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I. INTRODUCTION

Since the implementation of effluent quality standards for waste-
water treatment facilities in 1962 (1), much éttention has been paid to
the pollution potential of carbon, nitrogen, and phosphorus in natural
waters and to the removal of these nutrients from wastewater. Biodegradable
organic carbon is responsible for oxygen depletion from water through
microbial utilization of carbon for cellular synthesis and energy require-
ments. Various forms of nitrogen can be toxic to fish and humans if
present in large enough quantities. Ammonia-nitrogen (NH3;N) is known
to be toxic to fish in concentrations greater than 1.0 milligram per
liter (mg/1l) (2-4). The nitrate form of nitrogen (NOS—N) can cause meth-
aemoglobinemia, a blood disorder in infants, in concentrations greater
than 10-20 mg/1 NOS—N (3). Nitrogen and phosphorus can also result in
an accelerated rate of eutrophication.

High efficiency carbon removal, measured as chemical oxygen demand
(COD), can be accomplished in the activated sludge biological wastewater
treatment process at very low mean cell residence times (GC) if carbon
is the limiting nutrient for microorganism synthesis, which is the case
for most all domestic wastewaters (5). The fate of nitrogen contained
in wastewater is to be oxidized from NHZ—N to NO;—N via nitrification,
passed into the effluent as excess total Kjeldahl nitrogen (TKN), or
incorporated into the bacterial cells for synthesis.

Goel and Gaudy (6) found that both carbon and nitrogen could be
made limiting to synthesis by altering the wastewater COD:TKN ratio and

the dilution rate of a chemostat containing activated sludge. An analysis



of their data reveals that as nitrogen became limited, the nitrogen
removal efficiency increased through cellular uptake of nitrogen. The
COD removal efficiency decreased as nitrogen became limiting. Stall and
Sherrard (7) found similar occurrences by operating continuously fed
activated sludge reactors at different COD:P ratios as the mean cell
residence time was varied. They observed that excess COD appeared in the
effluent stream when phosphorus became limiting while the phosphorus
removal efficiency increased. They also demonstrated that phosphorus
could become limiting as the mean cell residence time was decreased at
high COD:P ratios.

There exists-a need to develop an understanding of the relation-
ships between wastewater characteristics and nutrient removal by the
activated sludge process. High efficiency nutrient removal, as bredicted
by stoichiometry, can be attainable by altering the influent wastewater
characteristics and the mean cell residence time in biological reactors.

By operating two continuously fed bench scale activated sludge
reactors at different COD:TKN'ratios with a synthetic feed, it should be
possible to examine the nitrogen removal efficiency and the influent
substrate removal efficiency as a function of the mean cell residence
time. This research was attempted to demonstrate that a definite rela=
tionship exists between influent COD:TKN ratios, total substrate removal
efficiency, total nitrogen removal efficiency, and the mean cell residence

time in the activated sludge process.



II. LITERATURE REVIEW

In reviewing recent available literature, it has become evident
that the activated sludge process can be modeled by the use of stoichi-
ometric and biokinetic equations. In this literature review insight
into the models used today to predict reactions occurring in this process

will be examined.

GENERAL

The use of biokinetic equations in conjunction with stoichiometric

relationships has recently been used to predict occurrences in the acti-

vated sludge process by Sherrard and co-workers (5,8-14). The activated
sludge process is responsible for the removal of organic carbon from

. . . . +

wastewater as well as the oxidation of ammonium-nitrogen (NHA_

nitrate-nitrogen (NOE-N). The removal of carbon from wastewater has been

N) to

predicted and shown to occur at much lower mean cell residence times,
the average time the microorganisms remain in the aeration basin, than
the conversion of NHZ-N to NOQ-N via nitrification. High efficiency
nitrification has been shown to occur in activéted sludge with domestic
wastewater at a mean cell residence time of four days or greater under
normal temperatures (15-17).

Mathematical models, which are used to predict COD removal and
nitrification in a completely mixed activated sludge system at steady-
state conditions, have been derived by Weston and Eckenfelder (18),

Garrett (19), and Lawrence and McCarty (20). These models use the mean

cell residence time (GC) as the main parameter for design and analysis



of the activated sludge process. Stoichiometric relationships are also
based on using ec as the control parameter for carbon removal and nitri-
fication.

Many factors influence both COD removal and nitrification in
domestic activated sludge. Among these factors are dissolved oxygen (DO),
temperature, pH, hydraulic retention time (©), mixed liquor volatile
suspended solids (MLVSS), and the carbon to nitrogen to phosphorus ratio
(C:N:P) of the wastewater (3,6,10,11,15,21-41). Carbon is usually the
limiting nutrient in domestic wastewater, therefore maximum COD removal
efficiency is obtained. If carbon were not the limiting nutrient, i.e.
phosphorus or nitrogen became limiting, then the COD removal efficiency
would decrease at the mean cell residence times where nitrogen or phos-
phorus were limiting cellular synthesis (5,24,25,30). The total nitrogen
ér phosphorus removal efficiency would decrease at lower ec values if

carbon were not the limiting nutrient (5,7,14).

SOURCES OF NITROGEN IN WASTEWATER

Domestic wastewater usually contains between 15-50 mg/l of total
Kjeldahl nitrogen (TKN), with only traces of nitrate and nitrite-nitrogen
(4). Organic-nitrogen is present in dead plant and animal tissue and
fecal material containing proteins (3). Ammonium-nitrogen is present in
urea. The average person contributes 19-23 grams of nitrogen per day to
domestic wastewater, of which 70-80 percent is in the form of urea (23).
Other sources of nitrogen in water include precipitation, dustfall,urban
and non-urban runoff,industrial and agricultural wastes, and biological

fixation.



AMMONIFICATION AND NITRIFICATION

Almost all forms of nitrogen can act as a nutrient source to acti-
vated sludge organisms. Since nitrogen exists mainly as erganic-nitrogen
and ammonium-nitrogen in domestic wastes, ammonification and nitrification
are the main processes of concern when dealing with the oxidation of
nitrogen in the activated sludge process. Ammonification is the conversion
of organic-nitrogen to ammonium-nitrogen by heterotrophic microorganisms.
Nitrification is a two step process performed by chemoautotrophic organ-
isms. Figure 1 shows a typical single-stage COD-nitrification activated
sludge treatment schematic in which COD removal, ammonification, and
nitrification occur. Nitrogen is oxidized from a (-3) valence as NHZ-N

+ -

to a (+5) valence as NO,.-N. The oxidation of NH4 N to NOZ—N is accomplished

3

by Nitrosomonas bacteria as seen in equation [1]. The second half of the

nitrification process is accomplished by Nitrobacter bacteria, in which

NOZ—N is further oxidized to NOE—N as seen in equation [2].

. - +
ZNHZ + 30, Nitrosomonas > 2NO, + 2H,0 + 4H [1]
" Nitrobacter o 2NO. [2
N0, + 0, > 2NO, [2]

The overall nitrification reaction can be obtained by summing the above

equations to yield:

NHZ + o, Mitrifiers . NO, + 2H + H,O0 [3]

A
w
N

The theoretical alkalinity destruction and the theoretical oxygen
+
demand per quantity of NH,-N oxidized can be calculated from equation [3]

to yield 7.14 mg/1l as CaCo04 destroyed and 4.6 mg/l 0, required per mg/1
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Figure 1. Schematic Diagram of an Activated Sludge Process



NHZ-N oxidized, respectively.

The growth rate of nitrifying bacteria is considerably slower than
that of heterotrophic bacteria, so care must be taken when operating an
activated sludge process notbto remove the nitrifying bacteria by daily
sludge wastage if nitrification is desired. The use of the mean cell
residence time has been widely accepted as the main parameter for con-
trolling nitrification in activated sludge. Steady-state is assumed for
activated sludge at a given value of 8. when there appears to be no major
change in MLVSS, alkalinity destruction, pH, nitrate-nitrogen production,
COD removal, and DO concentration in the system. The formula for calcu-

lating the mean cell residence time is:

Xp ,

6. = ' [4]

(AX/AL)
: T

where

GC = mean cell residence time, days,

Xp = total system biomass (VSS), 1bs, and
(AX/At); = total quantity of biomass wasted daily, including daily

sludge wastage and solids lost into the effluent, 1bs/day.

Equation [4] is often written in a form to incorporate the wastewater

flow rate and the effluent solids into the equation as follows:

VX
6. = (5]

QWX + Qeffxeff




where
V = total volume of the reactor, liters,
X = concentration of the biomass in the activated sludge reactor,mg/1,
Q, = waste sludge flow rate, liters/day,
Qegs = effluent liquid flow rate, liters/day, and

Xogg = effluent biomass concentration, mg/1.

It can be seen from equations [4] and [5] that 6. can be accurately
controlled by the sludge wastage rate, which is inversely proportional
to the mean cell residence time.

Some investigators have reported that the hydraulic retention time,
the time that the substrate actually comes in contact with the biomass
in the aeration basin, has been found to have a significant effect on
nitrification and nutrient removal by activated sludge (6,22,27,28). The

hydraulic retention time can be calculated from the following equation:

o]
1l

Va/Q [6]

where

D
]

hydraulic retention time, days,
V, = volume of the aeration basin, liters, and

wastewater flow rate, liters/day.

o
1]

Other parameters such as temperature, pH, and dissolved oxygen
directly affect the rate of nitrification. In colder weather, sewage
treatment plant operators must increase . considerably to obtain the
same degree of nitrification as observed at higher temperatures (15,22,

33,39-41). Knowles, et al. (36) observed that Nitrosomonas bacterial




growth rate increased by 9.5 percent for each one degree Celcius increase
in temperature. Other researchers have observed significant decreases in
the nitrifying population growth rate when temperatures decreased below
20°C (37). The optimum pH for nitrification has been reported to range
from 7-9 (31-34). Nitrification was shown by Hall (31) to be completely
inhibited when pH decreased below 6.3. However, other investigators ha&eshown
nitrification to occur at pH values lower than 5.0 (23). The dissolved
oxygen concentration can likewise have an inhibitory effect on complete
nitrification if the oxygen demanded by the biomass exceeds the supply
of DO in the water. Downing, et al.(35) found that the rate of nitrifi-
cation was independant of the DO concentration when DO exceeded 0.5 mg/l.
Usually 2.0 mg/l DO in activated sludge is considered adequate for both
COD removal and nitrification.

Although many factors can inhibit nitrification, including pH, DO,
high ammonia-nitrogen concentration, and toxics, inhibition usually does

not occur in domestic wastewaters (4,15,32,39-41).

MATHEMATICAL MODELS

Mathematical models, which have been used to predict microbial be-
havior, have existed for over eighty years (5). Recently, Lawrence and
McCarty (20) have developed models for predicting utilization of substrate
by biological organisms, biomass concentration in the aeration basin,
observed cell yield, and waste sludge production as a function of 6, .
Biokinetic coefficients for a particular waste must be obtained for both
heterotrophic and nitrifying bacteria by laboratory analysis before the

Lawrence and McCarty equations can be utilized.
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The effluent substrate concentration (S;) can be calculated by the

following equation:
Kg(1 + be.)

S1 = [7]
(9C (Yk - b) - 1)

where

S, = effluent substrate concentration, mg/1,

K. = half velocity coefficient, equal to the substrate concentration
at one-half the maximum rate of substrate utilization per unit
weight of microorganisms, mé/l,

b = microorganism decay coefficient, day— ’
Y = microorganism growth yield coefficient, mg/mg, and
k = maximum rate of substrate utilization per unit weight of

-1
microorganisms, day .

The efficiency of substrate removal by the activated sludge organ-

isms is:
100 (S, - S4)
Eg = o 71 (8]
So
where
Es = efficiency of substrate utilization, percent, and
So = influent substrate concentration, mg/l.

Similarly, total nitrogen removal efficiency can be written as:

100 (N, = N)
E_ = ° [9]
No
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]
1]

n efficiency of nitrogen utilization, percent,

2
1]

o influent total nitrogen concentration, mg/l, and

2
1]

effluent total nitrogen concentration, mg/1l.

‘The quantity of excess microbial solids wasted daily from the system

at a given 6. is:

YQ(S,- S7)
P, = ° [10]
1+ b6,
where
Py = waste sludge production, lbs/day, and
Q = influent waste flow rate through the reactor, liters/day.

The observed yield coefficient, which is also useful in determining

sludge production and formulating stoichiometric equations, can be calcu-

lated by:
P
Yobs = = [11]
Q(So - Sl)
where -
Yobs = observed yield coefficient, mg/mg.

The aeration basin mixed liquor volatile suspended solids concen-

tration can be calculated by:

Y(So - Sl)Gc

[12]
(1 +1be))e
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where

o]
]

aeration basin MLVSS, mg/l, and

(0]
1]

aeration basin hydraulic retention time, days.

All of the preceeding equations in this section are applicable for

both heterotrophic and chemoautotrophic microorganisms.

STOLCHIOMETRIC RELATIONSHIPS

Stoichiometry involves balancing biochemical equations for conser-
vation of both mass and electrical charge to examine metabolism of
microorganisms in the activated sludge process. Two equations must be
balanced, one each for botb heterotrophic and chemoautotrophic activity.
Information about heterotrophic activity can be obtained by examining

the following equation:

+
Bacteria + organics + nutrients + NH, + 0, — [13]

+
New bacteria + H + COp + HypO + residual organics + inorganics

When nitrification is occurring, the chemoautotrophic bacteria behave

as follows:

+
Bacteria + CO, + NH, + Oy + nutrients > [14]

+
New bacteria + NO3 + H + residual inorganics

The summation of these two equations yields the overall reaction for

carbon removal and nitrification as follows:

+
Bacteria + nutrients + NH, + 0, [15]

—

- +
New bacteria + NO5j + H + COp + Hy0 + residual organics + inorganics
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There are many characteristics of the sludge and wastewater which
are assumed for simplicity when applying stoichiometry to activated
slgdge. Nitrogen present in wastewaters is assumed to be all in the
NHZ—N form, which is the only influent nitrogen form considered in stoi-
chiometric relationships. This assumption is not too unreasonable since
most all nitrogen present in wastewaters is orgaic-nitrogen and ammonium-
nitrogen. The organic-nitrogen is easily converted to NHZ—N via ammoni-
fication.

All carbon is assumed to be CegH170g in structure. The bacteria
formula of Cg5Hy0oN is often used in stoichiometric relationships for
simplicity, although many different forms of bacteria exist in activated
sludge (27,42-44). The nitrogen content of most bacteria is about 12
percent of the total weight of the bacteria (3,45). It can be seen that
nitrogen constitutes about 12 percent of CsHy09N, verifying the proxim-
ity to typical bacteria molecular structure.

The procedure for balancing stoichiometric equations for both
heterotrophic and chemoautotrophic microorganisms was detailed by
Hawkins and Sherrard (14) and Hart and Sherrard (5) for phosﬁhorus and
nitrogen limiting conditions, respectively. Information about the act-
ivated sludge process can be obtained by plotting various parameters
against the mean cell residence time. Trends can be observed by exam-

ination of these plots to help understand the processes in activated

sludge treatment.

SUMMARY

Laboratory obtained biokinetic coefficients have been used in
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conjunction with balanced stoichiometric equations to compare theoretical
data with experimental results obtained by operating bench scale biolog-
ical reactors. Various parameters have been monitored to test the valid-
ity of using stoichiometric relationships as a basis for design and oper-
ational criteria in activated sludge treatment.

The literature has shown that high efficiency COD removal occurs
at low mean cell residence times when carbon is the limiting nutrient.
Researchers have also demonstrated that reduced COD removal efficiencies
occurred when carbon was no longer limiting to synthesis. Under these
circumstances, nitrdgen removal can be enhanced at lower values of 6,
when nitrogen becomes the limiting nutrient for growth.

This investigation will attempt to demonstrate that as nitrogen
becomes limiting, an increased removal efficiency of nitrogen and a
decreased removal efficiency of COD will result as predicted by stoichio-

metry.



ITII. METHODS AND MATERIALS

In this study the relationship between the COD:TKN ratio and total
nitrogen removal from a wastewater as a function of the mean cell resi-
dence time was examined and compared to stoichiometric predictions. Most
all forms of nitrogen were monitored in the influent and effluent waste-
water streams to determine nitrogen removal via biomass incorporation.

The nitrogen forms examined were total Kjeldahl nitrogen (NHZ—N and
organic-nitrogen), nitrate-nitrogen (NOS—N), and nitrite-nitrogen (NOE—N).

The chemical oxygen demand (COD), alkalinity, pH, and suspended solids

were also monitored for influent and effluent streams.

LABORATORY APPARATUS

This study was conducted by operating two continuously fed bench
scale activated sludge reactors at different COD:TKN ratios. All other
parameters were held constant. Both reactors were constructed of 3/8 inch
plexiglass with a total operating volume of 8.57 liters. A typical bench
scale reactor is shown in Figure 2. An adjustable baffle separated the
aeration basin, with a volume of 6.74 liters, and the clarifier, with a
volume of 1.83 liters. Synthetic wastewater was fed from two five gallon
plastic carboys through standard medical intravenous (I.V.) tubes. Carboys
were positioned approximately three feet above each reactor to induce
gravity feeding. Flow rates were initially set for each reactor at 14.0
ml/minute by adjusting clamps on the I.V. tubes. Flow rates fluctuated
from 14.1 toAlS.O liters/day for the COD:TKN = 10.15:1 reactor and from

14.6 to 15.9 liters/day for the COD:TKN = 21.63:1 reactor. Total reactor

15
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hydraulic retention times varied from 13.7 to 14.6 and 12.9 to 1l4.1
hours for COD:TKN ratios of 10.15:1 and 21.63:1, respectively. These
fluctuations were due to microorganism and iron accumulation in the I.V.
tubes. Intravenous feed tubes were disinfected daily by flushing the
tubes with a strong bleach solution for thirty minutes. Each tube was
then rinsed with one liter of hot tap water to remove any traces of dis-
infectant. Influent carboys were disinfected every other day to inhibit
bacterial growth in the feed. Carboys were rinsed with hot tap water
prior to nutrient addition to remove residual bleach.

Air for each reactor was supplied through two diffuser stones
placed inside the aeration basin. Placement of the diffuser stones
induced a rolling effect of the mixed liquor suspended solids (MLSS).
Cotton-filled Nalgene tubes were installed on the air line to prevent
0il and other contaminants from entering the reactors. Air flow rates
were not monitored, but were supplied at a rate to induce vigorous
mixing.

Daily reactor effluents were collected in calibrated plastic
carboys. A schematic diagram of the experimental set-up is shown in

Figure 3.

FEED SOLUTION

The chemical composition of the synthetic wastewater feeds is liéted
in Tables I and II for COD:TKN ratios of 10.15:1 and 21.63:1, respectively.
Feed used for reactor 1 contained an average COD of 247 mg/l and an
average TKN of 11.4 mg/l, yielding a COD:TKN ratio of 21.63:1.

Reactor 2 was fed an average COD of 253 mg/l and an average TKN of 24.9 mg/l.
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This resulted in a COD:TKN ratio equal to 10.15:1. All other nutri-
ents used are listed in Tables I and II. Alkalinity and the pH of the
reactors were controlled by a sodium carbonate and sodium bicarbonate
buffer solution. A 0.6 molar solution of each buffer was used in this
investigation to maintain an average influent pH of 7.5 for each reactor.
Alkalinity in the influent of reactor 1 (COD:TKN = 21.63:1) was origin-
ally added to a final concentration of 55.7 mg/l at a mean cell residence
time of 25.6. Alkalinity was increased to an average concentration of
79.2 mg/1l in the influent for the rest of the study to ensure adequate
buffering against H+ release via biomass metabolism. Influent alka-
linity concentration for reactor 2 (COD:TKN = 10.15:1) was maintained

at 81.5 mg/l as CaCO3.

Bacto-peptone was used as the only source of nitrogen for both
reactors. A sugar solution (glucose) was used in the investigation to
increase influent COD without increasing influent nitrogen concentration.
Each of these nutrients were prepared weekly by weighing the appropriate
portions and dissolving them in tap water.

Daily feeding involved filling carboys with approximately 12 liters
of tap water before nutrients were added. Stock solutions were then added
in the following order: bacto-peptone, glucose, magnesium sulfate,
manganese sulfate, ferric chloride, calcium chloride, potassium phosphate,
sodium bicarbonate, and sodium carbonate. This feeding procedure was
followed daily to prevent phosphorus precipitation. Carboys were then
filled to a final volume of 18 liters with cold tap water and connected

with the I.V. tubes for feeding. Synthetic wastewater feed solutions
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Table I

Composition of Wastewater for COD:TKN = 10.15:1

Stock Concen-

Final Con-

tration Quantity Used centration

per 2 1 per 18 1 per 18 1

(grams) (ml1) (mg/1)
Bacto-peptone
(Nutrient broth) 129.00 48.00 172.00
Glucose 129.00 13.00 46.58
MgS0,-7H,0 ) 40.00 45.00 50.00
MnSO,-H,0 4.00 45.00 5.00
FeCl3-6H,0 0.20 45.00 0.25
CaCl, 3.00 45.00 3.75
KH,PO,, 21.08 45.00 26.35
NaHCOg* 100.80 10.00 28.00
NapCO3* 127.20 5.00 17.67

* 0.6 M buffer solution
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Table IT

Composition of Wastewater for COD:TKN = 21.63:1

Stock Concen- Final Con-
tration Quantity Used centration
per 2 1 per 18 1 per 18 1
(grams) (ml) (mg/1)
Bacto-peptone
(Nutrient broth) 129.00 24,00 86.00
Glucose 129.00 37.00 132.58
MgS0,-7H,0 40.00 45.00 50.00
MnSO,-H90 4.00 45.00 5.00
FeCl3-6H,0 0.20 45.00 0.25
CaCly 3.00 45.00 3.75
KHoPO, 21.08 45,00 26.35
NaHCO3* 100.80 10.00 28.00
Na)CO3* 127.20 5.00 17.67

# 0.6 M buffer solution
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were mixed daily for each reactor to yield final nutrient concentrations

as seen in Tables I and II.

INITIAL START - UP

Activated sludge for the laboratory treatment units was obtained
from the Blacksburg - V.P.I. Sanitation Authority Plant at Stroubles
Creek, Sludge was batch fed a synthetic wastewater for approximately
six weeks before thebmixed liquor suspended solids had increased to
1800 mg/l. At this time the sludge was felt to be adequately acclimated
to the feed. Batch fed sludge was then started on continuous‘feeding.
Daily wasting of 300 ml of MLSS was performed for each reactor to achieve
a mean cell residence time in excess of 20 days. Mixed liquor suspended
solids concentrations were monitored in each reactor until steady-state
conditions were believed to exist. At this time the parameters listed

in Table III were monitored for data collection.

DAILY PROTOCOL

Steady-State Determinations

Data collected from each reactor were compared at steady-state
conditions. In this investigation steady-state conditions were believed
to exist in each reactor when the total reactor MLSS and the effluent
solids were relatively constant for a period of four to seven days.
Sludge wastage and total reactor MLSS sample collection was performed
by clamping the effluent line, removing the baffle separating the
aeration basin and the clarifier, mixing the solids in the reactor, and

then wasting an appropriate quantity of the MLSS to obtain a desired ec.
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Table III

Parameters Monitored Daily

I. Influent Feed
A. Chemical Oxygen Demand (COD)
B. Total Kjeldahl Nitrogen (TKN)
C. Ammonia Nitrogen (NH3-N)
D. Alkalinity
E. pH
II. Filtered Effluent
A. Chemical Oxygen Demand
B. Total Kjeldahl Nitrogen
C. Ammonia Nitrogen -
D. Nitrate Nitrogen (NO3-N)
E. Nitrite Nitrogen (NO _-N) *
F. Alkalinity 2
G. pH
IIT. Biological Solids
A. Total Reactor Suspended Solids
B. Effluent Solids
* = 10.15:1, and

Test was only run at 8.= 26.4 days for COD:TKN

6.= 25.6 days for COD:TKN

21.63:1
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Total reactor MLSS determinations were made from a 10 ml sample drawn
from the mixed solids in the reactor prior to sludge wasting. After

wasting, the baffle was replaced, the solids allowed to settle in the
clarifier, and the effluent line was unclamped before feeding was

continued.

ANALYTICAL PROCEDURES

Solids Determination

Total reactor MLSS and the effluent solids were determined in

accordance with Standard Methods for the Examination of Water and

Wastewater.(47). A 10 ml sample of total reactor MLSS was filtered
through 5.5 cm Reeve Angle 934AH glass filters and a 5.5 cm Nalgene
Buchner funnel. Effluent solids were determined by filtering 50-100 ml
of sample in a similar fashion to MLSS saﬁples. A 50 ml sample of the
effluent was filtered when the solids in the effluent increased at ‘the
lower 8. values. All samples were filtered on a millipore filtering
apparatus. Filters and aluminum pans were weighed on a Mettler AC 100

Balance.

Total Kjeldahl Nitrogen (TKN) Determination

Total Kjeldahl Nitrogen determinations were performed for both
influent and filtered effluent samples. A sample of 100 ml was obtained
for both influent and effluent TKN determinations on a daily basis once
steady-state conditions prevailed, and then frozen for later analysis.

The TKN determinations were made in accordance with Standard Methods (47)

for the micro TKN digestion and distallation procedures. The titrimetric



25

+
method was used for both TKN and NH4—N determinations.

+
Ammonium—Nitrogen-(NHA—N) Determination

An influent and filtered effluent sample of 100 ml was obtained
+ .
for NH4-N determinations daily during steady-state conditions. Samples
were frozen for later analysis. Ammonium-nitrogen determinations were

made in accordance with Standard Methods (47) using the micro distil-

lation apparatus and the titrimetric method.

Nitrate-Nitrogen (NO3-N) Determination

A filtered effluent sample of 10 ml was collected daily during
steady-state conditions and frozen for later analysis. Nitrate-nitrogen

determinations were performed in accordance with Standard Methods (47)

for the brucine method. Determinations were made with a Baush and Lomb
Spectronic 20 at a 410 nm wavelength.

Nitrite-Nitrogen (NO»-N) Determination

A filtered effluent sample of 10 ml was collected daily for NOy-N
determinations during steady-state conditions.and frozen for later analysis.
Nitrite-nitrogen determinations were performed with a Baush and Lomb

Spectronic 20 set at a wavelength of 543 nm as stated in Standard Methods

(47).

Chemical Oxygen Demand (COD) Determination

A 20 ml sample was collected daily for both influent and filtered
effluent COD determinations during steady-state conditions and frozen
for later analysis. Chemical oxygen demand determinations were made in

accordance with Standard Methods (47).
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Alkalinity and pH Determination

A 100 ml sample was collected daily from the influent and effluent
during steady-state conditions for both alkalinity and pH determinations.
Alkalinity and pH determinations were made immediately following sample

collection in accordance with Standard Methods (47). A Fisher Accumet

120 pH/ion Meter was used to determine influent and effluent pH as well
as to determine the correct end-point in alkalinity determinations. The

pH meter was standardized daily with pH standard solutions of 4.0 and

7.0.

METHODS OF DATA ANALYSIS

Mean Cell Residence Time Analysis

The mean cell residence time at steady-state conditions was calcu-

lated by equation [5].

o = VX [5]
QX * QueeXags

A desired value of 6, was obtained by adjusting the sludge wastage rate.
As the wastage rate increased, effluent seolids increased, total reactor
MLSS dec;eased, and the mean cell residence time decreased. An initial
sludge wastage rate of 300 ml/day was maintained in each reactor to
obtain a desired value of 6. in the range of 20 to 30 days. An exact
value of 8, could not initially be predicted since the concentration of
effluent solids was unknown.

Observed Yield Coefficient

The observed yield coefficient at steady-state conditions was
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calculated by the following formula:

+
QWX Qeffxeff ’
Yobs = [16]
Q(CO - 0)
where
Yobs = observed yield coefficient,

Q = influent liquid flow rate, liters/day,

C, = influent substrate concentration, mg/l, and

C = effluent substrate concentration, mg/l.

All other terms defined earlier.

Kinetic Coefficients

Kinetic coefficients for substrate utilization by activated sludge
microorganisms were calculated by plotting the reciprocal of the mean
cell residence time against the specific utilization rate (U). This

relationship is seen in the following equation:

L= YU -b [17]
¢
where
Ymax = the maximum microorganism constant yield coefficient, mass/mass,
U = the specific utilization rate, day_l, and
b = micrqorganism decay coefficient, day— .

The plot of this equation provides values for Yoax and b.



Alkalinity Destruction

The change in alkalinity in activated sludge can be calculated by:

+ -
A Alkalinity = 3.57(ANH4-N) - 7.14(4 NO3-N) [18]
where
+ + . . + .
A NHA-N = effluent,NH4—N minus influent NH4-N concentration, mg/l,
A NOE-N = concentration of NOS—N produced in the effluent, mg/l.

Total Nitrogen Removal

Total nitrogen removed from wastewater is calculated by the follow-

ing equation:

Total nitrogen removal = TKN; - (TKN, + Nog—N + NOE-N + [19]

i

N incorporated into the sludge)

~ where
TKN; = concentration of TKN in the influent, mg/1l, and
TKN, = concentration of TKN in the effluent, mg/l.



IV. RESULTS

Two activated sludge reactors with COD:TKN ratios of 10.15:1 and
21.63:1 were operated for 7 months to obtain steady-state data at four
different mean cell residence times for each reactor. Mean cell resi-
dence times varied from 2.2 to 26.4 days and from 3.4 to 25.6 days in
the biological reactors with COD:TKN feeds of 10.15:1 and 21.63:1,

respectively. All data collected are tabulated in Appendix B.

EXPERIMENTAL RESULTS

COD:TKN = 10.15:1

Data were collected for an average time period of 7 days at steady-
state conditions at mean cell residence times of 2.2, 3.8, 9.2, and 26.4
days. Average values of the data analyzed at each mean cell residence
time are compiled in Table IV. Average influent concentrations of COD
and TKN were 253 mg/l and 24.9 mg/l, respectively, yielding a COD:TKN
ratio of 10.15:1. |

Total reactor MLSS concentrations were 357, 639, 1306, and 2004
mg/l for ©, values of 2.2, 3.8, 9.2, and 26.4 days, respectively. COD
removal efficiencies ranged from 90.1 to 94.3 percent over the range of
mean cell residence times studied, with an average removal efficiency
of 92.8 percent. Observed yield coefficients, calculated by using
equation [16], were 0.407, 0.398, 0.347, and 0.192 for the respective |
values of 6.

Influent and effluent pH values averag:d 7.5 and 7.1, respectively

over the range of 8. values. The change in alkalinity as CaC04 for the

29
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Table IV

Summary of Steady-State Data for COD:TKN = 10.15:1

ec , days
2.2 3.8 9.2 26.4

COD: TKN Ratio , 12.01:1 9.31:1 9.19:1 10.12:1
COD Concentration

Feed (mg/1) 299 229 237 247

Effluent (mg/l) 29.7 13.1 14.2 17.9

Removal Efficiency 90.1 94.3 94.0 92.8
TKN Concentration

Feed (mg/1) 24.9 24.6 25.8 24,4

Effluent (mg/l) 9.2 9.5 9.9 1.3

Change in TKN (mg/l) 15.7 15.1 15.9 23.1

+
NH,-N Concentration

Feed (mg/1) 0.6 1.0 1.0 0.9

Effluent (mgll) 9.2 9.2 8.8 0

Change in NHA-N (mg/1) +8.6 +8.2 +7.8 -0.9
Organic-N Concentration

Feed (mg/1) 24.3 - 23.6 24.8 23.5

Effluent (mg/l) 0 0.3 1.1 1.3

Change in Org-N (mg/l) 24.3 23.3 23.7 22.2
NOS—N Concentration

Effluent (mg/l) 2.0 2.5 3.6 14.5
NOE—N Concentration

Effluent (mg/l) - - - 0.7
N in Waste Sludge (mg/l) 13.7 12.6 12.3 8.6

Removal Efficiency 55.0 51.2 47.7 35.3
Alkalinity as CaCOj

Feed (mg/1) 77.2 82.6 85.1 81.0

Effluent (mg/l) 85.5 85.5 85.1 11.2

Change in Alk (mg/1) +8.3 +2.9 -0.1 -69.8
PH

Feed 7.5 7.5 7.5 7.7

Effluent 7.3 7.3 7.3 6.5
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Table IV (continued)

Gc s days
2.2 3.8 9.2 26.4
Biological Solids
Total System (mg/l) 357 639 1306 2004
Effluent (mg/l) 43.3 28.0 11.4 3.6
Yobs 0.192

0.407 0.398 0.347
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the respective 6. values were +8.6, +8.2, +7.8, and -69.8 mg/1.
Nitrate-nitrogen produced in the effluent increased from 2.0 mg/1l
at a 2.2 day O, to 14.5 mg/l at a 26.4 day 6. . Nitrite-nitrogen was
measured to be 0.7 mg/l at the 26.4 day 6. . Nitrite-nitrogen was not
determined at the other three mean cell residence times since NOE—N
accumulation usually does not occur in domestic wastewaters. Ammonium-—
nitrogen concentrations in the effluent were 9.2, 9.2, 8.8, and 0 mg/l
for mean cell residence times of 2.2, 3.8, 9.2, and 26.4 days, respec-
tively. Influent concentration of NHZ—N was held constant at an average
value of 0.9 mg/l. Total Kjeldahl nitrogen concentrations in the effluent
at the respective 6, values were 9.2, 9.5, 9.9, and 1.3 mg/l. Average
influent TKN concentration was 24.9 mg/l. Maximum utilization of TKN
occurred at the 26.4 day Gé . The lowest concentration of alkalinity
as CaCOj3 and the lowest pH value were also observed at the 26.4 day 6,.
Nitrogen removal efficiencies via waste sludge incorporation were
55.0, 51.2, 47.7, and 35.3 percent for the respective mean cell residence
times.

COD:TKN = 21.63:1

Steady-state mean cell residence times, as calculated by using
equation [5], were 3.4, 5.0, 9.4, and 25.6 days. Average influent con-
centrations of COD and TKN were 247 mg/l and 11.4 mg/l, respectively.
Data which were collected from 4 to 7 days during steady-state conditions
are presented in Table V . Only &4 dayé of data could be collected for
analysis at mean cell residence times of 9.4 and 25.6 days due to sludge
bulking and system wash-out.

Total reactor MLSS were 789, 1273, 1345, and 2405 mg/l for the
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Table V

Summary of Steady-State Data for COD:TKN = 21.63:1

ec , days
3.4 5.0 9.4 25.6

COD:TKN Ratio 19.44:1 20.79:1 27.16:1 20.61:1
COD Concentration

Feed (mg/1) 241 245 261 239

Effluent (mg/1l) 15.3 16.9 14.7 12.2

Removal Efficiency 93.7 93.1 94.4 94.9.
TKN Concentration

Feed (mg/1) 12.4 11.8 9.6 11.6

Effluent (mg/1) 1.0 0.9 1.6 3.7

Change in TKN (mg/1) 11.4 10.9 8.0 7.9
NH:-N Concentration

Feed (mg/1) 0.5 0.4 0.4 0.4

Effluent (mg/l) 0.3 0.6 1.4 2.0

Change in NH4-N (mg/1) -0.2 +0.2 +1.0 +1.6
Organic-N Concentration v

Feed (mg/1) 11.9 11.4 9.2 11.2

Effluent (mg/1) 0.9 0.3 0.2 1.7

Change in Org-N (mg/l) 11.0 11.1 9.0 9.5
NOE-N Concentration

Effluent (mg/l) 2.3 1.8 2.1 3.0
NOE-N Concentration

Effluent (mg/1) - - - 0.9
N in Waste Sludge (mg/1) 9.1 9.1 5.9 4.9

Removal Efficiency 73.4 77.3 61.7 42.6
Alkalinity as CaCO4 ‘

Feed (mg/1) 80.1 80.8 76.8 55.7

Effluent (mg/l) 72.2 72.7 64.7 53.0

Change in Alk (mg/1) -7.9 -8.1 -12.1 =2.7
PH

Feed 7.8 7.5 7.4 7.3

Effluent 7.2 7.0 6.9 6.8
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Table V (continued)

Qc , days
3.4 5.0 9.4 25.6
Biological Solids
Total System (mg/1l) 789 1273 1345 2405
Effluent (mg/l) 6.9 9.4 10.3 4.8
Yobs 0.559 0.614 0.344 0.221
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respective mean cell residence times. COD removal efficiency averaged
94.0 percent throughout the course of the investigation. COD removal
efficiency was greatest at the 25.6 day 6. value. Observed yield coef-
ficients were calculated to be 0.559, 0.614, 0.344, and 0.221 for the
respective mean cell residence times. Effluent pH decreased from 7.2
to 6.8 as the mean cell residence times increased. Average influent

pH was 7.5 for the investigation. Influent alkalinity concentration was
increased from 55.7 mg/l as CaCO3 at the 25.6 day 6. to an average
concentration of 79.2 mg/l for the remainder of the investigation to
ensure adequate buffering against H+ release by the microorganisms.
Alkalinity destruction for the respective mean cell residence times

was 7.9, 8.1, 12.1, and 2.7 mg/l a; CaCOj5.

Nitrate-nitrogen concentrations. in the effluent at the respective
values of 6, were 2.3, 1.8, 2.1, and 3.0 mg/l. As with the case of -
COD:TKN = 10.15:1, NOE-N concentration was only measured at the highest
mean cell residence time. Since the measured value of 0.9 mg/l was
less than 1.0 mg/l NOE-N, nitrite-nitrogen was ignored in the nitrogen
balance. Ammonium-nitrogen concentrations measured in the effluent were
0.3, 0.6, 1.4, and 2.0 mg/l at Oc values of 3.4, 5.0 ,9.4, and 25.6 days,
respectively. Average influent NHZ -N concentration was 0.4 mg/l. At
the higher mean cell residence times more NHZ-N appears in the effluent
than the amount added in the feed. Changes in the TKN concentration
between the influent and effluent streams for the respective values of
8. were 11.4, 10.9, 8.0, and 7.9 mg/1l. Influent TKN concentration

averaged 11.4 mg/l for the experiment.
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Total nitrogen removal efficiencies by sludge incorporatiom: were
73.4, 77.3, 61.7, and 42.6 percent for the respective values of 6 .
As seen in Table V, the highest nitrogen removal efficiency by waste

sludge occurred at a mean cell residence time of 5.0 days.

THEORETICAL RESULTS

COD:TKN = 10.15:1

Theoretical data were generated by utilizing the Lawrence and
McCarty equations and balanced stoichiometric equations for the mean
cell residence times studied. Balanced stoichiometric equations are
tabulated in Appendix C. Theoretical data are shown in Table VI for
COD:TKN = 10.15:1.

Influent COD concentration was considered to be constant at 253
mg/l over the range of 8. values studied. Effluent COD concentrations
were predicted by equation [7] to be 25.4, 14.5, 6.9, and 3.7 mg/l for
O, values of 2.2, 3.8, 9.2, and 26.4 days, respectively. COD removal
efficiencies were calculated by equation [8] to be 90.0, 94.3, 97.3,
and 98.5 percent for the respective values of 6, . Ammonium—nitrogen
was held constant at a concentration of 24.9 mg/l for the influent
stream. Predicted effluent NHZ—N concentrations were 12.7, 7.2, 1.3,
and 0.6 mg/l for the respective 8. values. Nitrate-nitrogen concentra-
tions for the respective Gc values were 0, 5.4, 13.0, and 17.4 mg/l in
the effluent. Total nitrogen incorporated into waste sludge decreased
from 49.1 percent at a 2.2 day 8. to 27.5 percent at a 26.4 day 8, -
Biological solids, as ecatculated by equation [12], were 367, 641, 1329,

and 2471 mg/1 for 6, values of 2.2, 3.8, 9.2, and 26.4 days.
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Table VI
Summary of Theoretically Generated Data for COD:TKN = 10.15:1
Gc , days
2.2 3.8 9.2 26.4
COD Concentration
Feed (mg/l) 253 253 253 253
Effluent (mg/l) 25.4 14.5 6.9 3.7
Removal Efficiency 90.0 94.3 97.3 98.5
+
NH,-N Concentration
Feed (mg/1) 24.9 24.9 24.9 24.9
Effluent (mg/1l) 12.7 7.2 1.3 0.6
Removal Efficiency 49.0 71.1 94.8 97.6
NOE-N Concentration
Effluent (mg/1) 0 5.4 13.0 17.4
N in Waste Sludge (mg/1l) 12.2 12.4 10.6 6.9
Removal Efficiency 49.1 49.6 42.5 27.5
Biological Solids
Total System (mg/1l) 367 641 1329 2471
Yobs
COD Removal 0.434 0.406 0.334 0.214
Nitrification 0 0.168 0.137 0.086
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COD:TKN = 21.63:1

Theoretically generated data for COD:TKN = 21.63:1 are presented
in Table VII and balanced stoichiometric equations are tabulated in
Appendix C. An influent COD concentration of 247 mg/l was used at each
8. value in the stoichiometric equations. Predicted effluent COD con-
centrations were 85.0, 68.0, 21.6, and 3.5 mg/l at mean cell residence
times of 3.4, 5.0, 9.4, and 25.6 days, respectively. COD removal effic-
iencies were 65.6, 72.5, 91.3, and 98.6 percent for the respective
values of 6, . Influent NHZ-N concentration was constant at 11.4 mg/l.
Effluent NHZ-N concentrétions were 0, 0, 0O, and 0.6 mg/l for the respec-
tive GC values. Effluent Nog-N concentrations were 0, 0, 0, and 3.7
mg/1l for the respective mean cell residence times. Total nitrogen
removed via sludge incorporation at the respective 8. values were 11.4,
11.4, 11.4, and 7.1 mg/l. The resulting nitrogen removal efficiencies
at the respective values of 8, were 100, 100, 100, and 62.4 percent.
Mixed liquor suspended solids were calculated to be 560, 824, 1548, and
2634 mg/1 for mean cell residence times of 3.4, 5.0, 9.4, and 25.6 days,

respectively.
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Table VII

Summary of Theoretically Generated Data for COD:TKN = 21.63:1

8. » days
3.4 5.0 9.4 25.6

COD Concentration

Feed (mg/l) 247 247 247 247

Effluent (mg/1) 85.0 68.0 21.6 3.5

Removal Efficiency 65.6 72.5 91.3 98.6
NHZ—N Concentration

Feed (mg/1) 11.4 11.4 11.4 11.4

Effluent (mg/l) 0 0 0 0.6

Removal Efficiency 100.0 100.0 100.0 94.7
NO;—N Concentration

Effluent (mg/1) 0 0 0 3.7
N in Waste Sludge (mg/l) 11.4 11.4 11.4 7.1

Removal Efficiency 100.0 100.0 100.0 62.4
Biological Solids

Total System (mg/l) 560 824 1548 2634
Yobs

COD Removal 0.568 0.514 0.408 0.232

Nitrification 0 0 0 0.088




V. DISCUSSION

PERCENT DISTRIBUTION OF NITROGEN

Figures 4 and 5 show the distribution of nitrogen in the effluent
streams as a function of the mean cell residence time. A 100 percent
nitrogen value is assumed to be the influent TKN concentration. Distri-
bution of nitrogen in the effluent streams was based on a mass balance
of influent and effluent nitrogen concentrations and the amount of ni-
trogen present in waste sludge. Sources of nitrogen measured in the
effluent streams include TKN and NOS-N. Nitrite-nitrogen concentrations
were not considered in the nitrogen balance since NOE—N accumulation
is usually not a problem in activated sludge treated domestic wastewaters
under normal temperatures, pH, and dissolved oxygen conditions. The
remaining nitrogen needed to satisfy the nitrogen balance was assumed
to be incorporated into waste sludge.

Examination of Figure 4 reveals that stoichiometry predicted
trends in nitrogen distribution for COD:TKN = 10.15:1 as a function of
the mean cell residence time which were followed fairly closely by the
experimental data. Effluent TKN increased slightly , then decreased
rapidly as ec was increased from 2.2 to 26.4 days. Stoichiometry pre-
dicted that effluent TKN, modeled by the NHZ—N curve, should decrease
rapidly from 2.2 days to approximately a 10 day 8. » then taper off
beyond a 10 day 8. value. Both experimental and theoretical data share
a common point on the distribution curve for effluent TKN at the 26.4

day 6, value, although the pathways to the common point were quite
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different. Nitrogen incorporated into waste sludge is modeled closely
by stoichiometric predictions. Both experimental and generated data
show a decrease in nitrogen incorporation into waste sludge as the mean
cell residence time was increased. Stoichiometry predicted a rapid
increase in NOE—N production between QC values of approximately 3 and

10 days, followed by a more gradual increase in NOS—N concentration

as ec increased beyond 10 days. Nitrate-nitrogen concentrations obtained
experimentally showed a more gradual increase as Gc was incfeased than
what stoichiometry had predicted.

Figure 5 shows a comparison between predicted and experimental
distribution of nitrogen for COD:TKN = 21.63:1. Theoretical values for
effluent NHZ—N concentrations were much less than actual effluent TKN
concentrations at all mean cell residence times studied. Measured TKN
in the effluent increased as 8, was increased from 3.4 to 25.6 days.
Theoretical NHZ—N values did not appear in the effluent until GC was
increased to a level of approximately 12 days. Stoichiometry predicted
that nitrogen would be limiting to growth at meaﬁ cell residence times
.shorter than 12 days, hence all nitrogen was incorporated into waste
sludge until a 6, value of greater than 12 days was obtained. Nitrate-
nitrogen was predicted to be absent from the effluent at 8. values less
than 13 days due to nitrogen limiting conditions at shorter mean cell
residence times. Measured NOE-N and nitrogenvconcentrations incorporated
into waste sludge did not closely fit the theoretical curves that were
generated. This is partially due to the fact that nitrogen limiting

conditions, as predicted by stoichiometry, never occurred at the mean

cell residence times studied. Since nitrogen limiting conditions were
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not observed, the nitrogen incorporated into waste sludge was much less
than theoretical incorporation of nitrogen on a percentage basis at all
8. values studied.

A comparison of Figures 4 and 5 leads to several observations.
Both theoretical data and experimental results showed that the influent
COD:TKN ratio had a definite effect on the distribution of nitrogen as
a function of the mean cell residence time. Nitrate-nitrogen production
was predicted to occur at a lower Gc value and at a faster rate for the
COD:TKN = 10.15:1 case than for the COD:TKN = 21.63:1 case. A lesser
degree of nitrification was observed experimentally at the lower COD:TKN
ratio, but not to the extent predicted by stoichiometry. Theoretical
effluent TKN values were not significantly affected by an increase in
the COD:TKN ratio at Gc values greater than 12 days. However, an increase
in COD:TKN from 10.15:1 to 21.63:1 resulted in the absence of TKN in
the effluent at mean cell residence times less than 12 days. Measured
TKN concentrations in the effluents did not follow the trend predicted
by stoichiometry as the COD:TKN ratio was increased. This occurrence
could possibly be explained by incomplete nitrification at COD:TKN =
10.15:1 and the fact that nitrogen was never limiting at the COD:TKN
ratio of 21.63:1. Incomplete nitrification would result in greater
TKN conéentrations in the effluent stream. Also, since nitrogen limiting
conditions did not exist for the case of COD:TKN = 21.63:1, a greater
percentage of nitrogen in the form of TKN and NOE—N appeared in the
effluent, Nitrogen incorporated into the sludge increased significantly
over the range of O, values investigated as the COD:TKN ratio was in-

creased from 10.15:1 to 21.63:1. Both theoretical and experimental
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data showed an increase in nitrogen incorporation into waste sludge at
every mean cell residence time studied as influent COD:TKN was increased.
As sludge production increased at lower ec values, a greater percentage
of nitrogen was removed from the system by sludge wastage. This occur-
rence can be observed by examination of Figure 6. Nitrogen removal
efficiency was affected by altering the COD:TKN ratio of the wastewaters
and the mean cell residence time.

From Figures 4, 5, and 6 several general conclusions may be drawn.
First, the percentage of nitrogen incorporated into waste sludge de-
creased and NOS-N production increased as the mean cell residence time
was increased. Both theoretical and experimental data show this trend
although theoretical plots do not accurately predict the distribution
of nitrogen among TKN, NOE—N, and waste sludge when compa;ed to actual
results. Secondly, the COD:TKN ratio had an influence on the distri-
bution of nitrogen in the effluents. Finally, the COD:TKN ratio had a
diréct influence on total nitrogen removal efficiency from the system

as a function of ec .

ALKALINITY DESTRUCTION AND DEAMINATION OF ORGANIC-NITROGEN

The chahge in alkalinity between influent and effluént streams
can be seen in Tables IV and V for COD:TKN ratios of 10.15:1 and 21.63:1,
respectively over the range of 8, values investigated. Alkalinity de-
struction, measured as mg/l of CaCO3 » has been found to be influenced
by the mean cell residence time in the activated sludge process by
Sherrard and co-workers (9,21). Wong-Chong and Loehr (34) and Bishop

and Farmer (46) have conducted experiments with activated sludge which
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showed that alkalinity was imparted to the effluent by deamination of
organic-nitrogen or mineralization. A theoretical quantity of 3.57 mg/l
of alkalinity is imparted to wastewater for each mg/l of organic-nitrogen
converted to NH:;N via deamination (46).

By examination of Tables IV and V it can be seen that mineralization
occurred over a range of mean cell residence times for both COD:TKN ratios.
Deamination of organic-nitrogen was evident at 6, values of 2.2, 3.8,
and 9.2 days for COD:TKN = 10.15:1 by the presence of a higher concen-
tration of NHZ}N in the effluent than the concentration of NH:}N in the
feed at each of the three mean cell residence times. Likewise, miner-
alization was occurring for COD:TKN = 21.63:1 at mean cell residence
times of 5.0, 9.4, and 25.6 days. Changes in NHZ;N concentrations be-
tween the feed and the effluent stream for the.respective values of Oc
were +0.2, +1.0, and +1.6 mg/l. At the COD:TKN ratio of 21.63:1, little
change in alkalinity is observed between influent and effluent streams.

By examinaition of equation [18], which was derived by Sherrard, et al.
(9), the relatively small change in alkalinity as CaCO3 can be ration-

alized. Equation [18]
A Alkalinity = 3.57( ANH-Z-N) - 7.14(A No;-N) [18]

shows that the effect of mineralization can be offset by the amount of
NOS—N produced via nitrification. A graphical comparison between the
experimentally measured change in alkalinity and the predicted change
in alkalinity as CaCO3 using equation [18] is shown in Figure 7 for

COD:TKN ratios of 10.15:1 and 21.63:1. Data points for both COD:TKN

ratios fit the theoretical plot fairly well. This tends to indicate
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that equation [18] can approximate the change in alkalinity in the
activated sludge process with a fair degree of accuracy.

As seen in Tables IV and V and Figure 7, it can be concluded that
mineralization and alkalinity destruction occur over a wide range of
mean cell residence times and can have a positive or negative effect

on alkalinity concentration in the effluent stream.

COD REMOVAL EFFICIENCY

COD removal efficiency remained relatively constant over the
course of the investigation. COD removal efficiencies. for COD:TKN
ratios of 10.15:1 and 21.63:1 are plotted in Figure 8. Stoichiometry
predicted that if carbon were the growth limiting nutrient, high effi-
ciency COD removal would occur at very short mean cell residence times.
If nitrogen becomes the limiting nutrient, a reduction in COD removal
efficiency is predicted to occur as 8. decreases beyond the point where
carbon is no longer limiting to synthesis. Theoretical data predicted
nitrogen limiting conditions for COD:TKN = 21.63:1 at a mean cell resi-
dence time of approximately 12 days. Under nitrogen limiting conditions
COD removal efficiency was predicted to decrease rapidly as 6, was de-
creased beyond 12 days for COD:TKN = 21.63:1. This phenomenon was not
observed since nitrogen was never limiting at the COD:TKN ratios and
mean cell residence times studied. For the case of COD:TKN = 10.15:1,
experimental results for COD removal efficiency closely fit the theoret-
ical plot. This occurred since carbon was considered to be limiting to
growth at every 6, value examined by stoichiometric relationships.

Stoichiometry did not predict COD removal efficiencies well for the
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case of COD:TKN = 21.63:1 since nitrogen limiting conditions were never
observed. A reduction in COD removal efficiency might have been observed
at lower 6. values than were studied or if higher COD:TKN ratios were

used.

TOTAL REACTOR MICROORGANISM CONCENTRATION

Figure 9 shows the total mixed liquor suspended solids concentra-
tions for COD:TKN ratios of 10.15:1 and 21.63:1 as a function of 8. .
Theoretical plots based on equation [12] were made for both COD:TKN
ratios. It can be seen that both theoretical and measured MLSS concen-
trations decreased as O, was decreased. Theoretical data predicted an
increase in MLSS concentration as the influent COD:TKN ratio was increased.
Total system MLSS concentrations were greater for COD:TKN = 21.63:1 than
for COD:TKN = 10.15:1 at all mean cell residence times examined. An
increased sludge wastage rate is directly responisible for the reduction
in MLSS concentration with decreasing mean cell residence times. If
the solids in the effluent stream are eliminated from the 8. calculation,

as seen in equation [5], the form of the equation reduces to:
0c =_V [20]

If the volume of the reactor (V) remains constant, Gc can be controlled
by the sludge wastage rate (Q, ). Since 6, and Q, are inversely pro-
portional, an increase in the sludge wastage rate yields a decrease in ‘

the mean cell residence time.
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BIOKINETIC COEFFICIENTS
Data obtained for COD:TKN ratios of 10.15:1 and 21.63:1 were

linearized by using equation [17]

L - YnaxU = b ‘ [17]
ec
to obtain
1 =0.479U - 0.047 [21]
eC
and
1 =0.730U0 - 0.084 [22]
eC
respectively.

Figure 10 shows a graphical representation of the specific growth rate
(1/9c ) as a function of the specific utilization rate (U). Values of

Ynax = 0.479 and b = 0.047 for COD:TKN = 10.15:1, and Y, = 0.730 and

m
b = 0.084 for COD:TKN = 21.63:1 were obtained from Figure 10. Other
biokinetic coefficients for COD removal and nitrification in the acti-
vated sludge process were not determined in this investigation. Typical

values of biokinetic coefficients, which were utilized in stoichiometric

relationships, are listed in Table VIII.
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Figure 10. Specific Growth Rate vs.
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Tab 1e~‘_{111

Biokinetic Coefficients Used for Stoichiometric Relationships

Treatment Objective Coefficient Value Basis
COD Removal Kg 120 mg/1 COD
k 6 mg COD/mg VSS-day
@ COD:TKN = 10.15:1 ) S 0.479 mg VSS/mg COD
b 0.047 day ©
@ COD:TKN = 21.63:1 Yoax 0.730 mg VSS/mg COD
b 0.084 day T
Nitrification X 2 ng/1 NH-N
k 2 mg NH-Z—N/mg VSS-day
Ynax 0.20 mg VSS/mg NH-Z-N
b 0.05 day




VI. ENGINEERING APPLICATIONS

Having determined that the COD:TKN ratio and mean cell residence
time have an influence on total nitrogen removal from waatewater in
activated sludge treatment, it is possible to apply concepts obtained
by this investigation to full scale treatment facilities for nitrogen
removal without the use of denitrificatiom.

A treatability study of the wastewater to be treated by activated
sludge i; necessary to establish design and operational criteria. Par-
ameters which include pH, dissolved oxygen, alkalinity, chemical oxygen
demand, total Kjeldahl nitrogen, and ammonium-nitrogen should be monitored
to determine the COD:TKN ratio of the wastewater, as well as, adequate
pH and alkalinity for buffering, and adequate DO needed for bacterial
growth. Microorganism specific growth rate, specific utilization rate,
decay coefficient, and maximum yield coefficient should also be deter-
mined for use in stoichiometric relationships. Usually adequate quantities
of COD, nitrogen, DO, and alkalinity exist in domestic wastewaters to
ensure microbial synthesis. For high efficiency nitrogen removal to be
obtained in a single-stage COD-nitrification activated sludge process,
the COD:TKN ratio of the wastewater must be increased to a level where
nitrogen can become growth limiting at short mean cell residence times.
However, sludge bulking and unfavorable settling conditions have been
shown to occur under nitrogen limiting conditioms (39-41).

Once the COD:TKN ratio of the wastewater has been established,
nitrogen distribution, COD removal efficiency, and nitrogen removal

efficiency diagrams should be made as a function of the mean cell
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residence time to achieve efficient operation of treatment facilities.
Theoretical data could be generated and plotted to show expected trends
at various mean cell residence times. Theoretical diagrams could then
be utilized to maximize nitrogen and COD removal efficiencies by select-
ing a theoretical 6. value which results in optimal nitrogen and COD
removal.

Operation at short mean cell residence times, where an increased
nitrogen removal efficiency occurs, has the disadvantage of increased
sludge production (see Figures 4 and 5). Large sludge handling facilities
would be required to properly deal with this problem, which are an added
expense. Also, if the wastewater has a high COD:TKN ratio, filamentous
growth and bulking sludge could develop if nitrogen becomes limiting
at short mean cell residence times. An_éavantage of low 6. operation
is the elimination of denitrification facilities due to reduced NO;—N
production.

Operation at long mean cell residence times could require denitri-
fication facilities to remove NOE—N produced at high ©. values. Sludge
production decreases as the mean cell residence time is increased,
eliminating the need for costly sludge handling equipment. However,
nitrogen removal efficiency also decreases with an increase in 6, .

A careful evaluation of the advantages and disadvantages of oper-
ating treatment facilities at both short and long mean cell residence

times must be made to ensure high removal efficiencies of nitrogen and

COD.



VII. CONCLUSIONS

An examination of theoretical data and data obtained experimentally

in this investigation has shown that a definite relationsﬁip exists be-
tween the influent COD:TKN ratio and total nitrogen removal efficiency
as a function of the mean cell residence time in the completely mixed
activated sludge process. Experimental data were collected at steady-
state conditions by operating two continuously fed activated sludge
reactors at different COD:TKN ratios utilizing the mean cell residence
time as the control parameter. Theoretical data were generated by
utilizing biokinetic equations and stoichiometric relationships to
model the activated sludge process. An analysis of experimental and

theoretical data led to the following conclusions:

1. Stoichiometry predicted trends in the distribution of nitrogen,
nitrogen removal efficiency, COD removal efficiency , and MLSS
concentratiens as‘gifqutign,of'the»mean_celllrgsidence time
which were followed fairly well by experimental results.
Adjustment of biokinetic coefficients may result in a more
accurate prediction of activated sludge processes than what
was observed.

2. An increase in the influent COD:TKN ratio resulted in an
increase in nitrogen removal efficiency at-"all mean cell resi-
dence times examined due to an increased percentage of nitrogen
incorporated into waste sludge. This was shown both theoret-

ically and experimentally in this investigation.
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Nitrate-nitrogen production decreased with an increase in

the COD:TKN ratio over the range of mean cell residence times
studied. A smaller percentage of nitrogen, és TKN, was
available for oxidation to NOS-N as the COD:TKN ratio was
increased.

Total system mixed liquor suspended solids concentrations
were influenced by the COD:TKN ratio. An increase in COD:TKN
resulted in an increase in MLSS concentrations at 6, values
examined.

The value of 7.14 mg/l of alkalinity as CaCO3 destroyed per
mg/1 NHZ-N oxidized to NOE-N, as predicted by equation [31,
is incorrect. This is)attributed to the lack of consideration
for the amount of alkalinity imparted to wastewater via
deamination of organic-nitrogen. Equation [18] can approxi-
mate the change in alkalinity at various mean cell residence

times with a fair degree of accuracy.



10.

11.

12.

REFERENCES

Public Health Service Drinking Water Standards, 1962, Public Health

Service Publication No. 956, Washington, D.C.

Behrman, B.W., "Nitrogen Removal Depends On Form Nutrient Takes,"
Water and Waste Engineering, 13, 2, 27 (1976).

Bliss, P.J. and Barnes, D., "The Design Basis for Carbonaceous
Oxidation and Nitrification in the Activated Sludge Process,'
Proc. Symp. on Aerobic Processes in Wastewater Treatment,
University of South Wales, 12 July (1979).

Process Design Manual for Nitrogen Control, 1lst ed. U.S.

Environmental Protection Agency (1975).

Hart, G.M. and Sherrard, J.H., "Characteristics of the Activated
Sludge Process Under Nitrogen Limited Conditiomns,'" Submitted
for Publication.

Goel, K.C. and Gaudy, A.F., Jr., "Regulation of Nitrogen Levels
for Heterogeneous Populations of Sewage Origin Grown in
Completely Mixed Reactors,' Biotechnology and Bioengineering, 11,
79 (1969).

Stall, T.R. and Sherrard, J.H., "Effect of Wastewater Composition
and Cell Residence Time on Phosphorus Removal in Activated Sludge,'
J. Water Pollution Control Federation, 48, 307 (1976).

1

Sherrard, J.H. and Schroeder, E.D., "Stoichiometry of Industrial
Biological Wastewater Treatment," J. Water Pollution Control
Federation, 48, 742 (1976).

Sherrard, J.H., et al., "Influence of the COD:TKN:NHT Ratio on
Nitrification and Alkalinity in the Activated Sludge Process,"
Journal of Civil Engineering Design, 2 (1), 31 (1980).

Sherrard, J.H., "Kinetics and Stoichiometry of Completely Mixed
Activated Sludge," J. Water Pollution Control Federation, 49, 1968
(1977).

Sherrard, J.H., "Activated Sludge Wastewater Treatment - Stoichiometric
Relationships," Journal of Chem. Tech. Biotechnol., 30, 447 (1980).

Sherrard, J.H., et al., "Mathematical and Operational Relationships
for the Completely Mixed Activated Sludge Process,' Water and
Sewage Works, Ref. No. 121, 84 (1974).

60



13.
14.
15.

160

17.
18.
19.
20.
21.
22.
23.

24.

25.

61

Sherrard, J.H., "The Destruction of Alkalinity in Aerobic Biological
Wastewater Treatment,'" J. Water Pollution Control Federation, 48,
7, 1834 (1976).

Hawkins, J.M. and Sherrard, J.H., "Stoichiometry of Phosphorus
Removal in the Activated Sludge Process,'" Civil Engineering for
Practicing and Design Engineers, 1 (1982).

Poduska, R.A. and Andrews, J.F., "Dynamics of Nitrification in the
Activated Sludge Process,'" J. Water Pollution Control Federation,
48, 11, 2599 (1975).

Beckman, W.J., et al., "Combined Carbon Oxidation - Nitrificationm,"
J. Water Pollution Control Federationm, 44, 10, 1916 (1972).

Johnson, W.K. and Schroepfer, G.J., "Nitrogen Removal by Nitrification
and Denitrification," J. Water Pollution Control Federationm, 36,
1015 (1964).

Weston, R.F. and Eckenfelder, W.W., "Application of Biological
Treatment to Industrial Wastes, 1. Kinetics and Equilibria of
Oxidative Treatment,'" Sewage & Industrial Wastes, 27, 802 (1955).

Garrett, M.T., Jr., "Hydraulic Control of Activated Sludge Growth
Rate," J. Water Pollution Control Federation, 30, 253 (1958).

Lawrence, A.W. and McCarty, P.L., "Unified Basis for Biological
Treatment Design and Operation," Journal of the Sanitary
Engineering Division, ASCE, 96, NO. SA3, 757 (1970).

Benninger, R.W. and Sherrard, J.H., '"Nitrification and Alkalinity
Relationships in Activated Sludge," J. Water Pollution Control
Federation, 50, 2132 (1978).

Prakasam, T.B.S., et al., "Pilot - Scale Studies of Single - Stage
Nitrification,'" J. Water Pollution Control Federation, 51, 7,
1904 (1979).

DiSalvo, R.M., "The Response of Completely Mixed Activated Sludge
to Nickel," Master's Thesis, Virginia Polytechnic Institute and
State University (1979).

Cooney, C.L., et al., "Growth of Enterbacter aerogenes in a Chemostat
with Double Nutrient Limitations,'" Applied and Environmental
Microbiology, 31, 91 (1976).

Demain, A.I., e: al., "Excretion and Degradation of Ribonucleic Acids
by Bacillus subtilis," Journal of Bacteriology, 89, 640 (1965).




26.

27.

28.

29.

30.

31.

32.

33.

34.

35'

36'

37.

38.

39.

40'

62

Kjeldaard, N.O., "Regulation of Nucleic Acid Protein Formation in
Bacteria,'" Advances in Microbial Physiology, 1, 39 (1967).

Symons, J.M. and McKinney, R.E., "The Biochemistry of Nitrogen in the
Synthesis of Activated Sludge," Sewage & Industrial Wastes, 30,
874 (1958).

Stall, T.R. and Sherrard, J.H., "One Sludge or Two Sludge?," Water
and Waste Engineering, 11, 4, 41 (1974).

Parkin, G.F. and McCarty, P.L., "Sources of Soluble Organic Nitrogen
in Activated Sludge Effluents," J. Water Pollution Control Federation,
53, 1, 89 (1981).

Sykes, R.M., "Theory of Multiple Limiting Nutrients," J. Water
Pollution Control Federation, 46, 10, 2387 (1974).

Hall, I.R., "Some Studies on Nitrification in the Activated Sludge
Process," Water Pollution Control, 73, 538 (1974).

Engel, M.S. and Alexander, M., "Growth and Autotrophic Metabolism of
Nitrosomonas europaea," Journal of Bacteriology, 76, 217 (1958).

Hofman, T. and Lees, H., "The Biochemistry of the Nitrifying
Organisms, the Respiration and Intermediatory Metabolism of
Nitrosomonas,'" Biochemistry Journal, 54,579 (1953).

Wong-Chong, G.M. and Loehr, R.C., '"The Kinetics of Microbial Nitrifi--
cation," Water Research, 9, 1099 (1975).

Downing, A.L., et al., "Nitrification in the Activated Sludge Process,"
Journal Institute of Sewage Purification, 5, 435 (1965).

Knowles, G., et al., "Determination of Kinetic Constants for Nitrifying
Bacteria in a Mixed Culture with the Aid of an Electronic Computer,"
Journal General Microbioloby, 38, 263 (1965).

‘Sharma, et al., "Nitrification and Nitrogen Removal,'" Water Research,

11, 897 (1977).

Belser, L.W., "Population Ecology of Nitrifying Bacteria," Annual
Review of Microbioloby, 33, 309 (1979).

Helmers, E.N., et al., "Nutritional Requirements in the Biological

Stabilization of Industrial Wastes, I. Experimental Method,"
Sewage & Industrial Wastes, 22, 1200 (1950).

Helmers, E.N., et al., "Nutritional Requirements in the Biological

Stabilization of Industrial Wastes, II. Treatment with Domestic
Sewage," Sewage & Industrial Wastes, 23, 884 (1951).




41.

42.

43.

44.

45.

46.

47.

63

Helmers, E.N., et al., "Nutritional Requirements in the Biological
Stabilization of Industrial Wastes, III. Treatment with
Supplementary Nutrients,'" Sewage & Industrial Wastes, 24, 496 (1952).

Hoover, S.R. and Porges, N., "Assimilation of Dairy Wastes by
Activated Sludge," Sewage & Industrial Wastes, 24, 306 (1952).

McCarty, P.L., '"Thermodynamics of Biological Synthesis and Growth,"
in "Advances in Water Pollution Research,'" Proceedings of Second
International Conference of Water Pollution Research, Pergamon
Press, LTD, London, 2, 1 (1964).

Servizi, J.A. and Bogan, R.H., "Free Energy as a Parameter in
Biological Treatment," Journal of the Sanitary Engineering Division,
ASCE, 89, SA3, 17 (1963).

Argaman, Y., "Design and Performance Charts for Single - Stage
Nitrogen Removal System,' Water Research, 15, 841 (1981).

Bishop, P.L. and Farmer, M., "The Fate of Nutrients During Aerobic
Digestion," Journal Environmental Engineering Division, Proceedings
ASCE, 104, 967 (1978).

Standard Methods for the Examination of Water and Wastewater,

14th ed., Washington, D.C., American Public Health Association
(1976).



APPENDIX A

Symbols Used
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Table A-1: Symbols Used

Mean cell residence time, days,
hydraulic retention time, days,

total volume of the reactor, liters,
volume of the aeration basin, liters,
wastewater flow rate, liters/day,
waste sludge flow rate, liters/day,
effluent liquid flow rate, liters/day,

concentration of the biomass in the activated sludge
reactor, mg/1,

effluent biomass concentration, mg/l,

waste sludge production, lbs/day,

influent substrate concentration, mg/1,
effluent substrate concentration, mg/1,
influent substrate concentration, mg/1,
effluent substrate concentration, mg/1,
influent total nitrogen concentration, mg/1,
effluent total nitrogen concentration,rmg/l,
efficiency of substrate utilization, percent,
nitrogen removal efficiency, percent,

half velocity coefficient, mg/1,

maximum rate of substrate utilization per unit weight
biomass, day "}

. . . -1
microorganism decay coefficient, day ’

microorganism growth yield coefficient, mg/mg,



obs

max

1/e,

TKN4

TKNo
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Table A-I: Symbols Used (cont.)

observed yield coefficient, mg/mg,

maximum microorganism constant yield coefficient, mg/mg,

. -1
specific microorganism growth rate, day ,

-1
specific utilization rate, day ,

concentration of TKN in the influent, mg/l, and

concentration of TKN in the effluent, mg/l.
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Raw Data for Steady-State Periods
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Raw Data for Gc

Table B-I

= 2.2 days and COD:TKN = 12.01:1

Y = -
oo TKN NH,-N NO-N NO,-N
Concentration Concentration Concentration. Concentration Concentration
Remov. )
Feed Eff. Effic. Feed EFf. fFeed EFF. EfFf. EFFf.
Date  (mg/1) (mg/1) (%) (mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
11-18 309 26.4 91.5 24.4 7.3 0.6 9.2 1.8 -
11-19 306 32.1 89.5 24.1 9.2 0.6 9.2 1.6 -
11-20 283 20.8 92.7 26.0 6.7 0.6 8.6 2.4 -
11-21 306 32.1 89.5 26.0 8.6 0.6 9.2 2.1 -
11-22 302 26.4 91.3 25.0 7.3 0.6 10.4 2.0 -
11-23 287 35.9 87.5 . 24.4 9.2 0.6 8.6 2.3 -
11-24 302 34.0 88.7 ©23.8 9.2 0.6 9.2 - -
Ave. 299 29.7 90.1 24.9 8.2 0.6 9.2 2.0 -
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Table B-1 (continued)

Alkalinity Biological Percent Removal Of
Concentration pH Solids 8, . 8 Total Nitrogen
Feed  EFFf, Feed EFf.  Total Sys. Eff, Total Sys. Total Sys.

Date (tg/1) (mg/1) o (mg/1)  (mg/1)  (days)  (hours) (%)
11-18 73.2 86.0 7.5 7.3 340 40 2.2 14.7 54.9
11-19 76.7 78.7 7.5 7.2 340 44 2.1 14.7 55.2
11-20 76.7 76.0 7.5 7.3 330 45 2.2 15.8 57.7
11-21 76.0 87.8 7.5 7.3 440 47 2.3 14.2 56.5
11-22 82.4 86.9 7.7 7.4 350 40 . 2.2 14.2 50.4
11-23 B82.4 92.7 7.5 7.4 320 44 2.0 13.7 52.9
11-24 78.7 90.5 7.5 7.4 380 43 2.2 13.7 -

Ave. 77.2 85.5 7.5 7.3 357 43.3 2.2 14.4 55.0
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Table B-II
Raw Data for BC = 3.8 days and COD:TKN = 9.31:1

¥ - =
CoD TKN NH4—N N03—N NOZ—N
Concentration Concentration Concentration. Concentration Concentration
Remov. *
Feed Eff. Effic. Feed EFf. feed EFF. EFFf. EFfF.
pate  (mg/1) (mg/1) (%) (mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
10-26 225 17.2 92.4 24.1 9.8 ) 1.0 1.1 2.2 -
10-27 225 15.3 93.2 24.1 1.3 1.0 10.0 3.2 -
10-28 229 9.6 95.8 24.4 9.8 1.0 8.5 2.3 -
10-29 229 11.5 95.0 25.1 9.0 1.0 8.5 2.7 -
10-30 233 15.3 93.4 25.1 8.7 1.0 7.7 2.6 -
10-31 233 11.5 95.1 25.1 9.2 0.5 7.2 2.7 -
11-1 229 11.5 95.0 24.6 8.2 1.0 11.3 1.8 -

Ave. 229 13.1 94.3 24.6 9.5 1.0 9.2 2.5 -
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Table B-II (continued)

Alkalinity Biological Percent Removal Of
Concentration pH Solids Bc . -] Total Nitrogen
Feed  Eff. Feed Eff. Total Sys. EfF. Total Sys. Total Sys.
Date (mg/1) (mg/1) : ' (mg/1) (mo/1) (days) (hours) (%)
10-26 87.8 93.3 7.7 7.3 870 27 4.2 14.2 44.8
10-27 85.1 94,2 7.6 7.4 580 34 3.5 14.2 39.8
10-28 78,7 89.7 7.4 7.4 780 34 3.8 14.2 50.4
10-29 76.0 86.0 7.4 7.3 730 32 3.9 14.7 53.9
10-30 85.1 83.3 7.5 7.3 530 40 3.2 14.2 55.0
10-31 80.5 B2.4 7.4 7.2 450 15 3.9 14.7 52.6
11-1 85.1 78.7 7.5 7.4 610 26 3.9 14.7 46.8
Ave. 82.6 85.5 7.5 7.3 639 28.0 3.8 14.4 51.2

TL



Table B-III

Raw Data for BC = 9.2 days and COD:TKN = 9.19:1

coo TKN N":‘” NOy-N NO,-N
Concentration Concentration Concentration Concentration Concentratiop
feed Eff. 2??2;: Feed Eff. Feed EFF. EFF. EFF., ‘
pate  (mg/1) (mg/1) (%) (mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
10-9 227 . - 26.7 8.2 1.0 8.7 3.6 -
10-10 257 33.5 87.0 26.5 9.7 1.0 9.7 3.5 -
10-11 234 11.2 95.2 17.5 10.3 1.0 8.7 3.9 -
10-12 231 11.2 95.2 27.7 9.8 1.0 8.7 3.6 -
10-13 231 11.2 95.2 26.4 7.2 1.0 8.2 3.8 -
10-14 238 18.6 92.2 26.2 1.1 1.0 8.7 3.0 -
10-15 242 7.4 96.9 27.2 10.8 1.0 9.2 4.0 -
Ave. 237 14.2 94.0 25.8 9.9 1.0 8.8 3.6 -
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Tablg B-I11T1 (continued)

Alkalinity Biological Percent Removal OF
Concentration pH Solids Bc ) e Total Nitrogen
Feed  EFFf. Feed EFf. Total Sys. EFfF. Total Sys. Total Sys.
Date (tg/1) (mg/1) : ' (mg/1) (mg/1) (days) (hours) (%)
10-9  87.8  92.4 7.6 7.3 1470 16 8.9 13.7 53.9
10-10 89.7  89.7 7.6 7.3 1330 10 9.4 13.7 50.2
10-11 86.9  85.1 7.6 7.3 1330 15 8.8 13.3 18.9
10-12 81.4  80.5 7.3 7.2 1230 12 9.0 13.3 51.6
10-13 82.4  79.6 7.4 7.2 1230 1 9.1 13.3 54.6
10-14 86.9  85.1 7.5 7.3 1240 5 9.6 13.7 46.2
10-15 86.0  82.4 7.5 7.2 1310 1 9.3 14.7 45.6
Ave. B5.1  85.0 7.5 7.3 1306 1.4 9.2 13.7 47.7
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Raw Data.for Bc

Table B-IV

26.4 days and COD:TKN = 10,12:1

¥ - -
coo TKN NH N NO3-N NO,N
Concentration Concentration Concentration. Concentration Concentration
Remov . -
Feed Eff. Effic. Feed EFFf. Feed EFF. EFf. EFF.
Date  (mg/1) (mg/1) (%) (mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
12-9 239 26.5 88.9 24.4 1.2 0.6 0 13.6 8]
12-10 250 15.2 93.9 24.7 0.8 1.2 0 14.8 0
12-11 246 1.4 95.4 24.4 1.5 0.6 0 13.6 0.5
12-12 - 15.2 - 24.1 1.5 f.2 0 14.4 0.9
12-13 250 171 93.2 24.4 1.5 1.2 0 14.8 0.9
12-14 246 20.8  91.5 24.4 1.2 0.6 0 14.8 0.6
12-15 250 18.9 92.4 24.4 0.6 0.6 0 15.2 2.0
Ave. 247 17.9 92.8 24.4 1.3 1.0 0 14.5 0.7
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Table B-1v (continued)

Alkalinity Biological Percent Removal Of
Concentration pH Solids 8, e Total Nitrogen
feed Eff. Feed EFf. Total Sys. EFF, Total Sys. Total Sys.
Date (ihg/1) (mg/1) : ' (mg/1) (mg/1) (days) (hours) (%)
12-9 81.8 14.2 7.7 6.6 1970 3 26.7 14.7 39.3
12-10 80.7 12.0 7.6 6.5 1940 1 28.0 17.1 36.8
12-11 85.0 13.1 8.0 6.6 1910 3 26.6 14.2 38.1
12-12 82.8 13.1 8.0 6.7 2110 6 25.1 14.2 34.0
12-13 82.8 10.9 7.9 6.5 1950 1 27.9 14.2 33.2
12-14 77.4 5.5 7.5 6.3 2080 5 25.5 13.7 34.4
12-15 76.3 9.8 7.5 6.5 2070 6 25.2 14.7 35.3
Ave. 81.0 1.2 7.7 6.5 2004 3.6 26.4 14,7 35.3
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Table B-V
Raw Data for Bc = 3.4 days and COD:TKN = 19.44:1

coD KN NH, =N NOZ-N NOL-N
Concentration Concentration Concentration. Concentration Concentratiop

fFeed Eff. g?'m Feed EFf. feed EFF. EFf. EfF.

Date  (mg/1) (mg/1) (%) (mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
12-10 245 15.9 93.5 12.5 1.2 " 0.6 0 2.7 -
12-11 233 17.8 92.4 11.9 0.8 0.6 0 2.2 A-
12-12 245 19.8 91.9 12.2 0.6 0.6 0 2.2 -
12-13 245 15.9 93.5 12.5 1.2 0.6 0.6 2.2 C -
12-14 237 11.9 95.0 " 12.8 1.2 0 0.6 - -
12-15 241 13.9 94.2 12.2 1.2 0.6 0.6 2.8 -
12-16 241 11.9 95.1 12.8 1.2 0.6 0.6 1.5 -

Ave. 241 15.3  93.7 12.4 1.0 0.5 0.3 2.3 -
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Table B-V (continued)

Alkalinity Biological Percent Removal OF
Concentration pH Solids ec B -] Total Nitrogen
Feed  Eff. Feed EFF.  Total Sys. EfFf. Totsl Sys. Total Sys.

Date (ig/1) (mg/1) : ‘ (mg/1) (mg/1) (days) (hours) (%)
12-10 95.9 79.6 7.8 7.3 830 10 3.3 13.7 68.8
12-11 76.3 73.0 7.8 7.2 790 9 3.3 13.3 74.8
12-12 76.3 68.7 7.9 7.3 670 " 3.2 13.3 7.1
12-13 75.2 68.7 7.8 7.2 860 4 3.5 13.3 72.8
12-14 78.5 73.0 7.9 7.1 830 4 3.5 13.7 .

12-15 81.8 73.0 - 7.9 7.2 880 4 3.; 13.3 67.2
12-16 78.5 71.9 7.8 7.2 660 6 3.4 13.3 78.9
Ave. 80.1 72.2 7.8 7.2 789 6.9 3.4 13.4 73.4
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Table B-VI

Raw Data for Bc = 5.0 days and COD:TKN = 20,79:1

con - NH, N NOZ-N NDS-N
Concentration Concentration Concentration. Concentration Concanttatilin__

fFeed Eff. g??i;: Feed EFF. Feed EFF. EFf. EFf.

Data  (mg/1) (mg/1) (%) (mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
11-15 260 19.1 9247 11.6 0.8 0.6 0.6 1.8 -
11-16 237 24.8 89.5 12.2 0.6 0.6 0.6 1.9 -
1-17 240 11.5 95.1 12.8 0.8 0.6 0.6 2.3 -
11-18 240 17.2 92.8 12.2 1.2 0 0.6 2.2 -
11-19 240 21.0 91.3 12.2 0.6 0.6 0.6 1.9 -
11-20 244 9.6 96.1 10.7 1.2 0 0.6 1.3 -
11-21 256 15.3  94.0 11.6 1.2 0.6 0.6 1.6 -
Ave. 245 16.9 93.1 1.8 0.9 0.4 0.6 1.8 -
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Table B-VI (continued)

Alkalinity Biological Percent Removal Of
Concentration pH Solids Bc o 0 Total Nitrogen
Feed EFFfe Feed Eff. Total Sys. Eff. Total Sys. Total Sys.
Date (tg/1) (mg/1) ’ (mg/1) (mg/1) (days) (hours) (%)
11-15 72.3 64.1 7.9 7.0 1270 4 5.2 13.3 77.6
11-16  79.6 61.} 7.3 7.0 1100 6 5.1 13.7 79.5
11-17 77.8 64.1 7.4 7.2 920 7 5.1 20.6 75.8
11-18 78.7 63.1 7.5 7.1 1260 8 5.1 13.3 72.1
11-19 178.7 64.1 7.5 7.0 1310 10 5.0 13.3 79.5
11-20 78.7 66.8 7.6 7.0 1740 16 4.9 13.3 76.6

11-21 175.0 65.0 7.5 7.1 1310 15 4.8 13.3 75.9

Ave. 80.8 2.7 7.5 7.0 1273 9.4 5.0 14.4 77.3
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Table B-VII

Raw Data for Qc = 9.4 days and COD:TKN = 27.16:1
NHT - NO-N NO-N
coo TKN 4 3 2"
Concentration - Concentration Concentration. Concentration Concentration
Remov . N

Feed EFfF., Effic. Feed EFF. Fead Eff. EFF. EFF.

Date  (mg/1) (mg/1) (%) (mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
9-4 259 15.7 93.9 10.4 0.5 0.6 1.6 2.2 -
9-5 259 21.6 91.7 12.0 1.6 0.6 1.6 2.7 -
9-6 255 17.7 93.1 7.8 2.1 0.6 1.0 1.6 -
9-7 271 3.9 98.6 8.3 2.1 0 1.0 2.1 -
Ave. 261 14.7 94.4 9.6 1.6 0.4 1.4 2.1 -
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Table B-VII (continued)

Alkalinity Biological Percent Removal OFf
Concentration pH Solids 8, e Total Nitrogen
Feed  EFfe Feed  EFf. Total Sys. Eff.  Total Sys. Total Sys.
Date (mg/1) (mg/1) : ' (mg/1) (mg/1) (days) (hours) (%)
9-4 80.9 67.0 7.5 7.0 1420 13 9.1 13.3 63.5
9-5 70.7  63.2 7.2 6.9 1470 8 9.7 13.3 64.2
9-6 76.3 61.4 7.4 6.9 1230 5 10.0 13.7 52.6
9-7 79.1 67.0 7.3 6.9 1260 15 8.8 13.7 49.4
9-8 80.9 69.8 7.2 6.9 1200 69 5.2 13.7 -
9-9 82.8 69.8 7.5 7.1 1040 31 7.6 18.7 -
9-10 - = - - 520 370 0.8 13.7 -
Ave. 76.8 64.7 7.4 6.9 1345 10.3 9.4 13.5 61.7

Data not collected for analysis on these dates.
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Table B-VIII
Raw Data for GC = 25.6 days and COD:TKN = 20.61:1

Concentration

pate (mg/1) (mg/1) (%)

+ - -

TKN NHA—N NUS-N NOZ—N
Concentration Concentration. Concentration Concentration
Feed Eff. Feed EFf. Eff. EFFf.

(mg/1)  (mg/1) (mg/1)  (mg/1) (mg/1) (mg/1)
12.5 3.7 0.5 3.7 3.0 1.0
10.9 4.7 0.4 2.1 3.0 1.1
11.5 3.1 0.4 1.0 2.9 0.4
11.5 3.1 0.4 1.0 3.0 0.9
11.6 3.7 0.4 2.0 3.0 0.9

z8



Table B-vI1i(continued)

Alkalinity Biological Percent Removal Of
Concentration pH Solids 8, . 2] Total Nitrogen
Fead Eff. Feed Eff. Total Sys. EFF. Total Sys. Total Sys.
Date (thg/1) (mg/{) ’ (mg/1) (mg/1) (days) (hours) (%)
B8-1 52.6 '50.4 7.3 6.7 2440 2 27.2 13.3 46.4
8-2 52.6 59.1 7.2 6.7 2470 12 22.7 13.3 29.4
8-3 58.0 51.2 7.3 6.7 2360 2 27.5 14.7 47.8
8-4 59.5 51.2 7.5 6.9 2350 3 25.0 13.3 47.0
* B8-5 - - - - 1860 78 ‘ 9.2 13.7 -
‘ Ave. 55.7 53.0 7.3 6.8 2405 4.8 25.6 13.7 42.6

* Data not collected for analysis on this date.
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APPENDIX C

Balanced Stoichiometric Equations
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Table C-I

Balanced Stoichiometric Equations for COD:TKN = 10,15:1

Cgl120¢ + NH: + 0 —m CSH702N + Cgly20¢ + NHZ + NO; co, + H+ + Hy0
6. , days
2.2 1.318 1.779 2.743 0.874 0.132 0.905 -— 2.743 0.874 5.365
3.8 1.318 1.779 3.866 0.883 0.075 0.514 0.382 3.038 1.646 6.069
9.2 1.318 1.779 5.844 0.756 0.036 0.093 0.930 3.911 2.616 7.109
26.4  1.318 1.779 7.878 0.490 0.019 0.043 1.246 5.341 2.982 8.057
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Table C-II1

Balanced Stoichiometric Equations for COD:TKN = 21.63:1

c6ﬁ1206 + NHZ + O2 —l CSH702N + c6“1206 + NHZ + NO; + 002 + H+ + HZO

9. » days
3.4 1.284 0.814 0.992 0.814 0.443 - -— 0.992 0.814 3.434
5.0 1.284 0.814 1.524 0.814 0.354 - -— 1.524 0.814 3.966
9.4 1.284 0.814 2.974 0.814 0.113 -— — 2.974 0.814 5.416
* 15.0 1.284 0.814 4.190 0.705 0.022 0.057 0.052 4.059 0.809 6.226
* 20.0 1.284 0.814 4.986 0.595 0.020 0.050 0.169 4.625 0.943 6.579
25.6  1.284 0.814 5.614 0.508 0.018 0.043 0.263 5.069 1.034 6.856

* O, values used only in stoichiometric relationships
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EFFECT OF THE COD:TKN RATIO AND
MEAN CELL RESIDENCE TIME ON NITROGEN REMOVAL IN

THE COMPLETELY MIXED ACTIVATED SLUDGE PROCESS

by
Gary Michael Hart

(ABSTRACT)

The effect that the COD:TKN ratio had on total nitrogen removal
efficiency, as well as, the effect on COD removal efficiency, nitrogen
distribution in the effluent streams, and total system mixed liquor
suspended solids concentrations in the activated sludge process as a
function of the mean cell residence time (Qc ) were examined in this
investigation.

A definite relationship was shown to exist between the influent
COD:TKN ratio, mean cell residence time, and nitrogen removal efficiency
by operating two bench scale activated sludge reactors under continuous
feeding. Theoretical data, which were generated by applying biokinetic
equations and stoichiometric relationships, were compared to laboratory
obtained data to evaluate the validity of using stoichiometric relation-
ships to establish design and operational criteria.

The mean cell residence time was used as the control parameter
in this investigation. It was demonstrated that nitrogen removal
efficiency increased via waste sludge incorporation as 6, was decreased.
It was also shown that nitrogen removal efficiency increased with an

increase in the influent COD:TKN ratio by both experimental results



and theoretical data. Optimum nitrogen removal efficiencies were found
to occur at decreasing mean cell residence times and increasing COD:TKN

ratios.
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