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PREFACE

In accord with the joint goal of the Oklahoma Water Resources
Research Institute, the Center for Water Research in Engineering,
and the Bioenvironmental division of the School of Civil Engineering
of Oklahoma State University, this research project was designed with
the aim of gaining better understanding of factors ccntrolling water
quality and reuse. The report deals with description of microbial
kinetics when continuous steady growth is subjected to perturbance
caused by a change in the external environment.

The accompanying document represents a detailed report on the
completion of the project, and embodies pertinent information suggested
in OWRT reporting guidelines. The report consists of a summary and
conclusion followed by sections entitled: introduction, methodology,
results and discussion. Detailed information may be found in the
six papers which form the appendices.

It is emphasized that the work of this project did not involve
obtaining the experimental data reported in the major papers referenced
in this report. The experiments were conducted some years before
undertaking the current analytical project. The individuals who share
authorship with the principal investigator on four of the papers in

the appendices (T. K. George and P. Krishnan) were research assistants



to the PI. They were active a2 number of years ago in the experimental

phases of the work and in making some preliminary analysis of the data.

A. F. Gaudy, Jr., Principal Investigator
Edward R. Stapley Professor of Civil

Engineering, Director Bioengineering and
Center for Water Research in Engineering
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ABSTRACT

This project was undertaken to analyze experimental results previ-
ously obtained by the principal investigator dealing with the response
of continuously cultured heterogeneous microbial populations, e.qg.,
activated sludge, to step changes in feed flow rate, feed concentration,
pH and temperature. The response was characterized by determining pre-
shock, transient stage and final "steady state" conditions of effluent
substrate and cell concentration and biochemical composition of the
biomass. Both once-through and cell recycle systems were studied and
effect of specific growth rate and mean hydraulic retention time on
response were assessed. In general, an increased retention time, cell
recycle and biomass concentration Tessened the amount of substrate
leakage during the transient stage, whereas, a decreased specific
growth rate alleviated disruption of plant efficiency. The report

contains an appendix consisting of six papers on these types of shock

loading.
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SUMMARY AND CONCLUSIONS

This report includes analyses of experimental results pertaining
to the response of mixed microbial populations (activated sludge) to
environmental perturbances (shock loads) consisting of step changes in
inflow rate (hydraulic shock loads) pH, temperatﬁre and concentration
of carbon source in the feed stock (quantitative shock loads).

A1l experiments were accomplished in completely mixed continuous
fiow reactors. In each case the "steady state" condition in the pre-
shock state was defined, the shock administered and the transient
response observed until the system approached the new "steady state".
The response was characterized with respect to biomass concentration
and biochemical composition (protein, carbohydrate, nucleic acid) and
effluent quality (total organic carbon, i.e., chemical oxygen demand,
COD and specific analysis for carbohydrate, the anthrone test).

Common factors affecting response for all the shock loads were:
mean hydraulic retention time, t, specific growth rate, u, cell recycle
and biomass concentration as well as the rate and mode of administration
of the shock load. A1l of the above factors are interrelated and
response to environmental stress cannot be predicted solely on the
basis of any one of them. In general, in increased t, cell recycle
and biomass concentratiop attenuated the amount of substrate leakage
during the transient stage, whereas, a decreased u alleviated disrup-
tion of plant efficiency. The results are analyzed in regard to bio-
chemical and ecological response as well as kinetic definition of
response patterns. Major articles on these types of shock are included

in the appendices to the report.



Regarding engineering guidelines for limits of ability of
activated sludge plants to handle shock Toading without serious bio-
chemical disruption, it is concluded that with plants operating with
mean hydraulic retention times usuaily employed, i.e., 5-8 hours, an
activated sludge process can be expected to successfully withstand a
three-fold increase in incoming substrate concentration of organic
material to which it is acclimated. The process can be expected to
withstand a two-fold hydraulic shock load. Based upon the results
herein reported, it is estimated that a system can be protected
against significant substrate leakage as well as pH induced predomi-
nance of filamentous organisms by control of pH to + 1 unit from
neutrality. Systems operating at reasonably moderate temperatures,

e.g., + 25° C can more readily accommodate increase than decrease in

temperature,



INTRODUCTION

The response of microbial populations to change in the environment
is a broad basic and applied interest. In the environmental pollution
control field heterogeneous or mixed populations are employed and their
response to changes in the environment are naturally somewhat more
difficult to characterize because of the inherent instability caused
by the diversity of species in the population. It is well recognized
that such systems will vary in overall biochemical and physical charac-
teristics even under constant environmental conditions. When various
types of environmental shocks are administered the situation becomes
more complicated and prediction of mechanistic and kinetic response
offers a rather exciting and important investigative challenge which
has occupied a considerable portion of the principle investigator's
research effort down through the years. Some of the problems and the
investigational apprdaches have been recently discussed by the author
at an NSF seminar session. The seminar presentation was prepared
during the conduct of the present research investigation and formed a
portion of the present effort to draw portions of the principal investi-
gator's overall research program into a body of fundamental concepts
applicable to the design and operational control of biological purifi-
cation processes. It is therefore appended to this report and the
reader is referred thereto for a more detailed presentation of the
overall aims and goatls and Tine of attack which the principal investi-
gator has taken in studying and comparing the behavior of heterogeneous

populations under both steady and unsteady conditions.



The current project had one overriding objective. It was considered
essential to place before the scrutiny of the inves{igative and practicing
field in the environmental pellution control area, as well as those in
the applied microbioiogy and fermentation areas, various experimental
resutts of the principal investigator and his student co-workers on a
variety of environmental shocks. Down through the years the experimental
program has been extremely productive of useful data. Although a highly
active publication schedule has always been maintained it was quite
impossible to maintain the publication schedule at the more rapid pace
of the experimental program and it would have been totally unwise and not
in keeping with sound inVestigétive principles to have called a moratorium
on the experimentation simply in order to keep up with a publication
schedule. Thus over the years the principal investigator has amassed a
tremendous body of data relative to environmental shock which has yet to
be pubiished. It was felt by the author that a separate research project
would be ideal for analysis and preparation of some of these materials
for publication and the current project was thus submitted. The vital
need for such a project was emphasized because of the accelerated move
on the part of the regulatory agencies for establishing maximum instan-
taneous effluent concentrations. Whereas before, average monthly data
were thought to be acceptable, the measure of treatment plant efficiency
in the future will include not only average data but mqnthly, weekly or
daily maximum concentrations. Thus it can be seen that the reliable and
steady delivery of high quality effluent from secondary biological treat-
ment plants for sewage and industrial wastes will become increasingly
important. Since in field installations the inputs to these plants are
not highly controlled the internal response of the plant as these inputs

vary becomes & vital matter for investigation and control. It was hoped



at the beginning of this project that the principal investigator would

be able to "catch up" on the majority of unpublished experiments regarding
environmental stress or shock loadings. While a great deal of data was
analyzed during the conduct of the project and while a considerable amount
of thesedata has been presented for the scrutiny of the field (see
appendices), it was not possible to finish complete analysis and reporting
of all of the massive results which the PI has. The present report covers
analysis of significant investigations in regard to four extremely
important types of environmental change or shock load. These are hydraulic
shock loads, shock loads consisting of changes in pH, éhanges in temperature
and shock loads consisting of a change in the concentration of incoming
carbon source, i.e., the so-called quantitative shock load. The author

has been very active in studies of another type of shock load, one
consisting of a change in the type of carbon source administered to the
reactor system, i.e., the so-called qualitative shock load. These aspects
are not covered in the current report.

It should be emphasized that the current project did not invoive the
conduct of any experimental work. All of the experiments to be described
and discussed in this report were conducted several years prior to the
initiation of the current project. The materials and methods section
which follows provides a brief on the methodology and experimental
equipment employed. Detailed discussion of the methodology is provided
in the papers appended to this report and in references listed in the

lTiterature cited.



METHODOLOGY

The general experimental procedures, analyses pérformed and Taboratory
pilot plant reactors were the same as those employed for many other studies
reported from the author's laboratory. In all of the work herein to be
presented and in many of the studies which have been previously reported
a purposeful effort has been made to conduct the entire investigational
program as one large series of related experiments. Thus it has always
been possible for the PI to correlate and interrelate various investigations
in his overall research program. That is to say, insofar as is possible
each succeeding experiment has always been related to and helped interpret
and explain the results of some previous experiment. Thus the data have
had accumulative as well as individual value. One of the ways in which
this has been accomplished is through the use of a synthetic waste of
known composition, reactors which were hydrau]ica]ly defined as completely

mixed Sfhked, reactors, muitiple analyses for various parameters, etc.

The type of laboratory growth reactors emp]oyed is shown in- Fﬁguwes 1 and

2. When cell recycle to the aeration tank was not practiced (6pérat1on as
a once-through process) the experimental setup was as shown in Figure 1.
However for studies in which cell recycle was employed an additional
aeration tank (return sludge aerator, see Figure 2) was employed. The
underflow from the clarifier was periodically channeled to the return
sludge aerator from which it was pumped to the aeration tank. The
hydraulic flow rate, recycle ratio, temperature, pH and feed concentration
were subjected to rather precise experimental control and these were
varied in known and controlled ways in administering the various environ-

mental changes. Various activated sludges, heterogeneous microbial
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Figure 1.

Side view of completely mixed continuous flow
reactor employed in laboratory studies of
"once-through" systems. A, feed reservoir;
B, aeration tank; C, clarifier, D, feed pump;
E, water bath; F, rotameter.
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_Figure 2. Side view of sludge recycle system added to
pilot plant shown in Figure 1 for studies
employing cell feedback to reactor.
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populations, were developed from initial sewage seeds obtained from the
municipal treatment plant in Stillwater, Oklahoma. The system performance
was measured by determining the concentration of biological solids in the
reactor and in the effluent and in the cell recycle line. Biological
solids were always measured by the membrane filter technique. Biochemical
composition of the cells were measured in many experiments; cell compo-
sition was assayed by running the protein and carbohydrate content of the
celts and in some cases RNA, DNA and 1ipid content. The effluent quality
was measured by assessing its chemical oxygen demand (COD) and by analyses
for specific components in the effluent (e.g. anthrone and glucostat
analyses were employed when the substrate was glucose, etc.). Also in
some cases liquid gas chromatography was used to analyze for various
metabolic intermediates and/or end products which were determined to be

in the effluent on the basis of the difference between the concentration
of COD and concentration of specific substrate. Various auxiliary
experiments were conducted using cells harvested from the reactor; however
these will not be discussed in the current report except where they are
particularly critical to analysis of the response of these continuous

flow growth reactors.



RESULTS AND DISCUSSION

Hydraulic Shock

One of the types of shock loading which commonly occurs in the field
is that type of environmental perturbance which consists of a change in
the rate at which the wastewater flows into the reactor. This is commonly
called a hydraulic shock loading and since the volume of the reactor is
fixed the unit flow rate (commonly calied the dilution rate, D), which is
the ratio of the incoming flow, F, to the volume of the reactor, V, is
subjected to change. It can be shown that the dilution rate, D,is related
to and exerts control over the specific biological growth rate, nu. Thus
it can be seen that a hydraulic shock precipitates a biological response.
Naturally a successful response is one which permits the system to
accommodate to the change without excessive deterioration of effluent
quality during the period of adaptation or acclimation necessitated by
the imposition of the environmental perturbance. Hydraulic shock can
be defined simply as a change in the dilution rate with no change what-
soever in the concentration of substrate, Si' On the other hand hydraulic
shock is often accompanied by a considerable change in Si' Both situations
are certainly worthy of experimental investigation. It is also important
to emphasize that the immediate past growth history of the biomass can
be expected to have some effect on the response to a change in the dilution
rate. Thus in the experimental studies to be presented herein it was
essential to choose some base line dilution rate. In the studies reported

1 was chosen since this is a dilution

here a dilution rate of 0.125 hrs_
rate commonly employed in the field. In the studies shown in the following

figures the synthetic waste consisted of a minimal salts medium with

1
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glucose as substrate; temperature was maintained at 250 C and pH was
maintained at 7.0.

The next few figures will show some of the responses when dilution
rate was changed with no change whatsoever in substrate concentration.
Figure 3 shows the response when the dilution rate was decreased fourfold.
One would not expect a forced slowdown in growth rate to precipitate
a really deleterious transient response with respect to biological solids
and substrate removal. It is clear, however, from the figure, that the
system did undergo some disturbance. When the dilution rate was halved
(see Fig. 4) again there was a slight perturbance, but one certainly
would conclude from these results that a decrease in dilution rate while
substrate concentration in the feed remains constant, can be accommodated
fairly well by the system. The type of hydraulic shock which causes more
concern is one consisting of an increase in dilution rate. In Figure 5
it is seen that a doubling in dilution rate caused onlﬁ a slight transient
increase in soluble organic material in the effluent. For a more severe
shock, from a D of 0.125 to 0.313 hrs”! (see Fig. 6), the ipitial pattern
of response was the same as in the previous figure. However, the initial
dropoff in biﬁ]ogica] solids concentration and initial rise in effluent
COD (see T-COD) was more severe and recovery of initial conditions in X
and S was not complete. The lower biological solids concentration and
increased effluent COD suqgests that at the new dilution rate, the system
was beginning to follow its normal dilute-out curve. This surmise is
substantiated by noting the initial and final steady state conditions with
respect to S and X when an even greater hydraulic shock was app]ied, i.e.,

from 0.125 to 0.375 hrs” (see Fig. 7). The same pattern of response with
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respect to initial and final steady state conditions is seen in Fig. 8,
which shows the response when the most severe hydraulic shock was placed
upon the system; that is, when dilution rate was changed from 0.125 to
0.437 hrs'1. However, in this case the transient response was somewhat
different than it was for the previous two figures. In this figure it
is seen that there is a smooth transient as the system approaches the
new steady state, whereas in the two previous figures the effluent sub-
strate concentration passed through a maximum and the biological solids
concentration passed through a minimum before approaching a new steady
state level.

In the hydraulic shock load results thus far shown, the hourly rate
of feeding increased when D was increased, and decreased proportionally
when D was decreased, since feed substrate concentration remained constant.
On the other hand, one can apply hydraulic shock and maintain a constant
hourly mass rate of feeding substrate. This requires that when dilution
rate is increased, substrate concentration must be decreased proportionally,
and when dilution rate is decreased, there must be a concomitant increase
in substrate concentration. In these cases, the system receives a quanti-
tative shock along with the hydraulically imposed change in u. Under such
conditions of hydraulic shock it has been found in the principal
investigator's laboratory that a decrease in dilution rate is far more
deleterious than an increase. That is, the situation is the reverse of
that found with the hydraulic shock loading previously described. Figure
9 shows the response when the dilution rate was changed from 0.125 to
0.31 hrs'l. The hourly ordanic loading was maintained constant, and to
do so meant increasing Si from a 1000 to 4000 mg/1. There was a signif-

icant transient in effluent substrate concentration during which the
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efficiency of substrate removal or of purification decreased; however,
the system recovered and the COD removal efficiencj returned to the
preshock level of # 90%. The response to a less severe decrease in
dilution rate (with concomitant increase in Si) is shown in Fig. 10.
In this case there was a smooth transition to the new steady state,

and the substrate removal efficiency remained essentially constant.

pH Shock

While there has been much information published regarding effect of
pH on microorganisms, there is a relative dearth of experimental infor-
mation regarding the transition between steady state growth at one pH
and steady state growth at another pH. In fact, there are very few
systematic studies regarding continuous culture of microorganisms at
various steady state pH levels. Thus it was important to gain some
insight into types of response and the Timit of adaptability for various
increases and decreases in pH. Here it was essential to choose some
reasonable base level pH, and the one chosen was 6.4 to 6.7. For each
of the experiments shown in the next series of figures the initial
steady state was assessed, the pH of the feed changed, and the resulting
transient behavior of the system examined until the new or final steady
state was approached. The major objective was to characterize the
response and to obtain some guidelines as to an allowable range in pH
in the waste stream. In these studies both once-through and cell
recycle systems were employed. The temperature, rate of aeration, etc.,
were the same as for the hydraulic shock load studies. Source of the
population again was municipal sewage; the organisms were acclimated to

the synthetic waste which again consisted of a minimal medium in which
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glucose was the carbon source. Figure 11 shows the response when a once-
through chemostat system was subjected to a change from pH 6.7 previous to
the shock (see data to the left of the broken line at time 0) to pH 6.2.
It can be seen that there was a relatively short-lived but definite transient
in X and S before returning to a steady value. A slightly more severe
shock from pH 6.7 to 5.8 to another system again caused a transient response
in X but very little disturbance in effluent quality (see Fig. 12). It is
interesting to note that in this figure and in the previous one effluent
quality was slightiy better in the final steady state which resulted at
the new pH. In any-event, such a mild decrease in pH, while definitely
causing a transient disturbance, would have to be adjudged well within the
limits of biochemical adaptabiiity of a heterogeneous population. In fact,
even in Figure 13, which shows the response to a decrease in pH from 6.4
to 3.5, after a rather severe transient leakage of substrate and dilute-
out of cells, there was a fairly rapid recovery. Also plotted in this
figure are changes in protein, carbohydrate and DNA content of the biomass.
It is seen that there was a considerable drop off in protein and DNA
content and a rise in carbohydrate content in response to the lower pH.
Also it should be noted that microscopic observations indicated that
there was a drastic change in predominance between initial and final
steady states. As one might expect, the predominating organisms in the
final steady state were filamentous fungi.

When the pH was changed from 6.6 to 3.2 the results were as shown in
Figure 14. This shock which was only slightly more severe than that
shown in the previous figure, resulted in a decidedly more severe transient
disturbance of both substrate removal efficiency and biological solids

concentration. It is seen that the cells diluted nearly completely out
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of the system before a new population began to establish itself. As before,
this new population consisted essentially of fi1améntous fungi. A similar
response was registered to a slightly more severe decrease in pH from 6.4
to 3.0 (see Fig. 15). Again, these experiments were run in a once-through
chemostat. The general pattern of response was similar to that of the
previous figures.

When a slightly more severe shock from pH 6.6 to 2.7 was applied in
a once-through chemostat, the system had reached the point of no recovery,
as seen in Figure 16. The experiment was terminated after 200 hours,
since even though there were very small amounts of biological solids
which persisted in the chemostat the system showed no tendency toward
recovery. It seems possible that with prolonged aeration the very specific
population which is required for existence at such a low pH might have
developed, provided, of course, such cells existed in the population prior
to the shock. The results of microscopic observations of each system as
each experiment progressed left 1ittle doubt that the main response
mechanism was an ecological shift from individual microorganisms to the
filamentous fungi. In general, for experiments wherein cells were
recyc]ed; the recycle operation had a tendency to attenuate the transient
leakage of substrate. Figure 17 shows one experiment in which total cell
recycle of all settleable solids was practiced at a recycle hydraulic flow
amounting to 1/3 of the substrate inflow rate. The system was subjected
to a very severe shock, i.e., a change in pH from 6.7 to 3.2; there was
a rather drastic dilute out of cells but Tittle or no disturbance of
substrate removal efficiency. Filamentous forms increased put they were

not the predominant forms after the shock.
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Temperature Shock

Studies on the response to changes in temperature were conducted
in once-through chemostats using synthetic waste of the same composition
used for the previous studies. As before all populations were developed
from an inoculum of municipal sewage. The base line temperature selected
for the pre-shocked condition was 259 C and the reactors were run at

dilution rates of 0.125 and 0.25 hrs™ ).

From the base line temperature,
systems were subjected to decreases to temperatures as low as 8% C and
increases as high as 57.5°C. In the next series of figures showing

these results it will be possible to compare the effect of dilution rate
or specific growth rate on the ability of these hetrogeneous populations
to accommodate the various changes in temperature which were imposed. In
general, it will be shown that the systems responded :‘more favorably to
increases than to decreases in temperature, and that regardless of the
direction of change, there was less leakage of carbon source in the
effluent as well as less dilute out of cells during the transient phase
in the systems growing at the Tower dilution rate. When the temperature
was changed over a 12 hour period from 250 to 8° C, neither the system

1 responded

growing at the specific rate of 0.125 or the system at 0.25 hrs”
successfully. The experiment was carried out for 200 hours after the
shock, but there was no indication of impending recovery after this
reduction of temperature to the psychrophilic range. However, when a

less severe decrease in temperature (i.e., from 259 to 17.5°C) was studied,
there was a dilute out followed by a considerable recovery of substrate

removal efficiency. The results of such studies at the two specific

growth rates employed are shown in Figure 18. The data presented on the
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left-hand side of the figure show the response of the system run at
D =0.125 hrs‘l, and the data on the right show the response for D =

0.25 hrs'1.

In each set of data, the values plotted to the left of the
lines at time zero represent conditions in the preshock state. It
is seen that for the slower growing system (left) there was considerably
less disturbance during the transient phase, and there was essentially
total recovery in the newsteady state at 17.5° C. Howaver, for the
faster growing system, (right) there was a more severe and long-lived
disturbance and, although the system showed partial recovery there was
a considerable {apparently permanent) leakage of carbon source. The
feed consisted of 1000 mg/1 glucose and it can be seen that approximately
60% of the organic matter contributed by the glucose leaked from the system
in the final "steady state". In both systems, it is interesting to note
that the transient leakage of soluble organic matter consisted primarily
of compounds other than the initial substrate. This is shown by the
curves labeled T-COD and A-COD; the former represents total soluble
organic matter whereas the latter represents soluble organic matter
reactive to the anthrone test. At the higher growth rate, acetic acid
was identified as one of the metabolic intermediates and/or end products
released, However GLC analysis of samples from the slower growing system
revealed an absence of low molecular weight fatty acid. Changes in
various parameters of bjochemical composition of the sludge are shown in
the top portions of the figures.

When a mild increasing temperature change from 25 to 36° C was
appiied to the system, as shown in Figure 19, there were some fluctuations

and an initial decreasing trend in X, but these did not result in any
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deterioration of purification efficiency. The most noticeable effect
of this shock at either growth rate was a decrease in cell yield anq
increase in protein concentration in the faster growing system. whén
the temperature was increased from 25 to 47° C over a 26 hour period,

a severe transient leakage of substrate was observed at both growth
rates as seen in Figure 20. Here also there was a rather profound
effect of growth rate on the severity of dilute-out in X and leakage in
S during the transient period. The disturbance in tﬁe sTower growing
system was of Tess severity and was shorter lived than in the more
rapidly growing population. In the slower growing system, dissimilation
of the original carbon source proceeded uninterruptedly during the
transient. Again at the higher temperature there was a decrease in cell
yier. Both systems recovered with regard to substrate leakage in the
effiuent.

A change in temperature from 25 to 57.5° € led to an apparent
inability to recover treatment efficiency (see Figure 21). Even though
neither system recovered to the pre-shock level of efficiency, it is
amply apparent that the slower growing system did not undergo as severe
disruption, and regained a higher degree of substrate removal efficiency

than did the faster growing population.

Quantitative Shock Loads

The type of quantitative shock loads in these particular studies
consisted of a step increase in inflowing substrate concentration, 5;-
This work consisted of a systematic study of response to quantitative
shock loadings for the purpose of gaining insight into delineation of

the effect of various operational parameters on the ability of the
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system to accommodate such shock. Another objective was to arrive at
some practical guidelines regarding shock levels which activated sludge
systems can handle without significant disruption of treatment efficiency.
The experimental approach employed was to compare the shock Toad behavior
of once-through and cell recycle systems at identical hydraulic reactor
detention times, t. Three sets of detention times were selected, 4, 8,
and 12 hours. In a once-through system t = %—= %? where D is the dilution
rate and is defined as the ratio of infiowing rate of Feed flow, F, and
the aeration tank volume, V, (i.e., %); u is the specific growth rate
which, in the steady state condition, is an exponential growth rate
constant which can also be defined as %%—(%J, where the differential is
the rate of change in X. When cell recycle is practiced, the mean
hydraulic retention time in the reactor is reduced because of the recycle
flow. The recycle flow is usually expressed as a fraction, o, of the
waste flow and is thus equal to oF. In terms of overall dilution rate,
the reactor dilution rate D1 is given by the following equation:
Dy = D(1 + o).

Thus to maintain the same t for the reactor it was necessary to reduce
the system dilution rate D. This was accomplished by reducing the rate
of inflowing waste feed, F. In these studies the recycie flow o was
maintained at 0.33.

Figures 22, 23, 24, 25 and 26 are composites of some of the figures
given in appendix VI. In general the results show that for the higher
t's there was an improvement in response with regard to amount of sub-

strate leakage during the transient phase at a given shock concentration.

This trend is readily apparent in the once-through systems, €.g9., see

39
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DYNAMICS OF MIXED MICROBIAL POPULATIONS UNDER BOTH STABLE AND
CHANGING EXTERNAL ENVIRONMENTS

By
A. F. Gaudy, Jr.

Bioenvironmental Engineering Laboratories
OkTahoma State University
Stillwater, Oklahoma 74074
INTRODUCTION

It is a pleasure to discuss some of the work my students and I have
undertaken to gain understanding of the biological responses to both
long-term and short-term changes in environmental conditions. A large
portion of the work we have undertaken deals with "natural” or hetero-
geneous microbial populations because one of our main interests is the
biological treatment of waste substrates wherein mixed populations pre-
vail. The biological treament process which has occupied much of our
investigational interest is the so-calied activated sludge process,
especially as operated in reactors wherein complete mixing exists. One
of the overriding purposes for studying environmental response of such
systems is to gain an idea of the biological or biochemical factors, as
well as physical factors, which determine levels of unused organic sub-
strate carbon (Se) in the system, and the level of cells (i.e., biomass),
X, at the corresponding substrate lTevel. Such information is put to use
in prediétive formulations for design and operation of the bioengineered
process, wherein lies one of our major reasons for engaging in the
research.

There are a number of ways one can approach the problem of provid-
ing sufficiently accurate descriptions of'behavior of activated sludge
processes to allow prediction of levels of biomass, X, and effluent sub-

strate, S The approach, or guiding philosophy, we have used is one

o
which recognizes the complexity and uncertainty contributed by

- Prepared for the second US-Japan Seminar on the Dynamics of Micro-
bial Populations - May 5-10, 1974, Minneapolis, Minnesota.



heterogeneity in the population, but maintains that such systems are not
so dissimilar from single species growth that the theory of continuous
culture cannot be used as a starting point. The general theoretical
concepts of continuous culture as set forth over two decades ago by
Monod (1) and by Novick and Szilard (2}, and later elaborated upon by
Herbert, Elsworth, and Telling (3), are well known and need not be dis-
'cussed here. The theory recognizes that there may be small changes in
S and X, but these are steadied because of the relationship between the
specific growth rate, u, and the substrate concentration, S. One such
relationship which has enjoyed wide usage is the one put forth by Monod
and is shown in Equation 1:

u * S

max
i (1)

If one runs a chemostat at a particular dilution rate under rather
controlled constant chemical and physical conditions in the laboratory,
it can be shown that there ensues a rather steady level of X and S. On
the other hand, if one disturbs the system by imposing a rather large

step increase in, for example, influent substrate concentration, S,

i* S0

that the system does not return to the previous steady state but assumes

a new one, the transition stage in X and S is not accurately predicted
using the Monod relationship between specific growth rate and substrate
concentration. If one administered such a shock and measured at time t

an increase in Se due to the increased Si’ the corresponding value for

i should be computable by Equation 1 and the corresponding value of X
cod]d then be computed from a time dependent form of the continuous cul-
ture equations. We have performed such experiments and have found that
the value of u'predicted using equations incorporating the Monod expression

is Tower than the observed u in the system when the sampling time, t, occurs



during the period when Se is increasing, and the reverse situation exists
at a later stage in the transition, i.e., when Sé is decreasing and
approaching the new steady state value (4). Such results indicate that

u ts not as responsive to S as is stated by Equation 1. Such a finding
is also consistent yith the concept of growth rate hysteresis as put
forth by Perret (5). One way this lag in response can be illustrated is
as follows: Figure 1 shows the response in X {top) and in S (bottom)
when cells growing in a once-through chemostat at a dilution rate of

0.244 hr”!

with S; at 450 mg/1 glucose, measured as chemical oxygen
demand (COD),were subjected to a shock loading consisting of a change

in Si to 1450 mg/1 glucose COD. The change in Si was made at time 0,
and the data to the Teft of zero show the initial steady state condition
of X and S. Such a shock can be termed a "quantitative" shock, indi-
cating that the sole change was in quantity (concentration) of feed sub-
strate (6). IIn addition to measuring the filtrate COD concentrations,
the suBstrate was also measured using the anthrone test (filtrate car-
bohydrate COD). It can be seen in the bottom portion of the figure that
there was considerably less leakage of carbohydrate than total organic
matter (COD). This aspect of the resuits is a rather important con-
sideration often encountered in working with heterogeneous populations
and sometimes with pure cultures, as well. It can be seen that if one
measured Si by the anthrone test, the apparent lTeakage would be less
severe than that measured by the test for total organic matter (COD) in
the filtrate. With regard to environmental pollution control, however,
it matters 1ittle that the carbon source leaked from the system has been
metabolically changed from the ori’ginallone. What does matter is that

the shock caused a significant amount of carbon source to exit the sys-

tem. It is this applied concern which makes it mandatory for the



applied scientist to employ a general rather than a specific test for
substrate.

It can be seen that the system underwent a rather smooth transition
between initial and final steady states. In keeping with the theory of
continuous culture, the cells responded to the higher concentration of
substrate by an increase in specific growth rate, and in approximately
eight hours (two mean hydraulic retention times) attained a new steady
state. Thus, in a qualitative sense, for this macro-change in Si’ the
system followed a course consistent with the course of events predicted
by continuous culture theory for micro-changes in S. One may determine
if the change in u is quantitatively in accord with the Monod relation—
ship by determining the siope of the biological solids curve at various
times during the transient, and comparing these u values with those pre-
dicted by the Monod equation (Equation 1). One may determine the values
for maximum specific growth rate, Hnax’® and saturation constant, Ks,
from batch growth data, and substitution of these "constants" in Equa-
tion 1 along with observed substrate values obtained from the filtrate
COD data in the bottom portion of Figure 1 permits calculation of cor-
responding values for yu. These two sets of values for u at the various
éoncentrations of S observed during the 8-hour transient period are
shown in Figure 2. It is seen that during the period while S was
increasing to the maximum 1eakagé level (430 mg/1), the observed values
of u 1ie below those predicted by the Monod relationship whereas in gen-
eral the situation is reversed as the substrate concentration returns to
the steady state level. The hysteresié envelope described by the data
is, to be sure, not the smooth one predicted by Perret, but the data are
consistent with the concept of growth rate hysteresis. Returning to

Figure 1, the dotted 1ines show the course of change in X and S using



time-ﬁependent forms of the continudus culture equat1on§, and experi-
mentally determined values for Hoax® KS, and cell yield, Y, for the sys-
tem. It is seen that the model equations provide only a rough approxi-
mation in the transient stage.

From work such as this, we have concluded that the general theory
of continuous culture employing a Monod-type of relationship between u
and the growth-1imiting constituent in the system will probably not suf-

fice for predicting the transient response when the system is shocked.
Stabilizing Dynamic Behavior due to Internal Instability

In view of the above conclusion, one may wonder if the theory of
continuous culture is usable for relatively stable .conditions of oper-
ation. We have done rather extensive work on the growth of heterogen-
eous populations under fairly steady conditions in once-through chemo-
stats, and have found that even though there are at times gross changes
in species predominance, there does develop a relatively steady condi-
tion in S and X. There is somewhat more variation in X than in S,
because of changes in predominance and concomitant changes in cell yield,
Y (7)(8). Figure 3 is an example of the type of data one obtains in a
once-through chemostat for heterogeneous populations. It can be seen
here that there is considerably more steadiness in S than there is in X.
It can also be seen that from such data one can obtain a fairly reliable
estimate of average or mean "steady state" values. We have been able to
use the continuous culture equations of Herbert (9) to predict Tevels of
X and S at various dilution rates employing experimentally determined
max’ KS, and cell yield, Y. Most of these studies have 'been
conducted at temperatures in the range of 20-25% using relatively easily-

vaTues of p

metabolized carbohydrates as carbon source in mineral salts medium. “he



microbial populations originate from municipal sewage. The values for

1

U, Ks' and Y were generally in the range of 0.4 to 0.6 hr ', 50 to

max
150 mg/1, and 0.4 to 0.6 mg/mg, respectively (7)(8)(10){11)(12). Thus,
if one accepts the sufficiency of only an approach to steady state, or

a pseudo steady state, the Eheory of continuous éu1ture‘can be said to
apply to heterogeneous populations when the operational conditions are
held fairly steady.

Most activated sludge plants are not operated as once-through
chemostats, but incorporate rather massive cell feedback. Equations
incorporating cell feedback into continuous culture theory have been
employed for some time, and those given by Herbert have been widely
used (9). . With cell feedback there are two new operat{ng factors which
may be éisiinguished: o, the hydraulic feedback ratio, expressed as the
ratio of the rate of inflow feed to rate of flow of feedback slurry, and
the feedback concentration factor, ¢ (as employed by Herbert), which is
the ratio of c¢ell concentration in the recycle, XR, and the reactor, X
{i.e., c = XR/X). The factors o and ¢ are treated as selectable system
constants. Using heterogeneous populations of sewage origin, we have
made rather extensive laboratory-scale pilot plant investigations in
which we have attempted to rﬁn a chemostat with cell feedback holding
a and ¢ as system constants (8). Figure 4 shows one such run for which
a was 0.25 and ¢ (i.e., XR/X) was maintained at 1.5. It is rather dif-
ficult to operate a system with constant ¢ for heterogeneous populations
wherein there is variation in X, because when X changes, XR must also be
changed to keep ¢ as a constant. It can be seen in the figure that ¢
was maintained fairly close to the selected value of 1.5. It can also

be seen that the reactor did not attain a steady state in X. Regarding

substrate S, there was more fluctuation than was observed in the once-



through system, but compared to the variation for X in tHis figure, S
can be said to have remained fairly steady. It should be noted that the
scale for substrate is expanded eight-to~one as compared to the top
graphs. In general, it can be adjudged that S remained fairly steady
over the 2-month period of operation shown. As unsteady as the con-
dition of X and S may be, one can still take an average of two or three
months' data at each dilution rate. Using such data as representative
of the "steady state" condition, it was possible to predict the dilute-
out patterns using values of the biological constants obtained during
the various ekperimenta] runs, and to show that the predicted and obser-
ved data agreed fairly well.

whije it may then be possibie to conclude that the general theory
of continuous culture for cell recycle systems can be used to predict a
general trend in X and S with dilution rate for heterogeneous microbial
populations, the mode of operation surely cannot be said to enhance
attainment of a very "steady" state. Furthermore, operation with con-
stant ¢ is a monumental operational chore since the operator holding to
such a model must change the concentration, XR, as X changes in order
that his mode of operation complies with the stated condition of the
mode?. More important to our current consideration than the physical
difficulty of using such a model is that its uselin an inherently
dynamic system such as one employing heterogeneous populations actually
fosters vaniation in X. For example, consider a situation wherein there
has been a slight ecological sﬁift leading to a change in cell yield, Y,
causing an increase in X from its former steady value. After noting the
increase in X, one must increase Xp in order to maintain ¢ constant.
The increase in XR, instead of decreasing the concentration X to its

former value, only serves to displace X further upward, thus causing



greater unsteadiness and further militating against the successful util-
ization of the model. We were forced to the conclusion that the con-
tinuous culture theory with inclusion of cell recycle, as put forth by
Herbert, while perhaps satisfactory for pure culture systems, did not
suffice for the more ecologically dynamic mixed microbial population.
Notwithstanding the problems of applicability of continuous cul-
ture theory, it was desirable to determine if some modification could be
devised which might steady the system yet maintain conceptual communion
with the original theory of continuous culture. In the interest of pro-
viding steadiness in X, it seemed that rather than employ a constant
recycle concentration factor, c = XR/X, it would be befter to maké XR
the selectable system constant. Such an assumption in the derivation of
the model equations sets a rather severe and somewhat unrealistic con-
straint at the extreme boundary condition of high dilution rate since
the equations do not allow the system to compute to the total washout of
cells, i.e., X can never be equal to zero, but can only approach a Tower
Tevel equal ‘to XR(T'E?TI . Be that as it may, from a practical stand-
point one would not wish to operate a biological waste treatment system
anywhere close to the extremely high dilution rates required for wash-
out, and we decided to write a materials balance holding Xp rather than
c as a constant (13). The derived equations are‘shown in Table I and
are compared with those of Herbert for cell recycle systems. Ours are
somewhat more cumbersome because the derivation leads to the quadratic
form, but they are not unduly complicated and are easily computerized.
In Figure 5 the dilute-out behavior in S and X as dilution rate is
increased is graphically compared with that for Herbert's equations. It

can be seen that the assumption of constant XR adds considerable stabil-

ity in regard to the "staying power" of the system as dilution rate



increases. Figure 6 shows a flow diagram we envisioned for the process.
The essential difference between this diagram and the usual ones including
cell feedback is the inclusion of a second aeration tank which serves as
a biomass makeup and/or dosing tank. Here the recycle cells are made up
to the pre-selected operating level, xR. The recycled biomass may be
thus treated as a chemical (biochemical) dosage to reactor number 1. It
was felt that this modification was one which did maintain cbnceptua1
communion with continuous culture theory as well as offer some means of
engineering control to help stabilize the inherent internal dynamic
nature of the system, and we designed laboratory pilot plant studies to
determine if this surmise were true. One should recognize that some
field modifications of the activated sludge process employ two aeration
tanks similarly arranged (e.g., contact stabilization); however, the
function of the tanks is not that herein proposed.

Recently, we have run pilot plant studies employing this model, and
an example of the type of data obtained is shown in Figure 7 (14). The
dilution rate during this 30-day period of operation was 0.125 hr'].
Comparison of these results with those of Figure 4 demonstrates that
this mode of operation tends to assist in bringing the system closer to
the steady state assumption made in the derivation of the continuous
culture equations.

Presently, we are continuing to study the “steady state" behavior
under this mode of operation (15). And we are including various auxil-
fary studies to characterize therbiomass. These necessarily include
separate batch experiments to determine Max® Ks, cell yield, etc. Also,
because of:the practice of cell recycle,'it must be remembered that the
specific growth rate, u, is much lower than for a once-through system

operating at the same dilution rate. With an XR value of 10,000 mg/]
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and with o and Si values in ranges usually encountered in the field,

! may be encountered. At

specific growth rates of approximately 0.1 day
such a Tow steady state specific growth rate, the cells in the system
may be subjected to significant amounts of autodigestion during the res-
idence time in the system; thus, the amounts of excess sludge produced
each day (or the observed cell yield) may be lower than that predicted
using the so-called "true" cell yield. It can thus be readily appre-
ciated that our current studies on our activated sludge model offer an
opportunity to examine the concept of cell maintenance. Thus far we
have observed kinetic effects consistent with the cell maintenance con-
cept, but our data have caused us to have some doubt regarding the con-
ceptual validity of the mechanism responsible for the Tower cell out-
puts at lower specific growth rates (16)(17}. These studies are contin-
uing because they are of basic significance regarding fundamental growth
kinetics in continuous and batch culture; also from a practical stand-
point we are interested to know if we should inc]udé in our steady state
model equations a term for autodigestion. Inclusion of such a term may
or may not prove to be a desirable adjustment to the model. In any

event, its inclusion would add one new biological "constant" to the

model .
Dynamic Behavior Due to External Stress (Shock Loadings)

To this point, we have q1scussed some ways and means (constant XR)
by which we have been able fo bring some modicum of steadiness to an
inherently dynamic (heterogeneous) microbial system when we operate the
system under rather steady conditions of S;» temperature, pH, flow rate,
etc, We ére planning to perform experiments on this system wherein we

administer perturbations such as the type shown in Figure 2 for once-
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through systems. In fact, at this writing we have already accomplished
some preliminary shock loading experiments involving a three-fold
increase in Si’ and the system does seem to exhibit a high degree of
stability in S to such shocks. However, the great amount of our shock
load work was not designed to test the adaptability of this particular
system or model. Our interest in shock Toading has been pursued over a
long period of time; in fact, it pre-dates by many years the development
of the model I have just described. Some of our shock loading studies
have been conducted in batch systems when such an experimental design
seemed best for the particular matter being investigated. Also,
although we have conducted many continuous culture system shock loading
studies during which cells were recycled, most of the shock Toad studies
were conducted using once-through completely mixed culture reactors.
Perhaps the reason for employing once-through systems which is most
readily appreciated by fellow experimentors is the difficulty of ober-
ating systems with cell recycle., Not only does cell recycle complicate
the analysis of the response, but the physical difficulties of keeping
the plant operating in accord with the model (with either constant ¢ or
XR) during the transient are many. However, such problems can be over-
come, and the main reasons for our interest in “0ncg-through” system
responses are more fundamentally significant than those of expediting
the experiment. From a practical engineering standpoint, cell recycle
attenuates the severity of substrafe leakage largely because of the
high concentration of biomass, whereas the once-through system is less
resistant to{change. In addition fo the lower biomass concentration,
sﬁch systems operate with relatively young cell ages, i.e., higher
specific growth rates. As yet we do not really know all the reasons why

these two factors (high biomass concentration and slower specific growth
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rate} attenuate the degree of substrate leakage during shock. However,
most of our data indicate that such is the case. Thus, if one sets lim-
its of tolerance based upon the once-through response, he may éxpect that
they will be on the conservative side and provide some engineering safety
factor against substrate leakage. From a basic standpoint of trying to
understand mechanistic principles governing both biochemical and ecolog-
ical response and of attempting to describe the transient mathematica11y,
the once-through system is the obvious starting place. When one contem-
plates the complex biochemical and ecological mechanisms which may be

set in motion when various external perturbances are imposed upon the
system, there is some reason to doubt that transient models for adequate
description of the response of heterogeneous populations will become
available in the near future. However, it should be apparent that use-
ful descriptive models, whether conceptually sound or not, cannot be
forthcoming without the obtaining of experimental results against which
to test the response predicted by any of the possible models. Our
approach has thus been to examine responses to various shocks in once-
through systems with a definite aim of establishing practical (presently
conservative) limits of adaptability to external changes and of gaining
useful data with which to characterize the response patterns. While we
cannot at this time present a model with which to predict the transient
response, we have amassed and are continuing'to amass a large body of
experimental data under known and controlled conditions, and I shall
devote the remainder of the report to presenting some of these results.

I hope I may be forgiven if I avoid making sweeping general conclusions.
We have amassed so much data that nﬁt all of it has been fully analyzed
in conceptual detail as yet. General trends and patterns are emerging,

and brief mention of these will be provided.



13

Response to Quantitative Shock Loadings

With regard to the quantitative shock load, it might be recalled that
Figure 1 showed the general trend in response to an increase in Si’ That
was a response we would tend to call a biochemical or immediate response to
the change; that is, it represents a response similar to one which might
also occur with a pure culture. In a gross sense, it is an en-masse response
of the biomass behaving like an "average" culture or species. For such stud-
jes, pure cultures might serve as useful tools for for investigation, and
the mode of study essentially paraliels the work undertaken by microbial
kineticists. .However, Figure 8,sh6ws a response that probably would not
have occurred had not th; population been a heterogeneous or mixed pop-
ulation (18). There are many parameters shown in this figure, but I would
like to call your particular aftention to the bottom set of graphs depict-
ing the condition of the effluent for this once-through chemostat oper-
ation (dilution rate = 0.125 hr']). The system had attained a rela-
tively steady state condition with S, at 1000 mg/1 (glucose}. The feed
concentration was then changed to 2000 mg/1 and the response was a rise
in biological solids concentration with no transient leakage of sub-
strate. The immediate biochemical response was a success; the system
accommodated a doubling of Si without any leakage of carbon source or
disruption of the steady state in S. However, more than 30 hours after
administering the shock there was a rather severe disruption. We can
account for this upset as an ecologica] response induced by the shock
load iin Si' The severe transient leakage occurred during a period when
there was a drastic change in species predominance in the system. The
shift in predominating species was marked by a change iin color of the
mixed 1fquor, and microscopic examination revealed a drastic change in

morphological characteristics of the cells comprising the biomass. The
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shift could be attributed only to the change in Si' A more severe

shock which caused a transient substrate leakage during the immediate
response revealed that the carbon source in the effluent COD consisted
largely of compounds ather than the feed substrate. These results are
shown in Figure 9. It can also be seen that there was again a secondary
or ecological response. The elaboration of metabolic intermediate prod-

ucts by the existing population during the early or metabolic en-masse

' response may be a factor which contributes to the shift in predominance

which comprises the secondary response. In these cases, ;he secondary
responses are much more disruptive than the en-masse metabolic response.
One might say that results such as these emphasize the difference between
pure, or unnatural, cultures and mixed, or natural, populations. If
nothing else, they emphasize the complexity of the mixed system and the
difficulty one might have in modeling transient response. There cer-
tainly would seem to be a need for caution in applying the necessarily
sihp]istic mathématica] model approach to describing or predicting the
kinetic course of the transient in S and X due to quant{tative shock
loadings. Thus, our decision to characterize the response by various
shocks through rather careful experimentation rather than spend time,

perhaps futilely, seeking to model the response may be appreciatéd=
Hydraulic Shock Loads

Another type of shock which occurs quite frequently is one which
involves a change in flow rate, F. The accompanying qhange in D and
thus in u (u~D} is one which, like the response to a quantitative shock,
requires either an increase or decrease in specific growth rate.
Hydraulic shocks can come about simply as a change in D with no change

gt all in S, or, as often happens, they may be accompanied by a



15

considerable change in Si' For example, oftentimes an increase in flow
rate after a storm is accompanied by a decrease in Si’ due to dilution
of the waste water. Both situations are worthy of investigation. Also,
the immediate past growth history of the cells can be expected to have
some effect on the response to the change in D. For example, cells
grown at D of 0.1 hr'] before the change might be expected to respond

differently than a population grown at a D of 1.0 hr!

to 2.0 hrl.

when D is changed
In the studies I shall briefly describe (19), we chose a
base 1ine dilution rate of 0.125 hr™! because this dilution rate usually
places the system on a flat, stable portion of the di1ute76ut curves in
X and S, and this D is not an uncommon one for field reactors in the
pollution control field. Synthetic waste consisted of minimal salts
medium with glucose ‘as substrate; temperature was 25C and pH was main-
tained at 7.0.

The next few slides will show some of the responses when dilution
rate was changed with no change whatsoever in substrate concentration.
Figure 10 shows the response when the dilution rate was decreased four-
fold. One would not expect a forcible slowdown in growth rate to pre-
cipitate a really deleterious transient response with respect to bio-
logical solids and substrate removal. It is clear, however, from the
figure, that the system did undergo some disturbance. When the dilution
rate was halved (see Figure 11), again there was a slight perturbance,
but one certainfy would conclude from these results that a decrease in
dilution rate while substrate concenfration in the feed remains constant,
can be accommodated fairly well by the system. The type of hydraulic
shock which causes more concern is one consisting of an increase in
dilution rate. In Figure 12 it is seen that a doubling in dilution

rate caused only a slight transient increase in soluble organic material
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in the effluent. As can be seen, the soluble QOD (see T-COD) rose from
approximately 80 mg/1 to a maximum of 130 mg/l:within the first three
hours, but returned to its former steady state level within the first
six hours after changing dilution rate. It is also seen that the organic
carbon in the effluent was not the original substrate. The curve lab-
eled "A-COD" represents the amount of anthrone reactive material in the
soluble portion of the effluent, and it is seen that the transient rise
in COD consisted of materials other than carbohydrate. For a more
severe shock from a D of 0.125 to 0.313 hr'] (see Figure 13), the ini-
tial pattern of response was the same as in the previous figure. How-
ever, the initial dropoff in bio]ogic%] solids concentration and initial
rise in effluent COD (see T-COD) was more severe and the recovery of
initial conditions in X and S was not complete. The lower biglogical
solids concentration and increased effluent COD sugﬁesf that at the new
dilution rate, the system was beginning to follow its normal dilute-out
curve. This surmise fs.substantiated by noting the initial and final
steady state'conditions with respect to S and X when an even greater
hydraulic shock was applied, i.e., from 0.125 to 0.375 hr'_] (see Fiéur-e
14). The same pattern of response with respect to initial and final
steady state conditions is seen in Figure 15, which shows the response
when the most severe hydraulic shock was placed upon the system; that

is, when dilution rate was changed from 0.125 to 0.437 e !

However,
in this case, the transient response was somewhat different than it was
for the previous two figures. In this figure, we see a smooth transient
as the system approaches the new steady state, whereas in the two pre-
vious figures, the effluent substrate concentration passed through a

maximum and the biological solids concentration passed through a minimum

before approaching the new steady state level.
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In all of the hydraulic shock 1oad results thus far shown, the
hourly rate of feeding increased when D was increased, and decreased
proportionally when D was dec¢reased, since feed substrate concentration
remained constant. On the other hand, one can apply hydraulic shock and
maintain a constant hourly rate of feeding substrate. This requires
that when dilution rate is increased, substrate concentration must be
decreased proportionally, and when dilution rate is decreased, there
must be a concomitant increase in substrate concentration. In these
cases, the system receives a quantitative shock along with the hydrauli-
cally imposed change in u. We have made studies under this condition of
hydraulic shock, and we find that in this case, a decrease in dilution
rate is far more deleterious than an increase. That is, the situation
is the reverse of that found with the hydraulic shock loadings pre-
viously described. Figure 16 shows the response when the dilution rate

was changed from 0.125 to 0.031 hr ).

The hourly organic loading was
maintained constant, and to do so meant increasing Si from 1000 to 4000
mg/1. There was a peaked transient in effluent substrate concentrﬁtion
during which the efficiency of substrate removal or of purification
decreased; however, the system recovered and the COD removal efficiency
returned to the pre-shock level of I 90 percent. The response to a less
severe decrease in dilution rate (with concomitant increase in Si) is
shown in Figure 17. In this case there wa§ a smooth transition to the

new steady state, and the substrate removal efficiency remained essen-

tiaily constant.
Response to pH Shock

The heterogeneous populations in biological treatméqt systems are,

at times, subjected to a variation in the pH of the inflowing medium.



13

There has, of course, been much information published regarding the
effect of pH on microorganisms; however, there is a relative dearth of
experimental information regarding the transition between steady state
growth,at one pH, and steady state growth at another pH. Indeed, there
are very few'systematic studies regarding continuous culture of micro-
organisms at various steady pH levels. Thus, it seemed important to us
to gain some insight into responses one might expect to observe and the
limit of adaptability for various increases and decreases in pH. Here
it was essential that we choose some reasonable base level pH, and the
one chosen was 6.4 to 6.7. For each of the experiments shown in the
next series of figures, the initial steady state was assessed, the pH

of the feed changed, and the resulting transient behavior of the system

examined until attainment of the new or final steady state was approach-

ed (20). Our major objective was to characterize the response and to
obtain some guidelines as to an allowable range of change in pH in the
waste stream. In these studies:we did, in addition to operation of
once-through chemostats, operate some systems with cell recygle. The
temperature, rate of aeration, etc., were the same as for the hydraulic
shock Toad studies. The source of the population again was: municipal
sewage; the organisms were acclimated to the synthetic waste which
again conéisted of a minimal medium in which glucose was the carbon
source. Miid alkaline shocks, for example a change from pH 606 to 8.0,
did not result in any serious disruption in X and S. Since we were
using a phosphate buffer system to bring about the changes in pH, it
was diffiéu1t to study response to shocks of a highe; pH. In any event,
it is usually shocks on the acid side which are to be expected in waste
streams. Figure 18 shows the response when a once-through c¢hemostat

system was subjected to a change from pH 6.7 previous to the shock (see
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data to the Teft of the broken 1ine at time 0) to pH 6.2. Here we see
a relatively short-Tived but definite transient in X and S before S
returns to a steady value. A slightly more severe shock from pH 6.7 to
5.8 to another system again caused a transient response in X, but very
Tittle disturbance in effluent quality (see Figure 19). It is interest-
ing to note that in this figure and in the previous one, effluent quality
was slightly better in the final steady state which resulted at the new
pH. In any event, such a miid decrease in pH, while definitely causing
a transient disturbance, would have to be adjudged well within the 1im-~
its of biochemical adaptability of a heterogeneous population. In fact,
even in Figure 20, which shows the response to a decrease in pH from 6.4
to 3.5 after a rather severe transient leakage of substrate and dilute-
out of cells, there was a fairly rapid recovery. In this figure we have
also plotted the changes in protein, carbohydrate, and DNA content of
the Biomassn It is seen that there was a considerable dropoff in pro-
tein and DNA content and a rise in carbohydrate content in response to
the Tower pH. Also, it should be noted that microscopic observations
indicated that there was a drastic change in predominance between ini-
tial and final steady states. As one might expect, the'predominating
organisms in the final steady state were filamentous fungi.

When a once-through chemostat was subjected to a drop in pH from
6.6 to 3.2 in another experiment, the results were as shown in Figure 21.
This shock, which was only slightly more severe than that shown in the
previous figure, resulted in a decidedly more severe transieﬁt disrup-
tion of both, substrate removal efficiency and biological concentration.
It is seen tﬁat the cells diluted nearly completely ou; of the system
before a new population began to estab]ish itself. As before, this new

population consisted essentially of filamentous fungi. A similar
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response was registered to a slight]y more severe decrease in pH from

6.4 to 3.0 (see Figure 22). Again, these experiments were run in a

once-through chemostat. The general pattern of response was simiiar to

that of the previous figure; it would seem that there may be some pos-

sibility for mathematical description of ‘these peaked transient responses.
When a s1ightly more severe shock from pH 6.6 to 2.7 was applied in

a once-through chemostat, the system had reached the point of no recovery,

as is seen in Figure 23. The experiment was terminated after 200 hours,

since even though there were very small amounts of biq]ogicaT solids
which persisted in the chemostat, the system showed no tendency toward
recovery. It seems possible that with prolonged aeration, the very
specific population which is required for existence at such a low pH
might have developed, provided, of course, such cells existed in the
population prior to the shock. The results of microscopic obsérva%ions

of each system as each experiment progressed leaves little doubt that

" the main response mechanism was an ecological shift from individual

microorganisms to the filamentous fungi.

In general, for experiments wherein cells were recyc1ed, the recycle
operation had a tendency to attenuate the transient Teakage of substrate.
Figure 24 shows one experiment in which we practiced total recycle of all
settleable cells at a recycle hydraulic flow amounting to one-third of
the substrate inflow rate. When such a system was subjected to a very
severe shock, i.e., a change in pH from 6.7 to 3.2, there was a rather
drastic dilute-out of cells but little or no disruption of substrate
removal efficiency. Filamentous forms increased, but they were not the

predominant forms after the shock.
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Response to Temperature Shock

We have also examined the effects of changes 1nltemperature on
the transition between pre- and post-steady state conditions (21).
These studies were conducted in once-through chemostats using synthetic
waste of the same composition used for the previous studies. As before,
all populations were deve?opgd from an inoculum of municipal sewage.
The base 1ine temperature selected for the pre-shock condition was 25°C.
and the reactors were run at dilution rates of 0.125 and 0.25 hr™'.
From the base line temperature, systems were subjecfed to decreases to
temperatures as low as 8°C and increases to as high as 57.5°C. In the
next series of figures showing these results, we wi]] be able to compare
the effect of dilution rate or specific growth raté on the ability of
these heterogeneous populations fo accommodate the various changes in
temperature which were imposed. In general, it will be shown that the
systems responded more favorably to increases than to decreases in tem-
'perature, and that regardless of the direction of temperature change,
there was less leakage of carbon source in the effluent as well as less
dilute~-out of cells during the transient phase in the systems growing
at the lower di]ution rate. When the temperature was changed over a 12-
hour period from 25° to 8°C, neither the system growing at the specific
rate of_0,125 or the system at 0.25 hr'] responded successfully. The
experiment was carried out for 200 hours after the shock, but there was
no indication of impending recovery after this reduction of‘temperature
to the psychrophilic range. However, when a less severe decrease in
temperature (i.e., from 25° to 17.5°C) was studied, there was a period
of dilute-out followed by a considerable recovery of substrate remova.

efficiency. The results of such studies at the two specific growth



22

rates employed are shown in Figure 25. The data presented on the left-
hand side of the figure show the response for the system run at D = 0.125

hr'], and the data on the right show the response for D = (.25 hr'].

In
each set of data, the values plotted to the left of the dotted line at
time zero represent conditions in the pre-shock state. We can see that
for the slower growing system there was considerably less disturbance
during the transient phase, and there was essentially total recovery in
the new steady state at 17.5°C; However, for the faster growing system,
there was a more severe and long lived disturbance and, although the
system showed partial recovery, there'was a considerable (apparently
permanent)‘1eakage of carbon source. The feed consisted of 1000 mg/1
glucose, and it can be seen that approximately 60 percent of the organic
matter contributed by the glucose leaked from the system in theifinal
"steady state." In both systems, it is interesting tb note that the
transient leakage of soluble organic matter consisted primarily of com-
pounds other than the initial substrate. This is shown by the curves
1abe1ed T-COD and A-COD; the former represents total so]usle organic
mafter whereas the latter represents soluble organic matter reactive to
the anthrone test. At the higher growth rate, acetic acid was identified
as one of the metabolic intermediates and/or end products released. How-
ever, GLC analysis of samples from the slower growing system revealed‘an
absence of Tow molecular weight fatty acid. Changes in various para-
meters of biochemical composition of the sludge are shown in the top
portions of the figures.

When a mild increasipg temperatdre change from 25 to 36°C was
applied to the system, as shown in Figure 26, there were some fluctua-

tions and an initial decreasing trend in X, but these did not resu.t in

any deterioration of purification efficiency. The most noticeabie
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effact of this shock at either growth rate was a decrease in cell yield
and increase in protein concentration in the faster growing system,

When the temperature was increased from 25 to 47°C over a 26-hour period,
a severe transient leakage of substrate was observed at both growth
rates as seen in Figure 27. Here also we see a rather profound effect
of growth rate on the severity of dilute-out in X and leakage in S dur-
ing the transient. The disturbance in the slower growing system was of
less severity and was shorter lived than in the more rapidly growing
population. In the slower growing system, dissimilation of the original
carbon source proceeded uninterrupted during the transient. Again, at
the higher temperature there was a decrease in cell yield. Both systems
recovered with regard to substrate leakage in the effluent.

A more severe temperature shock (see Figure 28)'which placed the
system in the thermophilic range, i.e., a shock from 25 to 57n5°C, led
to severe transient disruption and an apparent inability to recover
treatment efficiency, at least within the 200-hour perioq after changing
the temperature. Even though neither system recovered to the pre-shock
state, it is amply apparent that the slower growing system did not under-
go as severe disruption, and regained a higher degree of substrate removal
efficiency than did the faster growing population.

There was, in these experiments, a pattern of cell dilute-out and
substrate leakage followed by recovery which might eventually be sub-
jected to a reasonable mathematical or. predictive ana]}sis for the
transient state; however, at this time it seems rather difficult to
establish the adequacy of a physiological or mechanistic basis for the
response. One might expect an increase in specific growth rate for an
increase in temperature and mathematical relationships might be thus

established. In all probability, there may be some sort of hysteresis
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effect or kinetic lag involved, similar to that shown for quantitative
shock loadings. Also, the ecological response would have to Se con-
sidered, and this is a complicating factor which will require much more
experimental research than mathématical model-making. For those shocks
involving an increase in temperature there was, durihg the period of
cell dilute-out and recovery, some evidence for changes in species pre-
dominance as fndicated by changes in morphology within the biomass,

For the high temperature shock, the thick, short rods which predominated

in the biomass prior to the shock were, in the recovery phase, replaced

by thin, elongated cells.
Response to Qualitative Shock Loadings

There is yet one more type of shock which has been of particular
interest in our laboratories for many years. This type of shock invol-
ves a change in the chemical composition, that is, the qualitative anal-
ysis of the incoming feed stock. When the nature of the compounds in a
waste stream changes, e.g., from predominantly carbohydrate‘to mixed
carbohydrate and proteinaceous waste materials, one might expect there
would be a period of acclimation and/or adaptation before the system
could accommodate to the new waste stream. Acclimation might require
enzyme induction and some constituents in the wastewater might repress
such 1nductiqn; that is to say, the sequential or diauxic growth on two
or more substrates as shown by Monod for pure cultures, might also be
manifested in heterogeneous populations. The experiment shown in the
next figure is one which I performed many years ago to gain some initial
insight into the possible occurrence of sequential growth when the pop-

ulation consisted of a heterogeneous biomass (see Figure 29)(22). The
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figure shows a growth experiment in which a mixed porulation which had
been originally obtained from sewage and acclimated over a prolonged
period of time to sorbitol was subjected to growth on a mixture of glu-
cose and sorbitol. The optical density curve suggests that sequential
growth occurred and the curves for glucose removal and removal of chem-
ical oxygen demand (total soluble organic matter) leave 1ittle doudbt
that glucose was removed first, followed by removal Qf sorbitol. Thus,
there was sequential growth and glucose repressed the synthesis of enzy-
mes required to metabolize sorbitol, even though the small initial
inoculum was acclimated to sorbitol. This experiment was the first of
many in a study of this type of shock load which is indeed still con-
tinuing in our laboratory, and it has from time to time involved the
energies, taIents, and laboratory facilities of Pr?fessor Elizabeth
Gaudy and some of her graduate students in microbiology.

Of particular significance in considerations of biological waste
water treatment, it should be;emphasized that the blockagerof removal of
one compound by the presence of another in the waste stream is not
uniquely dependent upon repression of enzyme synthesis (23). Figure 30

shows the response of Escherichia coli under non-proliferating conditions

(nitrogen source was withheld from the system). The cells were accli-
mated to sorbitol prior to the experiment, and therefore contained a
comptement of pre-synthesized enzyme, and one can see in this experiment
that a rather high initial inoculum was employed. Thus, substrate
removal was not dependent upon growth of the cells nor was metabolism of
sorbitol dependent upon synthesis of new enzyme. Regardless, it can be
seen that glucose was removed and sorbitol was not removed during the
incubation period. Results such as these in pure culture studies as

well as studies with heterogeneous populations indicated to us <hat
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there was another blockage mechanism in addition to repression to

enzyme synthesis, i.e., there was a mechanism which involved b10ckage'at
the functional rather than genetic level. We reasonéd that such a mech-
anism would probably involve a feedback control someﬁhat similar to the
feedback controls which were known to exist in biosynthetic pathways.
From results such as these, one might reason that in a biological treat-
ment system in which the microbial population is extemely high, the
introduction of certain compounds as shock loads to the system could in
the most severe case immediately block the metabolism of the waste com-
ponents to which the sludge had been previously acclimated, and in less
severe cases, seriously retard the rate of their removal. Figure 31
shows that such blockage certainly can occur (24). Here we see a case
wherein a system was actively removing sorbitol to which it had been
previously,' thoroughly, acclimated, and upon injection of glucose to the
system, sorbitol removal was blocked until the injected glucose had been
metabolized. This figure, as with the previous two, represents the
results of batch experiments. It is also interesting to examine the
response of a continuous culture system to such shock loads. Figure 32
shows the response in a once-through chemostat operating at a dilution
rate of 0.25 hr! (£ = 4 hours) when the inflowing feed‘was changed

from 1000 mg/1 sorbitol (to which this heterogeneous:population had

been thoroughly acclimated) to 1000 mg/1 sorbitol + 1000 mg/1 glucose
(25). It is seen that neither sorbitol nor glucose leaked in the
effluent; however, a considerable amount of metabolic intermediates and/
or end products did leave the system in the transient phase between the
initial and final steady states. Figure 33 shows the response for a
similar system when the inflowing feed was changed from 1500 mg/1 sor-

bitol to 1500 mg/1 sorbitol + 1500 mg/1 glucose. In this case, at the
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higher organic loading there was more severe leakage of organic sub-
strate in the effluent, and there was, within the first four hours after
changing the feed composition, a small leakage of sorbitol. Figure 34
shows the response to a somewhat more severe shock. In this case, the
system was metabolizing 500 mg/1 of glycerol prio? to the shock, and
after the shock the feed consisted of 500 mg/1 glycerol + 1500 mg/1 glu-
cose. In this case, it can be seen that the addition of glucose céused
glycerol to appear in the effluent for a considerable period of time
after the shock. Figure 35 shows the response to a shock Toad situation
in which a once-through chemostat operating with the detention time of
six hours with a heterogeneous biomass growing on 1000 mg/1 of lysine
was subjected tola change in feed consisting of 1000 mg/1 lysine COD +
1000 mg/? glucose COD (26). It is seen in the bottom portion of the
figure that the shock resuited in a transient response in which the
carbon source leakage in the system peaked at 900 mg/1. During the
transient, the system showed both leakage of lysine and glucose. The
top portion of the figure represents the enzymatic capability of the
cells toward lysine {ec/p) as well as the specific substrate removal
rate with respect to lysine (rr/p). The ec/p values represent an
approximate (whole cell} assay for lysine degrading enzyme. Further
explanation and the significance of these rather important paraméters
can be found in references (26){(27) and {28). When the same shock load
was applied to a system which had been growing in pre-shock steady

state at a dilution rate of 0.083 hr!

, 1.e., a detention time of 12
hours, the response was as shown in Figure 36. Comparison of the
response in this figure with that shown in the previous figure indi-
cates that the syétem which had been growing at a slower rate prior to

the shock accommodated it more successfully, i.e., there was less
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leakage of substrate. One might say in analysis of the data that the
lower dilution rate or specific growth rate also dictated a siower
application of the shock substrate, thus leading to the lesser distur-
bance. It is significant to note, however, that there was also greater
repression of specific ability to metabolize lysine (see ec/p values)

in the system which was operating at the higher dilution rate, i.e., the
faster growth rate.

For all of the shock loads thus far presented, it is emphasized
that the carbon source was the growth-limiting nutrient. When coﬁstit—
uents in the medium other than the carbon source are the 1imiting factors
for growth, either prior to the shock or after the shock, the biochemical
mechanism of response may undergo considerable alteration. For example,
we have found in some studies in which nitrogen or magnesium, rathqr than
the carbon source, limited growth; that the response to qualitative
shock loading is more deleterious when the system is growing at a slower
growth rate than at a higher one. That is, the degree of severity of
the response with respect to substrate leakage is reversed from the sit-
uation wherein carbon source is the growth-limiting nutrient. We have
attempted to explain this difference on the basis of production of metab-
olite inhibitor and the factors which control the pool of metabolites
which may contain the metabolic components responsible for the blockage.
We have some evidence that the controlling metabolite{s) may block at or
close to the substrate entry level, i.e., they may prevent the substrate
from enteriﬁg the cell.

Our studies on response to all of the types of shock loadings as
well as those on growth‘and physiology of mixed microbial populations in
general, are continuinglat both the fundamental and applied levels. At

the more basic level, we are interested in the physiological and
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ecological occurrences during metabolism under relatively constant and
under changing environmental conditions. Chemical and ecological under~
standing of mechanism of response is, in our view, more impoktant than
mathematical description since mechanistic understanding is a necessary
prereguisite to making kinetic formulations and models of real scien-
tific utility and predictive significance. Mathematical %odeling of
kinetics without sufficient, mechanistic, conceptual input is rather
"1ike putting the cart before the horSe or, if you will, assuming a
problem has been solved because it has been described. It seems that
often we engineers and scientists tend to accord ba#ic significance to
a mathematical description of a process rather than to the underlying
concept which the mathematical formulation is describing. On the other
hand, it must be recognized that there are times when predictive form-
;u]as are vitally needed to accomplish some aims and that they may have
to be empirically developed because the urgency of their application to
a need may not permit the luxury of time for scientific determination
of mechanism. In such cases, empirical formﬁ?ations lacking perhaps in
mechanistic depth are highly justificable so long as their successful
use does not generate an intellectual and investigational lassitude
regarding mechanistic causation or encourage replacement of conceptual
theory with conceptual dogma.

The foregoing comments on investigational philosophy or attitude
are surely not included as a lecture or "sermon," but are stated simply
ito explain our approach to the study of the dynamics of microbial popu-
lations. We are attempting to gain a basic mechanistic understanding
(biochemical and ecological) and ar; also seeking to gain practical
guidelines for mathematic description of processes and limits of accom-

modation to environmental change.
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We believe our model for operation of heterogeneous biomass systems
with cell feedback has proven and will continue to prove to be useful in
steadying the inherent or internal dynamics of the system which is a
result of the heterogeneity of the population regardless of the steadi-
ness or unsteadiness of the external environment. Under conditiohs of
severe change in external environment (i.e., shock loading conditions),
some guidelines are emerging with respect to ability of continuous cul-
ture systems to accommoaate to change. The results of the once-through
chemostat studies shown here permit us to set tentative guidelines which
are conservative for systems with cell feedback. With respéct to quan-
titative and hydraulic shock loads, syste@s operating at dilution rates
commonly employed in field processes for wastewater treatment can be
expected to accommodate without serious disruption a change in D or in
51 of 100 percent. In general, all of the results presented tend to
suggest that the growth history prior to the shock may play a signifi-
cant role in determining the nature of the:résponse. In general, the
system growing at the slower growth rate prior to the shock responded
more successfully (for example, see the results from the temperature
shock). It also seems reasonable that the more biomass in the reactor,
the less will be the leakage of substrate during the shock. Cell recycle
systems should thus be particuiarly advantageous, since they both lower
the specific growth rate and increase X compared to once-through systems.

For our recycle model, the following expression is applicable:
p=0(1+a-o0o XR/i)

Thus, it can be seen that in addition to the hydraulic control imparted
by D and a, the recycle solids concentration, XR, plays a significant

role in determining u as well as providing a high concentration of
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biomass to resist change. Also, S; can affect u since it affects X.
Also, we cannot overlook a factor which may have an effect 6n response,
i.e., the cell or biomass age, ec. We have observed, for example, less
deleterious blockage of one substrate by introducticn of another for
populations of greater cell or biomass age. Since u = i/ec, the role
of the specific growth rate in determining the response to change may be
of considerable significance, Also, from an ecological point of view,
slower growth rate enhances the opportunity for greéter diversity and
co-existence of Eubacteriales and higher forms of microorganisms, and
thus stability in the ecosystem. Thus, we can see possible relations
between some of the controllable variables which may enhance ultimate
control over the dynamics of biological response to‘change. And while

we see no end to our work, we remain happy in its pursuit.
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time at which the feed was changed; negative time is that prior
to administration of the shock. Symbols: © , biological solids
concentration; @ , protein concentration; ©, tqtal COD;

D, lysine COD; W, glucose COD; W, metabolic intermediate COD;
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(rr/p); & lysine enzymatic capability per unit of protein (ec/p).
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TABLE I

COMPARISON OF STEADY STATE EQUATIONS ACCORDING TO MODELS OF
HERBERT AND OF RAMANATHAN AND GAUDY

| HERBERT RAMANATHAN AND GAL!DY
¢ CONSTANT (03—;8‘) Xgr CONSTANT
- - - 1Si-(1+a)Sej*
S = Y (Si-5,) % YlSl ( a)Sel aXg
| +a-ac l+a
= _ _KsD(l+a-ac) = _ _-btJb’-4ac
S = § =
Emax-D (1 +a-ac) 2a
Q = Hmax~(1+a)D
. Fmax | .. QXR
b = D[Si-(l+a)Ks]- 1o [SH S ]
c - KsD Sl
p = Dll+a-ac) /.L=D(l+a-a-£x3—)




6t

L @anbt4

SHNOH "3IWL
6 8 4 9 S t 1 [ | O 0
1 i o]
o v
4 T o]
_\\\\\Oj\L\
o \\\ 2
BN //f
~
~
. \
™
NOILYNOI T < —
QONOW 3IHL *8.//’%\\
Q3121034d 3ISNOJSIY [~ j,’
~. -_d::;;r Ot
J00 3LVHQAHOSNYD FLvHINY ¢
G0J 31vyiiid o
I . — 1 I ol 009
SHNOH “IANWIL
[ 8 2 9 ] 14 € 2 ! o
_{)OOZ
4‘/' -
-
I,,
/‘]
//
— 0t
NOILYNDO3 QONOW 3HL 9
g 031210384d 3ISNOLS3IY
008

7/bw '3 jvy158NnS

z/bw 'sai0s wo1907018



00§

0101 4

2 3anb4

002

1/8w ' (Q0D) 3ivuisens
00¢

00!

901 = ¥
¥g0 =¥
SN wy g

S

N
/ |

-0

o
o

0
O
2 'Y ‘aivd Himouo

<
o

S0

9-0

0y



o¢ 2€ 82

31vHQAHOBYYVD

£ aunbig

SAVQ ‘3Awil
9l

ve oe

2l

LNINT443

%

A VW

S$a1No0s

vo19070i18~"

NV

aod g334

.

002

00¢v

o
o
@O

008

:

olorq|

F/bw ‘Q31VvDIONI NOILVNIWYIL3A

%



42

1000

g8 & 8

CHEMICAL OXYGEN DEMAND , mg/l

(3]
o
(=

DAYS OF OQPERATION

Figure 4

000
2000 > FEED COD

S R
£ 1600 A
:
E 1200 A
8 %{ RECYCLE SOLIDS
8
3 800
a
S 400
3 "CREACTOR SOLICS
&

0

0 30 40 50 60 70

DAYS OF OPERATION
250
S 200
£
a CHEMICAL OXYGEN DEMAND
¥ (4
g 150
=
Z
z
=]
5 100
z f
-
&
%
50 3
CARBOHYDRATE
0 |
0 30 40 50 60 7




1%

24 Q) 3Lvy NolNIg

G 3unbi4

o2 91 2 g0 Vo 0
‘ | o [ é_-ﬂ-—‘ﬁ' RV A
Q02 ILvyisens

--1

i il
LN
[~ $QIN0S 'lvomo‘lo&ﬂ 4
’\I%_L M
v L\__‘_
1 L ! 1

00s

o0

00slI

0002

0062

vBw ‘ Sy3l3WVHYd Q3LVIIONI



44

F.Si

3y

X

AERATION
TANK

S

(aF)

xR

CLARIFIERY  F, S

< 1

Figure 6

——--

2

SLUDGE REAERATION &
CONSISTENCY TANK



45

ANALYSIS INDICATED, mg/2

Xg, mg/2

Xw » mg/day
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ANALYSES INDICATED, mg/t
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ANALYSES INDICATED, mg/0
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INDICATED, mg/2

ANALYSES
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DETERMINATION INDICATED, mg/#
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DETERMINATION INDICATED (AS COD)mg/4
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DETERMINATION INDICATED, mg/£
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INTERMEDIATES, mg/L COD
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RR/P and EC/P,
mg COD/hr/mg PROTEN

ANALYS!S INDICATED, mg/#
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RESPONSE OF COMPLETELY MIXED SYSTEMS TO HYDRAULIC SHOCK LOADS
By
T. K. George! and A. F. Gaudy, Jr2 , F. ASCE

ABSTRACT

Responses of coﬁp?ete?y mixed, once~-through continuous culture
systems of heterogeneous microbial populations of sewage origin were
systematically examined under two conditions of hydraulic shock load-
ing. A1l hydraulic shocks were applied as step chaﬁges in dilution
rate (either increases or decreases) from a base level of D = 0.125
hr'l. Eight experiments were conducted with constant concentration
of inflowing feed carbon source, and eight under conditions of con-
stant daily organic loading rate. Biochemical response was assessed
primarily by measurements of biological solids concentration and
effluent concentration of carbon source. It was found that under con-
ditions of constant feed concentration, increases in flow rate were
most detrimental and an increase of up to 100 percent could be accom-
quated'without serious disruption of biochemical efficiency. Under
constant organic loading conditions, decreases in flow rate were mbre
detrimental and a decrease of 100 percent could be accommodated with-
out serious transient disruption.

Based upon these results, it is tentatively recommended that

activated sludge processes be protected with surge basins to

'T. K. George, Professor of Civil Engineering, Engineering College,
Trichur, Kerala, India

?A. F. Gaudy, Jr., Edward R. Stapley Professor of Civil Engineering
Chairman Bicenvironmental Engineering Program, Oklahoma State
University, Stillwater, Cklahoma, 74074.



accommodate changes in flow rate in excess of 100 percent of the

average design flow.
INTRODUCTION

Development of kinetic models for design and operation of acti-
vated sludge processes is facilitated by assuming steady state con-
ditions. However, it is well known that perturbations, or shock load-
ings, which tend to disrupt the steady state, canTOCCur.

Research on various types of shock loadings has béen a prominent inves-
tigative interest in the authors' laboratories for many years, and
various reports dn experiments dealing wifh the quantitative and qual-
itative types of shock loading have been reported. I the present
report, results of some experimentations on hydraulic shock loading

are presented.

Grady (6) has recently reviewed much of the literature pertinent
to shock loadings and development of possible predictive formulations
for depicting the transient behavior with respect to bioiogical solids
and effluent substrate concentrations, and this need not be reviewed
here. In general, there are relatively few reports in the po]]utidn
control area dealing with the systematic study of hydfau]ic shock load-
ing, i.e., studies in which the dijution rate, D {or hydraulic 1nf10w
rate), was systeﬁatically changed over a wide range of values.

Some data on transient behavior after a change in dilution rate
for pure culture systems have been reported (1)(5)(8)(9). Such work
has shown that the specific-growth rate, u, does not adjust instantan-
eously. While studies with pure cultures are useful in helping to
provide data for possible "models" depicting transients, they may not

be translatable to the more complex systems of natural or heterogeneous
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microbial populations. Models for such populations may eventually be
evolved, but such evolution will depend upon availability of large
amounts of data. Also, there is a more immediate need for practical
guidelines regarding ranges of severity of perturbances which can be
tolerated by such systems. The work herein presented was undertaken

largely with the latter objective in mind.

Experimental Plan

The types of hydraulic shock considered were broadly classified
into two general types; in one, herein called "constant feed concen-
tration," the change in D (1ncrease or decrease) was imposed with no
change in the inflowing substrate concentratfon; whereas in the second,
the change in D was accompanied by a compensating change in feed sub-
strate concentration so that the unit (daily) organic loading remained
constant--herein termed "constant daily organic loading" conditions.
Since most conditions of hydraulic shock lie between these, it was of
interest to examine both. A change in D may be a simple step change
with the new flow rate holding for a ﬁonsiderab]e time so that the
system approaches a new steady state, or the change may occur in cyclic
pulses of predictable or unpredictable amplitude and periodicity. In
the present study, the former mode was selected. _

While cell or sludge recycle is an inherent feature of most acti-
Avated sludge processes, once-through systems were selected for study.
Reasons for such selection lie essentially in the fact that once-
thrbugh systems are more sensitively “"poised" and more responsive in
a biochemical and ecological sense than are cell feedback systems.
Thus, such systems can be expected to provide a more conservative esti-
mate of possible limits of change in dilution rate Which an activated

sludge system might accommodate successfully, i.e., accommodate without



serious disruption of biochemical efficiency of substrate removal.
In-addition to the above factors, the dilution rate in the initial
steady state {i.e., past growth history) can affect the response. It
seemed jmportant to set some base Tine dilution rate for the initial
steady state, and in the present study all hydraulic shocks were

1, i.e., detention time £ = 8

imposed from an initial D = 0.125 hr~
hours. This specific growth rate (y = D in the systems studied) is
slow enough so that the system is not operating near the critical or
washout D and effiuent substrate is low; also, it is a dilution.rate 7

not uncommonly employed in the field.
MATERIALS AND METHODS

The continuous flow completely mixed reactor% employed in these
studies were 2.5-1iter Pyrex glass aeration vessels. The experimental
apparatus (reactors, pumps, water bath, etc.) was the same type used
previously by Gaudy, et al. and has been described elsewhere (4). The
reactors were adjudged to be completely mixed in accordance with tech-
nique previously described and employed by Komolrit and Gaudy (7).
Compressed air was'suppiied through carborundum diffusersrat an air-
flow rate of 5 1/min. All experiments were run at a reactor temper-
ature of 25 * 1°C.

Glucose was employed as carbon source; the composition of the
medium per liter of feed was: glucose, 1000 mg; (NH4)2504, 500 mg;
MgSO4-7H20, 100 mg; Mn504-H20, 10 mg; CaC]z-ZHZO, 7.5 mg; FeC13-6H20.
0.5 mg; 1 M phosphate buffer {pH = 7.0), 10 ml; tap water, 100 m1, and
distilled water to volume,

To initiate each experiment, a sewage seed obtained from the

effiuent of the primary clarifier of the municipal sewage treatment
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plant at Stillwater, Oklahoma, was aerated 24 hours with two liters
of the synthetic waste. This provided ample time for development of
a dense microbial population. The reactor was then run on a contin-
uous flow basis for a period of two to four days during which time a
"steady state" condition ﬁith respect to biological solids concentra-
tion and substrate concentration developed, and the pre-shock con-
dition of the system was established. A hydraulic shock was then
applied and the tfansient behavior assessed until a new steady state
was approached. After each experimental run, the apparatus was drained
and cleaned, and a heterogeneous population was again developed from
a fresh sewage seed for the next experiment in the series.

Samples of the mixed liquor (and/or effluent from the reactor)
were filtered through tared membrane filters (pore size 0.45 um) for
determination of biological solids concentration. Protein and car-
bohydrate content of the biological solids were measured by biuret
and anthrone analyses, respectively (3). In some cases, the composi-
tion of the bio-mass was further delineated by analyses for RNA
(orcinol test)(10), and DNA {diphenylamine test}(2). In a few exper-
iments, the carbon, hydrogen; and nitrogen contents of the sludge were
determined (C-H-N Analyzer, Hewlett-Packard Company, Avondale, Pa.).
The membrane filtrate was analyzed for chemical oxygen demand (COD)(13),
a§'we11 as total carbohydrate concentration (anthrone test){3). Through-
 out these studies, frequent checks were made on pH, temperature, and
DO (electrometrically) in the reactor. The phosphate buffer in the
medium maintained pH at 6.9 I O.i throughout each experiment, and the
airflow rate employed was sufficient to keep the DO concentration at

5.0 mg/1 or above.



RESULTS
Hydraulic Shock Under Conditions of “Constant Feed Concentration®

Decrease in Dilution Rate

Three experiments in which the dilution rate was decreased were
performed. Figure 1 shows the biochemical response when D was
decreased to 25 percent of the prior steady state value, i.e., from

1

0.125 hr " to 0.031 hr"l, or from a detention time of 8 hours to 32

hours. Data points to the left of the dashed vertical line (time

1; data to the right were obtained

zero) were obtained at D = 0.125 hr~
after making the change in D. There was some fluctuation in biologi-
cal solids concentration and in effluent quality as measured by either
the total COD concentration in the filtrate (T-COD}, or by the anthrone
determination expressed as chemical oxygen demand (A-COD). Ohly car-
bohydrates are measured by the anthrone test; therefore the difference
between the "total COD" and the "anthrone COD" represents soluble
organic matter of a non-carbohydrate nature produced by the micro-
organisms and is hereafter referred to as metabolic intermediates and/br
endproducts. It is seen that the disturbance caused by this shock was
slight as regards eff]uent quality (COD); the response was a success-
ful one. The change in D {(or specific growth rate, u) was rather a
drdstic one (a four-fold ﬂecrease), and it did cause some cells to
"dilute out" during the first 20 hours. The slight dilute-out was in
all probability precipitated by a shift in microbial predominance

which was observed to accompany the change in dilution rate. Changes

in predominance were assessed by noting changes in the apparent color

of the mixed liquor and by microscopic examination in wet mount. It

is also significant to note that the sludge yield, Y, in the initial
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"steady state" was rather low--slightly less than 30 percent (solids

level < 300 mg/1 for feed concentration of 1060 mg/1 COD). RNA and

DNA analyses were performed, but are not plotted; there was no sig-

nificant change in nucleic acid composition in response to the shock.
Figure 2 shows results when the dilution rate was decreased from

0.125 to 0.0625 hrl.

This shock resulted in a mild perturbation in
COD removal efficiency. As adjudged by the rather small and short-
lived disturbance of effluent quality (filtrate COD concentration),
the experiment provided evidence that halving the rate of inflow did
not significantly disrupt the system.
Another experiment was run in which the dilution rate was

decreased by 25 percent (0.125 to 0.094 hrlor T = 8.00 to 10.7 hr)..
This change in dilution rate caused dn]y minimal fluctuation in sys-

tem parameters and sludge composition.

Increases in Di]utfon Rate 7

A fifty percent fncrease in fiow rate, from D = 0.125 to 0.188
hr"l, did not cause any sign%ficant disturbance in effluent substrate
concentration, as seen in Figure 3. Thefe was a slight decrease in
protein contént and a concomifant increase in carbohydrate content of
the sludge.

When the flow rate was doubled, there was a distinct transient
rise in effluent COD concentration (see Figure 4). This transient
leakage of substrate did not consist of the original carbon source,
but of metabolic intermediates and/or endproducts of a non-carbohydrate
nature released by the bio-mass in response to the increased specific
growth rate forced by the change in dilution rate. The increase in
effluent COD was rather short lived; recovery was achieved in eight

hours or less, and the response may be adjudged successful, i.e., this
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the curve. Substituting these values in the equation, one can solve
simultaneously for Hnax and Ks. For example, simultaneous solution

of the equation using values of S at D = 0.3 and 0.4, yield w and

1 and 124 mg/1, respectively; uéing values ¢f S

1

K, values of 0.53 hr”™
at D = 0.25 and 0.35, values of 0.5 hr * and 106 mg/1, respectively,
are obtained. These values are within the general range of values

found in other studies employing heterogenecus popﬁlations reported

from this laboratory (4)(11)(12).

Hydraulic Shock Under Conditions of “"Constant Daily (rganic Loading"
In this series of experiments, the organic loading (mg COD fed
per unit of time) was maintained constant in the pre- and post-shock
periods. Thus a change from D = 0.125 el (t =8 hrs) to D = 0.031
het (t = 32 hrs) was accompanied by a change in.feed concentration

from 1000 to 4000 mg/1.

Decrease in Dilution Rate

Figure 9 shows the response when D was changed from 0.125 hr"1
to 0.031 hr'l. In response to the higher feed concentration, the bio-
logical solids concentration rose rather sharply, but not rapidly
enough to allow removal of the increased feed substrate. There was
a peaked transient rise in effluent substrate concentration and sig-
nificant loss of substrate removal efficiency during the transient
phase which continued for a considerable period of time. By the time
the experiment was terminated, the substrate removal efficiency had
returned to its pre-shock level (f 90 percent); consequently the sub-
strate level in the effluent was four times greater than in the pre-
shock condition. In any event, it is evident that this system could

not accommodate the shock without significant transient disruption
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even though the mass of substrate fed per unit time remained constant.

‘It is important to note here that the response was not due to lack of
DO at the higher substrate concentration. DO values below 5 were
never observed. The values of protein, carbohydrate, RNA, DNA, and
C-H-N content of the sludge are not plotted. In general, the content
of these constituents of the bio-mass remained within commonly
expected ranges.

A more favorable response was obtained when the dilution rate was
changed from 0.125 to 0.062 hr"l. It is seen in Figure 10 that in
this case, a peaked transient leakage of substrate {overshoot) did not
ensue. Instead, there was a rather smooth, gradual transition as this
system approached the new "steady" state. The values of biological
solids concentrations vary widely, and from these dafa alone it woﬁ1d
be impossible to conclude that the system was approaéhing the new
steady state. However, the values for protein and carbohydr'ate con-
tent of the bio-mas§ together with the effluent analyses for COD and
anthrone-reactive material provide rather strong indication that the
system had attained a new steady state in which the substrate removal
efficiency (not effluent quality) remained essentially the same as in
the pre-shock conditions, and that the transition was a smooth non-

1

disruptive one. A milder shock, D = 0.125 to 0.094 hr ~, also

" resulted in a smooth transition,

Increase in Dilution Rate

As under conditions of constant concentration, an increase in
dilution rate forces the system'to grow at a higher specific growth
rate (up = D). However, since u is also affected by substrate concen-
tration (an increase in S engenders an increase in u), the lowering

of substrate concentration by decreaSing the feed may then foster a



14

affected by the four-fold decrease in specific growth rate imposed by
the new hydraulic regime. When the flow rate was increased, the sys-
tem exhibited a noticeable transient increase in effluent substrate
concentration when D was doubled. A small peaked transient of short
duration ensded, and S soon returned to its former steady state level
(see Figure 4). At higher increases in D, the peaked transient leak-
age of substrate with concomitant decrease and recovery in X was also
developed (see Figures 5 and 6). However, the new steady state at
the high D values fell along the natural dilute-out curve for these
populations, as was shown in Figure 8. At still higher values of D,
the transition curve for substrate did not exhibit a peak, i.e., there
was a smooth rise to the new “"steady” substrate concentration; there
was no “"overshoot" and recovery (see Figure 7).

Thus, in these studies there is some evidence for damped oscil-
1atoky response (Figures 5 and 6), and at higher magnitudes of change
in D the oscillating nature of the response is almost comp}ete]y
damped out. Mor and Fiechter observed a transition from a damped
oscillatory transient response to one of a smooth transition depending
largely upon the past history of the culture, i.e., the magnitude of
dilution rate, D, prior_to initiating the step increase in D {(9). In.
the present study, the initijal steady state dilution }ate was held
constgnt and a sjmilar effect was noted., However, it‘is extremely
difficult to make a comparative analysis of studies accomplished with
heterogeneous populations and those employing pure cultures (Mor and
Fiechter employed S. cerevisiae). Also, in the present study, efflu-
ent COD. in the new steady state for experiments in which D was increased
by more than 100 percent.(see Figures 5, 6, and 7) was due primarily

to metabolic intermediates and/or end products. The distinct differences
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between dissimilation of the original carbon source and metabolic incor-
poration of the carbon contained in the substrate comprise another com-
plicating factor which is more prevalent in heterogeneous population
studies thén in studies employing pure cultures, and is a factor ﬁot
usua11y_given consideration in “"model making." Nonetheless, i i§ the
heterogeneous popu]atioh system which is of'1mportance in biological
treatment processes, and it is the total removal of carbon, not of
specific substrate, which is important. Much work is needed using
both pure and heterogeneous populations with various past histories
{e.g., initial steady states) of the systems and mdgnitudes of change,
etc., in attempts to gain an understanding of response. Such under-
standing is a prime requisite for construction of adequate models of
practical utility. For the present, it seems best to use the results
in attempts to gain insight into practical guidelines.

From a practicé] point of view, the results of these shock load
studies provide evidence that hydraulic shocks (with S; constant) con-
stituting an increase in D (decrease in retention time) are more
deleterious than are decreases in D, and that for a design T of Ig
hours, an increase in D of 100 percent can be successfully accommo-.
dated, i.e., 1t will lead to 1ittle or no disrubtion in metabolic
efficiency of the system, |

. When hydraulic shocks of Tike magnitude are imposed upon the sys-
tem under conditions of constant daily organic loading, a decrease in
dilution rate comprises the hore severe perturbance since the system
must also accommodate the concomitant rise in Si (quantitative shock).
For example, when D was decreased to one-fourth its former value at
a constant concentration of S, (see Figure 1), there was minimal dis-

turbance, whereas the same hydrauiic change under constant organic
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loading conditions caused rather severe transient disturbance (peaked
cob reépohse) before the system approached a new ¢teady state con-
dition, as was seen in Figure 9. Shock loadings éonsisting of increases
in dilution rate with concomitant decreases in 5, led to rather orderly
wash-out of biological solids to the new steady level with smali fluc-
tuations in effluent COD. From the standpoint of providing guidelines
for accommodation to shock, the data indicate_that when the hydraulic
shock comes on to the system under conditions of relatively constant
organic loading, D can be halved (with S, doubled) without causing
serious disruption of COD removal efficiéncy. Also, it seems reason-
able to say that D can be doubled (with Si halved) without serious
disruption.

Although biological response to a rather wide range of hydraulic
shock loadings has been presented in this report, the situations exam-
ined by no means bracket the extremes of hydraulic shock loads and
various modes of their'appliﬁation to biological systems. Also, the
response measured was the biological response of the bio-mass and, in

some instances of hydraulic shock, the bio-physical effects, e.g.,

sludge settleability, may be of major concern. However, in cases

wherein removal of the organic substrate depends upon successful
metabolism of the organic matter (and in most cases it does), meta-
bolic considerations must take precedence over the bio-physical

response. No amount of settleability can metabolize the waste sub-

 strate. Also, there are engineering expedients to enhance separation

of the mixed 1iquor, whereas there is less control over the biological
response. Therefore, some tentative engineering conclusions based

upon the results of these studies seem warranted.
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CONCLUSIONS

Based upon these data,iit seems reasonable to conclude that fﬁr
completely mixed activated sludge reactors designed for operation with
a mean hydrau1i¢ residence time of approximately eight hours, the sys-
tem can be expected to accommodate, without serious disruption of
biochemical efficiency of substrate removal, h&dfau]ic shocks con-
sisting of step increases in flow rate up to 100 percent with no
change ih concentration -of incoming substrate (constant concentration
conditions). Decreases in flow rate greater than 100 percent can be
accommodated. Under conditions of constant daily organic loading,
such a system can be expected to accommodate é decrease in flow rate
of 100 percént (with 100 percent increase in inflowing substrate con-
centratidn). Increase in flow rate-of iOO_percent can also be
accommodated. |

It seems reasonable to recommend that in the interest of provid-
ing more steady and reliable performance with regard to substrate
removal efficiency, activated sludge systems be afforded protection
(i.e., by insertion of an equalization or surge basin) against a

change in flow rate greaterlthan 100 percent,
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APPENDIX 11

The following symbols are used in this paper:

Di]ution rate. Ratio of the rate of inflow, F, and the volume

of liquor in the aeration tank, V. It is equal to the recip-
rocal of the mean residence time in a completely mixed reactor.

A biological "constant" used in the hyperbolic expression
relating specific growth rate to substrate concentration. It
is known as the saturation constant. It is numerically .equal
to the substrate concentration at which the specific growth
rate is equal to ¥% the maximum specific growth rate for the
system. ' '

Substrate concentration.

Steady state concentration of substrate in a completely mixed
continuous flow reactor.

Concentration of substrate in the inflowing feed in continuous
flow operation.

Mean hydraulic residence time in a compietely mixed continuous
flow reactor, V/F,

Biological solids concentration, weight per volume.

Steady state biological solids concentration in a completely
mixed continuous flow reactor.

Specific growth rate in an exponential phase of growth.

The maximum specific growth rate for a system in exponential
growth.
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Figure

10.
1.

12.

TITLES FOR FIGURES

Response to a Decrease in Dilution Rate From 0.125 hr™! to

0.031 hr-1; 1000 mg/1 Glucose. T-COD is Total Chem-
ical Oxygen Démand A-COD is total carbohydrate (anthrone-
reactive Material) Calculated as COD.

Response to a Decrease in Dilution Rate From 0.125 hr'] to
0.062 hr-1; S, = 1000 mg/1 Glucose.

Response To an Increase in Dilution Rate From 0.125 hr™' to
0.188 hr~'; Si = 1000 mg/1 Glucose.

Response_to an Increase in Dilution Rate From 0.125 hr'1 to
0.25 hr™'; Si = 1000 mg/1 Glucose.

Response to an Increase in Dilution Rate From 0.125 hr'1 to
0.313 hr-1; S, = 1000 mg/1 Glucose.

Response fo an Increase in Dilution Rate From 0.125 hr'] to
0.375 hr~ Si = 1000 mg/1 Glucose.

Response ¥o an Increase in Dilution Rate From 0.125 hr'] to
0.437 hr™*; Si = 1000 mg/1 G]ucose.

Steady State Concentrations X and § at Various Dilution
Rates.
Response to a Decrease in Dilution Rate From; 0.125 hr'].

= 1000 mg/1 Glucose to 0.031 hr-!, Si = 4300 mg/1 Glucose.
Response to a Decrease in Dilution Rate From 0.125 hr']. ‘
Si = 1000 mg/1 Glucose to 0.062 hr-1, Si = 2000 mg/1 Glucose.
Response to an Increase in Dilution_Rate From 0.125 hr'1,
S; = 1000 mg/1 Glucose to 0.188 hr-1, S. = 667 mg/1 Glucose.

Response to an Increase in Dilut1oT Rate From 0.125 hr"1
S1 = 1000 mg/1 Glucose to 0.25 hr-i, = 500 mg/1 Glucose.
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RESPONSE OF COMPLETELY MIXED SYSTEMS TO pH SHOCK
By
T. K. George and A. F. Gaudy, Jr.
Bioenvironmental Engineering Laboratories
Oklahoma State University
Stillwater, Oklahoma 74074

SUMMARY

The response of aerobically growing heterogeneous microbial pop-
ulations of sewage origin to step increases and decreases in pH were
studied in both once-through and cell recycle systems. The pH range
studied was 2.7 to 8.0. All studies were conducted at a dilution rate

of 0.125 hr™!

» and all shocks were administered from a base or pre-
shock pH level of 6.4 to 6.7. In each experiment, the pre-shock or
initial "steady state" was assessed, the pH of the feed changed, and
the resulting transient behavior of the system examined until attain-
ment of the new or final “steady state" was approached. The major
objectives of the work were to characterize the nature of the response
with respect to bio-mass and effluent substrate concentrations, types
of microbial populations present and chemical composition of the bio-
mass, and to obtain guidelines as to allowable change in pH in waste
streams. It was found in once-through systems that substrate removal
efficiency recovered from pH levels as low as 3.0 after rather long
periods of transient Teakage of substrate. Cell recycle attenuated the
severity of substrate leakage. In all cases of severe acid shock, the
microbial population changed from predominantly bacterial-protozoan to
one consisting predominantly of filamentous fungi. Changes in chemi-

cal composition of the sludge (protein and carbohydrate content) were
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consistent with the population changes. Based upon the results, it
can be conservatively estimated that changes in pH of no more than one
unit from the neutral pre-shock range can be tolerated without possible

disruption of biochemical efficiency of substrate removal.
INTRODUCTION

The effect of pH on growth and microbial products has been of
wide interest in areas of basic microbiology and in commercial fermen-
tations. The system pH is also of critical concern in the biological
treatment of waste waters, since neutralization of larje volumes of
waste water to maintain optimum pH for growth and purification effi-
ciency can be very costly. Thus, much work has been done to develop
microbial systems which can provide acceptable treatment efficiency of
some industrial wastes in acid or alkaline ranges, e.g., Heukelekian
and Gellman (1). Recently, Randall, Edwards, and King have reported
treatment efficiencies of approximately 85% (based on removal of COD)
at pH values as low as 2.6 (2). There may be some doubt as to how
well systems acclimated to acid or alkaline extremes of pH can adjust
to shock loadings, since the pH is bound to exert a selective influence
on the species present in a biological treatment process, e.g., acti-
vated sludge. The lowered diversity of species in the system can be
expected to restrict the range of adaptive response to the variety of
environmental changes to which treatment processes are subjected, such
as changes in concentration and kind of organic substrate(s), flow
rates, temperature, pH, etc.

While there have been many investigations regarding operation at

various levels of pH, there have been fewer investigations to



characterize system response with respect to changes in pH. Recently,
Clark and Speece (3) have presented data on the transient response
(effect on methane production) of continuous flow anae;obic digestion
systems to changes in pH, From a "steady state" level of 8, the sys-
tem could recover completely from decreases in pH to as low as pH b
provided the duration of the depressed pH was less than 12 hours, Such
results demonstrate the importance of rapid corrective action in such
finely poised ecosystems as exist in anaerobic digestion processes. In
the area of basic microbial kinetics, studies on the response of pure
cultures to various changes in pH (step, pulsating, etc.) have been
helpful in devising models to describe the response (4).

In the present experimentation, the aim was to study systemati-
cally the effects of step changes in pH on continuously cultured het-
erogeneous microbial populations in completely mixed aerobic systems.
From the standpoint of possible "model making" from the data, the use
of heterogeneous populations interjects a complicating factor since
it can engender an ecological as well as biochemical response. How-
ever, as related to biological treatment of waste waters, it is the
heterogeneous population which is of major importance. The aim of the
study was to provide general characterization of the response with
regard to cell and substrate concentration and composition of the
cells. While such information can prove useful in helping provide
data for mathematical modeling of the response, the main purpose of
the present study was to help establish guidelines for allowable pH
changes which a biological treatment plant might accommodate without
serious disruption of treatment efficiency.

It is realized that the biochemical response to a shock loading



is in all probability related to and affected by the pre-shock con-
ditions of growth. With regard to changes in pH, the past growth
history with respect to dilution rate, D, and pH in the initial
steady state seem of prominent significance. In the present study, D

1

was maintained constant at 0.125 hr ', and the initial pH Tevels were

maintained at slightly below neutral (pH 6.4 to 6.7).
MATERIALS AND METHODS

The reactors employed in these studies were custom-built 2.5~
liter Pyrex vessels. The experimental apparatus (reactors, pumps,
water bath, etc.) were the same type as those employed previously in
our research, and are described in more detail elsewhere (5)(6)(7).
Compressed air was supplied through carborundum diffusers at an airflow
rate of 5 1/min. Temperature was maintained at 25 T 0.5%. The
reactors were adjudged to be completely mixed, in accordance with tech-
niques described and employed previously by Komolrit and Gaudy (8).

The synthetic waste employed consisted of the following: glucose,
1000 mg/1; (NH4)2304, 500 mg/1; MgSO 0, 100 mg/1; MnSO,-H

*7H 0, 10

g4 "M 4"

mg/1; CaCl,-2H,0, 7.5 mg/1; FeCl1.,-6H,0, 0.5 mg/1; tap water, 100 ml/1;
2 372

2
1 M phosphate buffer solution, 10 m1/1. The phosphate buffer solution
was made up using suitable ratios of H3P04, KH2P04, KZHPO4, and/or
K3P04 to yield the various pH values used during the study.

Throughout the investigation, the COD:N ratio was maintained at
10:1, and COD:P ratio was maintained at 3.4:1. Al1 pH changes were
effected by changing ratios of acid and basic phosphates; thus, the
range of change in pH in these studies was governed by the pH values

which could be maintained by the buffer system. Extremely high pH



values were avoided because they led to precipitation of salts in the
synthetic waste.

Each experiment was initiated by inoculating the synthetic waste
with a 20-m1 s ample of sewage obtained from the effluent of the
primary clarifier of the municipal sewage treatment plant at Still-
water, Oklahoma. The system was run under batch conditions for 24-48
hours, after which the feed solution was continuously pumped in at

D =0.125 hr).

In "once-through" systems, continuous flow operation
was continued at the base line pH value (6.4-6.7) for a period of two
to five days, during which the initial "steady state" condition was
assessed. For experiments in which cell recycle was employed, a
period of two to three weeks in the pre-shock condition was allowed
for attainment and characterization of the initial steady state con-
dition. Shock loadings were applied by changing (increasing or
decreasing) the pH of the influent feed. The transient respbnse to
the step change was assessed, as was the condition at the new steady
state.

Biological solids concentration was measured by cthe membrane
filter technique (0.45 um pore size); protein and carbohydrate of the
biological solids were measured by the biuret and anthrone techniques,
respectively (9). In some cases, the cells were also analyzed for
RNA, using the orcinol test (10), and for DNA, using the diphenyla-
mine test (11). During one experiment, the carbon-hydrogen-nitrogen
content of the sludge was also measured (C-H-N analyzer, Hewlett-
Packard Co., Avondale, Pa.). The membrane filtrate was analyzed for
total chemical oxygen demand (T-COD){(12), and for total carbohydrate

concentration (anthrone test) calculated as COD (A-COD){9 }. Frequent



checks were made on pH (Beckman Zeromatic pH meter), temperature, and

dissolved oxygen (Precision Scientific DO analyzer} in the reactor.
EXPERIMENTAL RESULTS

The biochemical response to a step change in pH from 6.6 to
8.0 is shown in Figure 1. Data plotted to the left of the dashed
line through zero on the time axis represent the "steady state" con-
dition at the initial pH level. The change in pH caused only slight
fluctuation in the substrate removal measured by either the COD or
anthrone test; there was some fluctuation in biological solids con-
centration. Protein content of the sludge decreased somewhat, and
there was an accompanying rise in carbohydrate content.

Figure 2 shows the results when the same change in pH was applied
to a system in which sludge was recycled. The recycle flow was 33.3
percent of the feed flow, and the biological solids concentration in
the recycle was 3500 mg/1 : 10 percent. In this case, the resulting
pH in the reactor was 7.65. The fact that the pH did not rise quite
as much as it did in the previous experiment may be attributable to
the high biological solids concentration. There was essentially no
change in the effluent substrate concentration. The rise in biolog-
ical solids concentration was accompanied by a rise in protein, car-
bohydrate, and DNA in the sludge. Thus, the percent composition
remained nearly the same as before the shock.

When a somewhat milder alkaline shock (from pH 6.7 to 7.3) was
applied to a once-through system, there was essentially no change in
the biological parameters.

When the pH was decreased from the base level of 6.7 to 6.2 in



a once-through system, there was a discernible transient disruption

of the substrate removal ability of the system (see Figure 3). The
biological solids concentration gradually decreased from 480 to 290
mg/1 within approximately 100 hours after changing the feed pH. The
effluent substrate concentration was not affected until after the 50th
hour. Thereafter, the effluent COD rose to approximately 230 mg/]%
with the maximum COD leakage occurring at the time of lowest solids
concentration in the system. COD removal in the final steady state
was considerably better than before the shock and there was an apparent
increase in cell yield (note the final solids concentration of 680
mg/1). The drop in pH was a gradual one, requiring approximately 120
hours to reach 6.15.

In Figure 4 it is seen that a's1ight1y more severe shock in a
once-through system, from pH 6.7 to 5.8, precipitated a more rapid
dilute-out of cells, but in contrast with the previous result, no
excess leakage of COD ensued. Microscopic examination of the sludge
revealed no gross change in species predominance in either experiment.
It is also interesting to note that in both experiments the biolog-
ical solids concentration was higher in the final state (or as the
system approached steady state). Analyses for sludge composition were
not obtained during the experiments shown in Figures 3 and 4.

When the system was stressed by a decrease of three pH units
(6.4 to 3.5), a rather drastic response was obtained, as seen in Fig-
ure 5. Within 40 hours, the biological solids concentration dropped
from 375 to 65 mg/1. During this time, the pH dropped rather sharply
to slightly above pH 4, and then there was a gradual decline to pH

3.5 during the period of solids recovery. The effluent COD curve was



essentially the mirror image of the biological solids concentration
curve. Approximately five days after the change in pH was initiated,
the system recovered. In the new steady state, the biological solids
concentration was higher and the effluent COD concentration lower

than at the more neutral pH level of the initial steady state. There
were drastic changes in protein and carbohydrate content. Cell pro-
tein dropped from 56 percent to a Tow of 22 percent during the tran-
sient, then rose to a new steady state level of only 29 percent.

The carbohydrate content rose from 15 to 38 percent, and then decreased
to 25 percent in the final steady state. There was also a reduction in
the DNA content of the bio-mass. The sludge composition in the final
steady state is more representative of fungi than of bacteria. Micro-
scopic examinations made during the experiment indicated that in the
initial steady state, the bio-mass consisted predominantly of clumped
bacteria and protozoa, whereas after making the change in pH, fila-
mentous forms predominated.

A similarly severe pH shock {6.5 to 3.3) was applied to a system
in which cells were recycled. For this experiment, the average con-
centration of recycle sludge was 1000 mg/1, and the hydraulic recycle
ratio was 33.3 percent. The biological solids concentration in the
reactor in the pre-shock condition was 625 mg/1. As seen in Figure b,
the shock caused a rapid dilute-out of cells and substrate. This
system recovered somewhat more rapidiy than the one shown in Figure 5,
and the maximum substrate concentration in the effluent was lower than
in the case with no cell feedback. The drop in protein and increase
in carbohydrate content of the sludge was similar to that observed in

the previous experiment. However, unlike the previous case, the



protein content of the sludge remained at approximately 50 percent
for nearly 40 hours, during which time_most of the substrate leakage
and solids dilute-out occurred. These data suggeét that due to the
recycle of cells, the ecological or adaptive response (shift to fil-
amentous fungal forms) was delayed by the recycle of non-filamentous
species., Microscopic examination of the sludge indicated that the
previously noted shift from clumped bacteria in the initial steady
state to filamentous forms in the final state again occurred.

A similar pH shock was applied to a system in which a higher
recycle sludge concentration was employed. Nearly all of the settle-
able sludge was returned from the clarifier to the aeration tank at
a hydraulic recycle ratio of 33 percent of the feed flow rate. This
led to a pre-shock level of 2250 mg/1 biological solids. In this
case, when the pH was changed from 6.7 to 3.2, there was only minor
leakage of substrate. As seen in Figure 7, the effluent COD rose
only to 150 mg/1 and within 40 hours returned to the pre-shock Tevel.
However, the drastic effect on éludge settleability is indicated by
the drop in biological solids concentration (2250 to 900 mg/1). In
this experiment, there was an increase in filamentous forms after
the shock, but they did not predominate. The sludge consisted pre-
dominantly of loosely clumped bacteria in a lattice or web of fila-
mentous forms. The drop in protein and increase in carbohydrate con-
tent were again evidenced, although the change in sludge composition
was not as severe as in the two previous experiments. Thus, the
cell composition data correlated rather well with microscopic obser-
vations of gross change in predominant species.

It was seen in Figure 5 that the once-through system could
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recuperate from a rather severe shock consisting of a change in pH
from 6.4 to 3.5. It was of interest to examine respoﬁse patterns to
even more severe changes, and to determine at what pH these systems
might for all practical purposes lose their recuperative power.
Figures 8, 9, and 10 show responses to increasingly severe depressions
of pH. Decreasing the pH to 3.2 caused Teakage of a higher concen-
tration of COD (900 mg/1) than did a drop to 3.5 (Figure 5, 700 mg/1).
It is seen in Figure 8 that the leakage of COD was in alil probability
leakage of original substrate (in any event, it wa§ carbohydrate mate-
rial). Changes in sludge composition and predominant forms were
essentially the same as for the previous experimehts.

In Figure 9 it is seen that the same general pattern of recuper-
ative response was repeated when the pH was lowered to 3.0. It is
also interesting to note that in all of the once-through systems which
received acid shocks, the biological solids concentration in the
recovery state was higher than in the pre-shock condition.

In this experiment, samples were also processed throﬁgh the
C-H-N analyzer to assess relative changes in elemental composition in
response to the shobk. There was very little change except for the
expected drop in nitrogen content.

Finally, as seen in Figure 10, within 200 hours the system gave
no indication of recovery from a shock loading at a final pH of 2.7.
The fact that some substrate was being removed and some growth per-

sisted in the mixed 1iquor might portend eventual recovery.
DISCUSSION

The present studies were conducted to gain an insight into the
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transient responses of mixed (heterogeneous) microbial populations to
changes in pH. The once-through systems studied might be expected to
provide a conservative gauge of the magnitude of a]Towable change in
pH which an activated sludge can accommodate without serious dis-
ruption of biochemical efficiency. The most severe alkaline shock
(pH 6.6 to 8.0 with no sludge recycle) caused 1ittle or no disturb-
ance to the system, The nature of the buffer system (and mineral
medium) precluded studies at higher pH values; it also determined the
ranges of acid shocks which could be applied.

From the present results, the magnitude of allowable decrease in
pH cannot be closely defined. It is possible to conclude that a drop
of approximately one pH unit can be accommodated with 1little dis-
ruption, although even changes of this magnitude or less can cause
sufficient perturbance to be of concern (e.g., see Figures 3 and 4,
once-through systems). It is also apparent (see Figure 9) that sys-
tems can be expected to recover biochemical efficiency (after rather
prolonged periods of transient leakage of substrate) after changes
of pH from neutral to approximately pH 3.0.

The phosphate buffer system did not readily facilitate the study
of response to the range of pH 3.5 to 4.5, since the buffering capa-
city in this range is poor; however, for the acid shocks examined, a
definite trend or pattern of response evolved. The more severe the
acid shock applied, the greater was the transient in effluent COD
and the greater was the dilute-out of cells before recovery was ini-
tiated. There did not appear to be any direct correlation between
severity of shock and time to recover the former state of substrate

removal efficiency.
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The general graphic characterization of response was fairly well
defined and may be of possible use in mathematical ﬁbdeIing studies,
but these data might best be employed in this regard for comparison
with results obtained from systematic studies using more defined
populations (e.g., one microbial and one fungal species) and designed
specifically to obtain kinetic data for modeling growth response to
an exchange of favorable environments for each species.

There is little doubt that the primary response mechanism was
an ecological one involving a decided shift in predominating species
from bacterial and protozoan communities to filamentous fungi. How-
ever, there was some indication (discussed below) of partial "en masse"
acclimation of the dominant population of the initial "steady" state
condition, The characteristic shift in predominating species was
noted in frequent microscopic examinations, and the change in bio-
chemical composition of the siudge, notably the lowering of protein
content, is consistent with values for fungi (13). Such a change in
predominating species is expected, since low pH values are known to
be deleterious to growth of protozoa and to favor predominance of
fungi and yeasts. The present study attests to the relatively short
time period required for the fungi to become predominant. However,
it seems clear from comparison of results shown in Figures 5, 6, and 7,
that the predominating bacterial-protozoan populations in the pre-
shock state were not altogether ineffectual in responding to the
change in pH (i.e., there may have been some "en masse" acclimation
of the dominant population). In each case {Figures 5, 6, and 7}, the
decrease in pH was of the same order of magnitude (slightly more

severe proceeding from Figure 5 through 7), and the primary difference
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was the existence of progressively higher biological solids concen-
tration in the pre-shock state {due to cell recycle) which resulted

in progressively less leakage of substrate in the transient response.
From a practical standpoint, it may certainly be said that maintenance
of high biological solids concentration (by cell recycle) exerts a
beneficial effect on the biochemical response since it attenuates the
transient loss of substrate. The same can be said in the case of
hydraulic shock (7) and shocks involving increases in feed substrate
concentrations (14). |

The adverse effect of low pH on sludge settleability was évident
in Figure 7. While this represents a serious practical problem, it is
ultimately not as serious as loss of biochemical efficiency. The
former may be subjectabie to remedial and/or preventive engineering
expedients (e.g., mechanical or chemical enhancement of mixed 1iquor
separation), whereas the biochemical efficiency is a property of the
biological material and less subject to engineering enhancement under
adverse environmental conditions.

While there are some species of bacteria which can flourish at
the Tow pH ranges examined in this study, the successful response was
due to the versatility of the fungi. Al1 experimental runs were
started with single inocula of fresh sewage (pH 6.6 to 7.2), and con-
tained trace quantities of filamentous organisms. Fungi were present,
but not dominant, during the pre-shock state at neutral pH levels.

The fact that filamentous fungi can proliferate over a wide range of
pH also indicates that if the shock pH had been relieved, i.e., pH
returned to the neutral pre-shock range, the reversal of predominating

species to naturally flocculating bacterial-protozoan populations
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would be expected to be slow. Thus, remedial addition of chemical
flocculants might have to be applied for an extended period of time
after the shock was relieved. Remedial mechanical enhancement of
separation of filamentous organisms might be implemented by adding,
in series with the clarifier, a second aeration tank equipped with
vertical flow-through screens such as the apparatus employed first

by Kato and Sekikawa (15) in their studies at high pH values and by
Randall, et al. (2), in their studies under acid conditions. The
former researchers suggested a reversed flow sheet for difficultly-
treated organic wastes. However, with regard to protecting against
malfunction due to acid shock loadings, it would seem more advan-
tageous to place the entirely fluidized process (activated sludge)
ahead of the screened tank, i.e., "fixed activated sludge process”
originated by Kato and Sekikawa. Thus, the screens could be employed
for entrapment of filamentous organisms escaping the activated sludge
clarifier. The matted sludge from the screened aeration tank could
then be separated in a clarifier, and these solids wasted, thus
helping to purge the system of filamentous forms after the shock was
relieved.

The need for such remedial expedients and equipment in cases
where periodic acid shocks are anticipated might be obviated by pro-
viding for monitoring of the pH and for pH adjustment ahead of the
activated sludge chamber. Such an operation is subject to a consider-
able amount of automation and, depending upon the specific situation,
e.g., buffering capacity of the waste, etc., the cost of this pre-
ventive measure might be considerably lower than the cost of the

remedial measures described above. In accordance with the present
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experimentation, it can be conservatively estimated that the system
should be protected against significant substrate leakage, as well as
pH-induced predominance of filamentous organisms, by control of pH to

+
- one unit from neutrality.
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10.

LIST OF FIGURES

Response to an increase in pH from 6.6 to 8.0 (no cell recycle).
T-COD is total COD of filtered effluent, and A-COD is total
anthrone-reactive material (carbohydrate) in filtered effluent
calculated as COD.

Response to an increase in pH from 6.6 to 7.7 (3500 : 350 mg/1
cells recycled at 33.3 percent of feed flow).

Response to a decrease in pH from 6.7 to 6.2 (no cell recycle)?
Response to a decrease in pH from 6.7 to 5.8 (no cell recycle);
Response to a decrease in pH from 6.4 to 3.5 (no cell recycle).

Response to a decrease in pH from 6.5 to 3.3 (t 1000 mg/1 cells
recycled at 33.3 percent of feed flow).

Response to a decrease in pH from 6.7 to 3.2 {total recycle of
all settleable cells at 33.3 percent of feed flow).

Response to a decrease in pH from 6.6 to 3.2 {nc cell recycie).
Response to a decrease in pH from 6.4 to 3.0 (no cell recycle).

Response to a decrease in pH from 6.6 to 2.7 (no cell recycle).
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THE TRANSIENT RESPONSE TO pH AND TEMPERATURE
SHOCK LOADiNG OF FERMENTATION SYSTEMS
By |
A. F. Gaudy, Jr.
Bioenvironmentai Engineering Laboratories

Oklahoma State University
Stiliwater, Okiahoma

The control of pH and temperature in industrial fermentation
processes is an extremely important factor in seeking optimization of
process controls, as demonstrated, for example, by the recent study of
Rai and Constantinides on the kinetics of the gluconic acid fermen-
tation{1). The product is of sufficient worth that such controls can
be profitable. Usua?ly; less attention is paid to determination of
the allowable range of temperature and pH variation, which could 6ccur
without seriously hampering the quality and amount of product. On the
othér hand, when employing biological processes for treatment of wastes,
establ ishment of precise operational optima and close control of these
parameters are not practiced, and there is greater cause for concern
over the response of the system to a changing environmental condition
with respect to pH'and temperature as well as tolerable limits of
variation for these control variables. These differences in emphasis
may be attributed in the main to differences in the sale price of the

product and its required quality or purity. In addition, the "natural"

Prepared for presentation at the Symposium on Fermentation Kinetics
and Modeling, Division of Microbial Chemistry and Technology, 168th
National Meeting, American Chemical Society, Atlantic City, New Jersey,
September 8-13, 1974.



or "heterogeneous” microbial population in the waste treatment system
imparts a unique potential adaptability to changes in chemical and physical
environment, and this "enrichment culture" principie can permit a wider
band of operational flexibility with respect to pH and temperature, as well
as other environmental variables.

Notwithstanding some of the understandably different attitudinal
approaches in practical application, there is a definite similarity and
unity of purpose in obtaining fundamental kinetic desQription of transient
response and understanding of the biological mechanisns of which the
kinetic response is a manifestation. This unanimity of scientific purpose
was demonstrated quite well during the recent U.S.-Japan Seminar on
Dynamics of Microbial Population wherein the author(2) and other partic-
ipants discussed some of their work in this area.

In our laboratories, we have been studying the response of heterogeneous
microbial populat%pns to changes in various environmental conditions (shock
loadings) and recently we have published some of our studies on response to
step changes in pH and temperature(3)(4). Since these system control varia-
bles are of considerable importance to fermentation processes generally,
this session offers a good opportunity to review and correlate these
findings.

Like many other research laboratories, we are interested in mathe-
matical modeling of proéesses and have presented much data regarding
so-called steady state models under essentially constant operational
conditions. Because of the difficulties of modeling heterogeneous
populations, we have in general avoided, or at any rate put off, such
attempts regarding modeling of the transient upon disruption of the

steady state. In a large portion of our studies, we have sought to



obtain experimental results for state variables under varying but inter-
related conditions for control variables, the aim being primarily to
gain a generalized graphical description of the course of response ?rom
an initial to a final steady state when the system is subjected to step
changes in the control variable. The hope is that in time, from such
experimental results, we or others may be abie to devise mathematical
description. However, from a basic standpoint, we are more interested
in the mechanisms of response, and hold that the ultimate mathematical
model of such responses must be a mathematical descr%ption of the
mechanism, not simply a description of the experimental data, even
though we certainly recognize the usefulness of such empirical predictive
descriptions from an engineering point of view. From an imnmediate
practical standpoint; we wish to employ the results to provide gquide-
lines regarding ailowable Timits of shock which can be accommodated
within tolerable iimits (time and concentration) of disruption of

effluent guality.

MATERIALS AND METHODS

Experimental results herein presented were obtained in laboratory
"chemostats" (2.5 liters aeration valume) which were shown to be completely
mixed with respect to substrate and cells. Thus, in the steady state
the specific growth rate, u, was equal to the dilution rate, D, when the
system was operated without cell recycle, which was the condition of
operation for most of the experiments. During the pH shock studies
some experiments were run with cell recycle. In all experiments
minimal medium containing essential mineral salts, phosphate buffer

and ammonia ion as nitrogen source was employed. In all studies



glucose was the source of carbon and it was the growth-limiting nutrient.
A1l experiments were begun with initial inocula of municipal sewage which
served as the source of heterogeneous microbial populations.
In the studies in which pH was changed all systems were run at

D = 0.125 hr ~1 and a1l shocks (acid or alkaline) were applied from
a base level pH near neutré]ity. This base level was chosen as one
which is close to normal pH conditions in field insta]]at{ons. Also it
allows wide diversity in species of the microbial population. After
establishing the average values for the steady parameters in the initial
steady state at the base level pH, the pH in the feed solution was
changed. The feed pH was controlled by varying the molar ratio of
phosphate buffer salts. Changes in various state parameters (substrate
concentration, cell concentration, cellular carbchydrate, protein, RNA,
DNA, etc.) were measured during the transient following the step change.
Individual experiﬁgnts were terminated when the system approached a
final steady state.

The temperature shock studies were conducted at two steady state

-1 ']. From a base level

growth rates, p = D = 0.125 hr and 0.25 hr
temperature of 25 C, step changes, up or down, were applied by chang%ng
the temperature in an externally circulating water bath in which both
reactors (one at each ) were immersed. It was observed that the rates
of temperature change in both reactors were essentially the same. More
detailed descriptions of the materials and experimental protocols can

be found in the Iiterature(3)(4).



pH SHOCK

The results of the pH shock studies offer some insight into the
effect of past growth history, with respect to specific growth rate
and biological soiids concentration, on the responée to change in pH.

Because of the buffer system employed only a few alkaline shocks
were applied. These were rather mild increases in pH and the system
handled them with 1ittle or no leakage of substrate. Mild acid shocks,
i.e., from pH 6.7 to 6.2 and pH 6.7 to 5.8 produced transient periods
of cell dilute-out and some leakage of carbon source. Recovery was
fairly rapid and there was no microscopic evidence for gross change in
microbial species comprising the bio-mass(3).

When increasingly more severe decreases in pH were applied, a
definite pattern of response evolved. Values for the state variables
are shown to the left of time zero in Figure 1. Upon changing the
pH of the feed frbm 6.4 to 3.5, there was a rather rapid diluting out
of the bio-mass and a concomitant increase in carbon source in the
effluent. The carbon source concentration is labeled T-COD, i.e.,
total COD, indicating the results of the chemical oxygen demand test,
or total oxidizable organic material. Thus for these results it is
not known if the deterioration in effluent quality was due to leakage
of the original substrate or of partially metabolized intermediates.
The shock was accompanied by a rather drastic change in the biochemical
composition of the bio-mass. The transient phase was characterized by
rising carbohydrate and decreasing protein content, a slight overshoot
and in the final steady state, a much depressed protein content and an
increased carbohydrate content. These changes in biochemical composition

indicate a change in species predominance from bacterial to fungal.



Microscopic examinations made throughout the study showed that the bio-
mass was compfised predominantly of clumped bacteria and protozoa in the
initial steady state and of filamentous forms after the change in pH.

The attenuating effect of cell recycle on the severity of disturbance
in the transient phase is shown in some degree in Figure 2. In this case
the shock was slightly more severe {from pH 6.5 to 3.3) and cells were
recycled. Even though the recycled cell concentration was rather low,
approximately 1000 mg/1, the extent of the substrate leakage was less,

600 mg/1 COD versus 720 mg/]1 in Figure 1 and this system recovered much
more rapidly. Both COD and anthrone analyses were run during this
experiment and it can be seen that disruption in "purification” efficiency
was due to leakage of carbohydrate. Thus if there were metabolites other
than the original carbon source (glucose) they were probably ones-ear1y

in the substrate degrading scheme. We have on many occasions run glucostat
analyses along wiéh anthrone determinations and have found significant
differences on some occasions but most generally when there is leakage

of metabolites they do not react with anthrone. In the majority of cases
they are low molecular weight acids, e,g., acetic acid. In the case of
acid shocks, however, the leaked materials may not be immediate metabolic
products of partial breakdown of the original substrate but could be
storage and possibly structural components leaked due to disruption of
membranes and cell walls by the environmental stress. The point to be
delineated i1s that such phenomena are not usually considered in making
mathematical models but they are nonetheless real biological complications
which should serve to warn against oversimplifying any predictive model

for the transient phase.



The attenuation in the severity of disruption of system efficiency
during the transient phase when cell recycle is practiced may involve a
number of factors. First, cell recycle lowers the specific growth rate
in the steady state. In thé once through system u = D whereas in the

cell recyclie system u is given by equation (1).

Xg
u=D{l+a-a ) (1)

In this equation o is the hydraulic feedback ratio, in the present case
0.33; XR is the concentration of cells in the recycle flow, in this case

*+ 1000 mg/1. Since the steady state cell concentration, X, prior to the
shock was approximately 620 mg/]1 and D was 0.125 hr']. the specific growth

rate, 1, was 0.1 hr™!

, 1.e. 20% lower for the system shown in Figure 2 than
for the one shown in Figure 1. Cell recycle also increases the cell
concentration, X, in the reactor and the presence of a greater bid-mass
concentration might be expected to reinforce the systeﬁ against leakage
of carbon source.l_Also, there can be an ecological consequence of cell
recycle which probably plays a significant role but may in one sense be
more deleterious than helpful since it tends.to'retard an adaptive
response, i.e. resists a change in species predominance. AIn Figure 2
there is some evidence that the predominance shift was delayed. The
protein content did not decrease significantly for 40 hours after
administering the shock whereas in Figure 1 the protein content of the
bio-mass began dropping.much earlier. |
Figure 3 shows the response when total cell recycle of all cells
settling in the system clarifier was practiced. The hydraulic recycle

ratio was again 0.33. The recycle cell concentration, Xg, was not

determined but it can be seen that the reactor cell concentration, X,



was rather high, i.e., 2250 mg/1, because of the total recycle of cells.
It is seen that there was very little leakage of substrate due to this
rather severe shock in pH, 6.7 to 3.2. The major effect was on settle-
ability of the bio-mass. The biological solids concentration dropped
from 2250 to 900 mg/1. There was an increase in filamentous forms but
they did not predominate.

From these three figures one can conclude that heterogeneous
microbial populations exhibit considerable ability to recuperate from
rather severe changes in pH. It was of interest to determine the extent
to which pH could be lowered without loss of recuperative power in a
reasonable time period. Shocks were applied which changed pH from 6.6
to 3.2, 6.4 to 3.0 and 6.6 to 2.7. In the first two cases, the patterns
of response were essentially the same as that shown in Figure 1 for less
severe shock but the extent of substrate leakage and cell dilute-out was
greater and the time to recover was lengthened. Finaliy when the pH was
changed to 2.7, thfs system showed 1ittle or no sign of recovery within
the 200 hr period of observation after applying the shock, or 25 mean

_hydrau1ic retention times.

TEMPERATURE SHOCK
The apparent effect of the steady state specific growth rate on
the severity of response is shown more clearly by the results of the
temperature shock studies. In this series of experiments cell recycle
was not practiced but dual once-through systems operated at dilution
rates D = 1 = 0.125 and 0.25 hr™' were simultaneously subjected to
identical temperature shock. Each system was operating at 25 C prior

to the change in temperature. Other than dilution rate all conditions



of operation were identical in each reactor. Since heterogeneous
populations were studied it cannot be said with certainty that the
distribution of species in each reactor was the same but there were at
any rate no grossly apparent differences in the populations.

A decrease in temperature from 25 to 8 C caused a drastic disruption
of substrate removal efficiency and a severe (nearly total) dilute-éut
of cells with no sign of impending recovery 200 hrs after administering
the shock.

The results of a milder cold shock from which both systems recovered
is shown in Figure 4. As in previous figures, data to the left of time
zero shows the initial steady state condition. The faster growing system
is shown in the right-hand grabh. The drop in temperature from 25 to 17.5 C
occurred at the same rate in both systems and was coﬁp]eteﬁ in 6 hr (0.75
and 1.5 mean hydraulic retention times); It is apparent that the slower
growing system (léft—hand graph) responded much more successfully. In
this system there was a small rise in COD (T-COD) and no disturbance at
all in concentration of anthrone-reactive material {see A-COD) due to the
change in temperature. However the system growing at D = 0.25 hrs“l_
could not successfully accommodaté the shock. For the first 20 hours
after the shock there was little change in concentration of anthrone-
reactive material but there was a rapid rise in the COD in the effluent.
Some of the dissimilation products registered as acetic acid (Polypac
2 column, Model 810 Hewlett-Packard Co.). Forty hours after administering
the shock the system appeared to be poised to recover but from 40 to 100 hrs
both the T-COD and A-COD rose to 600 mg/1. During the time the COD was
rising, the biological solids underwent an unexpected recovery attaining a

level of 390 mg/1. This corresponded to a cell yield of 90% as compared
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to one of 50% prior to the shock. Cell yieid of 90% is not unheard of

but it certainly does appear to be abnormal. The result was not due to
incomplete mixing of reactor contents since the cell concentration in

the effluent and the reactor were the same. In both systems during the
transient phase there was a rise in RNA and protein content and a decrease
in carbohydrate content of the cells.

A mild increase in temperature from 25 to 36 C was accomplished in
both systems in 40 hr (5 X t at D = 0.125 h1r'"1 and 10X t at D = 0.25 hr-])
and produced only slight and short-l1ived purturbance in effluent quality
in either system, However, when a more drastic increase in temperature
was applied (25 to 47 C), there was a quite severe disruption in effluent
quality as seen in Figure 5. The change in temperature was completed in
26 hr in both systems. The results leave little dqubt regarding the
tendency for steady state systems growing at slower specific growth rates
to respond more sﬁpcessfu]ly to environmental change. It is interesting
to note that in the slower growing system substrate dissimilation proceeded
uninterruptedly (compare T-COD and A-COD) whereas at the higher dilution
rate the COD in the effjuent was essentially all due to anthrone-reactive
material. |

The rather amazing resilience of these heterogeneous populations is
demonstrated in Figure 6 which shows the response when the temperature
was raised to the thermdphilic range (25 to 57.5 C). At the lower growth
rate there wés, after a severe transient disruption, a partial recovery
in which the original substrate was subject to nearly the same degree
of dissimitation as in the preshock state. There was however permanent
(at least for 200 hr) leakage of nearly 50% of the organic feéd stock

(see T-COD), presumably as partially metabolized intermediates, in an



apparent final steady state condition. Again it is quite apparent that

the faster growing system was less successful in accommodating the shock.

DISCUSSION

In other studies on shock loadings to continudus culture systems
we have noted that cells growing at lower specific growth rates accommodate
shock loadings better, i.e., Teak less substrate, than do systems
growing at faster specific growth rates. For example, this general trend
has been found in studies for which the shock consisted of changes in
concentration of the incoming carbon source, i.e. quantitative shock
loads, {Krishnan and Gaudy, unpublished data) and in studies wherein
the shock consisted of éhanges in the types of carbon source in multi-
component feeds (qualitative shock loads) e.g. carbohydrate-amino'acid
systems (5) and carbohydrate-alcohol systems (Komolrit and Gaudy, .
unpub? ished data):_ With regard to the latter type of shock we were able
to form @ reasonable hypothesis to explain the effect. The hypothesis
involves the concept of metabolite inhibition and the effect of rapid
growth rate on the production and accumulation of metabolic pools which
may contain the compound{s} responsible for the feedback inhibition(s).
The formation of mechanistic hypotheses for the apparent effect of
immediate past growth rate when the shock consists of a change in
concentration of carbon source, or change in pH or temperature as in
~ the present instance, seems considerably more difficult. -About all
that can be said with any degree of certainty is that the effect does
exist and it does seem to be of general occurrence and applicable to a
variety of environmental changes. For some shock ]oad studies one might

argue that since the change in the control variable is usually made by

n
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adjusting the incoming feed composition, the simple fact that the
environmental change is being administered hydraulically more slowly
when the system is growing more slowly may provide an explanation for

the effect. Also one might argue that if cell recycle is practiced

the growth rate becomes an apparent function of hydraulic recycle ratio,
cell concentration in the recycle and cell concentration in the reactor
{which is in turn affected by substrate concentration in the feed) as
given by equation (1) and these factors rather than p itself may be
controlling the response. As previously mentioned the cell concentration
in the reactor at the time of the shock seems to be one of the factors
which could play a pivotal role in determining the response. The results
shown in Figure 3 surely attest to this possibility. Even though much
more research is ﬁeeded in order to determine the separate effects of
various conditions making up the immediate past history of the cells,

it is possible to'gonclude, because of the results of the temperature
shock studies, that there is a separate effect of n. 1In Figures 4 and 5
cell concentration in each system prior to the shock was essentially the
same. In either set of results the only difference was the hydraulic
rate of feeding, i.e. n. Furthermore the hydraulic rate of feeding in
this particular case was not a factor in controlling the rate of admin-
istering the change in temperature. The temperature change occurred at
essentially the same rate in both the fast and slower growing systems.
Even though heterogeneous populations were used and allowing for the
fact that there is no way we can say with surety that the populations

in each reactor were the same, there is clear evidence that the system
with the lower dilution rate, i.e. slower specific growth rate, responded

to the shocks, in each case, with less transient disturbance in effluent
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quality and less dilute-out of cells. Thus it seems that the longer

mean residence time (T = % = %,) and accompanying greater contact time

in the reactor allows more time for the cells to adjust to the new
conditions. Such a simple initial 1ine of thinking does not really
explain anything of the mechanism of response (which is probably dependent
upon the type of shock) but may be of some help in formulation of individual
response hypotheses since this hydraulic factor when translated to bio-
chemical reaction time seems to be one of the'factors which will be common
to any of the various possible biological response mechanisms. Also in
our temperature shock studies we found that in general these heterogeneous
systems which were studied responded better to increases than to decreases
in temperature. Since within 1imits an increase in temperature serves

to increase reaction velocity {or reduce the required reaction time) the
result is consistent with a (tentatiﬁe) general impression that any
operational procedure which serves to increase retention time or provide
for more effectiverreaction time can serve to enhance ability to
accommodate environmental change,

Obviously from an engineering standpoint cell recycle can accomplish
greater mean cell residence time without large increases in reactor
volume. Also from the standpoint of "ecological" enginéering of the
process, providing for a longer mean residence time (sTower growth rate)
by increasing the cell recycle serves also to increase the cell concen-
tration in the reactor which may in itself exert an independent attenu-
ating effect on leakage of carbon source during shock loading. The
increase in cell concentration serves to lower the organic loading per
unit mass of cells, thus increasing the degree of starvation conditions

in the reactor and increasing the amount of predation, lysis and satellite



growth which in turn increases the diversity of species, thereby expanding
the ecological scope of potentially successful response.

Heterogeneity of the population, to say the least, complicates any
effort at predictive description of response because one must deal with
the shifts in species which may be'éaused by the change (the ecological
response) in addition to the “en masse" biochemical response of the cells
predominating at the time of the environmental change. In other studies
on increases in substrate'concentration, we have obtained some evidence
that these possible responses can occur sequentially rather than, or as
well as, concurrently, with the ecological response being significaﬁt]y
delayed and in such cases we have observed much more deleterious
conditions with regard to substrate 1eakage.(6) On the other hand in
these studies on pH shock it was amply apparent that a successful
response to rather drastic changes in pH was almost entirely brought
about due to the é;o]ogica] response. In closing, it may be discerned
that these results provide some guidance regarding degree or magnitude
of change which may be tolerated without serious upset of purification
efficiency. However, the many complexities involved with'heterogeneous
popu]ationsrengender a8s much reluctance to make sweeping general
conclusions as they do desire for obtaining greater and greater amounts

of experimental data under controciled conditions.
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Completely mixed, once-through continuous culture systems of heterogeneous
microbial populations of sewage origin were systematically examined for re-
sponse to changes in reactor temperature. Systems were operated at two dilu-
tion rates of 0.125 and 0.25 per h. “'Steady state” conditions of the systems
were assessed with the reactors operating at 25 C. From this base line, tempera-
ture was decreased to as low as 8 C and increased to as high as 57.5 C. Response
was assessed in the ensuing transient phase as the system approached a new
“steady state.” The response was measured by changes in amount and type
of carbon source in the reactor effiluent as determined by the chemical oxygen
demand test, the anthrone test, and gas chromatography. Biological solids con-
centration and cell composition (protein, carbohydrate, ribonucleic acid and
deoxyribonucleic -acid) were also determined. These systems responded more
favorably to increases than to decreases in temperature. Regardless of the direc-
tion of change, the system with the lowest dilution rate {D = 0.125 per h} re-
sponded more successfully; i.e., there was less leakage of carbon source in the

effluent and less dilute-out of cells during the transient phase.

Although there has been much investiga-
tional interest regarding the effects of tempera-
ture on the growth and composition of chemo-
statically grown cells under “‘steady state™ con-
ditions, there is scant experimental data in the
literature regarding the transitional response to
step increases or decreases in temperature, or
both. Such aspects are of general interest in the
area of continuous culture of microorganisms
and of considerable applied interest regarding
the understanding and control of microbial
processes such as biological treatment. e.g., by
activated sludge, of organic-laden wastewaters
wherein heterogeneous populations rather than
pure or specific mixtures of species are em-
ployed.

Much of the work on effects of Lemperature on
microbial growth and physiology through 1966
has been reviewed by Farrel and Rose (5). There
has been recent interest in the caloric values of
cells grown at various temperatures, and it
would appear that the calories per gram of cells
remain essentially unchanged regardless of
growth temperature (12, 14). There is continu-
ing controversy regarding the effect of growth

temperature on chemical composition (deoxv®i-
bonucleic acid [DNA], ribonucleic acid [RN2],
protein, etc.) {2, 6, 10). The differences in data
appear to arise from variations in experimental
or environmental conditions of growth.

Little or no quantitative data describing the
transient response to changes in temperature
are available. With regard to heterogeneous
populations, Dougherty and McNary (4) per-
formed some pilot plant studies on activated
sludge by using orange juice as substrate and
noted changes in predominant species and some
deterioration .in effluent quality after gradual
increases in temperature over the range of 21 10
36C. Brezonick and Patterson (1} noted an
increase in adencsine 5 -triphosphate content of
activated sludge over the temperature range of 9
to 37 C, with a marked decrease at 45C.

The resujts presented herein form a part of a
long-term and continuing investigation of the
effect of various environmental perturbances 10
chemostatically growing mixed microbial popu-
lations, i.e., shock loadings to activated sludge
processes. Of particular interest in these studies
was response to both increases and decreases in
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temperature from a common base-line tempera-
ture, and we were interested in assessing the
effect, if any, which initial growth rate or
dilution rate might have on the nature and
extent of the transient phase between initial
and final steady states. These resulis are pre-
sented to provide possible guidelines for limits
of tolerance of activated sludge processes to
temperature shock and because the experimen-
tal picturization of changes in system parame-
ters in the transient phase may have some
usefulness in the general area of microbial
kinetics and physiology, even though the re-
sponse involves transient ecological as well as
physiological reaction to the environmental
stress.

MATERIALS AND METHODS

The continuous-flow growth reactors employed
were once-through chemostats (2.5-liter Pyrex glass)
and have been previously described in detail (8). Prior
to receiving a temperature shock, the units were
maintained at 25C &+ 0.5C. Temperature was con-
trolled by a Precision Lo/Temptrol (Precision Scien-
tific) which was connected 1o the water bath in which
the reactors were placed. Aeration through carborun-
dum diffusers was maintained at 5,000 ml/min. The
growth medium contained: glucose, 1,000 mg/liter;
(NH,),80., 500 mg/Aiter; MgSO, - 7H,0, 100 mgAiter;
MnS0,-H,0, 10 mgAiter; CaCl, -2H,0, 7.5 mgliter;
FeCl,-6H,0, 0.5 mg/liter; tap water, 100 ml/liter; 1 M
phosphate buffer solution (pH, 7.0), 10 mlAiter, and
distilled water 10 volume.

Each experiment was initiated by inoculating the
synthetic waste with a sample of sewage obtained
from the effluent of the primary clarifier of the
municipal sewage treatment plant at Stillwater,
Okla. The reactors were run 2 to 4 days under
continuous-flow conditions at the *‘steady state” to
establish the base-line condition prior to the change in
temperature. Eack sicp change in temperature was
applied by adjusting the temperature of the water
flowing into the water bath. Thus, the “shock™ was
not immediate. In ail cases, the temperature was
closely monitored s> that the rate of temperature
change was known. Experiments were conducted at
two dilution rates: D « 0.125 per h (8-h mean
hydreulic retention, t) and 0.25 per h (1 = 4 h).

Frequent samples were taken to assess the response
of the biomass. The concentration of biological solids
was determined by the membrane filter technique
(15) by using 0.45-um pore size filters. The filtrate was
analyzed for chemical oxygen demand {(COD) (15)
and carbohydrates by the anthrone test (7). The
fillrate was also analyzed by gas-liquid chromatogra-
phy for volatile (acetic) acids by using a Polypac-2
column (model 810 Hewlett-Packard Co., Avondale.
Pa.). Protein and carbohydrate contents of the biolog-
ical solids were determined, respectively, by the
biuret and anthrone analyses (7). RNA and DNA
contents of the bioclogical solids were determined,
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respeclively, by the orcinol (13) and the diphenyla-
mine {3) reactions, by using a trichloroscetic acid
extract of the cells. Frequent checks on the pH of the
reaction liquor were made, and the reacton were also
checked frequently for complete mixing {11).

RESULTS

Five long-term continuous-flow experiments
were conducted in which like changes in tem-
perature, increases and decreases from the base
temperature at 25 C, were administered to che-
mostat systems operating at dilution rates of
0.125 and 0.25 per h. The temperature shock
range was from 8 10 57.5C.

In Fig. 1, as in all succeeding figures, data 1o
the left of the dashed vertical line (negative
time scale) depict the preshock “steady state”™
condition. The temperature change was initi-
ated at time zero, and the responses are shown
to the right (positive values on the time scale).
In all cases, the graph on the left depicts
response at D = 0.125 per h; response at D -
0.25 per h is shown on the right. The curve
identified as “‘substrate dilute-in curve” in Fig.
1 represents the calculated value of the reactor
(or effluent) COD in the absence of metabolism,
i.e., if metabolism had stopped at the time of
changing the temperature. The curve labeled
“T-COD™ depicts the total chemical oxygen
demand of the filtrate. The curve labeled “A-
COD" is the carbohvdrate concentration in the
filtrate calculated to its COD value as hexose
sugar {e.g., COD glucose « mg of glucose per
liter x 192/180). The difference between T-
COD and A-COD may be taken as a measure of
noncarbohydrate metabolic intermediates or
end products produced by the organisms, or
both. The curve labeled “acetic acid COD™
1e7:2lts from gas-liguid chromatographic analy-
sis. In the experiment shown in Fig. 1, the only
chromatographic peak detected corresponded to
acetic acid, and the amount was very small (=
30 mg/liter) in the system operating at D = 0.25
per h; none was detected at the lower dilution
rate. Prior 1o the change in temperature, both
systems provided excellent substrate removal
efficiency. The cell yield was somewhat higher
for the higher dilution rate. The change from 25
to 8 C was effected in 12 h. 1t is apparent that
neither system responded successfully as the
temperature was decreased to the psychrophilic
range; there was no indication of impending
recovery after 200 h of operation at the post-
shock temperature. It appears that the lower
dilution rate permitied a greater degree of
dissimilation of subsirate (compare A.COD
curves) and slightly greater utilization of the
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organic carbon (compare T-COD curves). There
was some indication of "‘overshoot™ with regard
to A-COD in the system with lower D, whereas
there was a smoother transition at the higher
dilution rate.

When a less severe decrease in temperature,
from 25 to 17.5C, was applied (see Fig. 2), the
response of the system growing more slowly in
the preshock state was much more successful
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than that of the more rapidly growing one. The
change in temperature was effected in 6 h, i.e.,
0.75 and 1.5 mean hydraulic retention times.
respectively, for the two systems. There was
essentially no leakage of anthrone-reactive ma-
terial in the system of Jower D, and there was
only a short-lived transient rise in T-COD
which corresponded to a transient decrease in
biological solids concentration. During the tran-
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sient stage, there was an increase in protein and
RNA content of the biomass and a slight
decrease in carbohydrate content. Although this
system successfully sccommodated the de-
crease in temperature, theone at D = 0.25 perh
could not accommodate the change. During the
first 20 h, the effluent COD rose sharply but
there was essentiplly no leakage of carbohy-
drate. During this period, acetic acid concentra-
tion rose to 114 mg/liter. The concentration of
biological solids decreased from 510 to 240
mg/liter. The system appeared to be on the
verge of recovery approximately 40 h after
changing the temperature, but both T-COD
and A-COD rose to nearly 600 mg/liter 100 h
after initiating the shock. There was an unex-
pected recovery of the concentration of biologi-
cal solids to nearly 390 mg/liter concomitant
with the rise in effluent COD, leading to a cell
yield of approximately 90% as compared to one
of approximately 50% in the preshock condition.
The high cell concentration was not due to
incomplete mixing, i.e., retention of cells in the
reactor, since the concentrations of cells in the
reactor and the effluent were the same. As in the
case of the system with lower D there was,
during the transient stage, an increase in RNA
and protein content and a decrease in carbohy-
drate content of the biomass.

The mildest increasing temperature shock
studied was one from 25 to 36 C. The change
was effected over a period of approximately 40 h
(5xtatD - 0125perhand 10 xtatD = 0.25
per h). Successful responses occurred at both
dilution rates (Fig. 3). At the lower dilution
rate, there was only slight fluctuation in efflu-
ent quality and a slow, but completely reversi-
ble, decrease in the concentration of biological
solids. There was a decrease in protein content
and a concomitant increase in carbohydrate
content, but these parameters, along with the
concentrations of cffluent COD (S) and biologi-
cal solids {X), returned to the preshock level. At
the higher dilution rate, there was initially a
rapid loss of biological solids but the biomass
concentration recovered rapidly, followed by a
slow decresse to the new “steady state’ level.
The fluctuations and decreasing trend in X did
not result in any deterioration in purification
efficiency. The most noticeable effects were the
decrease in cell yield and increase in protein
content of the biomass.

When the systems were subjected to a more
severe increase in temperature, from 25 to 47C
over 8 period of 26 h, a severe transient leakage
of substrate ensued at both dilution rates. The
effect of lower dilution rate in attenusating the
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severity of dilute-out in X and leakage in S in
the transient phase ie amply demonstrated in
these experiments. It is also seen that, for the
system with lower D, dissimilation of the sub-
strate proceeded without interruption, whereas
in the system of higher D, the leakage of
anthrone-reactive material paralleled the T-
COD concentration. Both systems recovered the
preshock level of treatment efficiency, and the
higher operating tempersture led to a lower cell
yield (see Fig. 4).

An increase in temperature te the thermo-
philic range, i.e., from 25 to 57.5 C, led not only
to severe transient disruption of the system but
to inability to recover treatment efficiency
within 200 h after changing the temperature.
Again the system with lower D evidenced the
more successful response. Analyses for sludge
composition were not performed, since the cell
concentration was extremely low in the tran-
sient phase. It is important to note that the
deleterious response could not be attributable
to deficiency of dissolved oxygen. The lowest
dissolved oxygen concentration recorded was 3
mg/fliter, a value much in excess of oxygen
concentration usually found to himit metabo-
lism of microorganisms (see Fig. 5).

DISCUSSION

In these studies. the temperature shocks,
either increases or decreases, were applied at
equal rates of change to each of two comparable
systems which were growing at specific growth
rates of 0.25 and 0.125 per h in the initial steady
state, and it is amply apparent that, regardless
of the direction of tembperature change. the
system with lower D cxhibited a greater degree
of accommodation to the shock. The same effect
has been observed in other shock-loaded sys-
tems for which the carbon source was the
growth-limiting nutrient. For example, systems
with lower 1) have been observed to leak less
substrate during transient response to qualita-
tive shock, i.e.,, changes in the type of com-
pounds comprising the carbon source in mul-
ticomponent substrate systems, e.g., carbohy-
drate-amino acid svstems {9) and carbohydrate.
alcohol systems (unpublished data, Komolrit
and Gaudy). We have also observed in other
studies (Krishnan and Gaudy, unpublished
dsata) that svstems with lower D respond more
favorably to quantitative shock, i.e., changes in
the concentration of the inflowing carbon
source.

Similar trends for various types of svstem
perturbances by no means imply similar mech-
anisms of metabolic or ecological response, but
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the general trend does tend to explain the rather
good ability of activated sludge systems to
successfully withstand, without sertous meta-
bolic malfunction, the various environmental
stresses which are imposed upon them. The
specific growth rate, g, for such systems is
naturally rather low because of cell feedback,
ie, u = D{1 + a — aXa/X). wherein a is the
hydraulic feedback ratio, Xy 1s the cell concen-
tration in the feedback, and X is the concentra-
tion of cells in the aera.ion tank. In addition,
cell feedback provides 8 much greater concen-
tration of blomass in the reactor than could
exist without feedback, and we have observed in
some experiments that a higher cell concentra-
tion also attenuates the transient leakage of
substrate. Both results of operation with cell
feedback (lower u and higher X) can combine to
provide apparent greater protection against var-
ious types of environmental stress. Indeed,
there may be some doubt as to which factor
most affects the resistance to environmental
shock. For this reason, studies in once-through
Sys.ems are apropos to activated sludge process
research because they provide the investigator
with a tool with which to separate the effects.
The present study on temperature shock, as
well as other shock load study results mentioned

right, dilution rate = .25 per h.

above, would seem 1o leave little doubt that the
specific growth rate at which the cells were
growing in the preshock steady state has a
separate and a rather significant influence on
the response. It is also quite possible that the
response is more greatly influenced by the
hydraulics of the system than by the preshock
physiological condition of the cells as influenced
by u or X at the time of applying the stress. A
longer mean hydraulic retention time {i.e., 1/D
= T} may, simply by retaining cells in the
reactor longer, provide more time for adjusting
to the new conditions. .

In studies cited above on changes in type and
concentration of substrate, the imposed change
was usually administered at a rate governed by
the hydraulic feed rate, D. Thus, the change in
concentration or type of substrate. or both,
would be administered more slowly for lower
values of D in accordance with the calculatable
dilute-in curves. However, for the present
study, the rate of temperature change in each
system was the same, since the temperature
shock was not administered via a change in the
inflowing medium, and the difference in re-
sponse can be attributed sclely o the different
dilution rates (with allowance for possible dif-
ferences in the populations in the reactors prior
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to the shock). It would appear that the lower With regard to the composition of the hi-
dilution rate provides a greater intra- or inter- omass, the lowering of temperature (see Fig. 2)
cellular response time which permits the more caused an early decrease in carbohydrate and
favorable metabolic response. an increase in RNA and protein contents duning
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the transient stage. The cell composition in the
fina] ‘‘steady state” was approximately the
same a8 in the preshock state, and there was a
slight rise in cell yield. The increase in protein
and RNA sccompanied by a decrease in car-
bohydrate is indicative of rapid growth. Since
the lower temperature would be expectied to
decrease the growth rate of the population
predominating prior to the shock, the change in
biomass composition may be indicative of an
adaptive response in which cells which could
grow rapidly at the cooler temperature were
being selected, while cells incapacitated at the
lower temperature were diluting out of the
system, The higher carbon source concentration
in the reaction liquor during the transient stage
would also tend to increase the specific growth
rate of the cells which were able to grow. It is
noted, however, that if such a change in pre-
dominance took place it was not reflected in a
noticeable change in the morphological appear-
ance of the biomass as adjudged by frequent
microscope examination during the experiment.

Dilution rate apparently affected the change
in protein content in response to an increase in
temperature {Fig. 3, 4). In both cases, the
population which was growing more slowly in
the preshock condition responded with a de-
crease in protein content, whereas in the more
rapidly growing system protein content in-
creased during the transient phase. There was,
in general, a decreased cell yield at the elevated
temperature. During the period of cell dilute-
out and recovery, there was some evidence for
changes in species predommance for all three
temperature increases as indicated by changes
in morphology; however, an ecological (or, in
any event, a morphological) shift was particu-
larly evident at the 47 and 57.5 C temperatures.
Prior to the shock, short, thick rods predomi-
nated in the biomass. These began to dilute out
as the concentration of biological solids de-
creased, and they were replaced in the recovery
phase by thin, elongated cells.

Although there was, in these experiments, a
general pattern of cell dilute-out and substrate
leakage followed by recovery, and although the
severity and duration of dilute-out were greater
with grealer changes in tempersature from the
hase of 25C, it s somewhat difficult to deter-
mine if these responses can be modeled mathe-
matically, The ultimate utility of a model for
the transient stage depends upon the adequacy
of its physiolegical (mechanistic) basis. Al-
though there have been attempts, by using a
systems approach, to devise such predictive
models for single species systems without dem-

GEORGE AND GAUDY

ArprL. Micronion..

ongtration of A mechanistic basis for them. the
utility of such approaches for heterogeneuvus
population systems would seem rather minimal .
For natural populations. the problem is much
more complicated, and successful modeling
will, in any event, depend upon the availability
of experimental results obtained in controlled
experiments which provide a record of the
response as measured by a number of signifi-
cant parameters. The results herein presented
are intended to help satisfy this need. Also, they
provide some guidelines regarding the magni-
tude of change which a natural system can
accommodate, and it may be tentatively con-
cluded that systems operating at reasonably
moderate temperatures, e.g.. = 25C, can more
readily accommodate increases than decreases
in temperature. This may be due in part to the
fact that the most general effect of a nonlethal
rise in temperature is an increase in growth rate,
either of the existing predominants or of cells
selected by the higher temperature.
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RESPONSE OF ACTIVATED SLUDGE TO QUANTITATIVE SHOCK LOADING
UNDER A VARIETY OF OPERATIONAL CONDITIONS
by
P. Krishnan ! and A. F. Gaudy, Jr. 2
Bioenvironmental Engineering Laboratories

Oklahoma State University
Stillwater, Oklahoma 74074

The response of biological treatment processes, e.g., activated sludge,
to shock loadings has been of long standing investigational interest in the
authors' laboratories. Understanding and characterization of response to
environmental change present very difficult and complex problems because of
the many types of shock and the manner in which they can be administered as
well as the biological heterogeneity of the biomass eliciting the response.
Work in the authors' laboratories has encompassed quantitative shock (i.e.,
changes in concentration of feed, Si) as well as qualitative shock (i.e.,
changes in the nature of the substrate). The most recent work on shock
loadings published from this laboratory has concerned hydraulic shock(1),
“temperature shock"(z) and "pH shock"(3). The present report deals with
quantitative shock loading in both once-through and cell recycle systems
with the shock administered as a step increase in feed concentration, Sj.

In the last report from this laboratory dealing with the quantitative shock,
Thabaraj and Gaudy showed that in addition to the shock-induced transient
and subsegquent attainment of a new steady state in response to an increase
in S there may also be a secondary response of an ecological nature which

can be more disruptive of treatment efficiency than the immediate biomass

(1) Project Manager, Roy F. Weston, Inc., Wilmette, Il1.
(2) Edward R. Stapley Professor of Civil Engineering

Paper presented at the 30th Annual Purdue Industrial Waste Conference,
Lafayette, Indiana, May 6, 7, 8, 1975.



response(4). The present interest centers on the biomass response, and a
systematic study was designed which provided for parallel comparison of
once-through and cell recycle systems, holding mean hy&rau]ic retention
time, T, the same in both, and varying levels of shock substrate and
growth rate (u) or mean cell residence time (6;). All of these factors
as well as biomass concentration, X, mass loading rate and others may
affect response patterns. In the steady state prior to the shock, all

of these factors contribute to the uniqueness of the near-term past
growth history of the biomass -and this determines, along with the mode of
administering the shock, the response patterns which will be manifested.
Grady(s) and Schaezler et a1(6) have reviewed the work of many researchers
and the general impression among many is that specific growth rate, u, or

its reciprocal, sludge age, ec, as well as mean hydraulic retention time,

t, prior to the shock play a significant role in determining the response.
Schaezler et al(ﬁ) did not show the corroborating experimental data but
they state that in general their results demonstrated that slower growing
cultures responded to increases in S; better than more rapidly growing
systems. Unfortunately they chose to use only the Glucostat analysis as
a measure of substrate and the utility of their information to the
environmental pollution control science suffers because they have no
measure of the response in regard to the amount of the organic matter
exiting in the effluent. It has been shown by Storer and Gaudy(7) as
well as Thabaraj and Gaudy(4) that in response to an increase in S5
'heterogeneous populations can dissimilate the original organic carbon

source much faster than they assimilate it, thus elaborating various

organic metabolic products into the medium. Therefore, it seems unwise



to employ such an analysis as Glucostat as the sole meésure of organic

carbon source in work relating directly to environmental pollution controil.
Also caution must be exercised in attributing better response simply to the
lower growth rate because in a once-through system Tower growth rates are
brought about by decreasing the dilution rate D, i.e., by increasing t.

Thus the same step increase in influent substrate concentration is applied
at different rates to systems operating at different values of D and the

- resulting difference in mass loading rate may influence the response pattern.
However it is significant to note that in the recent report on thermal shock

loading by George and Gaudy(z)

in which the step increase in temperature was
applied at the same rate independently of dilution rate, D, or specific
growth rate, u, systems growing at lower values of u responded more favorably,
i.e., showed less leakage of carbon source during the transient phase.

The present systematic study of response to quantitative shock loading
was undertaken to gain insight toward delineation of the roles of the various
parameters cited above and to arrive at some practical guidelines regarding

shock levels which activated sludge systems can handle without significant

disruption of treatment efficiency.

MATERIALS AND METHODS
Apparatus (

In these studies continuous flow completely mixed activated sludge pilot
plants were run in the Taboratory as both once-through and cell recycle
systems. The reactors were the same as those described in previous
reports(a)(g)(]o)(a). When sludge recycling was not employed, the

compressed air flow rat2 was 4000 ml/minute and the effective volume of



the aeration tank was 2.4 liters. The air flow was increased to 5000 ml/
minute when sludge recycle was employed to ensure complete mixing of mixed
liquor solids and the effective volume of the aeration vessel was 2.2 Titers.
Temperature was maintained at 25 C + 0.5 by a thermostatically controlled
water bath. Synthetic waste water was fed through a pump (Milton Roy Co.,
Avondale, Pa.}. A dual pump system was employed and one pump and set of
feed lines was cleansed and disinfected while the other delivered synthetic
waste to the reactor. Return sludge was fed to the reactor through a
peristaltic pump (Sigma Motor Co., Middleport, N.Y.).

Synthetic Waste

In a1l experiments the synthetic waste consisted of a readily available
carbon source, glucose. The concentration of mineral salts employed per
1000 mg/1 of carbon source was as follows: {NHq)»S04, 500 mg/1; MgSOy4.7H,0
100 mg/1; FeC13.6H20: 0.5 mg/1; MnSO4.Hp0, 10 mg/1; CaCl,, 7.5 mg/1; 1.0 M
phosphate buffer pH 7.0, 10 mi/1; tap water, 100 m1/1 &nd distilled water
to volume. A1l shocks were applied to systems growing initially in the
"steady state" on the above medium at an inflowing substrate concentration
of 1000 mg/1. MWhen quantitative shocks consisting of increases in inflowing
substrate concentration, $;, to 2000, 3000 and 5000 mg/1 were applied, the
salts concentrations were proportionally increased.

Analytical Parameters

Biological solids concentrations were measured by the membrane filter
technique (pore size, 0.45.). Protein and carbohydrate contents of the
biomass were measured by the biuret and anthrone ana]yses(11),_respective]y.

(12)

Effluent quality was measured by COD and anthrone analyses on the mem-

brane filtrate. Dissolved oxygen was monitored electrometrically.



Operational Plan and Experimental Protocol

An aim of the present study was to compare the shock load behavior
of once-through and cell recycle systems at identical hydraulic reactor
detention times, t. Three sets of detention times were selected, 4, 8
and 12 hours. In a once-through system t = %-= %3 where D is the
dilution rate and is defined as the ratio of the inflowing rate of feed
flow, F, and the aération tank volume, V, (i.e., F/V); u is the specific
growth rate which, in the steady state condition, is an exponential
(Togarithmic) growth rate constant which can also be defined as dX/dt (%J
where the differential is the rate of change in X. When cell recycie is
practiced, the mean hydraulic retention time in the reactor is reduced
(dilution rate increased) because of the recycle flow. The recycle flow
is usually expressed as a fraction, a, of the waste flow and is thus equal
to of. In terms of dilution rate, the reactor dilution rate D1 is given
by equation 1

D, = D{1 + a) (1)

Thus to maintain the same t for the reactor (or Dl) it is necessary to
reduce the system dilution rate, D, i.e., F/V. This was accomplished by
reducing the rate of inflowing waste feed, F. In the present studies the
recycle flow ratio, o, was maintained at 0.33. These hydraulic relation-
ships for the current study, calculated from equation 1, are shown in
Table 1. The reduction in D to maintain the same reactor hydraulic
retention time has a consequence of Towering the mass rate of organic feed
loading and has ramifications regarding analysis of shock loading results
which will be discussed‘in a later portion of this report.

In these experiments efforts were made to operate the recycle systems

in accordance with Herbért*s model embodying the theory of continuous



(13). In this model the recycle cell concentration factor ¢ is the

culture
ratio of concentration of recycle sludge, Xp,and the mixed 1iquor suspended
solids concentration X. A value for ¢ of approximately 2.5 was seiected in
these studies since this would provide an X approximately twice that in the
once-through system. It was felt that this value of ¢, although lower than
that which might be reasonably obtained in an actual activated sludge plant,
could be obtained in these studies without serious experimental problems and
would provide sufficient difference in X to gain insight into effects of
recycle solids on the shock load response. The recycle solids concentration
varied somewhat for each experiment but was in general 2000 mg/1 + 10%. All
systems were operated with an incoming substrate concentration, Si, of
1000 mg/1 glucose prior to the shock. Shocks consisting of step increases
in glucose concentration to 2000, 3000 and 5000 mg/1 were administered.

Each continuous f?ow unit was started from a sewage seed obtained
from the municipal treatment plant at Stillwater, Oklahoma. Each system
.was operated at the steady state with respect to X and S for at least
3 days prior to administering a shock. The once-through systems attained
a relatively steady condition in one or two days. When sludge recirculation
was practiced, normally 3 weeks were required before flocculated cells which
would settle in the clarifier were developed. Prior to any experimentation,
the reactors were checked for complete mixing in accordance with procedures
previously described by Komolrit and Gaudy(s). Also throughout the experi-
mentation complete mixing with respect to suspended solids in the reactor

was checked periodically. - The units were judged to be completely mixed at

all times during the study.



RESULTS

In Figure 1, it is seen that when a once-through system growing in
the steady state at t = 4 hours with an infiowing substrate concentration,
Si’ of 1000 mg/1 glucose was shocked by an increase in Si to 2000 mg/1,
there was a disruption of substrate removal efficiency lasting approximately
two mean hydraulic retention times. The initial steady state condition
is shown at zero on the time axis. The COD of the mixed liquor filtrate
rose from 70 to 340 mg/l1 whereas the COD due to carbohydrate in the filtrate
(anthrone COD) rose only to 140 mg/1, indicating microbial elaboration of
metabolic products. The system appeared to have completed the initial
response within 12 hours as indicated by the biomass response (suspended
solids, protein and carbohydrate).

When an increase in Si to 3000 mg/1 was applied, the response was as
shown in Figure 2. The results for the once-through system are shown on
the left and those for the same shock for the system employing cell recycle
(¢ = 2.5, o = 0.33) are shown on the right. The dotted line curves show
the dilute-in patterns of Si during the shock. These curves show the value
of substrate concentration in the unit if substrate utiiization had stopped
at the time the shock was applied. They are plotted on this figure to show
the difference in rate of load application between the once-through and cell
recycle systems brought about by the fact that the mean hydraulic retention
time in both was held éonstant at 4 hours. It is seen that the necessary
reduction in infiow rate of feed causes a slightly slower shock loading
rate which undoubtedly helps account for the more suctessful response to
the increase in Si‘ It should also be emphasized that the steady state

mass loading per unit of time (i.e. 1bs glucose COD/1000 cu ft/day) is higher



for the once-through system. The pattern of response of the once-through
system was similar to that for the 2000 mg/1 shock except that the transient
Teakage of organic carbon (total COD and anthrone COD) was more severe and
the time to recover was longer. It is readily apparent that the decreased
Toading rate coupled with the higher biomass concentration in the reactor
prior to the shock enabled the cell recycle system to accommodate the three-
fold increase in Si without any reduction in substrate removal efficiency.

When S1 was increased to 5000 mg/1 there was severe leakage of sub-
strate in both types of systems as seen in Figure 3. The major difference
in response was that while the peak COD leakage was approximately the same
for both systems a much greater amount of non-carbohydrate COD was produced
in the once-through reactor. Also the residual COD after the transient
stage in effluent substrate was considerably higher in this system.

The general pattern of response at this hydraulic retention time
{4 hours) as substrate concentration was increased from 2000 to 3000 to
5000 mg/1, in the case of the once-through system was cne of progress-
ively greater substrate leakage in the transient phase with the major
portion of the COD in the effluent being attributable to metabolic products
of the original carbon source rather than leakage of that carbon source
itself. Sludge recirculation prevented leakage of COD at the 3000 mg/}
feed level but not at the 5000 mg/1 Tevel.

When the mean hydraulic retention time was increased to 8 hours and
a step change from 1000 to 2000 mg/1 feed was applied, the response was
considerably less de]eterious than at t = 4 hours. There was very little
leakage of COD during the transient stage (see Figure 4).

A 200 percent increase in Si can be expected to cause only slight

~ perturbance in effluent quality in the transient phase as seen in Figure 5.



A step change from 1000 to 3000 mg/1 carbon source was readily accommodated
by both the once-through and the recycle system. In this figure, as in
Figures 2 and 3, (t = 4 hours) the effluent COD in the final steady state
was somewhat lower in the cell recyclie system.
| At t = 8 hours, subjecting the systems to a five-fold step increase
from 1000 to 5000 mg/1 produced only a short-Tived transient leakage of
substrate (see Figure 6). At this high shock level cell recycle did not
exert an attenuating effect on the amount or duration of leakage of carbon
source in the transient stage. |

Increasing t to 12 hours had little effect on the leakage of COD in
the effluent at the 2000 mg/1 shock level. There was only a slight
transient increase in effluent COD, as seen in Figure 7. The COD peaked
at a slightly higher concentration than at the 8 hour residence time
(compare with Figure 4); however, in the main, the amount of COD in the
effluent during the transient phase was approximately the same. The
lack of improvement in level of effluent COD in the transient stage at
the 12lhour as compared with the 8 hour res{dence time suggests that
there would be Tittle to be gained in protection from shock at the level
herein employed by the 50 percent increase in t. In fact, the slower
growth response in the biomass parameters (biological solids, protein and
carbohydrate) could prove to be a detriment in cases of muitiple or
sequential shocks coming on the system befare completion of a transient
response.

The response to an increase in feed from 1000 to 3000 mg/1 is shown
in Figure 8. In the once-through system there was only a slight transient

increase in COD but there was considerable fluctuation in effluent quality;



whereas in the cell recycle system the response was characterized by a
steadiness and absence of any transient rise in effluent COD.

The 5000 mg/1 shock level at this t produced only a slight transient
disturbance in effluent quality in both systems as shown in Figure 9.
Proportionately less non-carbohydrate COD was produced in the cell recycle
system, in keeping with the trend of responses to the previous shocks at
this Tevel at t's of 4 and 8 hours (compare with Figures 3 and 6). As in
all previous cases the effluent COD in the final steady state was lower

in the system in which cell recycle was practiced.

DISCUSSION

The results show rather clearly that as t s increased there is, in
the main, improvement in the response with regard to amount of substrate
leakage during the transient phase at a given shock concentration of
substrate. This trend is most readily seen in the once-through systems
(e.g., compare Figures 1, 4 and 7; 2, 5 and 8; and 3, 6 and 9) but is
also seen in the cell recycle systems at the high shock level (Figures
3, 6 and 9). Also an examination of both the once-through and cell
recycle systems at each t for increasing shock concentrations reveals
that the higher the Tt the less severe was the increase in substrate
leakage as the shock loading was increased. The results also provide
an indication that cell recycle, even at the low recycle sludge concen-
tration factor emp’ oyed in these studies, had some beneficial effect
with regard to traésient substrate leakage at the 3000 mg/1, i.e., the
3-fold, shock level (see Figures 2, 5 and B). It appeared, however,
that the 5000 mg/1 shock level exceeded the ability of this particular

cell recycle program to attenuate substrate leakage over that observed



in the once-through system. In addition to its effect on substrate leakage
during the transient, cell recycle appeared to smooth out fluctuations in
the effluent substrate curve during the transition phase and in all cases
provided Tower effluent substrate concentrations after re-establishment of
a steady state in response to the step change in Si'

In analyzing the results, one of the most apparent facts regarding an
increase in t is that it indicates a slower growth rate (in a once-through

1

%J. Thus it might be said that cells with a "slow growth"

history prior to the shock can adjust more readily to the change. Cell

system: t = D"

recycle also slows the specific growth rate. In such systems p is not
equal to the dilution rate, D, but is related to it in accordance with the
folTlowing equation(]o)(ls):

u = D(1+a-ac) (2)
The term in barentheses includes the hydraulic recycle ratio, o, and the
sludge concentration factor, c, which is equal to the ratio of the
concentration of sludge in the recycle and in the aeration tank (XR/X).
Since this term is always less than 1, p is always lower in a cell recycle
system than in a once-through system with the same system dilution rate.
Thus if slow growth rate prior to the shock is an asset, cell recycle
systems can be said to possess such an advantage in this regard especially
when one considers the very low specific growth rates (high cell ages)
normally employed in the field.

Using the average experimental value of XR for each system and the
value of X in the steady state prior to applying a shock loading, the
approximate values of u were computed in accordance with equation 2 and
are given in Table 2. Had the sludge concentration factor, ¢, been held

more precisely constant at 2.5 and had the cell yield not been subject to

11
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some changes during the preshock "steady state", the u values for the
recycle systems at any given t would be expected to be the same. Using
the nominal value of ¢ = 2.5, the values of u at t of 4, 8 and 12 hours
are 0.095, 0.048 and 0.031/hr"1 respectively. These values are seen to
compare rather we11.w1th actual values for the systems prior to the shocks
at the 3000 mg/1 level. Values of c calculated from the "steady state"
data were 2.43, 2.54 and 2.52, respectively. However during the runs
prior to shocks at the 5000 mg/1 level, the values of c calculated from the
data were 3.14, 2.73 and 2.92 at t's of 4, 8 and 12 hours, respectively.
Thus the actual estimated values of u were lower than those called for in
the experimental design. It is recalled that during these experiments

the aim was to employ Herbert's operational strategy, i.e., to hold ¢ as

a system constant. It is now known that this mode of operation is not a
particularly good one for maintenance of the steady state with heterogeneous
populations and revised kinetic model equations and data in support of
holding XR rather than c as a design and operational constant have been
presented“““mue)_ In any event, it is clearly seen that w in the
once-through system was significantly higher than in the comparable cell
recycle system. In general the specific growth rate with cell recycle

was approximately 40 percent of the once-through value, i.e., close to

the designed value, prior to the 3000 mg/1 shocks but varied from
approximately 20 to 30 percent that of the once-through value prior to

the 5000 mg/1 shocks. However, it is interesting to note that at the

5000 mg/1 shock level comparison of once-fhrough and cell recycle results
revealed that cel]irecyc]e did not have a significant attenuating effect
on the transient leakage of substrate. However, increasing t in either

the once-through or the cell recycle systems (which also decreases u) did
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exhibit an attenuating effect. The beneficial effect of cell recycie was
most in evidence at the 3000 mg/7 shock level (200 percent increase). In
addition to the decreased specific growth rate, the recycle system operates
with higher bjological solids concentrations which in itself can be expected
to provide a biclogical buffer against transient leakage of substrate during
a step increase in Si' Furthermore as shown previously (see feed dilute-in
curves, Figure 2) holding t the same in both types of systems required a
decrease in feed flow rate (in accordance with equation 1)}; thus the rate

at which the increase in feed concentration was administered to the system
was less for the cell recycle system. It can be seen tha% cell recycle can
be expected to help the system accommodate the shock in a.number of ways.
Factors bringing about lower growth rate through recycle and the accompany-
ing higher biological solids concentration in the aeration tank also depress
the mass organic loading rate. The organic loading in pounds glucose/1000 cu
feet/day employed in these studies is given in Table 3. The loadings listed
at 51 = 1000 mg/1 represent those in each system prior to the shock. Loadings
for the recycle system at the 2000 mg/1 post shock level are given even
though recycle systems were not shocked at this low shock level (since they
responded successfully at the higher shock level}. It is immediately
apparent that these loadings are rather high and in accordance with the
hydraulic relationship of equation 1 (also Table 1) the recycle system
received a unit loading 75 percent that of the once-through system.
Comparing the daily loading rate values in the table with the transient
responses in Figures 1 through 9 it is noted that the most successful
response from the standpoint of prevention of substrate leakage was that
exhibited by the recycfe system at t = 4 hours when Si was changed from

1000 to 3000 mg/1 (Figﬁre 2). In this case the loading rate was increased
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from the preshock level of 282 to 846 1bs glucose/1000 cu ft/day. However
for an increase from 94 to only 470 1bs/1000 ft3/day(f'= 12 hr, shocked

to S1 = 5000; Figure 9 cell recycle system) there was a significant
transient increase in effluent substrate concentration. The same can be
said at T = 8 (Fiqure 6) for the system originally loaded at 141 and
shocked to 705 1bs/1000 ft3/day. Thus a faster growing, more highly loaded
recycle system could accept a 3-fold shock at a higher mass loading rate
more readily than could a slower growing system shocked to a 5-fold increase
at a lower mass loading rate even though the rate of application or
diluting in of the substrate was slower at the higher t's (i.e., lower
specific growth rates). The cell concentration prior to the shock in ali
three cases cited above was approximately the same so that this factor

did not enter into the response. Thus when viewed from a mass'loading
standpoint, lower values of y {(or higher ec) may lessen the total shock
mass loading capability of thé system.

It should be emphasized that the intensity of shock or percent increase
in loading may be of more critical concern than the total increase in mass
loading. Comparison of the behavior of the recycle syste;s of Figures 2
and 6 is particularly interesting in this regard. The increase in mass
Toading was the same in both cases: 846-282 = 564, Figure 2; 705-141 = 564,
Figure 6. However, the system of Figure 2 was subjected to a 3-fold increase,
whereas that of Figure 6 was subjected to a 5-fold increase. The data in
Figure 2 show excellent effluent quality throughout the transient response
whereas Figure 6 shows significant transient leakage.

Although there is reason to believe that there is a decrease in unit

mass loading capacity at lower u's (higher Gc's) it is also reasonable to
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expect that within limits this lower unit capability can be counteracted by
higher biological solids concentration in the aeration tank. In most systems
in the field the biological solids concentration, X, is very high in relation
to 5§ and other factors such as the reserve storage capacity of the sludge,
e.g., oxidative assimilation for carbon storage compounds, may effectively
take up the carbon source depending on the nature of the substrates in the
waste stream. Such uptake of substrate did not appear to play a role at

the biochemical solids concentrations employed in the present studies. An
examination of the figures shows that there was no disproportionate synthesis
of nonproteinaceous material, e.g., carbohydrate, during the early portion
of a successful response. Therefore, the biochemical analyses seem to be

in accordance with a growth, or reproductivé response, model.

In seeking to uncover some of the mechanisms and factors governing
response to increases in S, it would seem that neither mass loading rate
alone nor intensity of change alone can provide satisfying fundamental bio-
chemical clues or even useable guidelines regarding Timits of shock which
might be accommodated by activated sludge systems. The fact remains, however,
that at all three T's and at the rather high growth rates (0.099 to 0.031 hr'])
herein employed, the cell recycle system accommodated a three-fold step
increase in S and in total mass loading without an increase in effluent
substrate concentration during the transient stage. As t was increased,
i.e., u decreased (Figures 2, 5 and 8) there was no indication that the
respohse was deteriorating. Although the results presented are based on
filtrate COD, it is important to emphasize that in the cell recycle systems
sludge settleability was excellent at all times. Only after the 5000 mg/1

shock was there any evidence of deterioration in settleability; in those



16

systems the high shock level resulted in an increase in filamentous
organisms and imparted a bulking tendency to the sludge. In general

based upon the biochemical responses and observations on flocculation and
settling characteristics it seems there is some safety in extending the
findings to the field condition, wherein exist lower growth rates and
higher biological solids concentration, and it is concluded that for cases
of quantitative shock consisting of a step change in Sj, activated sludge
systems can be expected to accommodate, with 1ittle or no leakage of

substrate in the transient phase, a 200 percent increase in Sj.
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TABLE 1

RELATIONSHIP BETWEEN MEAN HYDRAULIC RETENTION
TIME, t, REACTOR DILUTION RATE, D, ,AND
DILUTION RATE, D.

ONCE_THROUGH CELL RECYCLE
t D, D t D, D
hrs. | hrs:' | hrs” hrs. | hrs”' | hrs™!
4 025 |0.25 4 025 |0.188

8 0.125 10.125 || 8 0.123 {0.094

12 lo.o083 (0083 12 |0083 |0062
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TABLE 2

PRE-SHOCK SPECIFIC GROWTH RATE,

fL, OF EACH SYSTEM AT

THREE MEAN HYDRAULIC RETENTION TIMES.

SHOCK| 1t =4 HOURS I = 8 HOURS t =12 HOURS
Si WITH NO WITH NO WITH NO
(mg /% ) [RECYCLE | RECYCLE |RECYCLE |RECYCLE |RECYCLE|RECYCLE
2000 - 0.25 - 0.125 - 0.083
3000 | 0099 | 025 | 0Ga6.| O.125 | 0.031 0083
5000 | 0053 | 0.25 | 0040 | 0.125 | 0.020 | 0083
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TABLE 3
MASS ORGANIC LOADING RATE IN POUNDS COD PER 1000

CUBIC FEET PER DAY AT THREE MEAN HYDRAULIC
RETENTION TIMES.

s 1=4 HOURS [ T = 8 HOURS | T =12 HOURS

! WITH NO WITH NO WITH NO
(mg/.Q) RECYCLE { RECYCLE|RECYCLE |RECYCLE |RECYCLE |RECYCLE
1000 | 282 | 375 14| 188 94 125
2000 | 564 | 750 | 282 375 188 | 250
3000 | 846 [ 1125 | 423 | 563 | 282 | 375
5000 | 1410 | 1875 | 705 | 938 | 470 | 625
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