 9

5 23 13

10 38 30

20 75 53

Tertiary 1 9 9

Low 5 21 19

Alum 10 37 32

20 70 57

Tertiary 1 6 8

Medium 5 . 17 15

Alum 10 32 27

20 60 By

Tertiary 1 5 T

High 5 12 11

Alum 10 22 23

20 41 26
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Most of the sewage-river water combinations had N/P ratios clearly
indicative of N or P limitation, Howevér, as with the Ware River samples,
it is possible that co-limitation may have occurred outside the generally
accepted N/P ratioc range or that the N/P ratio predicted the incorrect

limiting nutrient and consequently the incorrect algal yield factor.

Limiting Nutrient Shifts

Changes in N/P ratio and limiting nutrient occur with greater degree of
sewage treatment and with increasing sewage proportion (Table 10}. For all
proportions of sewage tested, the medium and high alum doses remove encugh
phosphorus to shift conditions from N limitation to P limitation. The N/P
ratio of Ware River-sewage combinations trend away from the river water
ratio and toward the sewage ratio as the sewage proportion increases.

Implications of changing nutrient status in the Ware River below the
treatment plant outfall can be made from Table 10. For example, under low
river flow conditions (e.g. 10% plant contribution to flow) the phosphorus
limiting river water would become nitrogen limiting below the outfall under
a secondary Lreatment scheme. At least a medium alum dose would be
required to shift the water below the outfall water to P limitation and
reduce the algal growth potential. Because assignment to a limiting
nutrient category was based only on calculated N/P ratios (rather than an

RGP test) interpretation of nutrient shifts must be treated circumspectly.

Tertiary Trealment Experiment

Increased alum doses decreased the sewage residual P and reduced algal
yields in different proportions (Table 11). For example the highest alum
dose reduced ortho-P by 96%, but reduced algal growth by only 46%. This is

because nitrogen not phosphorus limits growth at the low alum dose (see
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Table 10.

sewage based on calculated nitrogen/phosphorus ratios.
P = phosphorus,

Nitrogen/Phosphorus Ratio and Limiting Nutrient

Limiting nutrient in combinations of Ware River water and

nitrogen.

Percent Primary Secondary Tertiary Tertiary Tertiary
Sewage Low Alum Med. Alum High Alum
0 9.7 13.6 13.6 13.6 13.6

River N P P P P
Water
1 6.1 3.1 9.3 13.9 15.8
N N N - P P
5 u.7 1.0 6.5 14.2 20.6
N N N P P
10 M, b 1.2 5.8 14.5 23.1
N N P P
20 .3 1.1 5,4 14.6 25.2
N N N P P
100 h.2 1.0 5.1 14.7 27.6
sewage N N N P P
27



Table 1t. Data on alum dose and phosphorus residual from bench scale
coagulation of secondary sewage. The algal growth reduction is averaged
over all four combinations of Ware River water and sewage.

Tertiary Sewage -
Low Medi um High
Alum Alum Alum
Alum Dose 72 85 93
(mg/1)
Residual 1.3 G.50 0.25
Ortho-P (mg/1)
Molar Ratio 1.03 1,22 1.33
(A1/P) '
Algal Growth 7 25 u6
Reduction (%)
as Compared to
Secondary Sewage
Ortho-P Reduction 80 92 96
(%) as Compared to
Secondary Sewage
28



Table 10)., Only after enough P is removed to achieve a N/P ratio of ca. 12
or greater can P removal and growth reduction be proportional. From Table
11 it is possible to estimate the'alum dose required to reach some spacified
level of growth reduction. For example, to achieve a 30% reduction in algal
standing crop, an alum dose of about 87 mg/l or 640 lb/mil gal would be
required.

The molar ratios of Al/P used in this experiment were lower than
typical values (Al/P of 2.1-2.6 for 95% removal, Metcalf and Eddy (33)).

The typical values, however, are for full scale operations rather than for
bench scale tests. A typical dose at the Ware Wastewater Treatment Plant is
115 mg Alum/1 to reduce P concentrations below 2 mg total P/1 {Personal
communication; Vance Kaczuwka, Chief Plant Operator).

It is important to remember that the AA:BT protocol requires filtering
sewage samples to remove indigenous bacteria (20}, Filtering removes the
particulate phosphorus fraction. This fraction is extremely important in
assessing the impact of phosphorus to receiving waters., Several
investigators have reported that the majority of phosphorus in wastewaters
from activated sludge process plants (with chemical addition to the aeration
basin) is in the particulate form (34%,35). 1In terms of practical operation,
it is relatively easy to precipitate phosaphorus from wastewater but
conservative clarkfier design is needed to ensure proper removal of the
particulate phosphorus {3&5. About 63% of particulate phosphorus in
wastewater can be ultimately algal available (36). Green (11) has proposed

a scheme for solubliizing particulate P compatable with the standard AA:BT

procedure,
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CONCLUSIONS

Three general conclusions from this project pertain directly to the
stated objectives:

1) The AA:BT effectively measured the algal growth stimulatory
properties of sewage from the Ware Wastewater Treatment Plant. The test
gave algal yields for combinations of primary, secondary, or tertiary
wastewaters mixed with Ware River receiving water.

2) Bench scale wastewater phosphorus removal experiments followed by
algal assays provided good estimates of the reduction in algal yield
produced by é given alum dose. Thus, the level of phosphorus removal
necessary to reach some specified goal of reduced algal growth stimulation
could be estimated.

3} Algal assay data and calculated N/P ratios identified probable
conditions for shifts Iin Ware River limiting nutrient from above to below
the wastewater outfall. However, assigning limiting nutrient status from
calculated N/P ratios should be interpreted only as a rough guide; the
predicted limiting nutrient sometimes fails to match the limiting nutrient

identified in an AGP test.

Several more specific conclusions can also be drawn from this study:

4) The algal yield of Ware River water differed by about 40% between

the July and October samples. The observed limiting nutrient also differed,

i.e., P limitation in July and P-N co-limitation in Octeober. The P/N ratio
calculated from chemical analysis failed to predict the correct limiting

nutrient on both dates.
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5) Algal growth potential was highest For primary sewage and lowest
for tertiary {(alum treated) sewage. Reduction in ﬁhe concentrations of
nitrogen and phosphorus in the sewage accounted for these reductions,

©Y) Additions of 1, 5, 10, and 20% sewage to dilution water produced a
linear increase in maximum standing crop. The linear response held for all
types of sewage added to either Ware River water or distilled water.

7) Ware sewage was slightly toxic to a;gae in high proportions. EDTA
and the natural organies in Ware River water ameliorated this toxicity.

8) In general, observed maximum standing crops for sewage-dilution
water combinations agreed with predictions based on the measured phosphorus
and nitrogen concentrations.

9} An aluminun/phosphorus ratio of 1.22 or greater was required to
shift Ware River water-sewage combinations from nitrogen to phosphorus
limitation. A 96% reduction in ortho-phosphorus concentration by alum

precipitation reduced algal growth by L6%,
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APPENDI X

Algal Growth Potential Experiment Data
Table A-1. Data for 15 July 1984
Table A-2. Data for 6 October 1984
Sewage Addition Experiment Data
Table A-3. Data for Primary Sewage Addtion
Table A-4. Data for Secondary Sewage Additicon
Table A-5, Data for Tertiary Sewage Low Alum Dose Addition

Table A-6. Data for Tertiary Sewage Medium Alum Dose
‘ Addition

Table A-7. Data for Tertiary Sewage High Alum Dose Addition
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Table A-1. Individual flask maximum standing crops and summary statistics for the 15 July
1984 algal growth potential experiment on Ware River water. Letters and letter
combinations identify the additions to each treatment: C-control, CU -unautoclaved
control, P-phosphorus, N-nitrogen, E-EDTA chelator, M-micronutrients, ANM-algal nutrient

medium.
Algal Growth Potential Experiment 15 July 84
Maximum Standing Crop (mg dry wt./1)
Treatment Rep 1 Rep 2 Rep 3 Mean Std. Dev. Predicted
C T.15 7.57 7.24 7.32 0.22 10.53
& P 10.77 11,00 10.70 10.82 0.16 10.53
N 8.28 5.22 8.18 7.23 1.74 12.26
PN 39.33 38.78 36.67 38.26 1.40 33.11
E 6.86 7.07 7.40 7.1 0.27 10.53
PE 10.16 10.40 10.29 10.28 0.12 10.53
NE 8.06 4.76 6.34 6.39 1.65 12.26
PNE 37.05% 37.40 36.60 37.02 0.40 33.11
M 6.03 5.49 5.81 5.78 0.27 10.53
cu 0.77 0,84 0.66 0.76 0.09 5.33
ANM 116.81 120.30 125.05 120.72 b1y ~-——;



Table A-2. Individual flask maximum standing crops and summary statistics for the

6 October 1984 algal growth potential experiment on Ware River water. Letters and letter
combinations identify the additions to each treatment: C-control, CU -unautoclaved
control, P-phosphorus, N-nitrogen, E-EDTA chelator, M-micronutrients, ANM-algal nutrient

medium,
Algal Growth Potential Experiment 6 October 84
Maximum Standing Crop (mg dry wt./l)
Treatment Rep 1 Rep 2 Rep 3 Mean Std. Dev. Predicted
w c 5.29 5.38 5.19 5.29 0.10 5.72
P 3.81 2.05 2.55 2.80 0.91 6.88
N 5.35 3.17 §.26 b26  1.09 5.72
PN 33.37 24,13 32.14 29.97 5.08 26.57
E 5.31 5.35 5.22 5.29 0.07 5.72
PE h,uy 4,26 6.02 4,91 0.97 6.88
NE 1.48 2.91 b,ouy 2.95 1.50 5.72
PNE 34,07 32.42 33.35 33.28 0.83 26.57
M 2.75 3.70 3.52 3.32 0.51 5.72
cu 0,22 0.32 0.29 0.28 0.05 1.85

ANM 131.36 126.75 128.01 128.71 2.3 ===



Table A43; Individual flask maximum standing crops and summary statistics for the 15 July 1984
primary sewage additions. Dilution water type abbreviations are: WR - Ware River, DW ~ Distilled
Water, E - EDTA chelator addition,

Primary Sewage Addition
Maximum Standing Crop (mg dry wt./1)

Dilution Percent

Water Sewage N/P
Type Addition Rep 1 Rep 2 Rep 3 Mean Std. Dev, Predicted Ratio

WR 0 Te15 T.57 7.24 7.32 0.22 10.53 9.7

WR 1 19.03 18.00 18.54 18.52 0.52 19.04 6.1

WR 5 49,96 4g 64 50.39 50.00 0.38 53.01 4.7

o WR 10 108.50 109.42 116.00 111.31 .09 : 95.49 b,y

o WR 20 200.01 207.57 187.32 198.30 10.23" 180.50 .3

WRE 0 6.86 T7.07 T7.40 7.1 0.27 10.53 9.7

WRE 1 20.53 19.85 19.06 19.81 0.74 19,04 6.1

WRE 5 56.31 56.53 52.81 55.22 2.09 53.01 4.7

WRE 10 108.73 112.60 111.31 110.88 1.97 95.49 b,y

WRE 20 192.50 189.514 199.04 193.69 4,86 180.50 4.3

DW 0 0.08 0.09 0.07 0.08 0.0t  —mm——— -

DW i 0.14 0.07 0.08 0.1C 0.04 8.59 h.2

DW 5 34,50 25.49 30.04 30.0t 4,51 n3.02 4,2

DW 10 88.09 92.49 89.514 90,04 2.24 86.03 b 2

DW 20 176.83 181.149 172.59 176.97 4.45 172.06 h,2

DWE 0 0.07 0.10 0.09 0.09 .02 @ —em——- -——

DWE 1 3.94 4.84 4,24 4,34 0.46 8.59 h,2

DWE 5 41,95 43,21 4z2.45 42,54 0.63 43.02 b 2

DWE 10 94,33 9y, 22 92.91 93.82 0.79 86,03 4,2

DWE 20 181,97 180.02 187.86 183.28 4.08 172.06 4.2
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Table A-4. Individual flask maximum standing crops and summary statistics for the 6 October 1984
secondary sewage additions. Dilution water type abbreviations are: WR - Ware River, DW - Distilled
Water, E - EDTA chelator addition. ’

Secondary Sewage Addition
Maximum Standing Crop (mg dry wt./1)

Dilution Percent

Water Sewage N/P
Type Addition Rep 1 Rep 2 Rep 3 Mean Std. Dev. Predicted Ratio
WR 0 5.29 5.38. 5.19 5.32 0.1 5.72 13.6

WR 1 10.40 9,17 9.97 9.85 0.62 9.20 3.1

WR 5 23.27 23.42 22.91 23.20 0.20 12.77 1.0

w WR 10 38.91 39.h44 36.86 38.40 1.36 30.10 1.2
o WR 20 77.14 75.56 73.30 75.33 1.93 53.28 1.1
WRE 0 5.31 5.35 5.22 5.29 0.07 5.72 13.6
WRE 1 10,18 8.70 8,69 9.52 0.75 9.20 3.1
WRE 5 22.74 23.07 22.13 22.65 0.48 12.77 1.0
WRE 10 38.03 39.22 37.12 38.12 1.03 30.10 1.2
WRE 20 75.77 75.20 73.10 Th.69 1.4 53.28 T.1
DW 0 0.08 0.08 0.07 0.08 o.0r  m==-- -
D 1 0.10 0.15 0.15 0.13 0.03 2.39 1.0
DW 5 1.72 1.80 1.87 1.80 0.08 11.93 1.0
DW 10 27.00 26.39 26.58 26.66 0.31 23.90 1.0

DW 20 57.01 58.11 56.78 57.30 0.7 ur, 77 1.0
DWE 0 0.08 0.06 0.05 0.06 0.02  e——-- -———
DWE 1 0.15 0.07 0.12 0.11 0.04 2.39 1.0
DWE 5 17.18 16.03 17.91 17.04 0.95 11.93 1.0
DWE 10 35.02 33.75 32.99 33.92 1.03 23.90 1.0
DWE 20 66.93 77.50 83.35 75.91 .32 Yr.77 1.0



Table A-5. Individual flask maximum standing crops and summary statistics for the 6 October 1984
tertiary sewage additions, Dilution water type abbreviations are: WR - Ware River, DW - Distilled
Water, E - EDTA chelator addition.

Tertiary Sewage Low Alum Dose Addition
Maximum Standing Crop (mg dry wt./l)

Dilution Percent

Water Sewage : N/P
Type Addition Rep 1 Rep 2 Rep 3 Mean Std. Dev. Predicted Ratio

WR 1 9.06 8.49 8.27 8.61 0.41 ~9.34 9.3

WR 5 20.77 21.14 20.80 20.90 0.21 6.46 6.5

WR 10 35.06 35,45 39.38 36.63 2.39 31.73 5.8

o WR 20 69.57 68.88 70.32 69.59 0.72 56.58 5.4

o

WRE 1 9.06 9,42 B.u4b 8.98 0.49 9.34 9.3

WRE 5 22.06 21.54 19.11 21.00 1.40 . 6.46 6.5

WRE 10 35.55 31.86 33.93 33.78 1.85 31.73 5.8

WRE 20 70.88 72.18 70.88 71.31 0.75 56.58 5.4

DW 1 0.31 0.12 0.15 0.19 0.10 2.55 5.1

DW 5 11.21 11.23 11.23 11.22 0.01 12.77 5.1

DW 10 27.66 28.57 28.13 28.12 0.46 25.54 5.1

DW 20 62.93 60.61 63.05 62.20 1.38 51.07 5.1

DWE . 1 0.12 0.09 Q.26 0.16 0.09 2.55 5.1

DWE 5 14,38 16.23 15.26 15.29 0.93 12,77 5.1

DWE 10 32.41 32.60 31.55 32.19 0.56 25.54 5.1

DWE 20 T1.17 73.32 67.96 70.82 2.70 51.07 5.1



Table A-6. Individual flask maximum standing crops and summary statistics for the 6 October 1984
tertiary sewage medium alum dose addition. Dilution water type abbreviations are: WR - Ware River,
DW - Distilled Water, E - EDTA chelator addition.

Tertiary Sewage Medium Alum Dose Addition
Maximum Standing Crop (mg dry wt./1l)

Dilution Percent :
Water Sewage N/P
Type Addition Rep 1 Rep 2 Rep 3 Mean Std. Dev. Predicted Ratio

WR 1 5.08 6.25 5.46 5.93 0.42 7.83 13.9
WR 5 16.58 19.33 16.27 17.39 1.68 A 15,12 4.2
WR 10 31.39 33.45 21.68 32.17 1.12 26.62 14.5
= WR 20 59.82 60.61 59.03 59.82 0.79 47.30 14.6
WRE 1 8.17 9.32 7.04 g.18 1.14 7.83 13.9
WRE 5 19.42 19.76 18.62 19.23 0.59 15.12 14,2
WRE 10 32.78 34,64 33.25 33.56 0.97 26.62 14,5
WRE 20 62.25 59,40 61.U7 61.04 1.487 b7.30 14.6
bW 1 0.12 0.03 0.05 0.07 0.05 2.15 14,7
DW 5 1.35 3.88 5.22 3.48 1.97 10.75 14,7
DW 10 23.36 23.27 22.66 22.10 0.38 21.46 14,7
DwW 20 52.50 49,15 50.87 50.84 1.68 42,91 14,7
DWE 1 0.03 0.05 0.06 0.05 0.02 2.15 18,7
DWE 5 4,92 6.83 3.90 5.04 1.20 10.75% 14,7
DWE 10 23.33 22.91 19.75 22.00 1.96 ' 21.46 14,7
DWE 20 57.28 51.04 58.04 55.45 3.84 h2 .91 18,7



Table A-7. Individual flask maximum standing crops and summary statistics for the & Octcber 198H
tertiary sewage high alum dose addition. Dilution water type abbreviations are: WR - Ware River,
DW - Distilled Water, E - EDTA chelator addition.

Tertiary Sewage High Alum Dose Addition
Maximum Standing Crop {(mg dry wt./l)

Dilution Percent
Water Sewage N/P
Type Addition Rep 1 Rep 2 Rep 3 Mean Std. Dev. Predicted Ratio
WR 1 4,96 5.15 5.18 5.10 0.12 6.75 15.8
WR 5 12.02 9,70 13.19 11.64 1.78 10.79 20.6
WR 10 21.66 22.19 21.94 21.93 0.27 15.91 23.1
& WR 20 42,61 41.62 39.32 41.18 1.69 26.06 25.2
WRE 1 6.66 7.63 6.87 7.0% 0.51 6.75 15.8
WRE 5 15.18 15.87 13.54 14.86 1.20 10.79 20.6
WRE 10 26.46 25.46 26.,u8 26.13 0.58 15.91 23.1
WRE 20 49.35 k3,92 41.79 45,02 3.89 26,06 25.2
DW 1 0.05 0.06 0.04 0.05 0.01 1,08 27.6
DW 5 0.30 0.16 0.29 0.25 0.08 5.38 27.6
bW 10 6.87 8.18 8.23 7.76 0.77 10.75 27.6
DW 20 23.23 21.03 20.37 21.54 1.50 21.50 27.6
DWE 1 0.09 0.09 0.06 0.08 0.02 1.08 27.6
DWE 5 0.80 1.29 1.03 1.04 0.25 5.38 27.6
DWE 10 T.03 7.1 B.52 7.65 0.77 10.75 27.6
DWE 20 32.86 32.85 32.31 32.67 0.31 21.50 27.6
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