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CHAPTER I
 INTRODUCTION

With rapid industrialization and increase in population, the amount
of po]]utahts entering the water resource is increasing. Increasing
industrialization and introduction of new products to increase the com-
fort level of the community also increase the various kinds of pollu-
tants entering the water resource. If the environmental engineering
scientist does not provide economical solutions to the problem of pol-
lution control, "safe water" will become one of the world's rére com-
modities. In point of fact, as industrialization and population
expand, greater amounts of a safe water supply will be derived from
treated waste water. This will require much more re]iab]e'dé1ivery of
high quality treatment plant effluent than now exists. A state has
been reached wherein not only a generally improved quality of effluent
is needed, but a reduction in short term fluctuations in effluent qual-
ity is necessary.

Activated sludge processes have a promising role to play in this
regard. It has taken more than a decade to convince engineers that for
design of biological treatment processes, conceptual design models
rather than uncertain empirical rules are desirable. However,the design
models which are most applicable to the activated sludge process are
based on "steady state" conditions; thus a design is based on "average"

flow even though everyone is aware that in the real world the influent



entering the biological treatment unit is subjected to wide variation
in flow conditions.

In addition to flow, there are also wide variations in quantity
and quality of wastes and in other environmental conditions. In the
main, these factors are neither taken into account in the design nor
are provisions made so that the plant operator can overcome possible
adverse effects of variable and environmental conditions. With this
in mind, the development of kinetic models for design and operation
of various modifications of such processes as well as studies of the
biologica1 responses to changes in environmental conditiohs, i. e.,
shock loads, have occupied a considerable amount of the investigative
effort in the bioenvironmental engineering laboratories at Oklahoma
State University.

The activated sludge model developed by Gaudy and his co-workers
proposing operation with constant concentration of recycle sludge, XR’
as a control parameter is being studied for its possible operational
advantages under relatively steady as well as variable adverse environ-
mental conditions. The study herein reported forms a portion of this
large-scale undértaking. In particular, this work is concerned with
operational stability under qualitative shock loads, quantitative
shock loads, combined qualitative and quantitative shock loads, com-
bined quantitative and hydraulic shock loads, and the effect of

recycle sludge concentration on the performance of the system.



CHAPTER II
- LITERATURE REVIEW

The theory of continuous culture was developed by Monodv(l) and
Novick and Szilard (2). Further development of the theory was made by
Herbert, Elsworth and Telling (3), and by Herbert (4). Since the
above theory was developed for pure culture, experimentat]l investiga-
tive effort was made in the Oklahoma State University bioenvironmental
engineering laboratories to determine whether this theory is applicable
to heterogeneous microbial populations. It was concluded, based on
detailed investigative effort, that this theory applied to once-through
continuous culture reactors was valid for heterogeneous populations (5,
6, 7, 8, 9). Herbert's model for growth in reactor systems employing
cell feedback, i.e., cell recycle, employs a design constant, ¢, the
sludge concentration factor, as the ratio between the concentration of
recycle sludge, XR’ and the aeration tank suspended solids concentras
tion, X. Because of the operational problems involved with this model,
an improved model was developed by Ramanathan and Gaudy (6) using XR’
recycle sludge concentration, as one of the parameters instead of c.
The mathematical and engineering rationale for this model has been pre-
sented by Gaudy and Ramanathan (7). This model did not include a term
for the maiﬁtenance coefficient, kd. Later, such a term was introduced
by Srinivasaraghavan and Gaudy (8, 9, 10).

Srinivasaraghavan (10) operated the activated sludge system with



constant concentration of recycle sludge in accordance with Gaudy's
model. Comparison of observed‘steady state values of X, S, and Xw
with the predicted values indicated close prediction with and without
addition of the biological constant, kd‘ There was 1little difference
in the predictions of S and X. They also concluded there was ¢onsider—
able difference in predicted and observed Xw without the addition of
the term ké. The general conclusion in regard to thé model ié that it
bestows a éegree of stability on the activated s]Udge pkocess under
steady state. It was desirable to test the stability of an activated
sludge system operated under this model to various types of shock load-
ings, and the current research was undertaken as part of this overall

effort.
Shock Loads

Any sudden change in the environmental condition under which a
biological system is operating may be termed a shock load. Even though
it is one of the vital considerations in design and operation of a bio-
logical waste treatment system, because of the complexity of the prob-
lem and because of the long term experimental work involved, there are
not many in either the applied or basic fie]ds who engage in such
research to assess and describe the response of heterogeneous micro-
bial populations to changes in environment. A major portion of the
work which has been done has been accomplished at Oklahdma State
University.

The major types of shock loads can be grouped as follows: 1) quan-
titative shock loads; 2) toxic shock loads; 3) qualitative shock loads;

4) hydraulic shock loads; 5) pH shock loads; 6) temperature shock



loads, and different combinations of these.

Based on shock load experiments carried out in a once-through sys-
tem, George and Gaudy (11, 12, 13) conc]udéd that rate of app]icatidn of
shock, dilution rate, D, concentration of biomass, diversity of popula-
tion, and predominating microbial population at the time of application
of éhock play an ihpbrtant role in successful response.

Based on the pH, temperatuke, and hydraulic shock loads applied to

the once-through system, George and Gaudy (11, 12,,13) concluded that a
once-through systém operating at a dilution rate of 0.125 hr'] can
accommodateva 100 percent increase or 50 percent decrease in dilution
rate without appreciable substrate leakage. It has also been noted
that the observed cell yield was related to dilution rate; i.e., it was
lower for Tower values of D.

Experiments carried out by Mor and Fiechter (14) using a culture

of Saccharomyces cerevisiae revealed that when the system was subjected

to a step increase in dilution rate, D, the steady state biomass concen-
tration experienced "overshoot" to a higher value and then levelled off
to a value higher than the preshock steady state concentration. When a
decrease in dilution rate was applied, the reverse trend was observed.

Meers (15), based on his experiments, concluded that changes in
dilution rate might bring on changes in predominating species.

Using glycerol as substrate in a once-through system, Yu (16)
\observed that severe leakage of substrate and washout of cells occurred
when subjected to a hydraulic shock load. Age of the cell was found to
be one of the important factors related to the degree of leakage.

Gaudy and Engelbrecht (17) investigated the effect of quantitative

and qualitative shock loads on biomass harvested from an activated



sludge unit. Their research led to the conclusion that temporary suc-
cessful response to a quantitative shock load does not necessarily
require the presence of an extracellular source of nitrogen, whereas
extracellular nitrogen was needed for a successful response to the qual-
itative shock loading. The speed of acclimation to a qualitative shock
as well as the eventual substrate removal rate depends on the chemical
structure of the compound (17).

Two contro] mechanisms are important in considering response to
qualitative shock. These are repression of enzyme synthesis and feed-
back inhibition of enzyme function. Repression regu1ates the rate of
enzyme synthesis and controls the flow of metabolites through the path-
way thus preventing the overproduction of end products. The other
regulatory mechanism, feedback inhibition, acts on the biosynthetic
pathway. The enzyme that catalyzes the first step in a biosynthetic
pathway is inhibited by the ultimate product, thus controlling enzyme
activity. Gaudy (18) has observed that in a heterogeneous population,
presence of one cdmpound can induce acclimation to another, or the
presence of one compoﬁnd can prevent the utilization of another compound.

Gaudy and Komolrit (18) also found that utilization of the carbon
source to which the biomass has already been acclimated can be stopped
by introducing another substrate. It has been concluded that the new
control mechanism affects‘energy-yielding pathways and operates in a
manner analogous to feedback inhibition. It has been shown in batch
experiments that young cells which are acclimated to sorbitol or glycerol
cannot utilize them in the presence of glucose.

The experiments conducted by Komolrit and Gaudy (18) using an acti-

vated sludge system without recycle revealed that keeping the total



organic loading constant and changing the composition of the substrate
to different combinations of glucose and sorbitol led to no disruption
of the steady state. Glucose was readi]j used, leaving an insignifi-
cént amount of glucose in the system to cause interference with sorbitol
metabolism. Small combined qualitative and quantitative shock loads
resulted in the release of large amounts of metabolic intermediates.
When higher concentrations of glucose were emh]oyed’(three-fo]d quanti-
tative and qualitative shock loads), the metabolism of sorbitol was
almost completely blocked (18).

Based on the éxperiments conducted by Gaudy and Komolrit, cells
growing at lower specific growth rates accommodate shock loading better
(20). Also, it was conc]uded that cell concentration is one of the
major factors in determin%ng response to shock loads. Investigative work
conducted by Gaudy and Komolrit revealed that heterogeneous populations
acclimated to sorbitol or mannitol when subjected to shock 1dading with
glucose along with sorbitol or mannitol can undergo immediate cessation
~ of sorbitol or mannitol removal. However, with’the use of "old cells,"

the sugar alcohol was removed concurrently with glucose.

Qualitative and Quantitative Shock Loads

Results of the studies on sequential substrate removal by Gaudy and
his co-workers (21, 22, 23, 24, 25, 26) have shown that metabolic con-
trol mechanisms can play an important role in biological treatment sys-
tems. The experiments conducted by Prakasam and Dondero (27, 28) have
confirmed the sequential removal of glucose and sorbitol by sorbitol-
acclimated young cells. This confirmed the finding of Gaudy and his

co-workers.



Grady and Gaudy (29, 30) conducted experiments using three sub-
strate systems, glucose-lysine, fructose-lysine, and ribose-lysine;
they grew cells on lysine fn a batch reactor. After the cells were
harvested they were grown on lysine, glucose, and a combination of
lysine and glucose. The same approach was taken to the study of the
other combinéd substrates, and it was concluded that the synthesis of
lysine degrading enzymes was repressed due to the presence of glucose
and fructose. Ribose, on the other hand, caused an increase in synthe-
sis of lysine degrading enzyme'systems;'

Gaudy and Grady conducted similar experiments in a continuous flow
system (31), and they observed similar catabolic repression in the con;
tinuous flow experiments. The degree of repression of lysine metabolism
was greater for glucose than for ribose.

Chain and Mateles (32) grew heterogeneous populations in a contin-
uous flow unit with multicomponent substrate (glucose and lactose or
glucose and butyric acid along with yéast extract). They observed that
glucose was the preferred substrate, and at high dilution rates utili-
zation of the secondary carbon sources was greatly reduced.

Su (33) conducted experiments to find the biomass response to
multicomponent substrate and hydraulic shock Toads. A once-through sys-
tem was employed. He concluded that about ten detention times are
required to approach a new steady state condition after a change in
dilution rate.

Gaudy and Turner (34) studied the effect of airflow rate on the
response of activated sludge to shock loads with carbohydrate carbon
source. They concluded that even zero dissolved oxygen in the reactor

does not affect the biochemical efficiency of the system severely, and



an increasé in airflow rate increased the rapidity of respohse only
marginally.

Ragthaidee (35) conducted quantitative shock load experiments in
an extended aeration activated sludge system, He concluded that the
system was able to take a five-fold quantitative shock without severe
leakage, and 95 percent COD removal was observed throughout the study.
They attributed the success of the response to higher biomass concen-
tration and longer detention time (slow growth rate).

Various types of shock load experiments were carried out by
Kiravanich (36) in batch, once-through and extended aeration systems.
When the system was subjected to.a combined quantitative and qualita-
tive shock load, the extended aeratidn system was found to be free of
disruptioh due to the shock load applied. Kiravanich also concurred
with Ragthaidee in attributing the effect to the presence of a higher
concentration of biomass in the extended aeration system.

Saleh (37) carried out quantitative and hydréd]ic shock Toad exper-
iments using an activated sludge system operated with a constant con-
centration'of recycle sludge, XR‘ It has been concluded thét a change
in dilution rate from 0.125 to 0.25 did not produce any'harmfu1 effect,

1 to 0.5 hr”] gave a short-lived

whereas changeover from D = 0.125 hr~
transient distﬁrbance followed by rapid recovery. It was also concluded
(37) that a 200 percent increase in feed concentration from 500 mg/1 to
1500 mg/1 glucose at XR = 8000 mg/1 gave a successful response, i.e.,
only a short-1lived trdnsient increase in effluent COD.

Experiments were carried out by Cooney and Wang (38) in a chemo-

stat. Cells were grown with dual nutrient limitation (nitrogen and

phosphorus) and an impulse shock was applied by increasing oné of the
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limiting nutrients. From these experiments it was concluded that cells
can be grown under dual nutrient limitation; the results verified the
hypothesis that phosphate limitation restricts nucleic acid synthesis

in the cells whereas nitrogen Timitation restricts protein synthesis.

Cyclic Shock Loads

‘Six-fold quantitative and hydraulic cyclic shock load studies were
conducted by Saleh (39). It was found that the system again produced a
successful response. In response to a cyclic shock, the effluent para-
meters also showed a cyclic pattern and by day 16, the cyclic pattern
of eff]uent'parameters was attenuated.

Sundstrom, Klei and Brookman (40) applied a sinusoidal variation
in the influent substrate concentration (glucose). A completely mixed
activated sludge process with sludge recycling was employed. Based on
the experimental data, it has been concluded that the Monod kinetic
model was unsatisfactory in predicting the transient behavior of the
system. It overestimated the variations in substrate concentration,
and underestimated the bio]ogica1 solids concentration,

A random pulse-type quantitative shock load was applied to an acti-
vated sludge system by Knoop, Watts and Rohlich (41). The results were
scrutinized by frequency response analysis derived by Rohlich and co-
workers. They concluded that COD is not a proper parameter for measur-
ing system response, and that frequency response analyses of opera-
tional plants will assist in the development of control models for the
activated sludge process.

Ragan and Roper (42) investigated the response of a yeast culture

to step changes in glucose feed concentration and dilution rate in a
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continuous culture chemostat. Based on these experiments with S. cere-
visiae, they concluded that the culture showed an oscillatory response
to the step change in feed rate and/or di]utiﬁn rate, and that it seemed
to be due to an inherently oscillatory nature of the growth pattern of
the individual cells. The yield was not constant during the oscilla-
tions and was high during the nonbudding phase. They attributed this to
the building up of carbohydrate reserve. It has also been pointed out
that the ratio between rate of 02 uptake and growth rate was not con-
stant, and that the Monod model did not predict the respbnse well.

The response of activated sludge to organic transient loadings
was studied by Adams and Eckenfelder (43). An acivated sludge unit
with internal recyc1e was employed. It was concluded that the average
removal rate coefficient, K], appears to increase during the transient
period. The endogenous rate of specific oxygen uptake also increased
during the transient period. It was also observed that filamentous
fragments increased as the transient organic loading increased. Three-
fold increase in organic loading fqr several days can be accommodated
without appreciable increase of effluent soluble organic matter.

Ryu and Mateles (44) examined the transient response of E. coli B

grown in a éhemostat when subjected to step increases and decreases in
temperature. They varied the temperature between 37 and 27, and 37 and
32. They observed a lag period at varying lengths between time of
change in temperature and attainment of minimum or maximum transient
growth rate. The peak or minimum value obtained was less than that
predicted by the Arrhenius equation. Even though the Monod and Arrhen-
ius models gave good prediction during steady state, they could not

account for the effect of temperature on transient growth.
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Chu, Eric&son and Fan (45) investigated the_dynahic behavior of a
laboratory scale activated sludge biological waste treatment process
with recycle and wasting of sludge when subjected to a step change in
the influent concentration, recycle flow rate, and sludge wastage rate.
The system behavior was assessed by measu?ihg ATP, COD, and biological
solids concentration. Théy concluded that for the same magnitude of
step increase and decrease in influent concentration, the ATP concen-
tration was not symmetrical. The ATP concentration did not have the
same transient response as did MLSS. Time constants measured by COD
values were found to be related to fluid mean cell residence time in

the aeration tank.
Models of the Transient State

Attempts have been made to predict the transient behavior of the
biomass when subjected to shock loads and to predict the substrate leak-
age during the transient. However, none of the transient approaches
give a close prediction to the actual responses because of the complex-
ity of various parameters involved.

Grady (46) made an attempt to predict the transient response of
the syStem when subjected to a shock load by using an analog computer
model. Even though there were no experimental data collected to verify
the transient model it was generally concluded that the specific growth
rate prior to shock was one of many factors for successful response,
and lower growth rate yielded better response. For this model, the
mass rate of substrate loading is of concern, and the mode of applica-
tion does not come into the picture.

McLellan and Busch (47) defined the "reaction potential" of a mixed
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culture as the total mass of soluble organic carbon utilized by the
unit mass of microorganisms in a given time. Thay concluded that a bio-
mass has a reserve potential which is called upon during quantitative
or hydraulic shocks. -

Since for steady state operation of microbial growth reactors the
Monod eqUation’(48) seems to be reasonably applicable, most of the-
£ransient approaches havé sought to modify this mbde] for non-éteady
states. Powell (47) proposed a model taking into account the past his-
tory of the cé]]s, and he included a term (reaction potential) similar
to that suggested by McLellan and Busch (47). This model is yet to be
substantiated by experimehta] work.

Koga and Humphrey (50) concluded that a factor to account for
variab]e yield must be introduced to explain oscillatory behavior of
the biomass. It was also concluded by Gaudy and Storer (51) that'yield
coefficient is not a constant during the transient. response to a step
increase in Si' Using the kinetic equation of Teissier, an analog com-
puter simulation of the activated sludge process was attempted by Ott
and Bogan (52), but no experimental verification has been presented.

Andrews (53) has presented an analysis of dynamic behavior of the
activated sludge process. He developed a model for growth of micro-
organisms on an inhibitory substrate. He used the following equation

for growth:

Ymax

u =
max ¢4 K/S + 52/|<I

where KI is termed the inhibition coefficient. Using the mathematical

model, he made an attempt to study the transient response to both step
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increase of flow rate (three-fold) and step increase of feed concen-
tration (four-fold). Since these resu]ts:are not.accompanied by exper-
imental verification, its application is yét to be assessed. Most of
the attempts to obtain transiént models herein discussed are not sub-
stantiated by éxperimehta] data.

‘In closing, it would seem that while modeling of the transient
response is a worthwhile undertaking, too much of it 1n,p]é¢e of exper-
imental data in controlled experiments to assess actual response is a
dangerous thing because while modelers are producing models, the sta-
bility of biological treatment plants in the field is undergoing con-
stant attack by shock loads. The approach takeﬁ in this thesis was to
gain information about shock loads which could be used to test subse-
quent model derivations but, abbve all, to gain information on the bio-
logical response which bou]d help guide design and operation of treat-

ment plants.



CHAPTER III
MATERIALS AND METHODS
Experimental Apparatus and Synthetic Wastewater

A pilot plant activated sludge unit with external sludge recycle
and provision for maintaining concentration of recycle sludge constant
as proposed by Gaudy and co-workers was employed in these studies (7,
10, 37). A flow diagram and sketch of the unit is shown in Figures 1
and 2. The effectivé volume of the aeration tank was two liters during
aeration. The reactor was made of pyrex; the settling tank was also
made of glass and of five-liter capacity. Air was supplied at a rate
of 4000 cc/min to ensure that adequate oxygen concentration was main-
tained in the aeration tank. The sludge consistency tank was also
aerated in order to keep the return sludge aerobic. Biomass was gkown
in a batch unit using the primary effluent from the Stillwater muni-
cipal treatment plant as seed.

Composition of nutrients for 500 mg/1 glucose is shown in Table I.
General Operational Procedure

Continuous Flow Studies

The continuous flow unit was started by pumping feed from the feed

tank at a flow rate of 4 mi/min, which provided a dilution rate of 0.12

hr']. The feed pump was a dual positive pump (Milton Roy Company,

15



Figure 1. Flow Diagram for Model Employing Constant Recycle
Sludge Concentration, XR
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Figure 2. Activated Sludge Pilot Plant for Operation With
Constant Recycle Sludge Concentration, XR
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TABLE 1

MINERAL COMPOSITION OF SYNTHETIC WASTE PER

500 mg/1 GLUCOSE COD

Constituents Amount
Ammonium sulfate (NH4)2504 250 mg/1
Magnesium sulfate, MgS0, - 7H,0 50 mg/1
Ferric chloride, FeC13-6H20 0.25 mg/1
Manganous sulfate, MnSO4-H20 5.0 mg/1
Ca]cium chioride, CaC12 ‘ 3.75 mg/1
1 M Phosphate buffer solution (pH 7.0) 5 ml/1
Tap water 50 m1/1

20
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Model MM1-B-96R). Clorox solution was used for cleaning the feed
lines. When one feed 1ine was in use, the other was cleaned and kept
ready for use on Slternate days. This procedure was followed to keep
the lines free from bacterial growth. Aerator 1 was checked for com-
plete mixing according to the method employed by Komolrit and Gaudy
(18). Sludge was withdrawn from the clarifier at 12-hour or 24-hour
intervals. With some exceptions, the recycle sludge concentration was
always obtained by dilution of the underflow. A small volume of sludge
was diluted and its optical density at a wave length of 540nm was meas-
ured. Using a standard optical density vs. sludge concentration curve
previously pfepared using known sludge concéntrations, the underflow
concentration from the clarifier was estimated and proper dilution was
made to obtain the desired return sludge concentration. The return
concentration was also measured gravimetrically.

The sténdard curve required for estimating the sludge concentra-
tion was obtained by measuring the optical density of the known con-
centrations of sludge in the range of 100 mg/1 to 350 mg/1. A typical
plot of this type is shown in Figure 3. From time to time a new
standard curve was devé]oped in order to ensure accuracy of the 0D-
concentration re]ationship.

Aeration tank 2 was filled with a sufficient volume of sludge to
supply recycle sludge until the next withdrawl. Recycle sludge was
pumped continuously from aerator 2 to aerator 1, and the pump used for
this purpose was a Sigmamotor "finger" pump (Model T-8). The amount of
sludge remaining in excess of the amount recirculated was recorded as

excess sludge, X In measuring Xw’ the solids Xe in the effluent and

W
the amount of solids taken out of the system due to sampling were also



Figure 3. Relation Between Optical Density and Solids Concen-
' tration
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taken into consideration. The same biomass was used throughout the
study, i.e., the activated sludge developed frbm the initial sewage
seed was never reseeded. The results represent a continuous history of
the initial populations employed at the time of initiating Qrowth.

The system was operated under steady state conditions for a sufficient
time to establish steady state conditions with respect to solids in the
aerator, eff]uent soluble substrate, and excess s]udge produced. After -
recording the steady state cbndition, various shock loadings were

applied.

Batch Studies

When the system was in steady state during a continuous flow run,
cells were taken from the unit for batch growth studies. The method?
oiogies described by Gaﬁdy et al. (54, 55) were followed to determine
the biological constants p__.., K , and Y

max’ s tB'
same as that used for continuous flow operation. Initial substrate

The growth medium was the

concentrations (glucose, sorbitol, or combinations of each) ranging
from 100 mg/1 to 1000 mg/1 were employed. Cells were grown in 250-ml
Erlenmeyer flasks, and the volume of growth medium including the ini-
tial inoculum was 40 ml. The amount of initial inoculum was exactly
the same for all of the flasks, and it was sb selected to give an ini-
tial optical density value of 0.046 (percent transmission = 90). These
flasks were placed on an oscillating shaker (Eberbach) and the oscil-
Tation frequency was maintained at 100-110 oscillations/min. The
optical density was measured at frequent intervals. The initial and
maximum solids concentrations were measured to determine Y

tB. The Mmax
and Ks were determined by plotting 1/u vs. 1/s.
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Types of Shock Loadings Studied

Quantitative Shock Loads. In this iype of shock, the system was

subjected to a step increase in Si without any change in dilution rate

or in the quality of substrate.

Qualitative Shock Loads. In this type of shock, the system was

subjected to change in the nature of substrate without-change in the
concentration. In this case, the substrate consisted of single carbon

sources or combinations of carbon sources.

‘Quantitative and Qualitative Shock Loads. In this case, the sys-

tem was subjected to a step increase in the concentration of Si’as well

as a change in the nature of the substrate, S5

Cyclic Shock Loads. In this case, instead of a step increase, the

system was subjected to a cyclic change in substrate concentration. The

duration of the cycle was 12 hours, and the change in Si was six-fold.

Quantitative and Hydraulic Shock Loads. In this case, the system

was subjected to a simultaneous change in concentration of Si_as well as

change in dilution rate, D.

Analytical Procedures

The following analyses were run:
Feed

COD (daily or on alternate days
Effluent

Filtrate COD (daily or on alternate days)
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Supernatant COD (daily or on alternate days)
Suspended solids (daily or dn alternate days)
NH-N (weekly)
N03-N (weekly)

~ Anthrone test (periodically)
Periodate test (periodically)
Filtrate BOD (periodically)

Supernatant BOD (periodically)

Analytical Techniques

Methods for the determination of the experimental parameters are

given below:

Chemical Oxygen Demand (COD) Test. The COD technique was used to

measdre the strength of the organic compound in the feed, reactor and
effluent. The procedure followed was that outlined in Standard Methods

for the Examination of Water and Wastewater (56).

Anthrone Test. This test was used to measure the total carbo-

hydrate content. The procedure employed was that given by Ramanathan,
Gaudy and Cook (57). This test together with the COD test will indi-

cate what fraction of the effluent was carbohydrate in nature.

Glucostat Test. This is an enzymatic test, and the procedure fol-

lowed was that given by Ramanathan, Gaudy and Cook (57).

Biological Solids y

The membrane filter technique was used to determine solids
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concentration; the method outlined in Standard Methods (56) was fol-

10Wed.

Ammonia Nitrogen. Periodically, ammonia nitrogen in the feed and

effluent were measured. The method developed by Niss and described by

Ecker and Lockhart (58) was used.

Nitrate Nitrogen. The Brucine method as described in Standard

Methods (56) was used to determine nitrate nitrogen in the effluent.

pH. The Orion pH Meter (Model 701) was used to check‘the pH in

the reactor.



CHAPTER IV
RESULTS

A11 shock load experiments were conducted using a continuously
grown biomass which started from an initial seed of sludge. The systém
was never reinoculated after starting the continuous unit. The steady
state parameters are shown in Table II in the same chronological order
in which different shock loads were applied. The numbers shown in
column 1 of Table II indicate the chronological sequence in which the
shocks were applied; however, results are presented in accord with
groupings of various types of shock (see column 2 for figure numbers).
Five broad types of shock were investigated; these are presented in

order in this chapter.
Response to Qualitative Shock Loadings

500 mg/1 Glucose>500 mg/1 Sorbitol, X, = 5000 mg/1

The system was run at a feed concentration of 500 mg/1 glucose,
and the recycle concentration was maintained at 5000 mg/1. The system
was operated at steady state for 65 days, and the effluent quality was
monitored (see Figure 4). A qualitative shock was administered by
changing the influent substrate from glucose to sorbitol on day 66. The
results are shown in expanded scale from day 66 to day 69 in Figure 4.
There was an immediate response, indicated by a rise in soluble COD in

the reactor. The disturbance 1astéd for approximately 24 hours, but

28
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Figure 4. Operational Characteristics for an Activated Sludge
Process With Constant Xp of 5000 mg/1 and S; =
500 mg/1 Glucose Subjected to a Qualitative Shock
Load by Changes in Substrate From Glucose to
Sorbitol
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did not result in a significant disturbance in the quality of effluent
from the clarifier. This is due to the attenuation in leakage provided
by the large clarifier and to the fact that some biological substrate
kemova1 took place. The system was run for sohe time in the new steady
state condition td eétab]ish the average system behavior.

During the steady state, the exceés.s]udge production at Si =.500
mg/1 glucose was 1522 mg/day, and at Si = 500 mg/1 sorbitol, was 1516
Mg/day. Average pre- and post-shock steady values for the various par-
ameters which were monitored are given in Table II. The pre-shock
steady state values spanned days 51 to 66, and from day 79 to day 108

for post-shock steady state.

500 mg/1 G1ucose + 1000 mg/1 Sorbitol~>

1000 mg/1 Glucose + 500 mg/1 Sorbitol->

1500 mg/1 Glucose, X, = 5000 mg/1

A steady state was maintained for 46‘days with an average Si 1oad-
ing of 500 mg/1 g]hcose plus 1000 mg/1 sorbitol. The average values
during steady state are given in Table II. On day 20, the system was
subjected to a qualitative shock by changing the substrate composition
to 1000 mg/] glucose plus 500 mg/1 sorbitol. The performance of the
system before, after, and during the shock are shown in Figures 5 and
6. The time scale is expanded during the transient phase from day 20
to day 22.

The effluent characteristics were monitored by measuring effluent
total COD, filtrate COD, and biological solids. Filtrate BOD5 was spot
checked periodically. In addition to measuring the biomass concentra-

tion in the reactor, the protein and carbohydrate compositions were



Figure 5. Operational Characteristics of an Activated Sludge
Process With Constant Xg of 5000 mg/1 at an §;
of 500 mg/1 Glucose + 1000 mg/1 Sorbitol
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Figure 6. Operational Characteristics of an Activated Sludge
Process With Constant XR of 5000 mg/1 When Sub-
jected to a Change in Sj From 500 mg/1 Glucose
+ 1000 mg/1 Sorbitol to 1000 mg/1 Glucose + 500

mg/1 Sorbitol
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also determined. During the shock, reactor.fi1trate COD, sorbitol COD,
and carbohydrate were also measured. The average biological solids
concehtration in the’reactor was 1816 mg/1 in the pre-shock steady
state; the recycle sludge concentration was maintained at an average
value of 5089 mg/1. Filtrate COD of the récyc]e sludge was 40 mg/1;
the average excess sludge concentration was 5571 mg/day. The éveragé
protein and carbohydrate content of the biomass was 58 and 21 percent,
respectively. | |

In response to the shock, there was a fluctuation in the biologi-
cal solids concentration in the reactor. The biological solids con-
centration decreased from the average pre-shock steady level of 1816
mg/1 to 1336 during shock, then returned to the post-steady state
average value of 1630 mg/l. During the transient, there was leakage
of substrate from the reactor as high as 108 mg/1. The maximum Teak-
age of sorbito] COD was 42 mg/1; carbohydrate leakage was 42 mg/1.
However, 15 hours after shock there was no detectable amount of sorbi-
tol and carbohydrate in the reactor filtrate.

Corresponding to the disturbance in the keactor, there was only
a slight disturbance in the plant (clarifier) effluent. There was a
secondary response from day 24 to day 28, leading to the increase in
solids concentration in the effluent. The post-shock steady state
values spanned day 25 to day 35, Shown in Figure 6. The average bio-
mass concentration was 1540 mg/1 in the post-shock steady’state. The
effluent total COD and filtrate COD values were 51 and 43 mg/1,
respectively, which was s1ightly higher than pre-shock steady state
values. The effluent solids concentration was 140 mg/1. The average

protein and carbohydrate composition were 21 and 60 mg/1. The recycle
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concentration was maintained at 5106 mg/1. The filtrate COD in the
return sludge 1ine was 33 mg/1, which was slightly 1owér”than the pre-
shock value of 40 mg/1. The average excess sludge production was 4339
mg/day, which was lower than the pre-shock value of 5577 mg/1. The
values of the steady state parameters are shown in Table II.
The.bio1ogica1 constants for the biomass during the post- and

pre-shock conditions are shown in Table III. The Hma
: .

, K, and Y
X S tB

- during pre-shock were 0.52 hr ', 169 mg/1, and 0;53; during post-shock

1

they were 0.44 hr™', 380 mg/1, and 0.54.

1000 mg/1 Glucose + 500 mg/1 Sorbitol-

LA

1500 mg/1 Glucose, X, = 5000 mg/1

After running the system at steady state for 11 days with 1000
mg/1 glucose plus 500 mg/1 sorbito],/the system was subjected to a
qua]itative}shock by changing the feed to 1500 mg/1 glucose; Figure 7
shows the respoﬁse of the system. The time scale was expanded during
transient from day 8 to day 10. The biomass response can be better
assessed by looking at the events occurring in aerator 1. As shown in
Figure 7, there was no appreciable leakage from the reactor compared
to the previous qualitative shock. It attained é maximum of 52 mg/1
during the first day of the’shock. There was no detectable amount of
carbohydrate in the reactor filtrate during transient. Corresponding
to the low amount of disturbance in the reactor, the filtrate from the
clarifier was also low in COD. However, there was a sharp increase in
the effluent suspended solids during the transient; it increased from
20 mg/1 during pre-shock to 90 mg/1 21 hours after applying the shock.

During this period, a change in predominance of species was observed.
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TABLE III
HE BIOLOGICAL CONSTANTS, MAXIMUM SPECIFIC GROWTH RATE, Mmax
ON CONSTANT, Ks, AND CECL YIELD, Ytg, OBTAINED IN BATCH
MENTS USING CEELS HARVESTED FROM TﬁE COMPLETELY MIXED
EACTOR DURING CONTINUQUS FLOW STEADY STATE RUNS
max Kg
Line Figure Yis ! mg/1 Feed
1 2 3 4 5
1 -4 0.56 0.53 239 glucose
2 4 | 0.61 0.42 189 sorbitol
3 9,10 0.61 0150 200 sorbitol
4 10,24 0.56 0.44 478 sorbitol
5 5,24 0.53 0.52 169 sorbitol 2:glucose 1
6 6,7 0.54 0.44 380 sorbitol 1:glucose 2
7 7 0.58 0.39 144 glucose
8 n 0.62 0.49 183 sorbitol
9 11,12 0.61 0.52 103 sorbitol
10 13,14 0.61 0.47 279 sorbitol
n 14,15 0.53 0.49 115 ‘sorbitol
12 15,25 0.59 0.33 231 sorbitol
13 25 0.61 0.46 279 glucose
14 0.61 0.42 102 sorbitol
15 0.61 0.51 249 glucose
16 16 0.59 0.52 169 sorbitol
17 16,17 0.51 0.42 135 sorbitol
18-A 19,20 0.58 0.54 185 sorbitol
18-B 19,20 0.54 0.56 198 sorbitol
19 8,20  0.49 0.34 174 sorbitol
20 8 0.57 0.49 154 glucose
21 26 0.61 0.53 139 sorbitol
22 21,26 0.49 0.39 . 257 glucose
23 21,22 0,54 0.47 137 glucose
24 22,25 0.49 0.42 293 glucose
é5 24 0.55 0.57 139 glucose

Combined average of glucose and sorbitol feed:
1

Mmax = 0.47 hr™', KS = 204.6 mg/1, YtB = 0,57
Average of glucose feed including combination of glucose and sorbitol
feed
- -1 = -
Mnax = 0.47 hr™ ", KS = 221.8, Yep = 0.55
Average of sorbitol feed including combination of glucose and sorbitol
feed
- -1 - -
Mnax = 0.47 hr ', Ks = 201.7, Yig = 0.57



Figure 7. Operational Characteristics for an Activated Sludge
Process With Constant Xg of 5000 mg/1 and S =
1000 mg/1 Glucose + 500 mg/1 Sorbitol Subjected
to a Qualitative Shock Load by Changing the S; to
1500 mg/1 Glucose
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Increased numbers of rod-shaped highly mobiTe cells were observed. Pro-
tozoa decreased; even those present were small and in the dormant stage.
At the end of the transient period--from day 10--the protpzoa_increased
in numbers and were larger in size.' Free (unflocculated) bacteria
decreased. Corresponding to the increase in the effluent solids, there
was an increase in the total COD of the effluent during the transient.
The biomass concentration showed a slight dip from 1600 mg/1 to 1418
mg/1 at 13 hours into the shock. Thereafter it increased to 1675 mg/1
at 21 hours after the shock was applied. The carbohydrate showed a
slight increase from 21.3 percent to 24.1 percent, whereas protein
content of the biomass showed a slight decrease from 59.7 to 56.é per-
cent. The system came to a steady state by day 12. ‘The post-shock
steady state values spanned day 12 to day 20. The biomass concentra-
tion during steady state was 1568 mg/l. influent concentration was 1573
mg/1. The effluent total and filtrate COD were 40 mg/1 and 35 mg/1,
respectively. Effluent filtrate 8005 was 7.7 mg/1; protein and carbo-
hydrate composition were 57.3 percent and 23.9 percent, respectively.
The excess sludge production was 3795 mg/day, compared_to'4339 mg/day at

pre-shock steady state. The biological constants u___, K

max® Kg? and Yo were
1

0.39 hr™', 144 mg/1, and 0.58.

500 mg/1 Sorbitol, X, = 10,000 mg/1->

500 mg/1 Glucose, X, = 15,000 mg/1

LAY

A system was initially operated with an influent substrate concen-

tration of 500 mg/1 sorbitol and X, = 10,000 mg/1. The pre-shock

R
steady state values spanned day 0 to day 12; influent substrate con-

centration averaged 504 mg/1. The steady state effluent parameters
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ST’ Se, and Xe averaged 28 mg/1, 20 mg/1, and 16 mg/1. The effluent
fi]trafe, BODS, was 2.4 mg/1. The biomass concehtration averaged 2235
mg/1. The percent‘protein and carbohydrate compositions were 52.6

énd 23.1, respectively. The excess sludge production éveraged 1294
mg/1, ahd recycle sludge concentration averéged 10,189 mg/1. A

shock was applied by changing the substraté from 500 mg/1 sorbitol to
500 mg/1 glucose. The recycle sludge concentration was increased
simultaneously to 15,000 mg/1. In Figure 8 it is seen that there was
no significant change in the reactor fi]trate COD due to the shock.
The biomass concentration increased after the shock due mainly to the
increased recycle sludge concentration; the protein and carbohydrate
contents also increased accbrding1y, There was disturbance in the
effluent due mainly to the f]uctuations in the effluent biological
solids. Microscopic observation revealed changes in predominance.
During the transient, fi]amentous Qrgahisms increased. The biomass
became darker in coior. Protozoa decreased. The sludge occasionally
started to rise, and there were times (twice) when sludge was with-
drawn, which prevented the rising condition. Free, unflocculated bac-
teria were‘observed. The sludge was somewhat fluffy in appearance;
however, effluent filtrate did not show much variation due to shock.
Eventually, the sludge regained its good settling characteristics. Dur-
ing the post-shock steady state, values spanned day 33 to day 45. The
effluent parameters, ST’ Se’ and Xe, averaged 35 mg/1, 24 mg/1, and 23
mg/1. The filtrate 8005 of the effluent was 2.3 mg/1. The influent
concentration averaged 506 mg/1 COD. The biomass concentration in
aerator 1 averaged 3232 mg/1. The percent protein and carbohydrate

content averaged 57.8 and 22.4, respectively. The excess sludge



Figure 8. Operational Characteristics for an Activated Sludge
Process With Constant Xgp of 10,000 mg/1 and S; =
500 mg/1 Sorbitol Subjected to a Simultaneous
Change in S; to 500 mg/1 Glucose and Xg to 15,000

mg/1
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production averaged 1043 mg/day, and return sludge concentration aver-
aged 15,234 mg/1. The biological constants, brays Kes and Yo , were
ax’ s tB
0.49 hr™', 154 mg/1, and 0.57.
Response to Quantitative Shock Loadings

Six-fold Step Increase: 500 mg/1 Sorbitol, X,

= 5000 mg/1+3000 mg/1 Sorbitol, Xp_= 5000 mg/1

Table IV is presented for ready reference to the various-shocks
and figures showing the results.

Figure 9 shows_thé response when a system operating with XR = 5000
hg/] and Si = 500 mg/1 sorbitol was subjected to a six-fold 1hcrease in
Si' The time scale is expanded from day 13 to day 20. The average
biomass congentration during pre-shock steady state was 1212 mg/1; the
average effiuent total COD and filtrate COD wefe 14 mg/1 and 6 mg/1.
The effluent solids concentration was 7 mg/1. The percent protein and
carbohydrate were 63.0 percent and 18.8 percent, respectively.

The recycle sludge concentration was maintained at 4892 mg/]. and
filtrate COD in the recycle line was 11 mg/1. The excess sludge con-
centration was 1516 mg/day. The shock was applied on day 13; In
response to the shock, the biomass showed a steep rise for 23 hours,
and reached a value of 2255 mg/1. This was followed by a drop in con-
centration to 1860 mg/1 by day 16. Again there was another increase
up to 2600 mg/1, and subsequently the solids concentration levelled off.
In the reactor during the shock, the filtrate COD rose very steeply to
a value of 442 mg/1 within six hours after the shock. This was fol-

lowed by a steep decrease in COD to 55 mg/1 14 hours into the shock.
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OUTLINE OF EXPERIMENTAL PLAN FOR QUANTITATIVE SHOCK
LOAD STUDIES AT VARIOUS Xo VALUES

Steady State Transient Steady'State Figure
Sorbitol 6-fold Sorbitol 9
S5 = 500 mg/1 Change S4 = 3000 mg/1

XR = 5000 mg/1 in Si XR = 5000 mg/1

Sorbitol 6-fold Sorbitol 10
Si = 3000 mg/1 Change S; = 500 mg/1

XR = 5000 mg/1 in 51. XR = 5000 mg/1

Sorbitol 6-fold Sorbitol 1
Si = 3000 mg/1 Change Si = 500 mg/1

XR = 5000 mg/1 in Si XR‘= 5000 mg/1

Sorbitol 2-fold Sorbitol 12 & 13
S; = 500 mg/1 Change S; = 500 mg/1

XR = 5000 mg/1 in XR XR = 10,000 mg/1

Sorbitol 6-fold Sorbitol 14
S; = 500 mg/1 Change S5 = 3000 mg/1

XR = 1000 mg/1 in Si XR = 10,000 mg/1

Sorbitol 6-fold Sorbitol 15
S = 3000 mg/1 Change Si = 500 mg/1

XR = 10,000 mg/1 in Si XR = 10,000 mg/1

Sorbitol 6-fold Sorbitol 16
S4 = 3000 mg/1 Change Sj = 500 mg/1

XR = 10,000 mg/1 in Si XR = 10,000 mg/1




Figure 9. Operational Characteristics for an Activated Sludge
Process With Constant Xp of 5000 mg/1 at an S; of
500 mg/1 Sorbitol Quantitatively Shock Loaded by
a Change in S to 3000 mg/1 Sorbitol
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Subsequent]y,/the filtrate COD levelled off. During this period, leak-
age of sorbitol and carbohydrate was observed. The maximum leakage of
sorbitol was 52 mg/] two hours after the shock was app]ied;'maximum
leakage of carbohydrate was 74 mg/1 at two hours after the shock.
Inverted triangles connected by dotted lines in the Tower part of Fig-
ure 9 in the biomass characteristics represents the predicted biomass
concentration in the reactor in response to the shock as proposed by
Chen (59). It can be seen that the transient model did not predict
transient behavior very well. Also in the upper part of Figure 22,
shown as reactor characteristics, the open triangles connected by dotted
lines represent the predicted substrate concentration in the reactor.
Compared to events in the reactor, the effluent parameter total
COD, filtrate COD, and solids showed a greater variation and fluctu-
ation during the shock. The effluent solids concentration increased
significantly to a high of 98 mg/1 during the transient period. It was
also noticed that filamentous organisms started to predominate, and
during post-shock steady state, filaments were found in great numbers.
During the transient, the protozoa decreased and bacteria with granules
were observed. The post-shock steady state values spahned day 22 to
day 38. The filtrate COD of the effluent, even after reaching steady
state, was 79 mg/1 compared to a pre-shock steady state value of 6 mg/1.
The percent carbohydrate and protein of the biomass showed a similtan-
eous increase after shock. However, protein percent showed a relatively
steeper rise. The protein and carbohydrate composition of biomass in the
post-shock steady state were 62.0 percent and 22.1 percent, respectively.
Effluent filtrate BOD5 value increased to 11.2 mg/1 during post-

shock steady state, compared to a pre-shock steady state value of 2.2
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mg/1. Excess sludge production increased after the shock, and showed
an average:yalue of 8943 mg/day durﬁng steady state. The recycle
sludge concéntration was maintained at 5173 mg/]. The effluent total
COD and filtrate COD wefe 100 mg/1 and 79 mg/1 during steady state.
The effluent solids concentration was 33 mg/1. The average biomass

concentration was>23]7 mg/1. The biological constants, Hmax’ Ks’ and

Y, , were 0.5 hr'1

t , 200 mg/1, and 0.61.
B

Six-fold Step Decrease: 3000 mg/1 Sorbitol, X, =

5000 mg/1->500 mg/1 Sorbitoli;XR = 5000 mg/1

After operating the system in steady state at S; = 3000 mg/1 sor-
bitol for 17 days (day 22 to day 38), the system was shocked by lower-
ing the Si to 500 mg/1 sorbitol (Figure 10). In response to the shock,
the filtrate COD in the reactor decreased from 85 mg/1 to 29 mg/1
within 14 hours after administering the shock. Biomass concentration
decreased from 2550 mg/1 to 1210 mg/1 within eight hours after the
shock. The protein and carbohydrate content decreased in proportion
to the decrease in biomass concentration. Effluent total COD, filtrate
COD, and solids concentration showed gradual decrease after the shock.
The post-steady state values spanned day 22 to day 33. The total
effluent COD, filtrate COD and solids concentration were 37 mg/1, 27
mg/1, and 7 mg/1, respectively. The steady state biomass concentra-
tion was 1250 mg/1. The percent protein and carbohydrate contents were
57.2 and 20.6, respectively. The excess sludge production averaged
1853 mg/day. The recycle sludge concentration was méintained at 4856
mg/1. During the steady state after the stepdown in Si’ the fila-

mentous organisms decreased and almost disappeared from the system.



Figure 10. Operational Characteristics for an Activated Sludge
Process With Constant XgR of 5000 mg/1 at an S;
of 3000 mg/1 Sorbitol Quantitatively Shock Loaded
by a Change in Si to 500 mg/1 Sorbitol
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In order to assess the effect of XR on a six-fold step increase in
Si’ a system whfch was operating at XR = 5000 mg/1 and Si = 3000 mg/1
was first subjected to stepdown by lowering the Si to 500 mg/1 sorbi-
tol. The pre-shock transient and post-shock behavior of the system
are shown in Figure 11. This shock is similar to that presehted in
Figure 10. As evident from the reactor characteristics shown in Fig-
ure 11, this shock did not affect the filtrate COD except for the
slight initial disturbance. Original substrate did not 1eék from the
reactor; the same was true for the effluent parameters. There was a
secondary response in the system from the middle of the 17th day, as
evidenced by’the fluctuatijon in effluent characteristics. During this
period, a slight change in color of the biomass was observed. The
color changed from brownish-yellow to Tlight yellow. Thé excess sludge
production decreased to an average post-shock steady state value of
1704 mg/1. The post-shock steady state values spanned day 53 to day
65, and average effluent ST’ Se’ and Xe, were 29 mg/1, 15 mg/1, and 21
mg/1. The average steady state effluent filtrate COD at Si = 3000 mg/1
had been 82 mg/1 during pre-shock steady state condition, which spanned
day 0 to day 15. Effluent filtrate BOD5 was 5.1 mg/1 at post-shock
steady condition, whereas it was 11.9 mg/1 in the pre-shock steady
state. The average biomass concentration was 2230 mg/1. The percent
protein and carbohydrate compositions of the biomass were 53.3 mg/1 and
22.2 mg/1, respectively. The average excess sludge production wa§ 1704
mg/day. The recycle sludge concentration was maintained at 5073 mg/1.
The steady state parameters are tabulated in Table III.

1

The biological constants, w_.., K., and Y, , were 0.5 hr™

, 103
S B

mg/1, and 0.61 (see Table III).



Figure 11. Operational Characteristics for an Activated Sludge
Process With Constant Xg of 5000 mg/1 at an S; of
3000 mg/1 Sorbitol Quantitatively Shock Loadea by
a Change in Si to 500 mg/1 Sorbitol
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Two-fold Step Increase in XQ: 5000

mg/1-+10,000 mg/1

As shown in Figures 12 and 13, the recyclé sludge concentfation
was changed'from XR = 5000 mg/1 to XR = 10,000 mg/1, with Si = 500 mg/1.
The time scale was expanded from day 14 to‘day 17 during the transient.
There was only a slight increase in reactor filtrate COD from 20 mg/1
to 45 mg/1 during the first four hours ihto the shock. There was no
leakage of original substrate. Correspondingly, during the shock there
was f]uctuation in effluent characteristics. The effluent solids
fluctuated between 22 mg/1 to 48 mg/1. This lead to a fluctuation in
total effluent COD. The increase in biomass concentration in the
reactor and corresponding increase in the protein carbohydrate content
were due to the higher recycle sludge concentration. The post-shock
steady state values spanned day 66 to day 91 (Figure 13), and excess
sludge production was 1265 mg/day compared to a pre-shock steady state
value of 1704 mg/day. The pre-shock steady state va]ues}spannéd day 6
to day 12 (Figure 12) for the Si of 500 mg/1. There was only a slight
difference in effluent filtrate COD betweenXR = 5000 and X

R
= 10,000

= 10,000
mg/1. It was 15 mg/1 at XR = 5000 mg/1, and 17 mg/1 at XR »
mg/1; however, the corresponding BOD5 values were 5.1 mg/1 and 2.3
mg/1, respectively. |

The post-shock steady state biomass in aerator 1 was 2230 mg/1,
and pefcent protein and carbohydrate composition were 53.3 and 22.2,
respectively. The recycle concentration was maintained at 10,259 mg/1.
Overall leakage of substrate and disturbances in.the system due to the

shock were minimal. The biological constants, u KS, and Yt , were

L]
max B



Figure 12. Operational Characteristics for an Activated Sludge
Process With Constant Xg of 5000 mg/1 at an Sj of
500 mg/1 Sorbitol Subjected to a Change in XR to
10,000 mg/1 ’
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Figure 13. Operational Characteristics for an Activated Sludge
Process With Constant X of 5000 mg/1 and an Sj
of 500 mg/1 Sorbitol
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1

0.47 hr™ ', 279 mg/1, and 0.61. The steady state parameters are shown

in Table II.

Six-fold Step Increase: 500 mg/1 Sorbitol

~3000 mg/1 Sorbitol, X, = 10,000 mg/1

After operating the system at Si = 500 mg/1 and XR = 10,000, the
system was subjected to a six-fold step increase in Si' The pre-shock
steady state values spanned day 0 to day 25 (shown in Table II). Fig-
‘ure 14 shows the response of the system to this shock. During the
initial six hours into the shock there was no appréciab]e amount of
leakage (15-42 mg/1). From hour 6 to hour 10 there was a steep
increase in the reactor filtrate COD from 20 mg/1 to 205 mg/1. A por-
tion of the COD consisted of sorbitol. The original substrate and
some carbohydrate were found in the filtrate. The maximum sorbitol
leakage was 42 mg/1, which occurred 11 hours into the shock, and car-
bohydrate leakage was 68 mg/1, which occurred 14 hours after applying
the shock. In the lower part of Figure 14 shown as biomass character-
istics, the inverted triangles connected by dotted 1ines represent the
biomass concentration in the reactor predicted according to the equation
proposed by Chen (59). In the upper part of the Figure, shown as
reactor characteristics, the inverted triangles connected by a dotted
line represent the predicted so]ub]e-substrate in the reactor during
the transient after the shock.

By day 31 there was a change in predominance in the system. The
biomass in the reactor changed from yellow to a brownhish-yellow color.
The sludge in the settling tank needed aeration three times a day to

keep it from going anaerobic. From day 34 to day 86, the system was



Figure 14. Operational Characteristics for an Activated Sludge
Process Operating With Constant XgR of 10,000 mg/1
and an Sj of 500 mg/1 Sorbitol Quantitatively
Shock Loaded by a Change in S; to 3000 mg/1
Sorbitol
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operated at}Si = 3000'mg/1 but without taking data. The data were
taken again beginning on day 86, and the system was operated for a con-
siderably long period to determine if the effluent filtrate COD would
improve in the long run. However, it did not improve very much.

The post-shock effluent parameters spanned déy 116 to day 144; ST,
Se’ and Xe were 94 mg/1, 81 mg/1, and 22 mg/1. The average biomass
concentration was 3277 mg/1. The percent protein and carbohydrate com-
position were 52.5 and 22.3, respectively. The average excess sludge

production was 8542 mg/day. The recycle sludge concentration was main-

tained at 10,337 mg/1. The biological constants, u
1

max
, 115 mg/1, and 0.57. Effluent filtrate BOD5 was 8 mg/1

s Ks’ and YtB,
were 0.49 hr~
at X

= 10,000 mg/1 compared to 11.3 mg/1 at X, = 5000 mg/1.

R R

The effluent parameters also showed a wide fluctuation during the
transient period. The biological solids concentration in the effluent
rose to 158 mg/1 at 24 hours after the shock. During this period, the
protozoa polulation was diminishing, filaments were increasing, and
there was an increase in the amount of free (unflocculated) bacteria.
The effluent looked very turbid. It was only by day 110 that the efflu-
ent became much clearer. There was considerable difference between the
COD concentration in the reactor and the soluble COD exiting the set-
tling tank. This was due partly to the attenuating effect of the over-
sized clarifier and due partly to the biological activity in the set-
tling tank. Even though the system reached steady state with reference
to soluble substrate by day 110, the systemvcéuld not be said to be in
steady state until day 122.

The biomass showed an immediate response to the shock as evidenced

by the steep rise in concentration. There was a correspondihg rise in
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the protein and carbohydrate content of the biomass; the excess sludge

production increased due to the six-fold rise in Si'

Six-fold Step Decrease: 3000 mg/1 Sorbitol

+500 mg/1 Sorbitol, XR = 10,000 mg/1

After operating at steady state with Si = 3000 mg/1, the system
was subjected to a six-fold decrease in Si' The pre-shock steady state
values spanned day O to day 28, as shown in Table II. The response is
shown in Figure 15. The time scale is expanded during the shock from
day 29 to day 31. The reactdr biomass underwent an immediate decrease
in concentration in response to the shock. The reactor filtrate COD
decreased from 76 mg/1 to 36 mg/1 within four hours after applying the
shock, and it stayed in that range. The quality of the clarifier
effluent was not disturbed, and by day 38 it became rather steady. The
post-shock steady state values spanned day 41 to day 57, as shown in
Table II. The excess sludge production decreased, and during post-
shock steady state it averaged 1461 mg/day. The effluent parameters,
ST’ Se’ and Xe’ during post-shock steady state were 26 mg/1, 18 mg/1,
and 18 mg/1, compared to 94 mg/1, 81 mg/1, and 22 mg/1 during pre-shock
steady state. The average biomass concentration in the post-steady
state was 2274 mg/1.

The protein and carbohydrate concentrations of the sludge decreas-
ed due to the decrease in biomass concentration; the percent composition
of protein and carbohydraté were 53.2 and 23.2, respectively, in the
post-shock steady state. The recycle sludge concentration was main-
tained at 10,238 mg/1. The biological constants, u___, Ks’ and Yt s

max
1 B

were 0.39 hr ', 231 mg/1, and 0.59.



Figure 15. Operational Characteristics for an Activated Sludge
Process Operating With Constant Xg of 10,000 mg/1
and an S; of 3000 mg/1 Sorbitol Quantitatively
Shock Loaded by a Change in S; to 500 mg/1
Sorbitol
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A similar six-fold stepdown quantitative shock was applied again
after a few mohths while preparing the system for another fype.of
shock.

Priof to the shock, the system was opekated with an average influ-
ent substrate of 2812 mg/], The pre-shock steady state values spanned
day 0 to day 14, as shown in Table II. The eff]uent parameters, ST’ Se
and Xe, averaged 66 mg/1, 47 mg/1, and 26 mg/1. The effluent filtrate
BOD5 was 8 mg/1. The biomass concentrations averaged 3285 mg/1. The
percent compositions of protein and carbohydrate were 54.9 and 22.5.

The excess sludge production averaged 8632 mg/1, and the recycle sludge
concentration was maintained at an average value of 10,114 mg/1. On

day 13, the system was subjected to a stepdown quantitative shock by
changing the influent substrate concentration from 3000 mg/1 sorbitol to
500 mg/1 sorbitol. The response of the system is shown in Figure 16;
the steady state values a}e shown in Table II. The reactor and effluent
characteristics show that there was no appreciable disturbance due to
the shock.

The reactor filtrate COD varied between 12 mg/1 and 36 mg/1. The
effluent, ST’ varied between 18 mg/1 and 56 mg/1, Se between 12 and 32
mg/1, and Xe between 12 mg/1 and 28 mg/1 during the transient stage.

The biomass and corresponding protein and carbohydrate content decreased
in response to the reduction in influent substrate concentration. The
post-shock steady state values spanned day 16 to day 26; the biomass
concentration averaged 2238 mg/1. The percent composition of protein
and carbohydrate averaged 53.2 and 22.8, respectively. The effluent
parameters, ST’ Se’ and Xe, averaged 24 mg/1, 16 mg/1, and 19 mg/1.

The effluent filtrate BOD5 was 2.5 mg/1. The excess sludge production



Figure 16. Operational Characteristics for an Activated Sludge
Process Operating With a Constant Xg of 10,000
mg/1 and an S; of 3000 mg/1 Sorbitol SubJected to
a Repeated Quant1tat1ve Shock Load of Change in S
to 500 mg/1 Sorbitol
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averaged 1530 mg/day, and recycle sludge concentration averaged 10,109

mg/1.

K, and Y

The biological constants, Mmax® Ks £ determined by batch
B

1

growth study were 0.42 hr™', 135 mg/1, and 0.51. Overall response was

similar to that observed in the previous case.
Cyclic Quantitative Shock Loads

An experiment was designed to study the effect of cyclic quanti-
fative shock Toads. For this purpose, the system was operated with Si =
500 mg/1 sorbitol and XR = 10,000 mg/1 under steady state for 11 days
(Figure 17). The steady state values spanned day 0 to day 10, and the
average steady state parameters are shown in Table II. The effluent
total COD, filtrate COD, and solids concentration were 25 mg/1, 16 mg/],v
and 19 mg/1. The effluent fiTtraté BOD5 value was 2.5 mg/1. The aver-
age biomass concentration in aerator 1 was 2238 mg/1. The percent pro-
tein and carbohydrate content were 53.2 and 22.8, respectively. The
excess sludge production averaged 1530 mg/day; the recycle sludge con-
centration was maintained at 10,109 mg/1. The biological constants were
1

Mmax - 0.42 hr~

ma R KS = 135 mg/1, and YtB = 0.51.

The system was subjected to a cyclic quantitative shock load by
changing the Si concentration to 3000 mg/1 at 6 A.M. and to 500 mg/1 at
6 P.M. This procedure was followed throughout the cyclic shock load
period. The system performance is shown in Figures 17, 18, and 20.

The time scale is expanded from day 11 to day 16 in Figure 17, and from
day 16 to day 20 in Figure 18. The time scale for day 42 is shown on
an expanded scale in Figure 19. When the shock was applied for the

first time on day 11, there was a considerable leakage of substrate.



Figure 17. Operational Characteristics for an Activated Sludge
Process Operating With a Constant X, of 10,000
mg/1 and an S; of 500 mg/1 Subjecteg to a Cyclic
Quantitative ghock Loading at an S5 of 500 mg/1
Sorbitol and 3000 mg/1 Sorbitol Every 12-hour
Period. Excess Sludge Production is mg/Day From
0-11 Day and mg/12 Hour From Day 11.5 to 20
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Figure 18. Operational Characteristics for an Activated Sludge
Process Operating With a Constant Xg of 10,000
mg/1 and With a Cyclic Loading of 500 mg/1 Sorbi-
tol and 3000 mg/1 Sorbitol at Every 12-hour
Period From Day 16 to Day 42 After Shock
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Figure 19. Operational Characteristics for an Activated Sludge
Process Operating With a Constant XR of 10,000
mg/1 and With a Cyclic Loading of 500 mg/1 Sorbi-
tol and 3000 mg/1 Sorbitol at Every 12-hour
Period From Day 42 to Day 56 After Shock
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Figure 20. Operational Characteristics for an Activated Sludge
Process With Constant XgR of 10,000 mg/1 and With
a Cyclic Loading S; of 500 mg/1 Sorbitol and 3000
mg/1 Sorbitol at Every 12-hour Period Subjected
to a Constant S, of 500 mg/1 Sorbitol. Excess
Sludge Productidn in mg/12 Hour O to 11 Day, and
in mg/Day in 12 to Day 44
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Within three hours after the shock, the reactor filtrate COD increased
from 43 mg/1 to 272 mg/1. Then the leakage gradually decreased to 43
mg/1 within 12 hours. During these first 12 hours there was a signifi-
cant leakage of Sorbito]; the highest concentration recorded was 70
mg/1. The highest carbohydrate leakage was 48 mg/1. During the next
cycle, leakage of soluble substrate from the reactor was decreased
considerably. Also, there was no leakage of sorbitol this time. How-
ever, there was leakage of carbohydrate to the extent of 22 mg/1. But
by day 14, soluble substrate exiting the reéctor consisted of neither
sorbitol nor carbohydrate. The COD leakage from the reactor atten-
uated considerably by day 15, but the pulsation in reactor COD is seen
to exist even on day 15 not a decided peak such as existed earlier.

The biomass concentration increased and decreased as the load was
pulsed. Corresponding to the fluctuations in the'reactor character-
istics, there were fluctuations in the clarifier effluent character-
istics. As the cycle was repeated, the leakage became attenuated. By
day 16 (five days after administering thé shock) the system almost

came to a steady state condition. During day 42 (see Figure 19), fre-
quent sampling was again made to check whether there was any cyclic
leakage of substrate. MNo appreciable leakage was obéerved. The system
had apparently come to a rather steady condition with respect to sub-
strate. The steady state variation in the effluent filtration COD was
as follows: the average peak and trough values in Se were 37 and 21
mg/1. The post-shock steady étate values spanned days 39 to 56. During
this period, two samples were taken each 24 hours, and at the end of the
high feed period (6 P.M.) and one at the end of the low feed period

(6 AM.), average effluent solids concentrations were 23 and 26 mg/1.
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.The average biomass concentration for high feed was 3160 mg/1, and for
low feed was 2250 mg/1. The excess sludge production was 2531 for high
feed, and 1331 for 1ow‘feed} The statistical analysis for the combined
data corresponding to high feed one and low feed one combined is also
shown in Table V (see discussion). The combined averages of ST, Se’

and Xe of the effluent were 43.1, 28.5, and 28.6 mg/1, respectively.

The average excess sludge production was 1917 mg/day.

The biological constants for the system were determined on samples
taken at 6 A.M. and 6 P.M. There was no appreciable difference in the
biological constants between the two samples; the 6 A.M. sample gave
1

Mmax® Ks’ and YtB values of 0.54 hr

the 6 P.M. sample they were 0.56 hr'], 198 mg/1, and 0.54.

, 185 mg/1, and 0.58, while for

Cyclic 500 mg/1/3000 mg/1 Sorbitol-

500 mg/1 Sorbitol, X, = 10,000 mg/1

N

After operating in steady state under cyclic loading, the system
was subjected to a shock by changing from cyclic to constant Si of 500
mg/1 sorbitol. As shown in Figure 20, there was not much disturbance
in effluent quality, and this was due to higher suspended solids
rather than to increase in filtrate COD. However, by day 14 there was
a secondary response in Which the effluent filtrate COD increased. The
filtrate COD rose and ranged between 88 mg/1 to 96 mg/1, then came down
to 30 by day 31. By day 31, the effluent solids decreased to 24 mg/1.
There was a change in species predominance indicated by a change in
color of the biomass to somewhat whitish between day 22 to day 30. By
day 31, the color changed to golden brown. The average steady state

effluent total COD was 28 mg/1, filtrate COD was 20 mg/1, and suspended



P

solids concentration was 15 mg/1. The average biomass concentration
was 2234 mg/1; the excess sludge production was 1294 mg/1. The recycle

sludge concentration was 10,189 mg/1; the filtrate 8005 was 2.4 mg/1.

1

The biological constants, Mmax® K , and Yt were 0.34 hr~

s » 174 mg/1,
B

and 0.49,
Combined Hydraulic and Quantitative Shock Loads

Four-fold Step Increase: 500 mg/1 Glucose,
1

D=0.12 hr ', X, = 10,000 mg/1-1000 mg/1

Glucose, D = 0.24 hr™]

s Xp = 10,000 mg/1

A\

After 13 days of steady state operation (from day 0 to day 12) at
Si = 500 mg/1 glucose and XR = 10,000 mg/1, an activated sludge system
was subjected to a two-fold step increase in Si as well as a two-fold
increase in flow rate--thus the mass loading increased four-fold. In
Figure 21 the time scale has been expanded from day 13 to day 15 to
give a better idea about the transient behavior.

The biomass concentration in aerator 1 increased immediately in
response to the shock, and reached a vq]ue of 2906 mg/1 in the first 10
hours after the shock was applied. It stayed about the same for the
next six hours and started to decrease and eventually reached an aver-
age value of 2549 mg/1. Inverted triang]es connected by a dotted line
represent the predicted biomass concentration in the reactor in response
to the shock as proposed by Chen (59). It can be seen that the tran-
sient mathematical model did not predict the initial rise in solids very
well. In regard to reactor characteristics, it can be seen that the

filtrate COD exiting the reactor increased to 116 mg/1 within eight



Figure 21. Operational Characteristics for an Activated Sludge
Process With Constant X, of 10,000 mg/1 and an S;
of 500 mg/1 G]ucose-Subgected to a Hydraulic and
Quantitative Shock Loading by a Change in D and
Si From 0.12 to 0.24 hr~! and From 500 mg/]

Giucose to 1000 mg/ Glucose, Respectively



INDICATED ANALYSIS, MG/L

5000 EXCESS SLUDGE PRODUCTION xw R REEEENE R
: i : 7 : ! 7 : —— T =
7000 H - T H T " T H { e ; : i i
1000 1 et ' ‘
NSO EFFLUENT CHARACTERISTICS | [, TOTAL COD TBIBLOGICAL SOLIDS
i 1 t i :
50 - !
o : { i H 1
\-FILTRATE BODs
200REACTOR CHARACTERISTICS - SOLUBLE SUBSTRATE
150+ FEED GLUCOSE; FEED sLucose 1000mg/2, D=0 24hr-! ‘ 1
100l 1500 mg/g, |_po | 4—tol | o (COD OBSERVED |
1 D=0 12 hrl] 'J | B S R T4 \;/j T~ 1 ; ;
5 —t 4 et s} - e
g ST [ COD PREDICTED BY TRANSIENT MODEL | | | | | °i°
3000— T T —T —T
2800 BIOMASS | | |1 o]t | | LOBSERVED | N
! HEINAREA IR I 1 L
260 i } A ‘ T . T~ L R /\Wm
240 ‘ 1 S i i g ey === == = =3
220 ’ T "f@“ —PREDICTED  BY TRANSIENT MODEL
—~0OCT. 4, 1977 |
zm i | s L 1 i
::(O)g BIOIMAISS COMPOSITION kl:’ROjIE N - i ‘I IL‘
500l 4 | | | jeee® et 44 o | (| CARBOHYDRATE el e
0 4 8 13 14 15 16 20 24 28
TIME, DAYS

98



86

hours after the shock and stayed almost at thét point until day 18.
A11 clarifier effluent parameters increased and fluctuated during the
period in which reactor filtrate was high. Filtrate COD leakage from
the reactor ranged between 45vmg/1 to 106 mg/1 during transient,
whereas the clarifier effluent filtrate COD ranged between 48 mg/1 and
118 mg/1. The total effluént COD, Sy, ranged between 54 mg/1 and 118
mg/1. There was not that much of an increase in the effluent solids
during the transient state; they ranged between 20 mg/1 and 42 mg/1.
The post-shock steady state values were averaged from 18 to 29 days,
and are shown in Table II. The averagé effluent parameters, Sts Se’
and Xe during the steady state were 48 mg/1, 38 mg/1, and 20 mg/1. The
effluent filtrate BOD5 was 5.4 mg/1.

The protein and carbohydrate contents were 54 and 22.5 percent,
respectively. The excess sludge production was on the average 7606 mg/

day. The recycle sludge concentration was maintained at 10,211 mg/1.

Four-fold Step Decrease: 100 mg/1 Glucose,
1

D=20.24 hr ', X, = 10,000 mg/1+-500 mg/1

1

Glucose, D = 0.12 hr ', X, = 8000 mg/1

LAY

After running the system in the new steady state for 12 days (from
0 to 11 days, the influent, Si’ was lowered to 500 mg/1 and the flow
rate was reduced by half in order to prepare the pilot plant for a next
quantitative and hydraulic shock. The recycle sludge concentration, XR,
was also lowered simultaneously from>10,000 mg/1 to 8000 mg/1. From
Figure 22 and from the steady state parameters shown in Table II it is
seen that there was not much of a disturbance in performance due to this

change. The biomass concentration in the reactor dropped from 2520 mg/1



Figure 22, Operational Characteristics for an Activated Sludge
Process With Constant Xp of 10,000 mg/1 and an S;
of 1000 mg/1 Glucose Sugjected to a Hydraulic an&
Quantitative Shock Loading by a Change in D and
S; From 0.24 to 0.120 hr=! and From 1000 mg/1
Giucose to 500 mg/1 Glucose, Respectively, With
Simultaneous Change in XR to 8000 mg/1
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to 1680 mg/1 during the transient in response to 1oweking of mass load-
ing and recycle concentration. The average effluent parameters, ST’ Se’
and Xe’ during steady state were 22 mg/1, 15 mg/1, and 12 mg/1 (aver-
aged from day 17 to day 29). Average biomass concentration during
steady state wés 1793 mg/1, and the percent protein and carbohydrate
compositions were 54.3 and 22.9, respectively. The exces$ sludge pro-
duction averaged 1148 mg/day, and the recycle sludge concentration was

maintained at an average value of 8134 mg/1.

Six-fold Step Increase: 500 mg/1 Glucose,
1

D = 0.12 hr™!, X, = 8000 mg/1-1500 mg/]

1

Glucose, D = 0.24 hr ', X, = 8000 mg/1

BLAY

After operating the system in steady state for 13 days (from day
0 to day 12) with Si = 500 mg/1 and D = 0.12 hr'], it was subjected to
a quantitative and hydraulic shock'loading by increasing the Si to 1500

mg/1 and D = 0.24 e,

The behavior of the system is shown in Figure
23, and steady state parameters are shown in Table II. By looking at
the events in the reactor, it is seen that there is greater leakage of
soluble COD from the reactor compared to the previous quantitative and
hydraulic shock load (Figure 22). There was an increase in COD from
20 mg/1 to 48 mg/1 in the first four hours followed by a decrease to
36 mg/1 in the next two hours. This was again followed by another
increase to 76 mg/1 by a drop to 52 mg/1 and another steep increase to
152 mg/1 by the 28th hour after the shock. From these results it is
evident that the system was undergoing a considerable disturbance due

to the shock. However, there was not that much fluctuation in solids

in the reactor. The biomass concentration rose from 1838 mg/1 to 2346



Figure 23. Operational Characteristics for an Activated Sludge
Process With Constant Xp of 8000 mg/1 and an Sj
of 500 mg/1 Glucose Subjected to a Hydraulic and
Quantitative Shock Loadin? by a Change in D and
S; From 0.120 to 0.24 hr-1 and From 500 mg/1
Giucose to 1500 mg/1 Glucose
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mg/1 1in the first 18 hours, and during.steady state it averaged 2344
mg/1. The inverted triangles connected by dashed 1lines represent the
predicted value of biomass and filtrate COD in the reactor according to
thé transfeht calculations of Chen. The\predictidn of biomass increase
seems to be-re1ative1y better than in the previou$ case; however, there
is a wide deviation between the observed and predicted filtrate in the
reactor.

The variations in the reactor filtrate COD were reflected in the
quality of the effluent exiting the settling tank (see Figure 23). A1l
of the effluent parameters,'ST, Se’ and Xe’ fluctuated greatly. The ST
value ranged between 36 mg/1 to 136 mg/1, Se between 24 mg/1 and 146
mg/l,vand Xe between 16 to 56 mg/1. The system came to a steady state
by day 20. The steady state average values from day 18 to day 31 for

Sps Sg» and X, were 55 mg/1, 44 mg/1, and 19 mg/1. The steady state

T “e

biomass concentration averaged 2344 mg/1; protein and carbohydrate were
50.8 percent and 22.1 percent. During the transient, the rise in car-
bohydrate slightly outpaced the rise in protein and then decreased as
protein concentration increased, indicating somé evidence of oxidative
assimilation. The excess sludge production averaged 1515 mg/1. The
recycle sludge concentration was maintained‘at an average value of 8246
mg/1. During the latter part of the transient, microscopic observation
indicated that filaments were increasing, and during the -ensuing state,
filaments greatly predominated. Protozoa were increasing; they were of
a rather large size and very motile.

The biological constants, u_.., K_, and Yt , during steady state

max’ s
1 B

were 0.57 hr ', 139 mg/1, and 0.55.



93

Qualitative and Quantitative Shock Loadingv

Three-fold Step Increase: '500 mg/1 Sorbitol,

= 5000 mg/1-500 mg/1 Glucose Plus 1000

Xo
mg/1 Sorbitol, X, = 5000 mg/1

LAY

A system was operated in steady state for 12 days (from day 0 to
day 25, Figure 24) at Si = 500 mg/1 sorbitol with XR = 5000 mg/1. On
day 12, the system was subjected to a qualitative and quantitative
shock loading by changing the influent substrate from 500 mg/1 sorbi-
tol to 500 mg/1 glucose and 1000 mg/1 sorbitol, as shown in Figure 24.
The time scale wasexpanded during transient from day 12 to day 15.

The pre-shock state effluent parameters, ST, Se, and Xe were averaged
fkom day O to day 11 at 37 mg/1, 27 mg/1, and 7 mg/1, respect{ve1y.

The effluent filtrate 8005 was 5.5 mg/1; the influent COD averaged 606
mg/1. The biohass concentration averaged 1250 mg/1, and the percent
protein and carbohydrate compositions were 57.2 and 20.6, respectively.
The excess sludge production was 1853 mg/day, and the recycle sludge
concentration averaged 4861 mg/1.

After the shock was administered, there was a lag in the response
of the biomass for five hours, and there was a drop in biomass concen-
tration to 1164 mg/1 from 1255 mg/1 by the third hour. Five hours after
the shock, the biomass responded and rose to 1550 mg/1 by the 18th
hour; however, the biomass concentration fluctuated until day 21. From
day 21 it became nearly steady. In the reactor there was considerable
leakage of soluble COD during the first 24 hours, and a maximum of 325
mg/1 was observed_nine hours after the shock. During this period, there

was considerable leakage of both sorbitol and carbohydrate. The peak



Figure 24. Operational Characteristics for an Activated Sludge
Process With Constant Xgp of 5000 mg/1 and an Sj
500 mg/1 Sorbitol Subjected to a Quantitative and
Qualitative Shock Loading by Changing the S; to
500 mg/1 Glucose + 1000 mg/1 Sorbitol
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sorbitol leakage of 82 mg/1 was observed at the thirteenth hour, and
maximum carbohydrate leakage of 38 mg/1 was observed at the nihth hour.

The transient response exhibited by the clarifier effluent was not
as severe as that observed in the reactor. The attenuation of the leak-
age in the settling tank was due partly to the oversized clarifier and
due partly to the éontinuation of metabolism in the clarifier. Nine
hours after the shock, the effluent parameters, ST’ Se’ and Xe’ increas-
ed. During the transient, ST varied between 96 mg/1 and 38 mg/1; Se
varied between 44 and 20 mg/]; Xe varied between 60 mg/1 and 6 mg/1.

A secondary response coincided with a change in predominating species.
‘A filtrate COD, which'Stayed at 32 mg/1 for seven days after the shock,
began increasing to 69 mg/1 on day nine, and total effluent COD
increased correspondingly. The excess sludge production which was 1853
mg/day before the shock, increased to an average steady state value of
5577 mg/day. The system was adjudged ﬁo have come to a steady state
approximately nine days after the shock.

The average biomass concentration during‘post—shock steady state
was 1816 mg/1 at an average from 46 days of steady state operation.
Protein and carbohydrate compositions were 57.8 and 20.6, respectively.
The effluent parameters, ST’.Se’ and Xe averaged 7 mg/1, 56 mg/1, and
21 mg/1. The effluent filtrate BOD5 was 7.8 mg/1. The recycle sludge
concentration was maintained at an average value of 5089 mg/1.

1

The biological constants, u___, K » 169

max®> Kg» and Y, , were 0.52 hr

B
mg/1, gnd 0.59.
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Three-fold Step Increase: 500 mg/1 Sorbitol,

X, = 10,000 mg/1-1500 Glucose, XR—i
10,000 mg/1

A system was operated under steady state for 17 days (from day O
to day 16) with an average Si of 526 mg/1 COD sorbitol (Figure 25).
The steady state effluent parameters, ST’ Se’ and Xe’ before shock
averaged 26 mg/1, 18 mg/1, and 22 mg/1, respectively. The filtrate
8005 of the effluent was 3 mg/1. The biomass concentration in aerator
1 averaged 2274 mg/1. The protein and carbohydrate contents were 53.2
and 23.2 percent, respectively. The excess sludge production averaged
1461 mg/day, and the recycle sludge concentration was maintained at
10,238 mg/1.

The system was subjected to a shock by changing the influent, Si,
from 500 mg/]ksorbitol to 1500 mg/1 glucose, as shown in Figure 25.
Even though glucose might be considered a more readily available sub-
strate than sorbitol, the three-fold increase in Si from 500 mg/1 glu-
at X

cose to 1500 mg/1 at X = 8000 reported by Saleh and Gaudy (37)

R R
gave much less soluble substrate leakage than that reported here. Thus
this three-fold quantitative-qualitative shock led to a more deleter-

jous leakage of substrate. There was considerable leakage of soluble

COD from the reactor. The soluble COD increased from 18 mg/1 to a peak
value of 115 mg/1 within ten hours after administering the shock, then
there was a gradual reduction to a value of 26 mg/1 64 hours after the
shock. The biomass also showed a rapid response and increased to 2732

mg/1 within 20 hours. After day 21, there was a reduction in the bio-

mass concentration in aerator 1, and during post-shock steady state, X



Figure 25. Operational Characteristics for an Activated Sludge
Process With Constant Xp of 10,000 mg/1 and an Si
of 500 mg/1 Sorbitol Sugjected to a Quantitative
and Qualitative Shock Loading by Changing the
Si to 1500 mg/1 Glucose
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averaged 2530 mg/1. The protein and qarbohydrate rose together, and
in the new steady state they averaged 52.8 percent and 24.4 percent,
respectively.

The fluctuations in the soluble COD effluent quality were similar
to those in the reactor clarifier, but they were less severe; i.e.,
the clarifier helped to attenuate the leakage. During the transient,
effluent ST ranged from 30 mg/1 to 77 mg/1, and Se ranged from 22 mg/1
to 68 mg/1; Xe varied from 18 mg/1 to 40 mg/1. The system came to a
steady state by day 24. The biomass composition in aerator 1 aver-
aged 2530 mg/1; the protein and carbohydrate contents were 52.8 mg/1
and 24.4 mg/1. respectively. The range of effluent parameters, ST’ Se’
and Xe’ were 30-44 mg/1, 24-32 mg/1, and 14-28 mg/1. The steady state
period'spanned day 24 to day 49. The average steady state effluent
parameters, ST, Se’ and Xe’ were 37 mg/1, 28 mg/1, and 21 mg/1; the
average effluent filtrate BOD5 was 4.1 mg/1. The excess sludge pro-
duction average to 3262 mg/day and the recycle sludge concentration
was maintained on average at 10,348 mg/1. During post-shock steady

» and Y, , were 0.46 hr'],

state, the biological constants, i s ‘
B

ax’ K

279 mg/1, and 0.61.

Six-fold Decrease: S_i = 3000 mg/1 Sorbitol, XR

= 15,000 mg/1-500 mg/1 Glucose, X, = 10,000 mg/1

LA)

A system was operated under steady sfate for 14 days with an aver-
age influent substrate concentration of 3080 mg/1 sorbitol (Figure 26).
The recycle sludge concentration was maintained at 15,025 mg/1; the
steady state parameters were averaged from day O to day 14. The excess

sludge production averaged 8753 mg/day. The effluent parameters, ST’
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Se’ and Xe’ averaged;64 mg/1, 46 mg/1, and 34 mg/1. The effluent fil-
trate BOD5 Was 8.5 mg/1; the biomass concentration averaged 4338 mg/1.
The protein and carbohydrate contents were 58.9 and 22.1 percent,
respectiveTy. The reactor filtrate COD was almost the same as the fil-
trate COD df the effluent during steady state; The system was subjected
to a shock on day 14 by changing influent substrate concentration from
3000 mg/1 to 500 mg/1, and changing the substrate from sorbitol to glu-
cose simultaneously. The recycle s]udge cohcentration was reduced from
15,000 mg/1 to 10,000 mg/1. There were no adverse effects, as can be
seen in Figure 26. The effluent quality was improved in the post-
steady state. Due to the reduction in substrate concentration and due
partly to the reduction in recycle sludge concentration, the biomass
‘concentration in aerator 1 decreased from 4364 mg/1 to 2432 mg/1 within
14 hours after the shock. The protein and carbohydrate concentrations
were correspondingly reduced. The reactor filtrate COD decreased from
40 mg/1 to 12 mg/1 within six hours after the shock, and thefeafter
ranged from 12 mg/1 to 24 mg/1. The post-shock steady state values

were averaged from day 19 to day 31. The steady state effluent para-
meters, ST, Se’ and Xe’ averaged 30 mg/1, 17 mg/1, and 13 mg/1, res-
pectively. The 8005 effluent filtrate was 2.0 mg/1; the biomass concen-
tration in aerator 1 averaged 2288 mg/1. Protein and carbohydrate con-
tents of the biomass were 52.6 and 22.5 percent. The excess sludge pro-
duction averaged 1855 mg/day, and the recycle sludge concentration
averaged 10,120 mg/1. The biological constants, u___, Ks’ and Yt .

max
'I B

during post-shock steady state were 0.39 hr ', 257 mg/1, and 0.49,



Figure 26. Operational Characteristics for an Activated Sludge
Process With a Constant Xg of 15,000 mg/1 and an
S; of 3000 mg/1 Sorbitol SubJected to a Quanti-
tat1ve and Qualitative Shock Loading by Changing
the S5 to 500 mg/1 Glucose With S1mu1taneous
Change in XR to 10,000 mg/1
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CHAPTER 1V
DISCUSSION
Shock Loads

The purpose of this research was mainly to study the effect of
various shock Toads (quantitativé, qualitative, and hydraulic shock in
‘combination, as well as individually) on an activated sludge process
operated with constant concentration of recycle sludge as a control
parameter. In addition, a secondary aim was to explore the effects of
recycle sludge concentration on the ability of the system to take cer-
tain kinds of shock.

One type of shock studied was qualitative shock. These shocks
consisted of a switchover from glucose to sorbitol, or from soribtol to
glucose, or to a combination of glucose and sorbitol. The qualitative
shock load experiments were conducted with only one recycle sludge con-
centration, 5000 mg/1. This type of shock was applied to find the
amount of leakage caused by changes in chehica] composition of the car-
bon source.

Another type of shock studied was the quantitative shock consist-
ing of a step increase in influent substrate concentration. The same
degree of quantitative shock was applied with two different recycle
sludge concentrations to determine whether higher concentration of

return sludge helped to attenuate any i1l effects of such shock.

104
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A third mode of shock load investigated was cyclic shock as com-
pared to a single step change. The purpose of this type of study was
to determine whether repetition of a shock in a cyclic manner would
cause a new steady state in effluent quality or a permanent cycling
in effluent quality.

A fourth type of shock studied was a combined qualitative and
quantitative shock load. An experimental matrix of shock was not
planned for this type, but one came about as a consequence of running

the previously described shock loading experiments.

Qualitative Shock Loading

Results of the qualitative shock loads are shown in Figures 4
through 8. Even a change from 500 mg/1 glucose to 500 mg/1 sorbitol
gave a considerable although short-term leakage of substrate from the
reactor (Figure 4). In this case the biomass had not been exposed to
the sorbitol earlier, and it is apparent that it needed some time for
acclimation. However, the leakage shown in the reactor did not pass
through to the clarifier effluent. This was due partially to the over-
sized clarifier which had a detention time of 17 hours, depending upon
the dilution rate employed. The clarifier not only acted as a surge
tank, but it also permitted continuation of metabolism of substrate
carried over from the reactor. The effect of an oversized clarifier is
discussed in detail Tater. It is also interesting to note that the COD
leakage from the reactor did not contain the original substrate. This
indicates that the biomass was capable of dissimilating the sorbitol
but cou]d not convert the carbon source to final end products. The

observations made here during step change change from 500 mg/1 glucose
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to 500 mg/i sorbitol were made repeatedly in the subsequent experiments.
It was expected that equal concentrations of glucose or sorbitol

would hot necessarily yield the same residual COD. In the case of sor-

bitol, the effluent filtrate COD was 6 mg/1 whereas for g]ucose it was

21}mg/1 during the steady state. However, 1h subsequent experiments

for the same influent substrate concentration of 500 mg/1 sorbitol,

the effluent COD was never agdain c]osé to 6 mg/1; rather, it was approx-

imately 20 mg/1. The biological constants were not the same before and

after the shock. The biokinetic constants v___, KS, and Yr during pre-

max
1 B
s 239 mg/1

shock steady .state at Si = 500 mg/1 glucose weke 0.53 hr
and 0.56, whereas during the post-steady state at Si = 500 mg/1 sorbi-
tol, the biological constants were 0.42, 189, énd 0.61,‘respective1y
(see Table III). Compared to this shoék, a change 1in subétrate concen-
tration from 500 mg/1 glucose plus 1000 mg/1 sorbitol to 1000 mg/1
glucose plus 500 mg/1 sorbitol led to leakage of more soluble COD from
reactor 1. During the earlier period, sorbitol and glucose leakage was
observed. Also, as shown in Figure 6, during the shock consisting of
1000 mg/1 glucose plus 500 mg/1 sorbitol, growth was partially cur-
tailed during the early phases of substrate leakage, as evidenced by
the decrease in biomass concentration in aerator 1. This seems to have
been due to the presence of the higher concentration of glucose in the
feed. Experiments conducted by Gaudy and Komolrit also revealed that
glucose blocks the metabolism of sorbitol (20). However, it was also
observed by Gaudy and Komolrit that for heterogeneous populations after
acclimation to sorbitol and glucose, metabolism of both substrates was
carried out simultaneously for more slowly growing, i.e., higher cell

age, cells (21). When the system was subjected to a shock from 1000
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mg/1 glucose plus 500 mg/l sorbitol to 1500 mg/1 glucose alone, there
was no significant leakage (Figure 7). It seems that for the same
organic loading a changeover to glucose from sorbito] p1us glucose is
easily accommodated without leakage of‘carbon source. Such a result
is reasonable in view of the ready metabolic availability of glucose.
When one examines like organic loadings of 1500 mg/1, it is found
that for the steady state condition the excess sludge production for
500 mg/1 glucose plus 1000 mg/1 sorbitol, feed was 5577 mg/day; for
1000 mg/1 glucose plus 500 mg/1 sorbitol, it was 4339 mg/day, and when
the feed was comprised of only 1500 mg/1 glucose, the excess sludge
productioh was 3795 mg/day. Correspondingly, the biological solids
concentration in the reactor was higher in the first instance and Tower
in the latter case. The main reason seems to have been due to selection
of predominating species caused by the different substrates. The cor-
responding net specific growth rates, oo weré 1.6, 1.4, and 1.3 day'],
and corresponding observed yields, YO’ were 0.58, 0.51, and 0.46,
respective1y. Thus, a change in predominance was apparently reflected
in changes in growth rate causing changes in X and My for the same
organic loadings. Further, as discussed later, the decay coefficient,

1, and for sorbitol it was 0.1 day'l. This

Ky» for glucose was 0.18 day”
could also have been responsib]é for reduction in excess sludge pro-
duction and biomass concentration in aerator 1 when the organic loading
was comprised only of glucose, since specific growth rates in both cases
were rather lTow. While running the batch growth studies with combined
substrate, glucose:sorbitol 1:2 and 2:1, there was some slight indica-
tion of diauxic growth even though it was not very marked. The YtB
values were 0.53 and 0.54, respectively, for the combined substrates.



108

Thus, there was not much variation in yield from that which had béen
observed in the past for either glucose or sorbitol (60). The leakage
from the reactor did not show up in the effluent from the clarifier;
thus there is further indication that the oversized clarifier atten-
uated the effects of the shock and permitted reaction time for metab-
olism for substrate and for 1ntermediates. This was also evident in
subsequent shock loads in this research as well as in the previous

experiments of Saleh and Gaudy (37).

Quantitative Shock Loading

Results for quantitati?e shock loads are shown in Figures 9
through 16. Figures 9 and 14 are of particular interest. Figure 9
showed the response of the system to a six-fold quantitative shock
accomplished by changing the substrate concentration from 500 mg/1 sor-
bitol to 3000 mg/1 sorbitol with a recycled sludge concentration of
5000 mg/1. The peak leakage in the reactor, 442 mg/1 COD, occurred at
the sixth hour after application of the shock, and for about six hours
it varied between 214 mg/1 and 442 mg/1, whereas for the same six-fold
shock with a return sludge concentration of 10,000 mg/1, the peak leak-
age from aerator 1 was 205 mg/1 COD. The péak occurred eleven hours
- after application of the shock. The leakage ranged between 124 and 205
mg/1 for seven hours during the peak period. This resilt clearly shows
an attenuation effect of increased recycle sludge concentration. Fur-
thermore, during the first six hours after application of the shock,
the Teakage was very small, varying between 12 and 56 mg/1. It is not
clear why this delay in substrate leakage occurred. In both cases the

CODP leakage in the effluent was much Tower than the COD entering the
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settling tank. Again, it is clear that the oversized clarifier assisted
in attenuating substrate leakage from the overall system. As shown in
Figure 9, there were large amounts of sorbitol and carbohydrate Teakage
from aerator 1. The maximum leakage of sorbitol was 52 mg/1 and the
maximum leakage of carbohydrate was 74 mg/1. Compared to this, the
leakage at XR = 10,000 mg/1 was lower. The sorbitol Teakage was 42
mg/1, whereas carbohydrate was 68 mg/1. In both cases the disruption

in effluent quality was rather severe. This was due partly to an
increase in effluent filtrate COD and due partly to an increase in the
suspended solids concentration in the effluent. Microscopic observa-
tions indicated that the increase in solids concentration correlated
with the disappearance of protozoa during the transient phase. Previous
investigations conducted by Saleh and Gaudy for a six-fold step increase
using glUcose as substrate with XR =}8000 mg/1 showed a similar response
(37). The effluent COD in the post-shock steady state was much higher
than in the pre-shock condition, as shown in Table II. This is due
partly to the increased residual COD at higher influent substrate con-
centration which is generally noted when using COD as a measure of S.
Also, the specific growth rate was higher due to increased Si' These
aspects will be discussed more fully in a subsection dealing with the
steady state operation.

Concerning the biomass, in both shocks the biomass showed a rapid
response. The increase in biological solids concentration was in direct
response to the increase in substrate concentration. It is interesting
to note that the protein and carbohydrate contents showed more or less
the same rate of increase; that is to say there was no evidence of oxi-

dative assimilation of carbon source into carbohydrate storage products.
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Krishnan and Gaudy (61) in investigations employing both once-through
and cell recycle systems noted the same trend; however, some experi-
ments conducted by Saleh and Gaudy have shown that carbohydrate content
of the biomass increased more rapidly than protein in fhe early stages
of the response (37). Thus, there wo&]d not appear to be any particular
operational mode or range of specific growth rates which éan act as a
guide as to whether the oxidative assimilation response will occur as
the first response to an increase in Si'

At a later stage of the transient response there was a drop in
carbohydrate content and an increase in protein content, indicating
that oxidative assimilation was playing a major role in substrate
removal during the transient period. It is not known if the relative
values of the Monod constants could exert an effect on the occurrence
of an early oxidative assimilation response. In the experiments

carried out by Saleh and Gaudy (37), the u
1

max and Ks values determined

in batch growth studies were 0.61 hr~
1

and 87 mg/1; in the present

study, u .. was 0.47 hr™

X and KS was 279 mg/1. It might be argued that

a biomass with Tow KS value has a higher affinity for substrate. Con-
verting the substrate to storage products may be relatively easier for
organisms with Tow Ks compared to those with the higher Ks’ Thus, a

higher u and lower KS might have enabled faster uptake of substrate,

max
leading to oxidative assimilation. The basic assumption here is that
cells which can grow the most rapidly may do so by dint of the fact that
they can capture substrate and retain it as stored carbon more rapidly
than they can channel it into protein and nucleic acid synthesis.

In order to prepare the system for the shocks discussed above, it

was subjected to the step-down quantitative shocks which were shown in
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Figures 10 and 11; Si was decreased from 3000 mg/1 to 500 mg/1 at XR =
5000 mg/1, and in Figure 15 a similar step-down was made for a system
operating with XR'= 10,000 mg/1. As expected, these step-downs‘did not
cause any appreciable disturbance to the system.

Figure 12 showed results when X, was stepped upward from 5000 mg/1

R
to 10,000 mg/1 with Si remaining at 500 mg/1. There was no appreciable
change in the system performance during the transient period except for
a small short-lived leakage of soluble COD from aerator‘1. Y. K; Chen,
a colleague in the OSU bioenvironmental engineering laboratories, inte-
grated the steady state model equations for the transient state response

in Se and X (59). Writing a mass balance around the reactor, the fol-

lowing expressions were obtained:

dx  _
TV FXgt XV -k XV - (14 a)FX (2)
SV =Fs, - EV - (1 +a)Fs (3)

Using Monod's equation for y and integrating the above equations,
the following expressions for transient conditions were obtained by

Chen:

aDX
Xpy = R +
(t) D(_T + O‘) -t kd

exp | w-ky-D(1+a)|t
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Se(t)
Pl
(5)
where
X(o) = biological solids concentration at steady state
S(o) = effluent substrate concentration in steady state prior
to the step change
Si = transient influent substrate concentration
Se(t) = effluent substrate concentration at time t

In the derivation of the above equations, the following assumptions
were made:

1) Cell yield is constant

2) u varies instantaneously with change in S

3) kd’ Hmax® KS, D, a, and XR are all constant throughout the

transient

When the transient equations were used to predict the transient
substrate leakage and biomass response of systems subjected to quanti-
tative shock loads and combined quantitative and hydraulic shock loads,
the predicted values did not come very close to the observed values.
Part of the reason could have been due to the changes in predominance
of species, changes in biological constants, etc., as well as production
of metabolic intermediates, all of which are not taken into account in
the models because of practical as well as theoretical difficulties in

determining and incorporating functions for the above mentioned factors
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into a model.

Cyclic Shock Loads

The purpose of this study was to find whether the substrate leak-
age oscillates continuously in response to a changing Si or if, in time,
the oscillation becomes attenuated if the cycle is maintained. As with
the other shock loadings, the interest was in examining the stability
of the model. When the cyclic shock, consisting of a six-fold quanti-
tative increase, was applied to the system (Figures 17, 18, and 19),
the initial leakage from aerator 1 with respect to sorbitol COD, carbo-
hydrate, and soluble COD, resembled the six-fold step increase with
sorbitol at XR = 10,000 mg/1, shown in Figure 14. As the cycle was
repeated for a prolonged period, the peak soluble COD in the reactor
was lowered considerably. In point of fact, while the system continued
to oscillate slightly with respect to soluble COD, it appearéd to
approach a pseudo-steady state. Calculation of the average of all of
the small peaks after day 45 shows that the average soluble COD was as
low as that obtained at a steady ]oading of 3000 mg/1 Si' Analyses of
values for the troughs in the cycle show that the soluble COD was as
low as the steady loading at 500 mg/1 Si' Thus, oscillation of the
load did not lead to excessive oscillation in the effluent. The
response observed here was similar to that observed by Saleh and Gaudy
for a six-fold quantitative cyclic shock with glucose (37). These
results also show that an activated sludge system operated with con-
stant sludge recycle can withstand a severe six-fold quantitative cyclic
shock.

After the fourth cycle, original substrate did not leak from the
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reactor at all, and soluble COD consisted of metabolic intermediates
and/or end products. In time, the clarifier effluent also exhibited
steadiness with respect to total COD, soluble COD,»and solids in the

clarifier effluent under the severe increase and decrease in Si'

Combined Quantitétive and Hydraulic Shock Loads

This type of shock was applied to determine the stability of the
system under a combined shock as well as to find the predictability of
the steady state parameters using fhe model equations. Herein an
attempt is also made to compare the observed transient COD and biomass
in aerator 1 with that predicted by the transient state equation sug-
gested by Chen (59). |

Figure 21 showed the response of the system when subjected to a
two-fold quantitative and two-fold hydraulic shock with XR = 10,000
mg/1. From the point of view of mass organic loading, it is equiva-
lent to a four-fold hydraulic loading or a four-fold quantitative
shock loading. |

In the case of a pure]y’hydraulic shock loading it was noted by
Saleh that an initial washout of biological solids is followed by an
increase in the biomass concentration (39). Hydraulic shock did not
result 1n’much difference between pre-shock and post-shock steady
state biomass concentration at the relatiVe]y'1ow rates employed. In
the present study it would appear from the results shown in Figures
21 and 23 that the combination of increased Si and increase in D
seemed to cancel out the drop in biological solids concentration
observed in Saleh's experiment (39). This could have been due to the

fact that Si tends to increase the biomass concentration and the
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1 tended to lower the concentration

increase in D from 0.12 to 0.24 hr~
initially. The combined quantitattve and hydraulic shock load gave a
slightly more adverse effect with respect to both the reactor and the
clarifier effluent quality than a hydraulic shock of equivalent mass
organic 1oading'conducted by Sa]eh'(39).

In Figure 23 the response of a system subjécted to a combined

quantitative (three-fold) and hydfau]ic (two-fold) shock at X, = 8000

R
mg/1 was shown. This shock is equivalent in mass loading to a six-fold
quantitative shock. For the combined shock load, the peak leakage in
the reactor reached 152 mg/1 COD and in the effluent 146 mg/1 COD was
registered, whereas for a straight six-fold quantitative shock it has
been keported by Saleh that the peak 1eakage of substrate in the efflu-
ent was 106 mg/1 COD. However, when the same shock load was repeated
by Saleh (39), there was a peak 1eakagé of 512 mg/1 COD from the
reactor and 292 mg/1 in the clarifier effluent. Thus, from the scant
amount of data which are currently available on this type of combined
step increase, it seems that a combined quantitative and hydraulic
shock can be expected to be as deleterious as an equivalent (mass
feed rate) quantitative shock.

During the current study, the combined quantitative (two-fold)
and hydraulic (two-fold) shock caused a peak substrate leakage from
the reactor of 124 mg/1 COD and in the clarifier_eff]uent, 118 mg/1
soluble COD. Two equivalent hydraulic shock loading experiments
consisting of a four-fold increase reported by Saleh (39) gave a peak
substrate leakage of 114 mg/1 in the reactor and 40 mg/1 in the efflu-
ent in one experiment and 34 mg/1 in the effluent in another experiment.

The transient equation developed by Chen (59) did not give a
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satisfactory prediction of the response. There were rather large dif-
ferences between the COD observed and the COD predicted. It would
seem that the prediction equations need to undergo much improvement
and inclusion of factors accounting for production of metabolic end
products, etc. Such improvements in modeling and predicting transient
response will in all Tikelihood not be developed in the near future.
The difficulties of modeling responses are many, and the importance
of obtaining a bank of experimental results on various magnitudes of
shock response is emphasized since these may be used to help deter-
mine, empirically, the magnitude of shock from which treatment plants
must be protected.

The protein and carbohydrate content increased simultaneously in
response to the shock in both the combined shock experiments, 1ﬁdi-
cating that the response was a balanced one not involving the rapid
formation of metabolic storage products. Thus, future modeling fac-
tors might omit storage functions and emphasize development of possible
methods of handling the elaboration of metébo]ic intermediates. How-
ever; the oxidative assimilation capability (storage capability) is
sometimes observed. The relative frequency of its occurrence and the
factors determining its existence in any particular system cannot be
determined with any certainty, and these would appear to be good sub-
jects for further expefimentation.

As has been observed by Krishnan and Gaudy in other studies, a
step-down shock did not cause any deleterious effects (61). In the
current study, a step-down quantitative shock accompanied by a step-

down hydraulic shock, did not cause any significant leakage of COD.
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Quantitative and Qualitative Shock Loads

These shocks were done as subsidiary experiments while preparing
the system for other types of shock loads. The results are shown in
Figures 24 through‘26, As shown in Figure 24, when the system was sub-
jected to a change of substrate from 500 mg/1 sorbitol to 500 mg/1

glucose + 1000 mg/1 sorbitol at X, = 5000 mg/1, there was a consider-

R
able leakage of soluble COD from the aeration tank. The leakage was
comprised partly of sorbitol and of carbohydrate. This leakage seems
to have been due partly to interference with sorbitol metabolism by
the presence of glucose; however, after approximately ten hours the
heterogeneoﬁs biomass was capable of removihg both sorbitol and glu-
cose concurrently. Similar observations were made by Komolrit and
Gaudy (21) in more rapidly growing systems. In a batch unit, Su
found that sorbitol-acclimated cells were capable of’removfng both
glucose and sorbitol when a mixture of glucose, galactose, SOrbitol,
and xylose was fed (33).

As evidenced in previous experiments, the leakage from the clar-
ifier was considerably lower than the amount of COD entering from
reactor 1, again substantiating the action of a clarifier as a bio-
reactor.

The shock applied in Figure 25 was of the same magnitude in regard
to organic loading as that shown in Figure 24, but in this case the
change was from 500 mg/1 sorbitol to 1500 mg/1 glucose. Here the
question of interference with sorbitol metabolism by glucose does not
arise. Furthermore, the leakage is comparatively less than for the

previous case. The leakage of substrate is due mainly to the increase
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in Si rather than to a change in type of substrate. It is also inter-
esting to note that initially the rise in carbohydrate content outpaced
the rise in profein. At a later stage, protein conent showed a rise
and carbohydrate content decreased. This result provides some evi-
dence for synthesis of carbohydrate storage products which were later
reduced to support the protein synthesis.

In general, in all of the shock load experiments it was found that
the higher the recycle sludge concentration, the better was the response.
Reasons for this are not all-together clear. However, any increase in
biomass is expected to increase the fraction of cells in the biomass
which could provide successful response. Also, the decrease in growth
rate caused by higher concentratibn of XR could be a major reason for
more successful response. However, just why a slower growth rate

should cause a more favorable response is not clear.

Effects of X, on Shock Load Response

Regardless of the type of shock load, the effect of increasing XR
in attenuating the substrate leakage during the transient response was
evident. To demonstrate this effect, two typical quantitative shock
load responses to a six-fold step increase in Si at XR values of 5000
mg/1 and 10,000 mg/1 (shown in Figures 9 and 14) are chosen for more
detailed analysis here. The reactor filtrate COD and effluent fil-
trate COD shown in those figures are redrawn in Figures 27 and 28 in
an enlarged scale. The closed triangles in Figures 27 and 28 repre-

sent the observed substrate leakage from the reactor during the

transient response. When the system was operating at X 5000 mg/1,

R
the peak leakage was 442 mg/1, and it was 205 mg/1 at XR 10,000 mg/1,



Figure 27, Magnitude of Leakage of Soluble Organic Material
in Reactor and Clarifier During a Six-fold
Quantitative Shock Loading at an Xg of 5000
mg/1 (data from transient phase of Figure 9)
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Figure 28. Magnitude of Leakage of Soluble Organic Material
in Reactor and Clarifier During a Six-fold
Quantitative Shock Loading at an Xp of 10,000
mg/1 (data from transient phase of Figure 14)
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as shown in the figure. The attenuating effect of XR during fhe shock
js seen clearly in the figures; a similar attenuating effect was obser-
ved during combined quantitative and qualitative shock 1oadfng. Since
these have already been reported by Manickam and Gaudy (62), the general
outcome of these experiments need only be summarized here. The system
was subjected to a two-fold quantitative and qualitative shock 1bad at
XR =-5000 mg/1 by changing the substrate from 1500 mg/1 glucose to 3000
mg/1 sorbitol. There was considerable leakage from the reactor; the
leakage consisted of organic compounds other than the original substrate.
When the system was subjected to an identical shock at XR = 10,000 mg/1,
the Teakage was considerably 1ow¢r than that for the system operating

with an X, = 5000 mg/1. When the system was operating with an XR =

R
10,000 mg/1 and was subjected to a six-fold quantitative and qualitative
shock by changing the influent substrate concentration from 500 mg/1
glucose to 3000 mg/1 sorbitol, there was a 1argé amount of leakage of
soluble COD from the reactor. During the very early transient period,

a small amount of this leakage consisted of sorbitol and carbohydrate
(anthrone reaction), but after a few hours the leakage was entirely of
organic compounds other than the original substrate. When a similar
shock was applied at a high recycle sludge concentration--15,000 mg/1--
the leakage from the reactor was reduced considerably. Overall, these
experiments showed that increasing the concentrations of cells in the
recycle flow to the activated sludge reactor enhanced favorable response
to the shock loads herein discussed, leading to less leakage of soluble
organic substrate. The betterment of response seems to be related in
ways not yet fully known to specific growth rate and age and maturity of

the biomass.
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Effect of Clarifier Volume on Shock Load Response

In Figures 27 and 28 the open triangles conncected by dash 1ines
represent the soluble COD that would have been in the clarifier efflu-
ent if the clarifier would have acted only as an equalization basin
without any biological activity. The open triangles connected by the
solid 1ines represent the observed soluble COD in the clarifier efflu-
ent. The area between these two lines represents the amount of sub-
strate removed in the clarifier due to continuation of metabolic activ-
ity in the settling tank. These figures show not only the considerable
surge tank capacity of the clarifier, but they also indicate that a
considerable amount of COD was removed biologically in the clarifier.
The same general effect, i.e., substrate removal in the clarifier, was
~observed for quantitative and qualitative shock loads at XR = 5,000,
10,000, and 15,000 mg/1 when Si was changed from 500 to 1500 mg/1 glu-
cose to 3000 mg/1 sorbitol (62). Such observations indicate clearly
that the clarifier in addition td its equalization basin action will
function as a biological treatment unit which can serve to polish the
effluent. However, operational attention may be needed--depending upon
the magnitude of the shock--to assure sufficient dissolved oxygeh con-
centration in the clarifier to prevent adverse biochemical conditions
leading to a rising sludge or adverse ecological conditions leading to

a bulking sludge.
Analysis of Steady State Performance

The mean values in the steady state for all parameters examined
are shown in Table II. It is seen that there was little or no nitrifi-

cation taking place in the system. Thus, there is little doubt that
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the data do represent average results for a system limited by carbon
source; that is to say, growth of nitrifying organisms did not compli-
cate the kinetic system. It is also seen that the dissolved oxygen
concentration in the reactor as well as in the clarifier indicates that
the system was aerobic at all times. Also, the pH of the system did not
vary and the temperature range was rather narrow; the protein and car-
bohydrate contents of the activated sludge were as expected of a normal
biomass. It is alsoseen that the soluble COD in reactor 2 was rather low.

In Tab]e‘V, critical parameters for feed and effluent substrate
concentration as well as biomass and excess sludge are subject to sta-
tistical analysis. The number of samp]es used in the analysis varied--
depending upbn the individual runs. The lowest number of samples was
seven, and the highest was 35. It can be seen from the standard devia-
tions and coefficients of variation that for the most part the data
grouped rather closely around the mean values. Also noted in the table
are the figures numbers and the days included in the "steady state"
average. In general, it was felt that the results and analysis shown
in this table as well as a’perusa1 of the steady state data shown in
the figures indicates that the mean values obtained did represent at
‘Teast pseudo-steady states in regard to the major parameters of oper-
ation for the model.

It is interesting to determine if the mean values which were
observed could be predicted using the model equations and appropriate
values for the four biokinetic constants which describe the properties
ax® Ks’ and YtB obtained from the batch
experiments which were run during each steady state operation are

of the biomass. Values for M

shown in Table III. The numerical value for Kd cannot be obtained



TABLE V

STATISTICAL ANALYSES FOR ALL STEADY STATE RUNS

Analysis
Indicated S-p* C.V.
Line Figure  mg/1 N Mean o % Ranﬁe Remarks
(1) 2) ?3) @) (5 (6) (7 (8
1 4 5 10 516.6 10 1.9 504- 538 substrate: glucose
ST 10 25.9 7 27.0 13- 42 steady state
S 10 20.6 7 33.9 4- 34 day 51 to day 66
X8 10 58 2 36.4 4 8 8-16-75 to 8-31-75
x® 10 1184.5 35 3.0 1145-1250
e 10 4876 165  3.38 4620-5100
Xy 10 1522 189 12.4 1242-1769
2 4 S1 14 509 14 2.8 459- 539 substrate: sorbitol
ST 14 13.7 2 27.4 12- 18 steady state
S 14 6.3 2 31.8 4- 10 day 79 to day 108
X8 14 6 3 45.4 4- 14 9-13-75 to 10-12-75
x€ 14 1202 38 3.2 1145-1285
Xa 14 4892 213 4.4 4500-5220
Xy 14 1516 80 5.3 1418-1664
3 9,10 S‘ 9 2748 99 7.2 2653-2943 substrate: sorbitol
ST 9 99.8 13 13.0 77- 121  steady state
) 9 78.8 6 7.6 69- 86 day 22 to day 38 in Fig. 9
x¢ 9 33.1 4 121 26- 38 10-23-75 to 11-8-75
x¢ 9 2317 177 7.6 2145-2650
XR 9 5173 126 2.4 4980-5430
Xy 9 8943 332 3.7 8411-9437
4 10,24 Si 7 606.1 21 3,5 574- 635 substrate: sorbitol
ST 7 37.0 9 24.3 22- 54 steady state
S 7 27.0 5 18.5 18- 33 day 26 to day 37 in Fig. 10 or
x& 7 7.4 5 185 2- 16 day O to day 11 in Fig. 24
x€ 7 1250 8 0.6 1234-1260 11-18-75 to 11-29-75
X 7 4861 154 3.2 4640-4980
Xw 7 1853 m 6.0 1675-1962
5 5,24 S1 24 1775.3 51 2.9 1658-1842 substrate: 500 mg/1 glucose +
ST 23 7.0 9 12.7 51- 89 1000 mg/1 sorbitol
23 56.1 9 16.0 44- 72 steady state
- x& 23 21.0 6 28.6 12- 32 day 21 to day 46 in Fig. 24 +
. x& 22 1815.9 85 4.7 1640-1926 day O to day 19 in Fig. 5
XR 22 5089 213 4.2 4640-5460 12-9-75 to 1-22-76
Xw 22 5577 372 6.7 5003-6244
6 6.7 S. 7 1540 57 3.7 1468-1640 substrate: 1000 mg/1 glucose +
S.} 7 51 5 9.8 42- 60 500 mg/1 sorbitol
Se 7 42.9 4 9.3 35- 48 steady state
X 7 14.0 3 21.4 10- 18 day 25 to day 35 in Fig. 6
I 7 1630 78 4.8 1496-1728 1-28-76 to 2-7-76
Xp 7 5105.7 212 4.2 4860-5460
Xw 7 4339 215 5.0 4315-4592
7 7 Si 7 1573 44 2.8 1490-1644 substrate: glucose
ST 7 39.9 8 20.1 31- 51 steady state
S 7 3.9 72001 24- 45 da,Y 12 to day 20
X: 7 22.3 4 17.9 18- 28 2-12-76 to 2-20-76
X 71568 36 2.3 1518-1624
XR 7 4978 135 2.7 4760-5160
Xw 7 3795 175 4.6 3461-3944
8 n S,l 9 2835 122 4.3 2670-3080 substrate: sorbitol
ST 9 99 8 8.1 84- 114  steady state
S 9 81.9 5 6.1 76- 92 day 0 to day 15
X8 9 281 4 14,2 22- 32 3-4-76 to 3-19-76
X8 9 2343 64 2.7 2260-2450 °
XR 9 4962 261 5.3 4589-5386
Xw 9 9021 166 1.8 8768-9264
9 1m,12 Si 7 604.7 15 2.5 582- 627 substrate: sorbitol
ST 7 29.3 10 34.1 21- 46 steady state
Se 7 14.7 3 20.4 12- 19 day 53 to day 65 in Fig. 11 or
X 7 20.6 3 14.6 26- 16 day O to day 12 in Fig. 12
x& 7 1273 4 3.2 1200-1328 4-26-76 to 5-8-76
XR 7 5073 295 5.8 4695-5408
)(w 7 1704 127 7.4 1517-1848
10 13,14 S, 14 532.1 18 3.4 492- 549 substrate: sorbitol
ST 14 27.0 4 14.8 20- 35 steady state
Se 14 17.3 4 231 12- 25 day 66 to day 91 in Fig. 13 or
X 14 17.5 5 28.6 8- 25 day O to day 25 in Fig. 14
xe 14 2230 84 3.8 2108-2367
Xa 14 10259 555 5.4 9350-10900
X 14 1265 48 3.8 1198-1378

126



TABLE V (Continued)

Analysis
Indicated S-p*  C.V.
Line Figure mg/1 N Mean ¢ % Range Remarks
Mo B @ ® © @
1 14,15 S., 15 3216.7 80 2.5 3070-3360 substrate: sorbitol
St 14 93.8 6 6.4 84- 102 steady state
S 15 80.8 5 6.2  74- 87 day 128 to day 152 in Fig. 14 or
%€ 14 22.2 5 22.5 16- 32 day 0 to day 28 in Fig. 15
x& 14 3277.2 38 1.2 3160-3300 11-2-76 to 11-30-76
XR 14 10337.1 227 2.2 9980-10670
Xw 14 8592.2 210 2.4 8164-8843
12 15,25 Si 9 511.8 N 2.1 498~ 527 substrate: sorbitol
S e 26.2 5 19.1 18- 32 steady state
ST 9 18.4 4 21.7 12- 24 day 41 to day 57 in Fig. 15
x¢ 9 18.4 3 16.3 14- 22 day 0 to day 16 in Fig. 25
x¢ 9 2273.7 24 1.0 2227-2304
XR 9 10237.8 234 2.3 9860-10580 12-13-76 to 12-29-76
XN 9 1460.7 83 5.7 1344-1581
13 25 Sy 14 1513 47 3.1 1445-1570 substrate: glucose
ST 14 37.3 4 10.7 32- 44 steadu state
S 14 27.8 3 10.8 24~ 32 day 24 to day 49
x¢ 14 ! 4 18,9 14~ 28 1-6-77 to 1-31-77
x© 14 2530 75 3.0 2430-2640
XR 14 10348 269 2.5 9920-10800
Xw 14 3262 13 4,0 2956-3505
14 Sy 9 243 69 2.5 2630-2820 substrate: sorbitol
ST 9 51.6 7 13.6 42- 62 steady state
S 9 38.7 3 7.8 36- 42 2-6-77 to 2-16-77
x€ 9 35.3 7 19.8 22- 44
x€ 9 3124 70 2.2 3044-2224
XR 9 10160 283 2.8 9740-10460
Xw 9 773 214 2.8 7533-8148
15 Sy 9 502 ' 12 2.4 482- 514 substrate: glucose
ST 9 211 3 14.2 16- 24 steady state
S 9 13.8 2 1.4 12- 16 3-12-77 to 3-28-77
x¢ 9 15.5 5 323 8- 24
x€ g 2214 75 3.4 2116-2318
XR 9 10138 310 3.1 9680-10620
Xw 9 1274 30 2.4 12111317
16 16 ’51 8 2812 146 5.2 2620-3027 substrate: sorbitol
ST 8 65.5 5 7.6 56- 72 steady state
Se 8 46.9 5 10.7 38- 55 day O to day 13
Xe 8 26.5 4 15.1 20- 32 A-18-77 to 5-1-77
X 8 3285 62 1.9 3216-3386
)(R 8 10m4 204 2.1 9780-10330
XW 8 8683 283 3.3 8372-9121
17 16,17 S‘. 8 522.9 12 2.3 504~ 543 substrate: sorbitol
ST 8 24,5 6 24.5 14- 34 steady state ’
Se 8 16,0 5 31.3 8- 24 day 16 to day 26 in Fig. 16 or
)('2 7 19.1 8 4.9 8- 30 day O to day 10 in Fig. 17
X 7 2238.3 25 1.1 2198-2268 5-5-77 to 5-15-77
XR 7 10108.6 265 2,6 9760-10460
Xy 7 1530.7 100 6.5 1373-1662
184 19,20 Si 17 515 17 3.3 492- 536 sorbitol (cyclic)
S'I’ 18 3 9.2 29.7 16- 38 6 PM
Se 18 21 5 23.8 12- 38 steady state
X 18 26 8 30.8 12- 44 day 39 to day 56 in Fig. 19
x® 18 2250 30 1.3 2186-2314 6-13-77 to 6-30-77
XR 18 10180 240 2.4 9860-10620
Xw 17 133 56 4.2 1243-1425
188 19,20 Si 8 317 92 3.0 2993-3293 sorbitol (cyclic)
ST 15 52 5 9.6 40- 60 6 AM
Se 16 37 4 10.8 56- 28 steady state
Xe 16 32 8 25.0 18- 42 day 39 to day 5 in Fig. 20
X 17 3160 51 1.6 3076-3264 6-13-77 to 6-30-77
XR 17 10154 200 2.0 9780-10620
)(w 18 253 149 5.9 2154-2693
18 19,20 Sy 34 a3 10 0.26 16- 60 sorbitol {cyclic)
Sn 34 28.5 9 31.5 12- 56 steady state
x(; 34 28,6 8 28.0 12- 44 day 39 to day 56 in Fig. 19
X" 35  2691.9 463 17.2 2186-3264 6-13-77 to 6-30-77
XR 35 10167 219 2.2 9780-10620 combined statistical analysis
X 35 1917.4 666 34.7 1243-2693 of 6 AM and 6 PM data
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TABLE V (Continued)
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Ang]ysisd -
) Indicate -
Line Figure mg/1 N o Ran§e Remarks
ar ) ) @) () (8
19 8,20 S, 7 20 4.0 477- 537 substrate: sorbitol
St 7 5 17.9 20- 32 steady state
S 7 5 25.0 12- 24 day O to day 12 in Fig. 8 or
xg 7 4 27.4 10- 20 day 32 to day 44 in Fig. 20
X 7 10 0.5 2218-2246
XR 7 234 2.3 9840-10480
Xw 7 57 4.4 1208-1383
20 S1 -7 26 5.1 476~ 528 substrate: glucose
ST 7 4 11.3 32- 40 steady state
S 7 4 16.7 20- 32 day 33 to day 45
X8 7 3 13.1 18- 26 8-24-77 to 9-5-77
x€ 7 97 3.0 3116-3336
XR 7 520 3.4 14560-15780
Xw 7 79 7.6 947-1184
21 51 8 139 4.5 2941-3320 substrate: sorbitol
ST 8 10 15.6 52- 84 steady state
Se 8 8 17.4 36- 60 day O to day 14
X 8 6 17.8 28- 48 9-16-77 to 9-30-77
x& 8 84 - 1.9 4264-4524
XR 8 498 ° 3,3 14080-15680
Xw 8 401 4.6 8059-9204
22 21,26 Si 8 22 4.3 484- 544 substrate: glucose
ST 8 5 16.7 24- 36 D =0.12 hr-
S 8 6 35.3 8- 24 steady state
x& 8 5 38,5 8- 20 day O to day 12 in Fig. 21 or
Xx& 8 26 1.1 2248-2312 day 19 to day 31 in Fig. 26 -
XR 8 227 2.2 9760-10420 10-4-77 to 10-16-77
Xw 8 101 5.4 1693-1958
23 21,22 S1 10 67 6.4 935-1130° substrate: glucose
ST 10 5 10.4 40- 52 D =0.24 hr-
S 10 5 13.3 30- 46 steady state :
X 10 4 20,0 T2- 26 day 18 to day 29 in Fig. 21 or
X 10 49 1.9 2476-2584 day O to day 11 in Fig. 22
XR 10 349 3.4 9780-10760 10-22-77 to 11-2-77
Xw 10 262 3.4 7262-8018
24 22,23 S1 10 22 4.3 480- 548 substrate: g}ucose
ST 10 5 22.7 12- 28 D =0.12 hr-
Se 10 6 35.5 8- 24 steady state
Xe 10 4 34,5 day 17 to day 29 in Fig. 22 or
X 10 63 3.5 1664-1862 day O to day 12 in Fig. 23
XR 10 373 5 7460-8560
Xw 10 52 4,5 1053-1223 11-18-77 to 11-20-77
25 S‘. 1n 59 3.9 1415-1593  substrate
ST n 4 7.3 48- 60 glucose A
Se n 6 13.5 36- 52 D =0.24 hr
Xe 1N 11 58.2 8- 48
X 1 54 2.3 2246-2396 steady state
XR N 218 2.6 7880-8560 day 18 to day 31
Xw 11 89 1.0 9352-9687 11-26-77 - 12-9-78

standard deviation
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from batch data but is readily obtained from the so-called maintenance
plots of the continuous flow result. Such plots are usually made in
one of two forms; Figure 29 shows both ways of Obtaining values of both
Kd and Yt for the sorbitol data, while Figure 30 shows the values
obtained using glucose. It can be seen that there were much more data
on sorbitol than there were on glucose. Also, there was a greater
amount of scatter in plotting points for glucose; however, previous
studies in this laboratory on glucose provided additional data. Figure
31 represents a plot of all available results using glucose.

Using the numerical values for the biokinetic constants and the
engineering parameters a, XR’ and D as well as the influent substrate
concentrations of 51’ the values of Se, X, and Xw were predicted usfng
the model equations. These analytical results are given in Table VI.
it can be seen that the prediction of biomass concentration, X, and
excess sludgé production, Xw’ are rather good when Compared to the
experimentally observed average values. In general, the observed COD,
Se’ is somewhat higher than the predicted values; however, if one
estimates the BOD of the feed as 85 percent of the COD, the predicted
values of Se are somewhat closer to the observed effluent BODL values
(compare columns 6 and 10). In this case, the observed values are
lower than the predicted values. It is recalled that the BOD5 observed
values were obtained using seeding material from the reactor at the
time of incubating the BODs. Thus, with respect to biochemical oxygen
demand, exertable by the cells in the reactor, the system performance
was better than that predicted by the model. However, one cannot pre-
clude the fact that a new seed which might be found in a receiving

stream could give a higher BOD value.



Figure 29. Plots of Maintenance Energy Equations to Determine
"True Yield," Y, and Maintenance Coefficient,
Ky (substrate:sorbitol)
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Figure 30. Plots of Maintenance Energy Equations to Determine
"True Yield," Y., and Maintenance Coefficient,
Ky (substrate;g?ucose)
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Figure 31. Plots of Maintenance Energy Equations to Determine
"True Yield," Y+, and Maintenance Coefficient,
K4, Using Data Bbtained by Srinivasaraghavan
(vo), Saleh (39), and Manickam (substrate:
glucose)
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TABLE VI

PREDICTION OF S, X, AND Xy FOR CONTINUOUS FLOW ACTIVATED SLUDGE
PROCESS WITH CONSTANT CONCENTRATION OF RECYCLE SLUDGE

Excess Sludge Production,

Effluent Substrate Biological Solids, X, X.. mg/day
Concggtration, S, mg/1 mg/1 W'
Observe . .
Influent S Predicted Obser- Predicted Obser- Predicted
Line Figure Substrate coo S0, FTTIT T IV ved i TT T ved T I 11
1 2 3 4 5 6 7 8 9 10 n 12 13 14 15 16 17 18
1 4 517 " glucose 21 12.0 15 14 14 3 1184 1160 1142 1146 1522 1333 1200 1228
2 4 © 509 sorbitol 6 1.6 14 15 13 3 1202 1166 1183 1170 1516 1354 1474 1382
3 9,10 2748 sorbitol 79 40.4 42 42 44 17 2317 2287 2187 2201 8943 9015 8295 8400
4 10,24 606 sorbitol 27 13.6 40 37 16 8 1250 1210 1190 1206 1853 1712 1567 1684

5 5,24 1775 93@3:3,', 56 30.7 26 26 34 11 1816 1817 1710 175 5577 5757 4985 5335

6 6,7 15e0 9lucvse:2 43 277 64 59 31 6 1630 1687 1610 1660 4339 4793 4239 4596

sorbitol:1

7 7 1573  glucose 35 29,3 30 29 33 N 1568 1662 1627 1614 3795 4796 4548 4449

8 1 2835 sorbitol 82 42,2 &1 Q 46 18 2343 2288 2309 2198 9021 9328 9480 8679

9 1,12 605 sorbitol 15 133 7 7 15 8 1273 1270 1270 1247 1704 1840 1840 1675
10 13,14 532 sorbitol 17 6.2 10 10 7 3 2230 2243 2243 2228 1265 1375 1375 1272
n 14,15 3217 sorbitol 81 28.6 18 17 32 12 3277 3528 3429 3421 8711 10518 9092 9747
12 15,25 512 sorbitol 18 6.0 10 10 7 4 2274 2229 2222 2216 1461 1308 1254 1209
13 25 1513 glucose 28 16.3 27 27 19 6 2530 2658 2659 2618 3262 4240 4240 3949
14 2743 sorbitol 39 . 25,8 17 17 29 9 3124 3269 3269 3178 7736 89(8 8908 8251
15 502 glucose 14 6.1 8 8 7 3 2214 2160 2160 2145 1274 950 950 847
16 16 2812 sorbitol 47 26.3 23 22 30 12 3285 3290 3247 3199 8683 9122 8812 8471
17 16,17 523 sorbitol 16 6.2 6 5 7 4 2238 2212 2172 2195 1530 1370 1084 1248
19 8,20 504 sorbitol 20 5.9 9 7 7 4 2234 2217 2172 2202 1294 1289 963 1186
20 8 506 glucose 24 4.2 4 4 5 3 3232 3135 3120 3119 1333 633 523 518
21 26 3080 sorbitol 46 20.9 15 15 24 12 4339 4377 4377 - 4277 8753 9881 9881 9159
22 21,26 508 glucose 17 6.2 12 9 7 3 2288 2157 2113 2144 1855 958 640 866
23 21,22 1044 glucose 38 238 20 18 28 8 2549 2478 2423 2441 7606 6268 5482 5746
24 22,23 514  glucose 1% 8.8 15 12 9 7 1793 1780 1735 1768 1148 1099 783 1015
2% 24 1499 glucose A4 40.6 27 25 47 12 2344 2307 2239 2250 9515 9465 8495 8647

lml)5
BOUL in column 6 = R3]

Predictions in columns 7, 12 and 16 are based on individual values of , and Kg obtained by batch growth studies and Yt
obtained from maintenance plot max
Predictions in columns 8, 13 and 17 are based on individual values of wmax and Ks and Y¢B obtained by batch growth studfes
Predictions in columns 9, 14 and 18 are based on average values of umax = 0.47 hr-1, Ks = 204.6 mg/1 and YtB = 0.57 obtain-
ed from batch growth studies K
Column 10 represents the predicted effluent, BOD_ assuming that the inf]uent BOD_ = 0.85 x influent COD; kg = 0.1 day
for sorbitol and combination of sorbitol and glucose, kq = 0.18 day~' for glucose
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In regard to the residual COD, it has been noted generally in
other work that it is considerably higher than that predicted when
using the model equation when the chemical oxygen demand is used as a
measure of substrate. There is considerable concern throughout the
field regarding the nature of the residual COD. In the current results
it can be seen that by any standard the system provided a very high
treatment efficiency. However, in view of the effluent standards which
may be imposed in the future, the existence of even lTow amounts of
organic matter in an effluent is a matter of concern. There are various
policy questions which need to be resolved; these require information in
regard to the nature of the residual COD. If it is innocuous material
which is non-biodegradable, it obviously would not represent the prob-
lem to the oxygen resources in the stream that a biodegradable residual
would present. That is to say, the question is how much of the resi-
dual COD represents degradable material which shbu]d bé charged against
the efficiency of the process, and how much représents true nonbiode-
gradable humus. Thus, in assessing the ability of any model to predict
the effluent quality, there would appear to be some basis for making a
subtraction for the absolute residual COD--there is some baseline COD
which does not represent substrate to be charged against the value of
Si' One possible approach would be to allow that the lowest residual
COD for a particular system would be the soluble COD in reactor 2, the
cell recyc]evaeration tank. This COD is generally considerably lower
than the soluble COD in the effluent. In a sense, this high bijomass-
low feed portion of the system can be considered to represent the maxi-
mum COD level potential; therefore one could subtract this COD from the

soluble COD in the effluent, CODe, thus reducing the value of the
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effluent COD to be charged against Si'

Another method which might be empfoyed makes use of a procedure
adapted by Eckenfelder (63); He has estimated values of residual sub-
strate from a plot of specific substrate removal rate, U, vs. Se’ assum=
ing the relationship between specific substrate removal rate or spe-
cific growth rate and substrate concentration to be linear rather than
hyperbolic. Figure 32 shows such a plot for the continuous flow runs -
using sorbitol as substrate. It is apparent from the data points that
it would be inappropriate to fit a straight line intercepting the posi-
tive Se axis through these data (see dashed 1ine for best linear fit).
It will be recalled that in accordance with the Monod model, which is
incorporated intd the steady state equations;df Gaudy and co-workers,
this plot should not be a straight 1ine in any event. One would expect
it to be a rectangular hyperbola in much the same manner as a plot of
the specific growth rate, u, vs. Se. If the equatioﬁ of the curve,
either straight 1ine'or rectangular hyperbola, did not intercept the
positive Xe axis, one could not use that intercept as a measure of
residual COD. It is seen from the data points that one might possibly
fit the data to two types of rectangular hyperbola--first one intersect-
ing the Se axis and one through the origin. Equation (6) shown on the
figure is the equation of a rectangular hyperbo1a intercepting the X
axis at C. It was not possible to put this equation into a straight
Tine form which would allow evaluation of the cdnstants Umax KS, and C.
The method of least squares was used to fit the data to the equation;
that is to say, the method of least squares was used to find the equa-
tion of the best fit to a rectangular hyperbola. This was done using

SAS 76 (Statistical Analysis System) non-linear (64).



Figure 32. Plot of Substrate Utilization Rate, U, Day'] Vs,

Soluble Substrate COD, S, mg/1 in Effluent
(substrate:sorbitol)
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The hyperbolic function for U vs. S not passing through the origin

is of the form:

U (S -c¢)
u= K:ai (S -c) ‘ | (6)

This is of the form

B
U=AH+ S (7)
where
A= Umax
B = - Umax Ks
d=2¢C - KS

"~ The sum of squares of residuals, v, of the above equation is

2
=3 [Pi - {é + g;—gft%k | - (8)

The normal equations are obtained by finding the partial differ-

ential of with respect to A, B, and C. They are

-

LI » . B 1 _]=
5B Us {f“s. -c} 3 CJ 0 (10)
A 1

-
Wy U,_{A+ B } B =0 (11)
aC i S; - C Csi-C)z
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To soTve the normal equations resulting from the application of
the least squares method there were three alternative iterations
methods, viz., Marquardt, Newtons-Gauss, and Gradient methods. All
methods gave the same results (65, 66, 67). The method led to values
of Umax’ Ks’ and C of 5.3 days'], 47 mg/1, and 8.5 mg/i, respectively.
The solid 1ine through the data intersecting the Se axis at 8.5 is a
Tine calculated according to equation (6) using these conétants. Table
VII shows the corrected observed CODe for both methods described above.
It is seen that while these corrections bring the observed more in line
with the predicted Se’ the equatidns still predict a lower substrate
concentration (as COD) than that which was observed.

It is well known that the value of Se varies with y. In the model
herein used, the variation is described by the Monod equation. It may
not be generally appreciated, but in the model, equations of Gaudy and
cb—workers, u is affected by the value of Si; for example, this is
seen by inspection of equations (16) and (17). Thus, values of u in
the current study changed in accordance with Si' It is recalled that
the theory of continuous culture as discussed by Herbert indicates
that 1 as well as Se is independent of Si' In the foregoing ané]ysis,
no accounting was made for changes in Se due to changes in specific
growth rate, u. Figures 33 and 34 show plots of the change in Se due
to increases in Si for two different values of XR (5000 mg/1 in Figure
33 and 10,000 mg/1 in Figure 34) used in this study. The curves in the
bottom portions of both figures which show a rise in Se at a decreasing
rate for increases in Si are values calculated from equation (22),
whereas the lines drawn through the triangles in both figures indicate

the trends for the actual observed CODe. The plotting points for both
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TABLE VII

CORRECTED OBSERVED VALUES OF EFFLUENT SOLUBLE
SUBSTRATE CONCENTRATION

Influent - Observed Effluent ‘Corrected Observed
Line Substrate Filtrate Effluent Filtrate
I I I11 v Iv-8.5 IV-Sp
1 517 glucose 20.6 12.1 | 7.3
2 529 sorbitol 6.3 - -
3 2748 sorbitol 78.8 70.3 40.8
4 606 sorbitol 27.0 18.5 1.0
5 1775 dlucose t, 56.1 476 157
6 1500 ese 42.9 3.4 10.9
7 1573 glucose - 34.9 26.4 -
8 2835 sorbitol 81.9 73.4 39.9
9 605 sorbito) 14.7 6.2 2.7
10 532 sorbitel ’ 17.3 8.8 5.7
n - 3217 sorbitol 80.8 72.3 31.7
12 512 sorbitol 18.4 9.9 10.4
13 1513 glucose 27.8 19.3 7.8
14 2743 sorbitol 38.7 30.2 8.7
15 502 glucose 13.8 5.3 3.8
16 2812 sorbitol 46.9 38.4  12.0
17 523 sorbitol . 16.0 7.5 5.0
19 504 sorbitol 20.0 11.5 4.0
20 506  glucose 24.0 ' 15.5 -
21 3080 sorbitol 46.0 37.5 16.0
22 508 glucose 17.0 8.5 5.0
23 1044 glucose 37.8 29.3 18.8
24 514 glucose 15.2 6.7 3.2

25 1499 glucose 44.4 35.9 13.4

Values in Column V are obtained by subtracting from column IV,
§.5 (non-biodegradable fraction) obtained from a plot of S vs U in
igure 32. .

Values in column VI are obtained by subtracting from column
IV, the corresponding soluble COD in reactor 2 shown in Table II,



Figure 33. Effect of Influent Substrate Concentratign, S.,
mg/1 and Specific Growth Rate, u, Day-! on '
Effluent Soluble Substrate Concentration, S _,
mg/1 at X, of 5000 mg/1. Average Values of
Mmax = 0.47 hr=1, Kg = 205 mg/1, and Y, = 0.57
Obtained From Batch Growth Studies Were Used
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Figure 34, Effect of Influent Substrate Concentrat1?n, Si»
mg/1 and Specific Growth Rate, u, Day~
Effluent Soluble Substrate Concentrat1on, Se,
mg/1 at X of 10, O?O mg/] Average Values
of - 0 47 hr- 205 mg/1, and Y¢
0.57 86ta1ned From Batch Growth Studies Weﬁe
Used
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curves can be seen in Table VI, columns 3 and 5 for observed values,
and columns 3 and 9 for calculated values.

It is observed that these lines diverge; that is, as Si was
increased, the value of Se over and above that which may be attribu-
table to an increase in specific growth rate, p, increases. The net
increase in Se with increasing Si for both systems shown in Figures 33
and 34 are plotted in Figure 35. As could be surmised from the previous
two figures, the increase in residual COD for increased\Si is slightly
concave upward--the rate of increase in Se increases as Si is increased.
However, over the range of Si values in these studies, one could approx-
imate the variation in Se with Si as a linear ke]ationship. Also, it
is seen that when one subtracts out the effect of the recycle solids
concentration on u, and therefore on Se, the residual COD was essen-
tially indépendent of XR' There were not sufficient data points for
glucose to subject the results to similar analysis. From the foregoing

K., and Y

analysis, it can be seen that the biological constants Hmax® s t
B

gave very satisfactory predictions in X and Xw but not with respect to
Se' Also, it can be seen that the true yield value obtained from the
maintenance plot, 0.61, was very close to the average cell yield values
obtained in batch study, 0.57.

One may also determine values of Hinax and KS from the continuous

a
flow studies. In Figure 36 the plotted points represent the values of
specific growth rate u, calculated from the continuous flow data plotted
against CODe observed during each run. It is seen that the trends of
the data are such that a rectangular hyperbola appears to provide the

best mathematical description of the data. As with the case of specific

substrate removal rate, U, the rectangular hyperbola may be plotted



Figure 35. Relationship Between Residual COD and S at XR
of 5000 mg/1 and 10,000 mg/1
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Figure 36. Re]a%ionship Between Specific Growth Rate, u,
Day-! and Effluent Substrate Concentration, Se,
mg/1 for Continuous Flow Unit
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through zero or it may be plotted to intercept positively the Se axis.
The solid curve on the figure is one plotted in accordance with equa-

tion (12) using the values of Moo Ks’ and C shown on the figure.

a
These were determined using the same procedures employed to establish

the constants for Figure 32. Also shown on the figure (see dashed

1ines) is the calculated curve using the Monod equation through zero.

1

The values of Mmax and KS in this case were 4.7 days ' and 109 mg/1,

a
respectively.  The percent error of fit for the curve going through the

axis was calculated to be 0.70 whereas the residual error for the rect-
angular hyperbola intersecting Se was 0.68. It can be seen that Hmax
and Ks were considerably higher in batch than they were for the contin-
uous flow data (compare values in Figures 36 with those in Table III);

U values in batch were two to three times higher than for the con-

max
tinuous flow data whereas KS values were more than double those obtain-
ed for the continuous flow data. It was of interest to use the values

of Ks and Mg obtained by both methods, together with values of true

X
yield and the Kd value to predict values of Se. Table VIII shows a
~ comparison of calculated and observed values of Se for the sorbitol
runs. It is apparent that the calculated value using the values of

u and KS from the continuous flow data gave a somewhat better pre-

max
diction of Se than did the batch values of Mrax and Ks' This does not
seem surprising since the values for Hmax and KS were calculated using
values of Se observed in the experimentation; it is possible to more

closely reproduce the Se values when the same values are used to esti-

mate u_.. and Ks‘ This speaks well for the model but one cannot say

a
that this mathematical exercise has predicted Se values. Also, it

should be borne in mind that there is yet insufficient information to



PREDICTION OF S, BASED ON BIOLOGICAL CONSTANTS OBTAINED FROM
CONTINUOUS FLOW DATA ’

TABLE VIII
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Observed
Predicted Effluent Substrate Effluent
Influent Concentration, mg/1, Based Substrate
Line Substrate on Continuous Flow Unit* mg/l
2 529  sorbitol 15.2 6.3
3 2748  sorbitol 82.5 78.8
4 606 sorbitol 18.3 27.0
5 1775 Jlucose:l 52.9 56. 1
6 1540 ~glucose:Z 45.4 42.9
8 2835 sorbitol 89.0 81.9
9 605 sorbitol 17.6 14.7
10 532  sorbitol 7.7 17.3
1 3217 sorbitol 47.9 80.8
12 512 sorbitol 7.4 18.4
14 2743  sorbitol 41.3 38.7
16 2812  sorbitol 42.5 46.9
17 523  sorbitol 7.7 16.0
19 504 sorbitol 7.3 20.0
21 3080 sorbitol 31.2 46.0

* _ d -1
Mmax - 3.51 day
KS = 58.5 mg/1
Yt = 0.6]
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determine the difference between resfdua] non-bio]oQica] COD and COD
which should be accounted for as usable carbon source. Considerably
more research effort is warranted to determine the most usable measure
of substrate for test1ng the accuracy of prediction by th1s model as
well as other models for activated Sludge. The problem is comp11cated
because while estimates of the accuracy of a model is important, it may
not ﬁecessari]y be substrate removal which is the essential consider-
ation. The benefit that biological treatment plants may be expected to
have is their ability to remove small amounts of non-biodegradable
organic matter as well as organic substrates. Thus, even if it could be
shown that a high residual COD was'hoh-biodegradab]e at the treatment
plant, it might still be necessary to remove the residual COD for other
reasons. Thus, the interést of the field is not so much in obtaining a
measure of substrate to predict veracity of models, but in devising

systems which will remove organic matter.



CHAPTER V
CONCLUSIONS

The results of this investigation lead to the following conclusions:

1. A system operating at XR of 5000 mg/1 may be expected to accom-
modate a qualitative shock consisting of various ratios of sugar and
sugar alcohol with total concentration of Si as high as 1500 mg/1 with-
out seriously deleterious effects on effluent quality.

2. The fact that substrate leakage was higher when higher concen-
trations of glucose (1000 mg/1) along with sorbitol concentrations of
500 mg/1 were applied indicates that even at the low specific growth
rates extant in these systems, a more rapidly metabolized carbon source
can interfere with metabolism of another.

3. A six-fold quantitative shock led to a considerable leakage
from the reactor even though the clarifier attenuated the leakage.

However, an increase in X, from 5000 to 10,000 mg/1 attenuated the leak-

R
age due to the six-fold quantitative shock.

4. A six-fold quantitative cyclic shock load consisting of sorbi-
tol as substrate can be accommodated after a considerable period of
transient upset. Ultimately the increased loading was accommodated
without harmful effect on effluent quality.

5. These studies provide some indication that a combined quanti-

tative and hydraulic shock leading to a four-fold increase in mass load-

ing rates can give a slightly more adverse effect with respect to
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effluent quality than a purely hydraulic shock of equivalent mass
organic 1bading.

6. It seems that a combined six-fold quantitative and hydrau]ic
shock is as deleterious as an equivalent (mass feed rate basis) quan-
titative shock load.

7. The predicted soluble CODs in the effluent were much lower
than the observed values. However, proper correction for non-
biodegradable COD of the effluent might bring predicted soluble COD
closer to observed value.

8. The arithmetic plot of substrate utilization rate, U, vs. S
in the eff]uent did not fit a straight 1ine, but more closely followed
a hyperbolic fit, not passing through the origin, than did a straight
Tine.

9. An increase in Si gave an increased Se’ and the increase in XR
did not reduce or change the non-biodegradable fraction of Se.

10. When the present steady state data on g]uéoSe was included
with previous data of Srinivasaraghavan and Saleh, the overall kd was
0.18 day'], indicating that there was 1ittle change in kd over a five-
year period.

11. For sorbitol, the k, value was 0.1 day'].

12. For prediction of X, Se’ and Xw for the activated sludge sys-
tem with constant sludge recycle, use of the biological constants, Hmax
and KS obtained from the continuous flow data, gave calculated values of
Se closer to the observed values.

13. Based on three years of operational experience, this investiga-
tion is able to substantiate the conclusions of the two investigators

who preceded him in the finding that the use of XR as a control
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parameter rather than the Herbert parameter c (recycle sludge concen-
tration ratio) or the internal sludge recycle system is readily facili-
tated. That is to say, there are no particularly difficult or arduous
opérationa] tasks in this mode of pilot plant operation, and it would

appear that the same will be true for large scale field operations.



CHAPTER VI
SUGGESTIONS FOR FUTURE STUDY

Based on the results of this study, the following suggestions are
presented for future investigation on the activated sludge process
using XR as a control parameter.

1. Response of the system to a simultaneous change in XR when it
is subjected to a shock loading will give some additional information
about the recirculation of higher concentrations of solids as a reme-
dial measure for shock loading.

2. Studies should be made to use the biomass available from
other systems such as aerobic digesters for recycle sludge to deter-
mine whether the physiological condition of the existing biomaés is
sufficiently close to that of the new source of‘recycle sludge so that
the change in XR does not itself act as a shock load. Such study should
help to choose possible sources from which additional sludge could be
obtained for higher concentration of XR when needed. It would appear
that sludge from an aerobic digester might prove worthy of investi- |
gation.

- 3. In order to determine the frequency of occurrence of the proc-
ess of oxidative assimilation in response to shock loading, the same
shock should be applied to systems with widely differing values of the

biokinetic constants, particularly u and Ks' The quantitative

max
shock not accompanied by a concomitant increase in nitrogen source
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would seem to provide a good test.

4, Experiments on cyclic qualitative shock loading (e.g., cycling
of g]ucdse and sorbitol every 12-hour period) should provide very
interesting data on the ability of the biomass to accommodate to change.

5. In order to separate the effect of specific growth rate, u,
and biomass concentration, X, on ability to accommodate a shock load,
experiments should be designed using very young cells as well as old
cells, e.g., those obtained from an extended aeration system.

6. Growth study experiments with various combinations of sub-

strates to determine Mmax® Ks’ and YtB should be conducted.
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