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CHAPTER I

INTRODUCTION

A. Nature and Importance of the FProblem

Water is a'strategic element in the economy of the nation and is
related in some degree to every major activity of 1life. With the ever
growing population and the increasing use of water for industry and
ifrigation, the question of comserving this vital natiqnal resource
has proved to be of utmost importance to the future of the nation.
»AEcOrding to the late President Johu F., Kennedy in a message to Congress

in February 1961 (1):

"Our nation hag been blessed with a bouatiful supply

of water; bubt it is not a blessing we cen regaerd with
complacency. We now use, over 300 billien gallons of
water a day, much of it wastefully. By 1980 we will

need 600 billion gellong a day secoos

" Pollution of our country's rivers and streams - as

a result of our repid population and industrial growth

and change-~has reached aglarming proportions.... To meet

gll neseds~domestic, agricultural, industriasl, recreational-
we shall have te use and reuse the same water, maintaining
quality as well as gquantity. In many areas of the country
we need new sources of supply, but in all ereas we must
peotect the supplies we have. Currert corrective efforts
are not adequate.... Industry is lagging far behind in

its treatment of wastes.®



It may be discerned that pollution shatement is being given
serious consideration and attention due to the realizstion of this
alarming problem. It is not only a problem affecting the health of the
people; it also affects the nation in other ways, for example the
detrimental effects of pollution on wildlife, recreation, fish
industries and other water uses. During the past few years the budgets
for water pollution sbatement have been sky-rocketing. Altogether
from 1953 to 1963 federal funds available for water pollﬁtion control
in the Public Health Service increased more than a hundred times from
slightly over a million dollars in 1953 to more than $120 million in
1963; a total expenditure of $820 millions, a new record for sewage
treatment facility construction in U. S. municipalities, was spent in
1963 and will have to continue at this pace for some time in order to
cope with the problem, according to the recent statement released by
the U. S. Public Health Service (2). It can be readily seen that the
main efforts chiefly concern an increase in the number of waste treat-
ment plants. However, it should also be realized that it will be
quite advantageous and more economical to improve the functional
efficiency and reliability of the existing plants as well as improving
the design of future plants. These aims can be achieved only when the
designing engineers and plant operators have gained better insight
into operational criteria and various basic concepts concerning the
kinetics andﬂmechanisms of the purification procssses. One
biological treatmspt process which has been widely used by both
municipalities and industries is the Mactivated siudge! treatment

process. This may be due to the facts that it has rslatively high



efficiency, requires less space for treatment of the same waste quantity,
and provides a high degree of operational flexibility.

During recent years, there has been a great increase in efforts
to promote cooperation between municipalitiesand industries in joint
treatment of their wastes. Joint treatment exists to-dsy and will
undoubtly continue at an increased pace, since many advantages have
been gained from the combined treatment (1, 3, 4). Some of these are
listed below:

1. Iower construection and egquipment costs because much duplica-
tion can be eliminated.

2. Less operating cost since more waste will be treated at a
lower rate per unit of volume.

3. Since the bperator of a combined treatment plant usually
receives higherlpay than separate domestic plant bperators, better
trained people should be attracted to operational positions

L. Municipalities can apply for state and/or federal funds for
plant construction, whereas private industry 1s not eligible to
recelve these benefits.

5. Responsibility is placed with one specific owner.

6, Mixture'with municipal wastes adds essential nutrients to
industrial wastes which otherwise may have to be added at an extra
expense in:o?der to enhance suitable environmental conditions for
microbisl growth.

Howe%ers meny problems have glso arisen from combined treatment;

the most important factor contributing to such problems is the



character of the industrial waste water reaching the disposel plant which
may cause a repid change in environmental conditions as well as highly
deleterious effects to the bacteriz and other organisms which act as
purifying agents. Rapid changes in the environment may be referred to

as "shock loadings" to a biologicel treatment system (5). Among the

type of environmental changes which may be included as shock loads are:

1. The quantitative shock load, which may be envisioned as a
rapid change in BOD loading or in hydraulic loading to the system.

2. The toxic shock load, which involves an influx of wastes which
contain certain toxic components or heavy metals that disrupt the
established physiological condition of the microbial population.

3. The qualitative shock load, which involves a change in the
chemical structure of the substrate or the structural configuration
of the carbon source to which the sludge has been acclimated.
Experience has shown that these three types of shock loaa can readily
upset the operation as well as the efficiency of the biological treat-
ment process.

The quantitative shock and the toxic shock are normally
considered to be the primary representatives of the shock load
phenomenon. The qualitative shock load, even though it is equally
pertinent, has been given less attention. It is thought that due to
the heterogegeity of the microbial population in.the waste treatment
process, all waste components can be.concurrently removed during the

purification, and this also tends to negate the need for acclimation.



Recent findings by Gaudy and his associates (6, 7), however, have
indicated that sequentisl removal of organic carbon sources or waste
components in a heterogeneous population such as exists in activated
sludge can occur and that the presence of one compound in a waste can
block the remcval, as well as prevent acclimation to, some substrates.
In view of these and further findings in our laboratory, it is believed
that this aspect of the qualitative shock load can become very important
and requires serious consideration especially where joint treatment
of municipal and industrial wastes is contemplated. The aim of the
present studies is to gain a better insight and understanding into
such qualitative shock loading phenomena; hopefully, as a result,
various design formulations and operational criteria for the biological
treatment piant can be improved.

B. Purposes of_%he Study

1. To determine the extent of interference between waste components
under & severe shock loading condltion by employing various defined
synthetic wastes with their organic components chosen from carbohydrates
and polyslcohols. The shock load condition is accomplished by rapidly
injecting one wgate component into a waste system while its sludge
population is actively metabolizing another carbon compound. The
responses of the system are to be determined by observing the course
of removal bf each component.

n

2. To determine the effect of cell age on the responses of the

,

activated sludge. 0ld cell sludge developed by a feed-and-draw batch

process is to be employed in this study. A shock loading procedure



similar to that described above for young cells is used so that the
results can be compared with those for the young cells.

3, To de£ermine the extent of substrate interactions in the
steady state continuous fléw activated sludge process., In this phase
of the study, waste components which had been found to interact in
the batch studies were chosen: thesé inciude the glucose-sorbitol
and glucose-glycerol systems. The system, after being acclimated to
one carbon source, is then shock loaded by disrupting its steady state
condition with another cerbon source, together with or without the
acclimeted carbon source. Diff'erent shock loaeding conditions which
include various concentrations, detention times, and methods of
application are employed in the study. The systems are also observed
under the carbon-limited condition as well as the nitrogen-limited
condition,

It is hoped that the results of the present study will contribute
in significant measure toward the understanding and elucidation of the
effects of qualitative shock loading on the bioclogical waste treatment
process and will provide a basis for predicting its reponse to scuh
shock loads or to fluctuations in the chemical nature of the influent

waste.



CHAPTER 1T

LITERATURE REVIEW

A. Activated Sludge Process and Its Recent Development

The treatment of waste water by the activated sludge process
has been widely practiced for over a half-century and considerable
progress had been made in improving its operational as well as ifs
functional efficiency. Recent developments have included the use of
greater(loading factors and provision for greater operational
flexibility both of which result in reduction in the space require-
ment and in construction costs.

The conventional activated sludge process was developed at a
time wheﬁ treatment of domestic sewagze was the major considerstion;
attempts to apply the process to industrial wastes or to mixtures of
both, which contain abnormal amounts of soluble and readily
oxidizable organic matter, often met with failure and much of this
difficulty has been cited as due to lack of understanding that
the process was fundamentally biochemical in character rather than
a mere application of physical principles (8). In general the
loading for conventional activated sludge process is fixed at
approximately 0.5 1b. BOD (5 days) per 1b. of aeration solids,
or at approximately 35 1lb. BOD per 1000 cu. ft. of aeration

capacity (9), However, meny limitations and difficulties have been



encountered in both operation and design of such conventional processes,
which include: limited BOD loadings, high initial oxygen demand,
teﬁdency td/prbduce bulking sludge, the need for high sludge recircula-
tion ratios for wastes with high BOD, high solids loadings on final
clarifier and high eir requirements (8). During recent years various
modifications of the conventional process have been advanced in order
to overcome these disadvantages. Among these are "tapered aeration®
systems, "step aeration" systems, "biosorption" systems, the "Kraus!
process, the "completely mized¥ system and the "extended aeration®
or "total oxidaticn® processes. In general these modifications have
stemmed from observation of the operational characteristics of existing
full scale plants and continued laboratory reseasrch, which has resulted
in better understanding of the kinetics and mechasnisms of substrate
removal. The. impact of the overloading placed upon treatment plants

by industriai wastes has also played an important role in bringing
about improved design° Organic loadings as high as 400 1b. ‘of BOD
(5~days) per 1,000 cu. ft. per day through the modification of flow
patterns and improvement of ssration devices have been reported by
Kraus (10).

// Busch and Kalinske (11) have cited ideal conditions required for
optimum activity im the activated sludge process. These are listed
as followss

a. Maintenance of a young flocculent sludge in the logarithmic

stage of growth

b. Maintenance of log-growth state by controlled. sludge wastage



c. Continuous loading of organisms

d. Elimination of anaerobic conditions at any point in the
oxidative treatment.

One of the recently developed activated sludge processes in which
the above principles are incorporated is the "completely mixed"
activated sludge process, which McKinney (12, 13) has defined as the
process in which the untreated wastes are instantaneously mixed through-
out the entire aeration tank. He pointed out that, in effect, the
organic load on the aeration tank is uniform from one end to the other
end and this results in a uniform oxygen demand and biological growth;
furthermore, the seration tank of the “completely mixed" activated
sludge system operates as a surge tank which levels out variations
in the organic strength of the raw wastes so that shock loads due to
variations in the concentration of organic substrates do not have as
much shock effect on the microorganisms in the aeration tank as in
the conventional system. McKinney et al. (13)have also reported,
"Theoretical relationships and field operations have confirmed that
with the complete-mixing activated sludge process it is possible to
take a waste of any organic strength and produce an effluent of any
organic strength in a single stage unit when the unit is properly
designed." Busch and Kalinske (11) have reported an average treat-
ment efficiency of 89 percent with BOD loadings up to 350 1b. per
1,000 cu. ft. of aeration volume for the "Aero-Accelator" pilot plant,
which is essentially a completely mixed activated sludge process.

The process has been successfully applied to treatment of various types



of industrizl wastes such as highly alkaline cotton textile wastes,
antibiotic wastes with 7,000 mg/1 BOD, phenolic wastes with 2,000
mg/1l phenol, and textile dye wastes with 150 mg/1 BOD (13, 14). 4n
sconomic advantage of the completely mixed activated sludge system
cver conventional activated sludge or trickling filter systems has
been reported by various investigators (15, 16). The completely mixed
activated sludge sysbtem has been quite extensively reviewed here
because 1t is felt that the system employed in this study falls into
this category.

Another type of activated sludge process which also has recieved
considerable attention is the contact stabilization process (short
period sewage aeration and long period sludge reaeration). Using this
method, #Zablatsky, et al., (17) reported its capacity as at least twice
that permissible under stendard aeration procedures. Conversion of
many sewage plants from the conventional process to the contact
stabilization process have been made successfully (18, 19). It has
also been claimed that such modification has provided a greater
flexibility of operation and better protection against shock loadings
imposed by industrial waste discharges.

In addition to the search for better understanding of the
kinetics of the process, great efforts also have been made to
elucidate further the biocchemical and biophysical mechanisms of the
activated sludge processes. There has been a great concern over
nutritionsl and cultural requirements for repid purification and

maintenance of optimum sludge activity. Nutritional aspects were

10
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generally overlooked until the recent increase in industrial expansion
and the required treatment of industrial wastes either separately or
jointly with municipal sewage. Many industrial wastes are deficient
in the required inorganic constituents or essentlal nutrients whéreas
minicipal sewage is not. Most of the nutritionsl studies have
centered around optimum nitrogen and phc>sphorus concentrations
required in relation to the pollutional strength of the waste which
is normally measured in terms of BOD. Sawyer (20) suggested that
where it was desirable to produce & biological growth or activated
sludge with maximum nitrogen and phophorus content, the ratio of
5-day BOD to nitrogen and phosphrous should be maintained at 17 to
1 and 90 to 1 respectively; but when it is desired to accomplish
stabilization of waste with the minimum amount of mineral nutrients
the ratio of 5-day BOD to nitrogen and phosphorus can be increased
to 32 to 1 and 150 to 1 respectively, A BOD:NsP ratio of 100:5:1
in a waste has been recommended by Eckenfelder snd O'Connor (21)
as adequate for nutritiomal requirements. Helmer, et al. (22)
# reported that when deficiencies of nitrogen become too great the
sludges teﬁd to have poor settling and filtering characteristics.
In the study by Symons and McKinney (23), regarding the
biochemistry of nitrogen in the synthesis of activated sludge, it
was found that a decrease in the nitrogen in the system was usually
accompanied by a build-up of biological solids which was not
//metaboliéally degradable, since it was found that this material

was not utilized during a long periocd of endogenous respiration



and was slowly accumulated in the sludge mass throughout the run when
the systems were operated with no sludge wasting. Microscopic
examination of such sludge with Alcian blue stain revealed that it
possessed a high extracellular polysaccharide content which was not
a constituent of cell protoplasm,,/éaudy and Engelbrecht (24) have
also reported that for systems deficient in nitrogen the increase

in biological solids concentration was largely due to an increase

in carbohydrate content as measured by the anthrone test whereas

in growing systems the increase was mainly due to an increase in
protein content of the sludge. They also found that in the nitrogen
deficient system a greater portion of the substrate removed was
channeled intobsynthesis.

The results of these studies seem to contradict the general
belief that the activated sludge system could be operated as a
totel self-oxidation unit and thus there would be no sludge removal
required. / In the studies of the Motal oxidation" activated sludge
process using dry skim milk as a source of organic matter, Kountz
and Forney (25) confirmed that total endogenous oxidation or aerobic
digestion of activated sludge was not possible and found that about
20 to 25 percent of the new activeted sludge produced remained
unoxidized. About’58 percent by weight of the ultimate influent
oxygen demand was converted to new activated sludge in = contlauous
flow system. By employing raedicisctopie techniques, Washington and
Symons (26) found thet volatile solids asccumulated at about 10 to 15

percent of the ultimete BOD of the waste when the carbbn gource was

12
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fatty acid or carbohydrate in nature, but less sludge accumulated for
amino acids; they also concluded that the accumulated biologically
inert/ mass was also mainly polysaccharide in nature,

\// Morgen (27) reported that the synthesis of protein in activated
sludge unite was integrated with the Gibbs (hexose monophosphate)
pathway as well as the Embden Meyerhof (glycﬁiysisj‘pathway; most of
the amino acids were oxidized via the citric acid cycle and some of
the components of this cycle were then used te produce other amino
acids which were incorporated into protein. This conce§£ is, however,
essentially the "nitrogen p@oi" concept which has already been repcrted
in the area of basic biclogical science (28). Morgan has also reported‘
further that ures seemed to sérve as a better nitrogen donor than
even the simplest amino acids.

Aside from the economic aspects, exceésive amounts of nitrogen
and phosphorus in the effluent are not desirable since both elements
enhance sxcessive growth of weeds and slgse in the receiving streams.
Iudzack and Ettinger (29) recently have suggested a modification of
the activated sludge. process, called Msemi-aerobic" operation, as
a method of remeving excess nitrogen from sewage. In this process
aeration liquor and return sludge were recycled under semi-aerobic
conditions; nitrates were then reduced to nitrogen and were.stripped
out of the system. It should be noted, however, that such operaticn
would bring about many_operational difficulties and would require
close engineering confrols to avoid upsetting the metabolic patterns
of the treatment processes, resulting in reduction of removal

efficiency.
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The activity and reactive capacity of various sludges also can
vary widely depending on handling and acclimatization conditions as
well as the sludge age (30). Too little air or too much carbon source,

especially as sugars, can enhance the production of floc composed

largely of Sphaerotilus which can cause sludge "bulking® (31, 32).
The chemical ecomposition of the substrate is also an important factor
in determining the performance of the system. Genetelli and
Heukelekian (33) using substrates of wvarious chemical compositions
reported thét BOD remcval efficilency as well as sludge yield per lb.
of BOD removed varied with substrates employed. The sludge yield per
1bs of BOD for glucose was significantly higher than that for casein
and egg albumin. Studies by Engelbrecht and McKinney(34) on activated
sludge developed on a variety of pure chemical compounds indicated
that activated sludges developed on structurally related chemical
compounds had similar morphological appesrance and produced similar
biochemical changes; the chemical structure of the organic matter
fed to the activated sludge was concluded to be the controlling factor
Jin predomination of microorganisms as well as in the biochemical
/ changes. The work of ILudzack and Ettinger (5;) demonstrated that
the chemical siructure of substrates was an important factor in
determining the degree of bicdegradability of a compound in biolo-
gical treabtment process, and the structure of a compound te which
the cells were already acclimated zlso determined the success of
"eross acclimation® of an activated sludge population to another

compound. Malaney (36) reported that it was possible to train a
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"normal® activated sludge to utilize sniline (aminobenzene) as sole
source of carbon, and this acclimeted sludge possessed the ability to
oxidize a wide variety of compounds structurally related to aniline.
Further studies by Gaudy (37) on various types of carbohydrates have
shown that acclimation to one substrzte may automstically confer
acclimation to another compound, depending upon the structural
similarity of the compounds, however, he has noted that utiliiation
of compounds to which the sludge is acclimated may suppress utiliza-
tion of another compound requiring an induction period,Aevén though
the induction may proceed concurrently with utilization of the
acclimated substrate.

Wide variations in microbial population in different phases of
growth were also reported by Jasewicz and Porges (38) in their studies
on dairy waste. They found that during the assimilative phase, 74 per

cent of the organisms were of the genus Bacillus or Bacterium while

only & per cent of the sludge in the endogenous phase was composed of
these organisms. The endogenous sludge contained 42 per cent of the
proteolytic organisms, Pgeudomonas and Alcaligenes, and 48 per cent of

the saccharolytic organisms, Flavobacterium and Micrococcus. Recent

studies by Prakasam end Dondero (39) showed that the activated sludge
developed on sorbitol synthetic waste medium such as employed in
this study consisted mainly of coliforms.

In the recent survey completed by the Municipal and Industrial
Waste Treatment Subcommittee of the Nationsl Technicel Tésk Committee
on Industrial Wastes (40), it has been suggested that one of the needs

for knowledge on combined treatment is the limiting ratios of industrisl
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wastes to sewage for the various industrial wastes thet may be treated
setisfactorily and economically in biological treatment processes as
well as the possible interactions between waste components. Knowledge
regarding these aspects, at the present time, is rather limited, since
most of the research efforts on shock loadings have centeréd on
determining the effects of common toxic wastes and heavy metals on

the standard biological treatment processes. Quirk (41) reported a
laboratory study on joint treatment of a composite waste, which
provided valuable informaticn regarding the feasibility, Sfability
and design criteria for the treatment of the composite waste. Jones
et al. (42) repdrted that in textile processing and finishing plant
waste treatment, addition of 7 to 10 per cent domestic waste water

was required for satisfactory biological treatment.

- Rather direct studies concerning the possible synergistic and
antagonistic effects between waste compounds have been reported
recently by Gaudy and his associates (6, 7, 43, 44) in which the
presence of one component could prevent utilization and acclimation
to another waste component. In addition, they heve also shown that
the physiological condition of the sludge (operationally defined as

sludge age) can pléy an important role in coantrolling such phenomena.
'B. Metabolic Control Mechanisms

Very recent investigations in the basic fields have shown that
several mechenisms of metabolic comtrol may be operative in bacteria.
Since the activated sludge process is essentially a biclogical process

it cen be anticipated that such metabolic control mechenisms also may
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operate in activated sludge systems. It 1s eppropriate to review

the current state of knowledge in this srea which may have serious
ramifications to shock loading considerations. Since the beginning of
the present century, striking differences in the enzymic activities of
bacteria grown in different environment were noted, and the significance
of these observations for growth were well recognized. It was found
that the ability of bacteria to ferment a suger often depended on

prior growth on that suger. It was postulated that growth on a given
carbon scurce could cause formation of a special enzyme capable of
fermenting that carbon source. These enzymes were named "adaptive

v

enzymes'; but now they are usually called "inducible enzymes®.

" Furthermore, At was also found that some carbon sources such as glucose
3

were readily metabolized no matter what medium was uged for growth of
the bacteria. Enzymes involved in this sort of fermentation are
termed "constitutive enzymes". According to Pardee (45), however, even
glucose fermentation is not a completely fixed property of the bacteria
but varies depending on prior growth conditions; constitutivity appesred
to be an idealized extreme response of enzyme formation to mutritional
conditions.

Several investigators studied the effect of glucose on the
utilization of other sugars and found that glucose could exert
striking blockage of metabolism of various compounds; this phenomenon
has been termed the "glucose.effectW. The "glucose effect" was first
defined by Epps and Gale (46) who observed that the formation of
aminc acid deaminases was inhibited by glucose. Monod (47) observed

the phenomenon of disuxic growth in Escherichia coli and Bacillus
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subtilis grown on medium containing glucose and certain other carbon
compounds and postulated that glucose prevents the formation of enzymes
essential for the degradation of other carbon socurces. Recent findings
by Magassanik (48), however, have indicated that such an inhibitory
effect is not entirely specific for glucose; compounds closely related
to glucose such as gluconic acid, mamnitol, or galactose, which can
serve as a ready source of metabolic intermediates and energy cen also
cause g similar effect. In another line of studies by Roberts and

his assoclates (49) employing radicective carbon sources, it was

found that bacteria will utilize exogenecus metabolites provided in
the medium in preference to making them de .novo. Such preferential
utilization of exogeneous metabolites was noted among various groups
of compounds such as amino acids, purines and pyrimidines. Several
investigations have a2lso shown similar occurrences, and it is felt
that such phenomena are ncot limited cnly to a few bacterizl species
but seem to be of widespread occurrence in a wide variety of organisms
including yeasts, molds, and even in the living cells of higher
animals.

So far two types of mechanisms have been generally cited as the
major controls of such phencmena; these exert their influence by
regulating the flow of metabolites through the metabolic pathways.
These two mechanisms are generally referred to as "repression" and
"feed-back inhibition®. Repression is generally defined as a
mechanism capable of controlling of the flow of metabolites through .
a pathway by decreasing the rate of enzyme formation which otherwise

would result in over~production of end products as well as the
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temporerily unnecessary enzyme(s); "feed-back inhibition® (also referred
to as "end-product inhibition" and "negative feed-back inhibition")

is defined as the control mechanism which exerts its influence by
inhibiting the funection or activity of an early enzymatic step of the .
pathway that would produce the temporarily unnecessary end'product(s).
Thus the difference between "repression" and "feed-back inhibition"
primarily lies in the fact that the former involves the inhibition

of enzyme synthesis and hence controls the amount of enzyme(s)
produced, whereas the latter involves the immediate control of

enzyme activity. Both mechanisms actually exist side by sidé in a
biological system and are interconnected.‘ The feed~back inhibition
machanism has been assumed to be & relatively rapid mechaniém for
maintaining thg intracellular supply of low molecular weight |
metabolites at a constant level. This mechenism can rapidly stop
functioning temporarily, when the level of the pathway's eventusl

end product is high and yet i1t can retain its capacity to release the
inhibition as the level of the end product decreases. Repression,
however, is thought to be & rather sluggish mechanism for controlling
’the flow of metabolites and ié thought to have as its main purpose
the conservation of the cell's capacity for protein synthesis (50).
Although these two mechanisms appear to be quite clesely relsted in
providing economical and efficient controls for living systems,
various studies in the basic biological field tend to reccgnize

and report them as separated entities. Krebs (51), however, stated
thet, "Whether suppression and repression should be regarded as

fundamentally different is perhaps a matber of opinlon,®
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For repression in catabolic pathways, Jacob and Monod (52)
have proposed that glucose, or its derived products, might act as
the repressor, exerting its effect at the gene level by preventing
the formation of the messenger ribonucleic acid that conveys informa-
tion to the ribosome for the assembly of enzyme molecules. Cohen and
Monod (53) proposed that enzyme-Llike factors (permesses) which
catalyze entry and control concentration of metabolites between the
cells and their ewviromment, alsoc might be subjected to such regula-
tion. Presently the induction of enzyme(s), which is the first step
required for acelimation of wmicroorganisms to substrate, also is
thought to act by reversing the action of an intracellular repressor.
Pardee (54) has generalized the relationship between induction and
repression as being dependent on the balance between inducer and
repressor, This provides a flexible system for the regulation of
enzyme synthesis. The amount of enzyme synthesized would depend on
both the supply of substrate and the concentration of end product
present in the cell. Substrate would be utilized at a high rate
when available but only when sn excess of the end product was not
already present. The represscr also could be a compound at the end
of a metabolic pathway, rather than the direct product of the enzyme
reaction itself., Furthermorer, Pardee alsc observed that not only
one enzyme but seversl énzymes of the pathway could be repressed by
a repressor. It should be noted that if such induction and re-
pression mechanisms are so closely related, from the applied
standpoint guch mechanisns could play en importent role in con-

trolling the acclimation of activated sludge to various waste
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components. Jacob end Monod (52) have viewed the analogy between the
repression and induction through the activetion of a cytoplasmic come
ponent or an "aporepressor', According to their hypothesis repression
oceurs when the aporepressor is converted to its active form (1. e.,
the form which prevents the operation of the engyme-forming system)
by combining with the appropriate end product. In the case of in-
duced enzyme formation these workers have postulated a slightly
different mechanism, in that it involves the action of another

factor called the M"primary product® which by itself 1is the active
repressor and interacts with the enzyme-~forming system; however, upon
combining with the inducer, such a repressor becomes inactive and

the enzyme forming system is free to function. According to Moyed
and Umbarger (50), a more unified view of the regulation of both
inducible and repressible enzyme synthesis has been proposed by
Magasanik by extending the anslogy between induction and repression
which was previously proposed by Jacob and Monod. In this hypothesis,
Megasanik (48) has suggested a term "eatabolite repression" so as

to emphésize the major role of catabolites in the controlling of
sqch.phenomena; in his hypothesis he has viewed the aporepressor as

a primary gene produch which wogld become acbive repressor only

when it has combined with a low molecular welght moleculs or a
catabolite arising from the breskdown of an energy source; the
inducer would then exert its role by specifically inhibiting the
conversion of an aporepressor to an active repressor. Thus the
catabolite product plays the controlling role analogous to that

played by end products of biosynthetic pathways. Accordiﬁg to .
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Moyed and Umbarger (50), however, there is not enough evidence at
present to permit a decision between the two vieuws. Since the
catabolite(s), which is a breakdown product in the energy yielding
pethway, seems to be amajor control in enzyme synthesis rather than |
the glucose itself, Magasanik (48) then suggested the term "glucose
effect™ be replaced by the term "catabelite repression® since it

would better generalize the expression of such phenomenon. He has alsd
postulated that the reason glucose can exert so potent a repressive
effect is that it is generally more rapidly metsbolized than other
carbon sources. He has reasoned that in general glucose could be
degraded via two metabolic pathways, one involving the constitutivé
series of enzymes responsible for the degradation of glucose via
triose phosphate to pyruvate and another inducible series of enzymes
which catalyzes the rapid dissimilation of glucose via gluconic acid.
With the 2id of these two independent mechanisms, glucose, could
produce, very rapidly, various precursors which are required for
production of most essential cell building blocks such as amine acids,
purine and pyrimidine mucleotides, The intermedlary metabolites

could be formed.from.glucose at a rate more than sufficient tc saturate
the capacity of the cell to convert them to the immediate pfecursors
of the proteins and nucleic acids. Hence; a cell growing on a mixture
of glucose and another less rapidly metabolized carbon compound would
not profit from making the enzymes required for degradation of such

a less rapidly metabolized compound. He therefore postulated that

the degradation of such compounds would only increase the supply of
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metabolites which were already in abundant supply due to the rapid
degradation of glucose. The manufacture of enzyme(s) required to
degrade these compounds would be gratuitous since the cell does not
require them at all snd would impose an additional burden on the
protein synthesizing machinery of the cell. This postulation, al-
though simple to understand, does not provide any sound definitive
understanding of the real regulating mechenisms of the cells, such
as what cellular control mechanism is so sensitive to the metabolite
level and how such a mechanism can be regulated by the metabolite level.
Mandelstam's recent studies (55) have shown that the rate of
utilization of a carbon source is of primery importance in establish-
ment of repression; by controlling the growth rate of the cells in
continuous flow systems, through limitation of several essential
nutrients, he has also shown that synthesis of even constitutive
enzyme(s) can be repressed and that carbon sources normally used at
very slow rates can exert repression in cellsgwhich are growing very
glowly. He has postulated that two types of repressors may be in
operation, one of which is specific and whose synthesis is controlled
by a gene as has beeniprOposed'by Jacob and Monod; and the second
type which 1s the carbon-source repressor and has not been genetically
characterized but can be synthesized through the metabolic process.
Further studies by McFall and Mandelstam (56) have indicated that
accumulation of a metabolic intermediate can lead to repression of
only those enzymes which would be involved in production of that same
intermediate from another carbon scurce, therefore, they have proposed

the term "metabolite repression® for this type of control mechanism,
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‘since the key intermediate may be formed by either synthesis or
degradation. This mechanism is not identical with genetic repressiocn.

Kornberg and his associates (57) have reported the occurrence
of a metabolic shift from one metabolic cycle to another which is
governed largely through a combination of feedback inhibition and
repression mechanisms. MacQuillan and Halvorson (58) in studies on
yeasts have reported that glucose at low concentration showed a

/ stimulatory effe¢t on synthesis of fguglucosidase whereas at high
‘jkconcentrations it caused reprsssion of such enzyme synthesis.
Gorini and Maas (59) have found that the level of concentration of
an inhibitor required for maximel feedback inhibltlon seems to be
lower than that needed to give meximel repression. Hence the levels
of inhibitor concentration alsoc seem to be a sipnificant factor in
regulating these control mechanisms.

In recent studies, Gaudy and his associates (6, 7, 43, 44) have
shown that the utilization of a carbon source may be immediately
blocked if a second carbon source is added to the medium, even
though the cells have been previously acclimated to the former carbon
source and thus should possess functioning enzyme systems required for
its utilization. They have reasoned that thisnrapid control would
appear to be possible only through immediate inhibition of the
function of the enzyme(s) and could be, in a manner, analogous to |
feed-back inhibition. By analogy with metabolite repression, it was
postulated that such control acts through accumulation of common
intermediates(s), favoring utilization of the more rapidly metabo-

lizable carbon scurce, and would possibly function only for
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combinations of carbon sources which do produce common intermediates(7,43).

C. Modes of Response of Activated Sludge to Shock ILoadings

As has been previcusly pointed out, there ere three types of
shock loadings which may affect an activated sludge process; they are
the quantitative, the qualitative and the toxlc shock load. However,
the present study will be primerily limited to qualitative shock
load aspects i. €., conditions involving changes in the chemical
structure of the carbon sources. However, often both gqualitstive and
quantitative shock loads are closely related. In the present study
when the system was subjected to a qualitative shock load, it was
also sutomatically subjected to an increase in BOD losding (which is
one of the distinguilshing characteristics of the quantitative shock
1oéd), since, in general the new substrate was introduced without
simultaneous reduction in the quantity of the substrate which the
system had been receilving prior tc the shock.

Accordingvto Gaudy (37), there asre three possible means by which
the heterogeneous population such as exists in activated sludge may
successfully respond to a qualitative change of the incoming waste.

1. Selection of species or a shift in predominance: This type of
response is essentially in acéord with the principle of Darwinian
theory, which implies that only those microbial species which are
best suited to a particular waste or envifonment will survive and
predominate, and those which cannot readily adapt themselves %o the

new incoming waste will be ultimately eliminated. However, due to
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the heterogeneity of the population, pollution control engineers
generslly anticipate that in the activated slﬁdge process there will
always exist microbial species which can efficiently utilize the
incoming wastes. It should be noted that this type of response
mechanism would involve seléction of an entirely new bacterial
population or activated sludge mass for every change in waste charac-
ter, hence it is apparent that such a response mechanism would be
relatively slow in coping with the gqualitative shock load problem,
and would.not be very efficient in cases involving high fluctua-
tion in the quality of incoming wastes.

2. A shift to alternate metabolic pathways: This type of
response to changes in waste character would involve intracellular
shift of the metaholic pathway of the biological sludge mass to
another pathway which is best suited to utilize a new substrate or
new incoming waste component.

3. Induction of enzymes: This type of response would involve an
intracellular induction of the necessary enzyme(s) required to convert
the new organic carbon source into intermediary products which can
be readily utilized via the already existing metabolic pathways.

From knowledge in the sres of basic biological science, it is readily
recognized that this type of response is a most crucial mechanism

for all microorganisms for their survival and they must possess the
ability which would enable them, to some extent, to adjust to variety
of substrates. However, the synthesis of induced enzymes is dependent

upon the presence of specific inducers which normally would be the
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new carbon source or & closely related compound. Historically,
induced enzymes were first called "adaptive enzymes", a practice which
1s now being discarded because of the teleologlcel implications of

the term sdaptive (60). It has been also noted that the control of
the synthesis of induced enzymes is genetically determined and a
specific specie cannot induce all the required enzymes for utilizing
all type of substrates, since the genetic apparatus responsible for
synthesis of any specific enzyme by a cell must have been a constitu-
tive part of that cell.

According to Geudy (37), in a heterogeneous population such as
exists in an activated sludge, it is very unlikely that any one of
these three types of response would occur independently but the total
response of such a population to the qualitative shock load would be
a combination of the effects of all the three types which would
occur simultaneously but somewhat interdependently., Both changes in
predominances and shifts to alternate metabolic pathways may be
dependent upon the ability to synthesize inducible enzymes. Thus,
the M"acclimation" of an activated sludge, to which pollution control
engineers have frequently referred, is actually the resultant of the
. effects of the three types of response as described above and it is
very likely that 1t would mainly depend on enzyme induction. As has
been discussed previously, according to recent findings in the basic
selences it is now thought that induction is essentially a reversal
of repression. If this is the oase.repression would actually then

be the key control mechanism in the acclimation process. It is
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possible that a delay in acclimation of an activated sludge to 'a waste
component cen be caused by repression which prevents the induction of
an enzyme(s) required to metabolize the new incoming waste component
as well as by suppression which prevents the function of an existing
enzyme(s) capable of utilizing the new waste component in the

absence of the inhibitory component. Although these basic regulating
mechanisms have not yet really been elucidated, they undoubtedly

can play an important role in determining the response of the

biological treatment process to shock loading.



CHAPTER III
THEORETICAL CONCEPTS

A. Concepts of Steady State Kinetics

Since the continuous flow activated sludge employed in this
study was operated as a completely mixed system under steady state
.conditions, it 1s appropriate to review some of its theoretical
kinetic concepts and the relationships between various paremeters
which can affect its operation.

The steady state (also stationary state) can be defined as the
condition prevailing in the culture vessel when the bactprial popula-
tion is maintained at a constant density and at a definite log growth
<rate. Such a steady stete condition can normally be accomplished
| by'either.internal'Control employing some device which measures cell
'aensity'in the aerator or growth tube directly, or‘by extérnal_dbntrol
-through the regulation of the flow rate and the'concentraiion of
limiting nutrients or growth factofs. The externally controlled
system has been widely accepted in practice due to its greater
convenience of operation and less compléx instrumentation., A wide
variety of substances has been employed as the controlling growth

factor in externally controlled systems. Such substances must be

29
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required by the microorganisms and must exhibit a region of concentra-
tion where growth rate is dependent on concentration; among such
substances are (61):

2. 2 required amino acid

b. one of the organic carbon sources, e, g. glucose, glycerol etc.

¢. the nitrogen source, e. g. ammonia

d. one of the inorganic salts, e. g. phosphate or sulfate.

In general the growth equation for a continuous flow system

can be expressed as (62):

ax = - = - XaonooopqoeoooeI
E% Mx Dx S;L D) (1)

- In which dx is the rate of change of bacterial population in
the culture vesiZl.

x 1s the concentration of organisms

Jﬁj_is‘the specific growth rate and is dependent on the
substrate concentration maintained in the vessel.

D is the dilution rate which is inversely proportional

to the mean detention time (T).

The above equation is obtained from consideration of the
mass-balance principle which simply implies that the rate of increase
in the bacterial population in the system is equal to the rate of
increase in the population due to its growth less the rate of decrease
which is due to the M"dilute out™ rate from the system. It can be seen
that if the growth rate ;/l) is greater than the dilute out rate (D)

the concentration pof organisms will increase while if the dilute

out rate (D) is greater than the growth rate ﬁ}i) the culture will
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be washed out of the culture vessel. Therefore, the steady state can
be attained only when the specific growth ratelﬁAL) is exactly equel
to the dilution rate (D), and the bacterial concentration (x) is
constant and dx is zero. Since the dilution rate (D) is controlled
by the feed inggow rate (Q) and the volume of the growth vessel (V),

thelir general relationships under steady state condition can be

summed Up ass:

M = D = _% N ¢ 49|

Since the volume of the growth vessel (V) 1is constant for a
particular system, it can be seen that under steady state conditions
the growth rate S}L) is mainly controlled by the feed inflow rate
(Q) as long as the value of M does not exceed the maximum growth
rate 9um). |

The specific growth rate S}L), however, is also dependent on
the substrate concentration maintained in the growth vessel.
According to Herbert snd his associates (62)3 Monod has proposed

the following relationship;

P z/um(Ksis> vocossoass(III)

where:
S is the substrate concentration in the growth vessel
/AA is the maximum growth rate constant or the maximun value
m ,

og/u-at saturation level of substrate

Ks is a saturation comstant numerically equal to the substrate
, concentration at which the specific growth rate S/l) is equal to

one-half of the maximum growth rate constant (M,).

re
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From this relationship it can be seen that the growth rate of
the microorgenisms will always vary and be controlled by the concentra-
tion of substrates present in the system, and would vary from zero
(whén there is no substrate) te/um (the maximum limit when substrate
is present in very large amount). In the system existing in a com-
pletely mixed activated sludge process under normal loading condi-
vtions, the ratio of supplied organics to microorganisms is relatively
low and this slways reflected in the low concentretion level of
substrate present in the system. As a result, the growth rate of
the cells would be only a fraction of the maximum growth rate gAkm).
In a steady state condition, the concentration level of the substrate
remsining in the system will be constant and will also be controlled
by the dilution rate. By combining equation (II), which signifies
a steady state condition, with the growth rate equation (III), the
concentration of substrate (S) in a system operated under a completely

mixed steady state condition then may be obtaineds:

K D ceeseneeees(IV)

S = 5 -
| ST

It should be noted that in a completely mixed steady sﬁate
condition, the concentration of substrate in the systeﬁ(s) is élso
the substrafe concentration in the effluent, and is independent of
- the inflow substrate concentration (Sr) according to equation (IV).

The corresponding concentration for bacterial population
density (X) in the steady state reacfor may be represéntedvby:

X- = Y (Sp=5) secenreenens(V)
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in'which Y is the yield ccnstant and can be defined as the ratio of
the weight of bacteria formed to the weight of substrate consumed,
It should be realized that these latter two equations are only
-applicabie to a system which is at a steady state equilibrium and
cannot he applied to a system when its steady state has been
disrupted or until a new steady state equilibrium has been attained.
It 1s to be realized that, however, the growth rate equation as
proposed by Monod,equation (III), is not limited only to a steady
state condition., When a steady state condition is disrupted, as due
to shock load conditions employed in this study which affect the
concentrations of substrates in the system, it is seen that the
system growth rate is no longer controlled by dilution rate but can
increase, and may follow the Monod growth rate equation which ié
dictated by the substrate concentration level present in the system
at that time. The mathematical relationships between various para-
meters under such shock loading conditions, however,‘would be quite
complicated and would vary greatly with time,

For a system operated in a steady state condition, its
critical dilution rate (Dc) which represents the maximum dilution
rate above which the microorganisms will be completely washed out
of the system (at such a dilution rate the substrate removal will

be zero, i, e. S = S, ) can be derived from equation (IV):

S

D, T (v1)
& &= i A A A AR A 0000V OCOOCO0CO0 R
/Mm(K + 8 >
S r ‘
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The values of ¥, KS and’/4¢m. can be obtained from batch experi-
ments. However, from the results of batch study (63), it was found
that for the activated sludge proéess comprised of heterogeneous
‘population the values of ¥, K_ anq/4‘m were not constant and varied ‘ :
Eonsiderably depending on physiological and environmental conditions. :
Hoﬁever, in order to be able to demonstrate and approxiﬁately évaluate
" various relationships in the continuous flow system the following ‘
..yalues ffom batch studies were selected: Y = O.6é}/lm = 0.51 hr_l '
| and KS = 50 mg/l for a glucose system. The relationship between
'.éﬁbStrate concentration in the system (S) and ﬁhe bacterial concen-
gtration(x)'at any.value of dilution rate (D) for various inflow
”subStréte’concentfations (Sp) can be predicted by employing the ‘
vequations.which have been previously given. Such:relationships
are presented in Figure 1. These curves show the effects of dilu-
tion rate and concentration of influent substrate on the cohcentraf
a tiéng’of,bacteriallpopulation and of residual.substrété in the
' reactor and in the effluent. It is to be noted that according to

.the prediction shown in Figure 1, the dilution rate does not
' significently affect the system until its value exceeds 0.375 >
(or en inflow rate of 15 ml/min) after which the efficiency of
'substrate removal is sharply reduced as indicated by the increase
“in the‘residual substrate in the effluent énd ‘the corresponding
;decrease in the concentration of microorganisms. At a dilution
rate of'approximatgly 0.5 hr"l, corresponding to a flow rate of

20 ml/min.or a 2-hour detention time, it is predicted that the

bacterial population will be completely washed out.
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For the studies to be herein reported, three dilution rates,
0.0625 hr:l, O.25'hr:l and 0.50 hrfl corresponding to detention
times of 16, 4 and 2 hours respectively, were employed. From the
results of tﬁe studies on the continuous flow system by the author
it was noted that at lé~hour and 4~hour detention times, the hydraulic
loading effect or flow rate was not (as predicted) significant.

The concentration level of the biologlcal solids was approximately
50 per cent of the applied organic loading concentration and the
residual substrate concentration was generally less than 10 per cent
of the loading concentration. However, at the 2-hour detention time,
the concentration 1evei of the biological solids that could be main-
tained in the system was greatly reduced (less than 20 per cent of
the organic loading) and there was a very high residual substrate
concentration remaining in the effluent. Hence, it is apparent that
the above predictions as derived from the results of batch studies
serve quite well to demonstrste relationships between various

parameters.

B. The Kinetics of Incresse in Substrate Concentrations due to Shock

Loadings‘in Steady State Systems

In the studies reported herein, two methods of administering
shock loadings were employed; one 1s referred to as "gradual" and
the other as Yimmediate¥. A gradual shock loading to a system was
accomplished by rapidly changing the inflow feed of the system from‘

one type of substrate to a new substrate but without changing the
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hydraulic flow rate. It should be noted that the increase in the new
substrate concentration in the reactor due to such shock load was

not immediate because the system was completely mixed and under
contimuous flow conditions. ‘The equation which represents such
kinetics can be expressed as:

de = CD - CD

T o)
‘which implies that the rate of increase in the substrate in the system
is equal to the rate of increase of substrate due to its inflow less
the rate of decrease of substrate due to its oﬁtflow,

concentration of the substrate in the inflow

Where C o =
c = concentration of the substrate in the outflow at
any time ™" after introduction of the new subétrate.
D = elther the inflow.or the outflow rate which is

the same since the volume of the reactor vessel
is constant.

Upon integration of the equation the following relationship
is obtained: '

' -DT
¢ = Oy (1-e )

The validit& of this equation was checked experimentelly
employing methyl-red dye. The experimental results and the theo;étical
values are compared in Figure 2. From,these results, 1t can be
‘concluded that the system employed in this study had approached
ideal mixing conditions and the derived equation representing the

kinetics of gradusl shock locading is valid.
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In contrast, the "immediate" shock loed was achieved by rapidly
injecting a concentrated solution of the shock compound into the
mixed ligquor serator; as a result the initial concentration of the

shock compound was immediately brought up to a specific level.



CHAPTER IV
EXPERIMENTAL EQUIPMENT AND PROCEDURE

A. Batch Activated Sludge Systems

1. Severe Shock lLoading Studies

va. Young Cellss Activated sludges were developed from an initital
sewage seed taken from the primary clarifier effluent of the municipal
waste water trestment planﬁ at Stillwater, Oklahomas. Activated
sludges were developed uging either a sugar or a sugar alcohol as
the sole source of organic carbon. The constituents of the synthetic
growth medium were: the organic carbon scurce (one of the following
compounds - sorbitol, mannitol, duleitol, glycefol or ribose),

5000 mg/1; 1.0 M potessium phosphate buffer, pH 7.0, 30 ml/1;
(NH4)2SOA, 1000 mg/1; Mg SOA.'7H20, 200 mg/1; Fe 013.6H20, 1.0 mg/1;
Mn 804'-'1H20’ 20 mg/1; ’Ca012, 15 mg/; ; tap water, 100 ml/1; and
distilled water to volume.

The purpose of employing such rather high concentrations of all
constituents was primgrily to insure the development of a large
population and to ﬁroiong the log growth phase. The seedgd synthetic
waste'Was aersted for‘24 hours. After 24 hours, 50 ml’ of the mixed

liquor were transferred to one liter of freshly prepared synthetic

40
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growth medium of the same compositions szg that described abdve. This
procedure was followed for three days. On the fourth day after 16
hours of incubation, cells were harvested by centrifugation and
washed once in 0.05 M phosphate buffer, pH 7. The washed cells were
then resuspenﬁed in fresh medium containing the same carbon source |
on which they had been growing. However, in this new medium which
waé used in the experimental run the concentration of salts was
reduced to one-half and buffer concentration was reduced to one-
third of that in the original growth medium. This was done because
~the organic carboﬁ source was also reduced to 1000 mg/l1 or less
depending on the particular experiment. It was felt that such high
inorganic salts were not necessary; slso it was desirable to keep

a somewhat constant balance between inorganic and organic components
in the synthetic waste. MAerstion was begun, and samples were with-
drawn far measurement of substrate removal and biological solids
production at various time intervals. After substrate removal was
well under way;_a small volume of another carbon source (in highly
concentrated solution) was rapidly introduced into the system.

Thus the system received a qualitative shock load while it was
rapidly metabolizing the carbon source to which it was acclimated.
The biochemical resﬁonse was examined by continued sampling and
'anal&ses for the sbecific carbon sources as well asvfor total COD
'femoval. The methods of analysis employed are described in detail
"in the "Methodsgéf Analysis" section. In a2ll cases a unit which did

not receive the shock was maintained as a control. In some



experiments two identical one-liter units were set up, one of which
was shocked; the one which did not receive the shock was maintained
as a control. In some cases a single unit was divided into two
parts immediately prior to administering the shock; one part was
maintained as a control. For experiments in which oxygen uptake
was measured, 40 ml of mixed liquor were placed on the Werburg
apparatus (140 ml reaction flasks) and at an appropriéte time, the

shock compound was tipped into the mixed liquor from the side arm.

be 01d Cells: This type of sludge was also initially started

from the municipal sewage seed and was maintained as a batch acti-
vated sludge for a period of at least 21 deys prior to use in any
specific experiment. The constituents of the synthetic waste
em@loyed were: the organic‘carﬁon source (either sorbitol or
mannitol), 1000 mg/l; 1.0 M potassium phosphate buffer, pH 7.0,
10 m1/1; (NE ) SO , 500 mg/l; MgSO .7H O, 100 mg/1; FeCl .6H O,
42 4 4 2 3 2
0.5 mg/1; MnSOZOIHZO, 10.0 mg/1; CaClZ, 7.5 mg/l; tep water, |
100 mg/1l; and distilled water to volume. The total volume of the
mixed liquor of the system was maintained at 1,5 liters. Prior
to daily feeding, 500'ml of mixed liguor were wasted and the
remaining 1000 ml settled for one hour, after’which 500 ml of
supernatéﬁt were wasted. The total volume was again made up to
the,original 1.5 liters with appropriate constituents to maintain
initial concentrétions at the same level as described above.
The system was thén aerated st an air flow rate of 4000 ml/min

at room temperature until the next feeding period. After 21 days



or more of such daily wasting and feeding, the siudge was harvested
at 18 hours after the last feeding, washed once in 0,05 M phosphate
buffer and employed in the experiments. This type of sludge was
normally of a dark brown coclor and exhibited rapid flocculating and
settling characteristics upon cessation of aeration.
The experimental protocol in determining the response of the

"old cells to shock loadings was the same as that decribed pre~
vicusly for the "young cells", For non-proliferating cell studies,
however, the nitrogen source, i. e. <NH4)ZSOA’ was omitted from the

experimental synthetic waste medium.

B. Continuous Flow Activated Sludge Systems

1. Description of Apparatus, Standard Wastes and Operations
Ze Apparatus: A sketch of the bench scale activated sludge

unit employed in this study is shown in Figure 3. The aeration’
volume of the activated sludge reactor was 2,5 liters but the actual
effective volume of the mixed liquor under aeration was approximately
2.4 liters due to the displacement of the mixed liquof by the
diffused gir. The feed line to the system was regulated by a liguid
flow meter ﬁump for which the discharge wolums could be set at a
definite rate (0-20 ml/min), The ocutlet of the effluent line was
made of bent glasé tubing, of which one end was suﬁmerged about |
three_inchés,iﬁ the mixed liquer and the cother end was left open at
the liquid level., It was found that a greater consistency between
the waste effluent and the mixed liquor inside the unit could be
attained by such an outlet arrangement, gince it was intended to operate

the system as closely as possible to idesl conbinuous flow completely
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mixed steady state conditions. The air was supplied to the system at
a rate of approximetely 4000 ml/min, The temperature of the system
was meintained at 2500 by the use of a thermostat-controlled
constant temperature water bath.

b, Standard Synthetic Wastes for Organic Carbon-ILimited Systems.
The synthetic wastes were made up of specific organic carbon sources
and inorganic salts. The amount of inorgsnic salts used per 1000 mg/1
of carbon source were: (NHL)2S 4 500 mg/1; MgSO, . 7H,0, 100 mg/1;

4
FeCly. 6H,0, 0.5 mg/l; MnSO,. 1H.0, 10.0 mg/1; CaCl,, 7.5 mg/l; tep

4 2

water,vloo ml/1; 1.0 M potassium phosphate buffer (140 gm/1 K2HP04.
3H,0, 52.7 gm/1 KHQPOA), 10 m1/1; and distilled water to volume.
These concentrations of inorganic salts and buffer were used for
1000 mg/1 of carbon source and they were increased (or decreased)
- proportionally according to concentrations of the carbon source used.
This was done in order to ensure that the inorganic salts and buffer
were in excess al 2ll times and that the growth limiting factor was
the brganic carbon source.

c. Standard Synthetic Wastes for Nitrogen-Limited Systems.
The synthetic waste for the nitrogen-limited system was made up
with essentially the same constituents and concentrations as des-
cribed previously for the carbon source-limited systems except that
the amount of (NH4)2SOA was considerably reduced and varied for

each specific experiment. It was found from the growth rate

studies with batch units that at least 150 mg/l of (NH4)2SO4 would be
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.required for 500 mg/l of carbon source (glucose or sorbitol) in order
to produce a normal sludge growth (see Appendix A). Thus systems

' for which the ratio of nitrogen as (NH4)2504 to orgenic carbon is
less than 150 to 500 were regarded as nitrogen-limited systems.

For convenience and clarity in reporting the exaét amount of nitrogen
employed in each experiment on a nitrogen-limited system, the amount
of nitrogen will be giveh as each experiment is presented 'in

"Experimental Results.™

2. Experimental Protocol

The standard wastes were made up in a 20~-1liter bottle.
Normally three to four'systems of identical concentrations were
set-up and operated concurrently for each set of experiments.
Initially each system containing the standard waste was‘inocuiated
with sewage seed and was operated under batch conditions for about
24 hours. Theréafter, the‘systems were operated under continuous’
flow conditlons at a fixed hydraﬁlic flow rate fof a minimim of
three days prior to setting up the shqck loading conditiéh.
The detention period in the aerator was regulated by the feed
~inflow rate, i. e. the rate of the feéd Qouid be contrelled at
20 ml/min. for fhe ﬁwo—hour detention period, since each activgted~
sludge aeratof had an effective volume of 2,400 ml; for four-hour
. and sixteen-hour detention periods the inflow rate would be fixed

at 10 ml/min and 2.5 nl/min respectively,
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Normally, during the period of acclimation and equilibration,
samples of the effluents were collected at one to two day intervesls
and were analyzed for residual substrate in order to be certain that
a steady state condition had been attained prior to the introduction
of the shock loading. However, in some cases, when a control unit

was also operated concurrently during the shock loading experiment,
it was felt that the checking procedure was not necessary and it
was therefore omitted. In general, it was found that a steady
state equilibrium was reached quite readily within three days.

Just pfior to an experiment, the contents of all units operated
with the same feeding protocol were pooled, completely mixed and
again placed back into each system. This was done in order to
insure that each unit had exactly the same sludge quality prior
‘to the shock loading so that slight differences in responses to the
shock loadings could not be attributable to slight differences in
sludge activities or predominant microbial species. At times

~significant differences in the appearances of the sludges and
their settleability were observed even though the same feeding
: protocol was followed.

The shock loadings were introduced by immediately shifting
the influent feed to a new standard waste of different waste
characteristics. The differences in waste characteristic which

‘were employed in these experiments were mainly increases in
concentration of:the organic carbon sources, or complete changes

to entirely new organic carbon sources of differing structure,
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or combinations of the new and the previous organic carbon sources
in various proportions and concentrations. For convenience in
considering the results obtained under various conditions, the
changes in concentration and composition of the waste influents which
vere empld&ed as shock loadinés and the various shock loading condi~
tions will be described in detail in the presentation of each experi-
mental result.

The experimental procedures for the nitrogen-limited systems
were essentlally the same gg those for the organic carbon-limited
experiments. The main difference in procedure was fhe maintaining

of the same nitrogen content, 1. e. the (NHA) concentration,

2804
in the influents as had been employed prior to shock loading whereas
other constituents, such as the organic carbon sources, various salts

end buffer, were increased proportionally.

C. Methods of Analysis

In these studies, the biochemical response of each system was
examined by periodic sampling and subsequent anglysis for specific
carbon sources as well as for total éubstratearemoval during the
time course of the experiment. Biological solids were determined
using the membrane filter technique (Millipore Filter Corp.,
Bedford, Mass., HA 0.45/A4). In some experiments, however, the
biological solids concentration was determined by measuring the
optical density and converting to the corresponding'biologidél

solids concentration using correlation curves which had been
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previously.detéfmined experimentally. Total substrate removal was
measuréd using the standard COD test (64). Sorbitol, mannitol,
dulcitol ‘and glycerol were measured using a modification of the
periodéte chromotropic acid test which was recommended by Neish(65),
(seé details in'Appendix B),..For,measﬁrement of lactose, gaiactose,:
and gluédse, thé énfhrope:tééf for déﬁerﬁination of cafbohydratés as
vsuggested‘by Gaudy (66)vwas,employéd; ﬁhiie for'risbse.the orcinol-
.fe¥ric_ch10ridé test aé'givén‘by Fernell & King (67) was used. .Foﬁ
| the éiperiment employing mixtures of ribose and glucose; the concentra-
- tion of glucose was determined by subtraction of COD due to ribose as
‘ determined by the orcinol test, from the totai COD since both ribose
. aﬁa giugﬁéé-peact with.anthrone. In the éontinuous*flpw studies,
however, the.Giuéosﬁat test (Wbrthinéton‘Biochémical Corp., Freehold,
New Jersey),'which is quite specific for glucose, was also employed =
in order that these results could be compared with those obtained
- using the gnﬁhrone test. |

In some experiments, the protein and carbohydrate contents of
the sludge ﬁere also measured using the biuret and anthrone test
}reSpectiﬁelyg the procedures for these tests, applied to activated
sludges, have been described in detail by Gaudy (66).

For convenience in éomparing the rates of removal of different
organic carbon sources with one another and with the rate of total
'CbD removél, the concentration of each organic compound as obtained
b& its specific test was converted to‘COD‘using the stoichiometric

relationships shown in Table I.
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- - STOICHIOMETRIC RELATIONSHIPS BETWEEN GONCENTRATIONS 4v

AND CODAVALUES OF CARBOHYDRATES AND POLYALCOHOLS

Carbohvdrates

mg/1 lactose

‘mg/1 glucose

X

X

" 'mg/1 galactose x

' mg/1 ribose

A Polyalcohols

X

mg/l sorbitol

mg/i mannitol

ng/1l duleitol’

 mg/1 glycerol

X

X

X

X

384/342
192/180
192/180

160/150

208/182

208/182
208/182
112/92

mg/1
mg/1
mg/1

mg/i

mg/1
mg/1
mg/1

mg/1

lactose COD
glucose COD
galactose COD

ribose COD ' .

‘sorbitol COD

mennitol COD
duleitol COD

glycgroi COD

The COD values for the above compounds were determined experi-

" mentally by the suthor using the standard COD. test; they have also.

‘been'reported‘previouél& by Gaudy and Engelbrecht (5). It was found

.fhaﬁ the experimental values in all cases agreed quite well with
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;the calculated theoretical values; the differences were ﬁell within % .

5% of the theoretical values. Hence, it can be concluded that the

application of theoretical factors in conversioﬁ;of the above

vsubstrate concentrations to their corresponding chemical oxygen

" demand (COD) values is valid. The purpose of such a conversion

was to enable one to compare all substrate remnvai data on the

same basis.



CHAPTER V
RESULTS

A. Batch‘— Operated Systems

To facilitate presenfation of the experimental resulis,

all curves representing the Mshocked" systems, are designated by
~ the first letter in the names of the compounds employed in that
particular experiment, e. g. for glucose shock loaded to a system
metabolizing sorbitol, the curve is labeiied G+S, while for lactose’
shock loaded to a system metabolizing sorbitol the curve is desig- |
nated.as IsS.

| The curves shown for all polyalcohol sﬁbstrates in both the
control and the shocked systems were plotted from periodate analy-
ses computed as COD, All carbohydrates with the exception of ribose
ahd glucose in one experiment, were measured by the anthrone fest
and computed to COD values. This plotting procedure was foilowed
~ for all results obtained under batch-operated studies.

1. Effects of Glucose Shock Loading on Various Types of "Young

 Cell" Hexitol-Acclimated Sludge.

Figﬁre 4 shows the results of an experiment\in which a young
sorbitol~acclimated sludge was initially fed sorbitol; the coursé

of suhstrate removal was followed for 3,5 hours. At this time the

51



Determination Indicated (as COD), mg/1l

~ 900 Initial Cell Conc. = 175 mg/1

52

I L

\ (A) Total COD

sook— : . \y (@) Glucose COD (Anthrone) ——

\ (©) Sorbitol COD (Periodate)
A () Sorbitol Control COD

' (Periodate)
700

P
Glucose Added

600L— ‘ v ) at 3.5 Hours
. Total COD (G+8)

A\}/

a) A
Glucose (G+S)

2 ‘
N
\ . .
\
\ Sorbitol(G+S)

300~ - SR -4-q
\

500

400

Sorbitol Control
200 ' , v

100j—

0 i 1 2 3 4 5 6 7 8

Time, Hours

FIGURE 4 RESPONSE OF SORBITOL=ACCLIMATED SLUDGE, YOUNG CELLS
UNDER GROWTH CONDITION, TO SHOCK LOADING WITH GLUCOSE
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system was shock 1oadéd with glucose. It can be seen that immediate
cessation of sorbitel removal ensﬁed as a result of the glucose shock
load. Sorbitol removel in the shocked system diq not begin again
until after all the glucose had been exhausted/f/It should be noted
that the shock load effected sequentisl substrate removal but that
this was not apparent in the curve for total COD removal. The added
glucose was removed immediately an& at a faster rate than was the
sorbitol itself éven though the sludge had been previously acclimated
to sorbitol. The shift in the utilization of carbon sources in this
case seems to operate very rapidly since no break in the general
'shape of the total COD removal curve was observed.

Results of experiments in which young mannitol and young
dulecitol acclimated cells were subjected to the same severe glucose
shock loading condition are shown in Figure 5 and Figure 6, respec-
tively. The results, in general are similar to those in the case
of sorbitol, i. e. the removal of both hexitols, to which the cells
were acclimated and which they weré acﬁively metabolizing, was
severely retarded and suppressed upon introduction of the shodk
substrate gluc:osé.T Sﬁch results can be readily observed by com—
paring the hexitol removal curves for the control systems to those -
of the shocked systems. It is a;so evident that the cbntinued
rapid removal of the total COD immediately after the shock was
primarily due to glucose metabolism from a comparison of the
glucose removal curves with the total COD removal curves of the
shocked systems. There appear to be some differences between the

inhibitory effect of glucose on the course of dulcitol removal
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and that on sorbitol or mannitol removal, since theAeffeot of glucose
didAnot seem to be as prolonged as for the latter substrates.; It
should be noted, however, that in the dulcitol acclimated system,
t glucoée was removed_at a very rapid rate and to a very low level
‘within less than two hours. This was a relatively shorter length
of time than in the other two cases, and thus glucose affected
i the course of dulcitol removel for a shorter pericd. It is apparent,
however, in that all cases the removal of hexitols was severely
';etarded upon introductiog of glucose and.was not initisted again
‘until élucooe was exhausted or reduced to a very low level. The
initiation of glucose utilization was immediate and it was rapidly
'motabolized at the'expensé of hexitols. and at a relatively faster
rate than the hexitols.
2. Effects of Galactose and Tactose Shock Loadings on "Young Cell"
Sorbitol-Acclimated Sludge
Galactose and lactose, both of which are structurélly related
to glucose and are also carbohydrates, were chosen as shock compounds
in order to determlne whether the suppressing effect is limlted only
to glucose. Theveffect of shock“loading with galactose on the
removal of sorbitol is shown in Figure 7. It is seen that a
'.pogﬁialfblockage of éorbitol metabolism was brought about by the"
";iiﬁtfoduotion of the galactose shock load. TFrom these results it is
evident that the population required no acclimation to galactose;
.hoﬁever, galactose was removed at & slower rate by the sorbitol-
| acclimated population than was glucose by the other sorbitol

acelimated cells (see Figure 4), From Figurs 7, 1t is discerned



- 21004 Initial Cell Conce = 160 mg/1 ~—
Cell Conc. at Shock Loading =
300 mg/1
1000
Total COD (G+S)

t F:QQO | I

Determination Indicated (as COD), mg/1

. 100

T T K T T T T T

Galectose Added

B at 3,0 Hburs
800 b

700 |
600
-
;400

300]

200

(A)rotal cop
(B)Gglactose COD (Anthrone)

-(0O)sorbitol COD (Periodate)

(V)Sorbitol Control COD (Periodate)

| | v |
) T S O B M
17 3 i b 6 7 _ .8 9

Time, Hours »

FIGURE 7 RESPONSE OF SORBITOL-ACCLIMATED SLUDGE, YOUNG CELLS
- UNDER GROWTH CONDITION, TO 'SHOCK LOADING WITH GALACTOSE

67



58

thet sorbitol and gelactose were removed concurrently, but that the
introduction of galactose seriously altered the rate of sorbitol
removal as shown by comparison of the rates of sorbitol metabolism
in the shocked and the control systems.

The preceding data have shown the effects of severe shock
lbadings of glucose and galactose on the course of sorbitol metabolism.
It would, therefore, be interesting‘to deterﬁine.the effect of a
severe shock loading with lactose, which consists of glucose and
galactose joined in P—l, 4 galactoside linkage. Figure & shows the
results of an experiment in which a sludge metabolizing sorbitol was
shocked with lactose. It is seen that lactose has absolutely no
effect on sorbitol removal and that lactose removal was not initiated
until sorbitol had been metabolized. The slow initiation of lactose

metabolism is also reflected in the curve for total COD removal which
for almost the entire course of the experiment, is of the same genersal
shape as the sorbitol removal curves in both the control snd the
shocked systems. At a later stage in the experiment, the lactose
analysis indicated slightly less than 500 mg/1l lactose (as COD),
whereas the tbtal COD in the system was 700 mg/l. Since lactose
responds only slightly to the periodate test and had already been
accounted for, and hexitols do not respond to anthrone, the results
shown in Figure 8 yield evidence that non-carbohydrate. or non-
hexitol intermediate products which could be oxidized by dichromate

might have been released in the latter stages of sorbitol removal.
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Figure 9 shows oxygen uptake data for identical portions of
sorbitol-acclimated cells, ﬁhree of which were shock loadéd at
precisely the same time with 500 mg/1 each of glucose, galactose and
lactose, It is seen that the delayed removal of lactose is reflected
-iﬁ the oxygen uptake curve which parallels the sorbitol control; in
both the glucose and galactose shocked systems the oxygen uptake curves
continue to increase, indicating that both glucose and galactose can
be readily metabolized by the sorbitol acclimated sludge. However,
there appears %o be no apparent effect on respiration rate upon intro-
dugtion of glucose and galactose to the systems until after 2.5 hours.
At this time the uptake rate in the control system had declined
presumably due to the exhaustion of sorbitol in both the sorbitel
'v control and the lactose shocked systems. The preferential utilization
>of either glucose or galactose in the early course of the experimenf
could not be inferred from the oxygen uptake data., |

| 3. Substrate Interactioné between Selected Compounds

This phase of the s;udy was undeftaken in order to determine
the extent of substrate interactions between various compounds of
’ diffeting molecular structure which were less closely related struc-
turally and metabolically than those employed in the previous cases.
Three organic carbon sources, glucose, ribose and glycerol, were
éelected for the study. When a population actively metabolizing the
carbohydrate ribose was shocked with glucose, the‘effect was not an
‘immediate blockage of ribose (see Figure 10). Removal of ribose in
the control and jn the shocked systems proceeded at the same rate

for approximately two hours after the shock, while glucose metabolism
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started at a slow rate and gradﬁally increased. By comparing ribose
removal in the control and in the shocked system it can be seen that
as glucose metabolism increased, ribose removal was inoreasingly
retarded.

When a system consisting of another portion of the seme ribose~
acclimated population was shocked with glyecsrol while actively metabo-
. 1lizing ribose, the response was eomewhat different. These results
are shown indFigure 11. Herep it is seen that the course of ribose
removal in the control and in the shocked system are parallel, even l’j
though the Shock compound, glycerol, was - 1n1t1ally removed at a rela; o
tlvely faster rate than was glucose in the flgure prev1ously shown. f;u_‘
‘.Both substrates were removed concurrently; active metabollsm of
ribose did not appear to be deterred by the initiation of glycerol
removal.

The effect of shock loading with ribose on a sludge actively
metabolizing glycerol is shown in Figure 12. The introduction of
ribose'had'no effec£'on the course of glycerol removal. Acclimation
to ribose pfoceeded at e fairly rapid pace. Itican be seen from the
total COD curve that the overall ccurse of carbon scurce depletion
in the system was controlled by two rélatively.independent and sequen—
tiel rates, that for glycercl removel and that for ribose°

4. Effects of Sludge Age on Shock Loading Responses -

In all the preocdlng cases of this study, young cell populatlons
were used., The procedures for thalr oevelopment have been described
in detail in ‘the experimental protoecsl. It was important to study

the response of the sludge developed under operational conditions which:
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yielded sludge masses designated as "old cell” population. Such
populgtions normslly had greater settleability and were characterized
by brownish or dark brown color. The responses of the 0ld cell popula-
tions were studied under two conditions, i. e., under gfowth conditions,
in which the supply of ﬁitrogen was in excess, and under non-prolife-
raﬁing conditions, in which the supply of exogenous nitrogen soufce

was omitted completely'from the medium.

a. Growth Conditionss Results employing the old cell sorbitol
acclimated sludge are shown in Figure 13. It is seen that sorbitol
removal was not blocked upon introduction of glucose as in the case
of the "young cell"sludge (Figﬁre 3). 1In contrast, glucose was ini-
tially removed at a slower rate and required a short acclimation
'périod but afterwérd continued to be removed at an increasing rate.
By comparison of sorbitol removal in the control and in the shocked
system, it is discerned that after initiation of giucose metabolism’
the sorbitol metabolism rate was increasingly fetardéd, but both
substrates were concurrehtly removed,

The competitive effect of glucose is not, in.evidence-fdr‘the E
0ld cell mannitol-acclimatéd system.(Figuré 14). Mannitol removal
proceéded at the same rate in both the shocked and in the control
system. As with the.old cell sorbitol—acclimated system,vglucose*
was remévéd concurrently with the compound té'which the cells weré
previously acﬁlimated and which they weie actively metaboliéing prior
to the shock, and a lag in glucose metgbolism occurred which seem to

be more pronounced than in the sorbitol system. It shogld be noted
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that eventhough fhe‘biological solids, at the time the sﬁock loadings
were appliéd, were higher for the old cell systems than for the young
cell systems, the total COD removal for these systems was slower than
that of the corresponding young.bell systems and substrate removal
proceeded in accordance with zero order kinetics.

ﬁ. Nonproliferating Conditions: Results of an experiment under
nonproliferating conditions for an old cell sorbitol-acclimsated
system are shown in Figure 15, It is seen that, as in the old cell
growth system, concurrent removal of both substrates occurred after
the shock load. A comparison of the sorbitol removal curves in the
control and the shocked system shows that glucose did not seriously
effect the rate of sorbitol metabolism. The results also show that
the cells had the ability to metabolize élucpse but at a much slower
rate than sorbitol.,

However, sﬁch was not the case for the mapnitol—acclimated
éludge (Figure 16). Glucose was not removed at all during the
experiméntal period. It is seen £hat the course of mannitol removal
in the control and in the shocked systeﬁ was identicegl, indicating
that glucose had absolutely no effect'on the shocked system. ?he
cells had apparently lost the capacity for oxidative assimilation

of glucose. .

B. Continuous Flow Systems

1. Responses of Sorbitol-Acclimated Systems to Glucose Shock Ioadings
a. Responses to Gradual Shock Loadings Glucose and sorbitol were

- selected for these studies because the inhibitory effect of glucose

F
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on sorbitol acclimated sludge has alrsady been shown in the batch-operated
systems. It was, therefore, interssting to determine whether the same
phencmenon would be observed under completely-mixed continuocus flow
conditions which simulate more closely the actual operational conditions
at waste treatment plants. A 4-hour detention period was employed in

this portion of the study.

Figure 17 shows the genefél response of a continuous flow activated
sludge to shock loading when the influent waste was changed from 1000 mg/1
sorbitol to 1000 mg/l glucose. A control system which was fed 1000 mg/l
sorbitol as previously was also run concurrently in order to obtain com-
parisoné.between the two systemSA It can be seen that there was no
'significént difference in the effluent charabteriétics of the two systems.
A1l of the parameters determined remained relatively constant thfoughout
the experimental pericd even though the quality of the influent waste of
the shocked system had been completely changed. The biological solids
protein also indicated no significant fluctuation. Both glucose and
sorbitol in the effluent remained at & very low level indicating over
95 per cent removal for both substrates. It should be noted, however,
that the values of residual total COD remaining in both systems during
the entire period of the experiment were over 100 mg/l; this could not
be accounted for as either glucese COD or sorbitcel COD. Such residual
COD also had been noted previously in batch-cperation studies. This
could not be solely attributable to the interfersnce of inorganic
salts in the waste medium, since several times the COD of the waste
medium consisting of 8l1l incrganic salts but withaut organic carbon
source was determinéd and it was found that the residual CQb,

due to the inorganic salt interference, nevsr exceeded
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50 mg/l and generally was only about 30 ng/1. Therefore, these results
tend to indicate that the cells may release an intermediate(s) or end
product(s) which does not react to either the periodate or the anthrone
test., The control system was fed only with sorbitol but analysisrof
the effluent indicated a slight reaction with the anthrone test.
This value indicated approximastely 30 mg/l as glucose COD. However,
it is not implied that glucose was produced by the sorbitol metabo-
lizing system. This finding may be interpreted as a result of the
producticn of small smounts of compounds which react with anthrone.
Furthermore, it was noted that sorbitocl itself also reacted slightly
in the anthrone test by yielding a brownish color which interfered
with colorimetric determination. However, these interferences did
not significantly affect the results, since they were of comparatively
low value,

In another set of experiments; the influent waste composition
was changed from 1000 mg/1 sorbitol to 750 mg/1 sorbitol plus 250
mg/1 glucose, a éecond system was changed from 1000 mg/i_sorbitol to
250 mg/1 sbrbitol plus 750 mg/1 gluédsea This. was done in order. to
determine whether the ratio of the concentration of interacting
substrateé had any significent effect on the shock load respounse.
The results are shown in Figure 18. It can be seen that these
changes did not have any effect on the system responses; both
glucose and sorgitol were removed quite readily without any
change in either bioclogical solids or protein level; significant
amounts of total GOD in the effluent filtrste were noted as in the

previous cases, but these were the same for beth systems.
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It should be realized that for 211 cases which have been reported thus
far, the systems were subjected only to qualitative shock loading since
the total organic carbon source concentration remsined at the same
level (1000 mg/1) before and after the shock load. TFrom the résults
obtained thus far, it is apparent thét when the systems were subjected
to only a qualitative shock load no deleterious)effect on the systems
resulted.,

Figure 19 shows the shock-load responses of systems which were
subjected to both qualitative and-quantitative shock loads. In
Figure 19-A the system was operating in the steady state on 500 mg/1
sorbitol; it was then shock loaded by changing the waste influent
composition to 500 mg/l sorbitol plus—SOQIQg/i glucose. It can be
seen that even though the feed cqncentration was increased two-fold
there was apparently no significant effect on the removal efficiency
as measured 5y the levels of glucose COD and sorbitol COD in the
effluent. There was slight inecrease in the level of total filtrate
COD shortly after administering the shock loading, which was not
registered as either glucose COD or sorbitel COD, A significant
change in the biological solids concentration occurred. It
increased fairiy rapidly at & rate which paralleled the rate at which
ﬁhe glucose shock load was espplied. The curve labelled "applied
glucose shock loading" (dotted line) represents the calculated
cumulative concentration of glucose in the seration vessel if it
were not removed by the activated sludge. This would theoretically
be equal to the concentration of the influent gluccse after a due

period of time (cf. Pigure 2).
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Figure 19-B shows the response of a system which had been operating
at a level of 1000 mg/l sorbitol and was shock loaded by changing the
influent waste to 1000 mg/l sorbitol plus 1000 mg/l glucose. A compara-
tively high increase in totel filtrate COD can be noted and response time
of almost 16 hours was required before effluent quality returned to its
former level. However, there was no noticeable change in either glucose

or sorbitol levels in the effluent which tends to indicate that the
system could metabolize both compounds readily.

Figure 20 shows the results when sorbitol acclimated sludge at
1500 mg/1 sorbitol waste influent concentration was shock loaded with
1500 mg/1 sorbitol plus 1500 mg/l glucose. Again there was a substantial
increase in the total filtrate COD (as measured by dichromate oxidation),
but only a slight increase in sorbitol COD was noted for a very short
period immediately after the shock load was applied; the level of glucose
remained practically unchanged. It may be noted that when a high loading
was applied, a proportionally higher amount of intermediates appeared
to be released. From the results obtained thus far it is discerned
that these systems have great capability to accept the glucose shock
loading if the :ncrease of glucose concentration in the influent is
about the same level as that of the sorbitol concentration formerly
employed, that is, if the total concentration of carbon soufce is
increased two fold. This statement holds for glucose and sorbitol
COD removal but not for the total filtrate COD removal. The efficiency
of total filtrate COD removal seems to be greatly reduced as the

loadings increase.
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It was of interest then tc determine the response when a
sorbitol acclimated system was subjected to only a sorbitol quantitative
- shock load and to compare this response with combined shock loads as
well as a pure glucose shock load. The response of a system in which
the influent concentration was changed from 1500 mg/l sorbitol to
3000 mg/1 sorbitol is shown in Figure 21. It is seen that when the
system was shock loaded with twice the sorbitol concentration on which
it had been operating, the system could not readily cope with such a
shock loading and sorbitol was passed out in the effluent. After
about 24 hours, however, the system recovered and both the COD and
the sorbitbl in the effluent were sgain reduced to a low level. At
this time a new level in biological solids had been attained indicating
that the system had established a new steady state -equilibrium to cope
with the increased loading condition. A considerable amount of inter-
médiates in the effluent can also be noted as indicated by the
differences between the total COD and sorbitol COD in the filtrate.

A shock load -resppnse which ocecurred when the influent was
changed from 1500 mg/l sorbitel to 3000 mg/l glucose was shown in
Figure 22. It can be seen that the glucose shock load could be readily
metabolized by the‘sorbitoi gcclimated sludge. A significent increase
in total filtrate COD was noted st an early stage but this was reduced
to about 250 mg/l after approximately 10 hours. There was no signi-
ficant increase in glucose COD after the shock even though the
'-sysﬁemvwas supplied solely with glﬁcoée9 a slight increase in sorbitol
COD 2t approximately two hours after the shock can be interpreted

as interferences by Iintermediates which might react slightly with
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the periodate test.

The difference between the initiél‘biological solids concentra-
tions of the two systems shown in Figure 21 and 22 may be due to some
fluctuations occurri-gin the sampling prccess. However, significant
differences in the respcnses to glucose snd sorbitol shock loading
of the two systems were apparent and it is very unlikely that these
could be aue to the differences, if any existed, in the initial
 bic1Qgica1 solids levels. By comparing the results shown in Figure
21 and Figure 22 it can be seen that gluccse not only could be utilized
readily by the sorbitolwacclimated sludge but the rate at which it
was metabolized was even faster than the rate of sorbitel utiliza-
tion, even though the sludge had been previously acclimated to
sorbitol., 'ft can be noted that less total filtrate COD was passed
out in the effluent in the glucose shock-Loaded system snd the time
at which a new equilibruim was reached for the gluccse shocked system
was mich shorter; in addition, the growth rate of the biological
solids was also apparently faster in the glucose shocked system than
in the sorbitol shocked system. However, there sppeared to be a
greater amount of intermediates relsssed in the glucose shocked
systems as can be seen from the differences between the total filtrate
COD and the corresponding substrate COD in each system.

The response of a system which was subjected to a greater
proportional shock loading is shown in Figure 23. In this case the
system was acclimated to 500 mg/1 sorbital;'the shock was then applied
by changing the waste influent from 500 mg/1 sorbitel to 750 mg/l

sorbitol plus 750 mg/l glucwvse. The coatrol systems, in which the
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influent wastes were changed from 500 mg/1 sorbitel te 750 mg/l sorbitol
and to 750 mg/1 glucose, were also run concurrenﬁly and these results
are shown in Figure 24. Comparing results in Figures 23 and 24, it

is evident that when both glucose and scrbitol were present together

in the waste influent as a shock lecad, the glucose exerted its inhibi-~
tory effect on sorbitol removal. There was no significant incresse in
the sorbitol level when the system was fed with sorbitol only‘(see
Figure 24~B), but when both substrates were fed together sorbitol was -
only partially removed and for a time was passed ocut in the effluent.
However, after approximately 8 hours, the sorbitol level in the

combined shock-load system again returned to a low level. The

glucose cbncentratién remained at a relatively low level even though
both glucose and sorbitol were fed to the system in equel concentra-
tions. Actually the system was shock leaded with only 250 mg/l
sorbitol but with 750 mg/l glucose, since the system had been operated
in a steady state condition with 500 mg/1 sorbitol‘prior to shock
loading.

In order to. gain a more complete picture of fhe responses of
the systems to qualitative as well as quantitative shock loads,
experiments in which the shock-lcad concentration were applied at
three times the previous concentraticn were also made; these results
are shown‘in Figure 25. It can be seen that when a system acclimated
at 500 mg/1 sorbitql was shock loaded with 1500 mg/i;sorbitol the
system could not successfuily respond to the increaée until the
biological solide had incresased to a higher level. A considerable

amount of sorbitol was released in the effluent for almest 12 hours.
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The shock load response of a scrbitol acclimated system operating at
500 mg/1l of sorbitcl, to a shock load of 1500 mg/l of glucose is shown
in Figure 25-B. It can be seen that there was alsoc a significant
increase in the total filtrate COD of the system which can be inter-
preted as intermediates or end products released into the medium,
since this COD cannot be accounted for as either sorbitol COD or glu-~
cose COD. By coﬁparing the differences between the total COD and the
corresponding substrate COD for each systems it is also obvious that
a greater amount of intermediates was released due to the glucose
shock loading.

Another experiment in which the system was alsc shock loaded
with three times its previous influent concentration is shown in
Figure 26. 1In this case the influent waste composition was'changed‘
from 1000 mg/1l sorbitol to 1500 mg/l sorbitol plus 1500 mg/l glucose.
For comparison one can refer to Figure 19-B (as a control system).
This system was also.shock loaded with 1500 mg/1 sorbitol plus
1500 mg/1 glucose butvthis amounted to only two times its previous
influeﬁt concentration, and the system responded quite successfully
~as very little glucose COD or sorbitol COD in the effluent could be
noted. In the case shown in Figure 26, however, there was a definite
increase 1in sorbitol concentration in the effluent and the system
reached g 1wew equilibrium g&bout 14  howrs after the shock.

The sorbitol concentration in the effluent reached a peak of 700 mg/1
at appréximately 7 hoﬁrs. It is interesﬁing to compare these results
with tﬁe results obtained in Figure 25-A in which a system with only

half the initial biolegical solids concentraticn as that shown in
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Figure 26, was also shock loaded with 1500 mg/1 sorbitcl. The results
indicated only approximately 300 mg/l scrbitol were released at the
maximum point and a new equilibrium was attained within 12 hours
after shock loading. It is obvious from such a comparison that the
presence of glucose interfered with sorbitol remcval. The Glucostat
test, which is more specific for glucose than the anthrone test, was
- also run in order to determine the actual glucose concentration
present inbthe filtrates and to compare this with the results
obtained by the anthrone test. It found was that the glucbse concen-
trations as obtained by the Glucostat test were lower than those of
the anthrone test, indiecating that not all the glucose as measured

by the anthrone test is sctually glucose. Bul such differences were
comparatively small and do not in any way affect the interpretation
of the results reported herein.

Figure 27-A shows the results of a sysfem in which the waste
influent was changed from 500 mg/l sorbitol tc 500 mg/l sorbitol plus
500 mg/l gluccse. It can be seen that there was a slight increase in
the glucose level at the initial stage and a significant increase in
sorbitol level for 7 hours. This experiment thus gave a different
shock-load response than that found previously for a similar system
(Figure 19-4)., In the former case a system acclimated to 500 mg/1
sorbitol could respend to 500 mg/l sorbitol plus 500 mg/l glucose
more readily and no sorbitol or glucose appeared in the effluent.

It should be noted, however, that the initial biological solids
concentration present in the experiment of Figure 19-3 was higher

than that shown in Figure 27—A;'furthérmpre the response of the
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sludge to shock loading and its activity as shown in Figure 27-B was
relatively much slower than that of Figure 19-A as can be observed
from the sludge growth rate. Also some differences in the merphology
of the sludges were noted; the sludge of the gystem shouwn in Figure 27
appeared to be more flocculent. Such differences may be due to the
differences in predominating species.

b. Responses to Immediate Shock Loading: The system responses
due to an "immediate¥ glucose shock loading are shown in Figure 27-B
and Figure 28. The immediate shock load was accomplished by immedi-
ately injecting a concentrated solution of glucose into the mixed
liquor aerator; as = résult the initial concentration of the shock
compound was immediately brought up to a specific‘level° The system
shown in Figure 27-B initially was identical to the system of Figure
27-A since they were mixed prior to shock loading (see Materials and
Methods). In the experimert shown in Figure 27~B the infiuent waste
was changed from 500 mg/1 sorbitol to 500 mg/l sorbitol plus 500 mg/l
glucose and in addition glucose was immédiately injected into the
system so as to increase the level of gluccse concentration ian the
system instantaneously to 500 mg/l. Agsin it can be ssen that the
rate of increase in biological solids in the system was relatively
slow; however, glucose was rapidly remcved (within 3 hours). It should
be noted that the increase in the sorbitol concentration in the
effluent was more rapid and that a much lenger time was regquired
for the return té a low equilibrium value, in comparison with the

system shown in Figure 27-A. TFrom these results; It is obvicus that
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the glucose was preferentially metabolized and the extent to which
sorbitol was utilized and its rate of utilization was dependent on the
amount of.gluccse present in the system.

Another immediate glucose shock loading experiment is shown in
Figure 28. 1In this case, the system was acclimated to 1000 mg/1
sorbitol for about three days, then glucose was rapidly injected .into
the systém in order to bring the initial glucose concentration to
1000 mg/1, while the influent waste concentration was maintained at
- 1000 mg/i~sorbit§l as previously. It can be seen that glucose was
rapidly removed, within no more than 3 hours. This time period alsc
correspondé toAa period of rapid increase in the biclogical seclids
and rapid decrease in total filtrate COD. However, 1t is apparent
that there was an increase in the sorbitol level, indicaﬁing that
glucose was‘rembvgd at the expense of sorbitol. After 6 hours,
sorbitol agéin was remoﬁed by the activated sludge to the same level
as before the shock loading. The biclogical solids rapidly increased
~to a maximum at appfoximately 3 hours, then decreassed, which indicates =
thaf the added glucose was rapidly metabolized and converted to biolo-
gical solids. After glucose exhaustion the biclogical sslids growth
rate was reduced and the dilute oub rate became greater, resulting in
the drop in the biological solids level. The initisl biclogical sclids
concentration (st zero time) as shown in Figure 28 appeared to be |,
comparatively low in compariscon to all the previous cases which were
also fed with 1000 mg?i sorbitol influent, It was suspected that this
" could be due to an error in solids determinastion or in the sampling

process, since normally the biological solids concentration level was



95

found to be between 400 to 500 mg/1 for 1000 mg/l sorbitol feed
(ef. Figure 17, 18, 19).

c. Effects of Detention Time: The experiments in continuous flow
reported thus far were conducted at a 4 hour detention period. In the
experimental results to follow,detention periods other than four hours
were employed in order to determine what effect this variable might have
on the shock-load responses of the systems. Results for an experiment
is which a 2-hour detention time was employed are shown in Figure 29.

It can be seen that at this detention period, the biological solids
concentration which could be meintained in the system was relatively low.
The system was initially maintained with an influent concentration of
1000 mg/1 sorbitol; the biological solids level was only about 150 mg/1,
which represents only about 15 per cent of the feed. The total filtrate
COD of the efflﬁent also remained relatively high (about 500 mg/1
residual COD)bindicaﬁing that the system was operated st the transition
zone close to the dilute out point, whichvhas been previously discussed
under "Theoretical Concepts®., It was rather difficult at times to mein-
tain the system at its tnge equilibrium at thié¢ high dilution rate.
It was found that archange.of dilution rate from a 4~hour‘detention
time to a 2-hour deteﬁtion time resulted in an almost complete wash-out
of the biolbgioal sludge population after 24 hours, and a new popula-
tion mass was again established after a few days. It is possiblé that
at the 2-hour detention time the system became very highly selective

1

and only those organisms with a growth rate higher than 0.5 hr ~ could

survive; presumably these organisms were not predofiinant at a lower
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dilution rate. Figure 29 shows the shock load response of the system
which had been operating at a 2-hour detention period with 1000 mg/1
sorbitol and was shock-losded by changing the influent waste to 1000
mg/1 sorbitol plus 1000 mg/l giucose° If such a shock loading condi-
tion ﬁad been applied to a system operated at a#A—hour detention time,
both substrates would have been removed gquite readily according to
the results shown in Figufe 19-B. However, for the 2-hour detention
time it was found that there was an increase in the levels 6% both
glucose snd sorbitol in the effluemnt. The glucose level was again
reduced to a low value after about & hours but the sorbitol level
remained st over 1000 mg/i for almost 12 hours after the shock
loading, indicating that at the early stage of shock loasding, sorbi-
| tol metabolism wés totally replaced by glucose metabolism, and sorbi-
tol could not be removed until after gluccse had been reduced to a
very low level, which was after approximately 10 hours. The rate

of increase in biological solids was relatively slow, due to the

high dilute-out rate. The Glucbstat test, which is quite specific
for glucosse; was also employed in this case to determine whether

the gluccse concentration determined by the anthrone test was due
meinly to glucpse or an intermediate(s) or end product(s) which

might also give poéitive test with snthrone. The results of the
Glucostat test Iindicate that the glucose as determined by the
Glucostat reagent was slightly less than thé glucose as determined

by the anthrone test; however, the major portion of the glucose

COD as determined by anthrone was gluccse. The differences were

normally well under 50 mg/l glucose COD. Hence, this finding‘helps
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to confirm that glucose determined by the anthrone test was suffi-
ciently valid and did represent the actual glucose in the systems.
The shock-load response of a system which was operated at a
16~hour deténtion time is shown in Figure 30, In this cdse the
system was originslly fed‘with 500 mg/1 sorbitol, then was shock
loaded with influent waste of 750 mg/l sorbitol and 750 mg/l glucose.
It can be discerned that there was no significant increase in total
filtrate CODs nor in glucose or sorbitol. The biological solids
concentration of the system, however, incressed in an amount
relative to the ingrease in applied glucose shock~loading, indicat-
ing that the system could cope with the shock loading quite success-
fully. It is seen that the initial biological solids concentration
of all the systems operated at a 1l6-hour detention time were rela-
tively low and represented only approximstely 30 per cent yilelds.
It is possible that such low yields could be due to the effects of
the long detention time which was employed. It is interesting to
compare-these results with those shown in Figure 23 in which the
system was also acclimated to 500 mg/l sorbitol waste and shock-
loaded with 750 mg/l scrbitol plus 750 mg/l glucose, but was
operated at a J~hour detention period. In the latter case a signi-
ficent increase in the sorbitol level in the effluent was observed.
It should be noted that for the 16-hour deteﬁtion period the rate
of applied glucose shock-loading was much slower than that of the
4-hour detention period, hence the system was provided with a
longer périod to adjust its growth rate to cope with the shock

loadings.
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Another system in which the waste concentration wes increased
three fold, from 500 mg/1 sorbitol to 15OQ mg/1 sorbitol, is shown
in Figure 31. By comparison with the results shown in Figure 25,
again it can be noted that the 16-hour detention period has provided
the system with a greater capability for successful response to the
shock loading, as less sorbitol appeared in the effluent. At the
16-hour detention time there was a slight increase in the total
filtrate COD as well as the sorbitol COD for approximately 10 hours
but the peak values were much less than those shown in Figure 25.

It was oftinterest to determine whether the system operated at
the 1lé~hour detention time could respond to qualitative as well as
quantitative shock loads of higher magnitude without releasing
either glucose or sorbitol in the effluent. The results of such an
experiment are presented in Figure 32, In this case the system was
originally dperated at the 16-hour detention time and was fed with
500 mg/l sorbitol; the system was then shock-losded with six times
its original influent concentration by changing the influent waste
coﬁposition te 1500 mg/1 glucecse and 1500 mg/l sorbitel. The control
system which was shock loaded with only 1500 mg/1 sorbitol is shown
in Figure 32-B. It can be seen that when glucose and sorbitel were
present together in the waste influent, glucose was again préferenw
tially utilized at the expense of sorbitol. After approximately 24
hours the sorbitel again was being reduced to a low level and there
was a correspondingly high level of biological solids in the system.
There appeared to be a considerable increase in the amount of

intermediates released, which can be noted from the significant
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differences between the totel filtrate COD and the sum of sorbitol COD
and glucose COD. By comparing with the control system (Figure 32-B),
it seems’possible that the relessed intermediates were derived mainly
from glucose sinece in the contrel system the difference between the
filtrate total COD and the sorbitsol COD was much less than that shown
in Pigure 32-A, ‘However, it is wnolt known what cther effects glucose
may have on sorbitol‘metabolism besides blockage of the sorbitol
uptake i. e. the data are not sufficient to eliminate the possibility
that glucose méy cause intermediate to be released during scrbitol
metabolism.

d. Effect of Nitrogen Deficiency on Shock Load Responses: In this
portion of the study, experiments were conducted to determine the modes
of response of éontinuous flow steady state systems under nitrogen
deficient conditions. ¥From growth rate studies in which the supply of
nitrogen was varied (see appendix A), it was established that approxi-
mately 150 mg/1 (NHA)ZSOA would be required to supply sufficient
nitrogen to metabolize 500 mg[i sorbitol un@er normsl growth condi-
tions in a batch system. Taking 0.7 as an approximate factor to
convert the substrate concentrations to corresponding BOD‘values as
that employed by Gaudy et al, (69), it was found that the minimim
BOD:N ratioc aé obtainéd in this case would be approximately 10:l
which is much lower than the recommended limit of 20:l as suggested
by many investigators (20, 21, 22). Based on the results obtained
in the present studies; those systems in which the ratio of nitrogen
as (NH4)2804 to carb@p source is less Than 1503500 can be regarded

as nitrogen-limited systems.
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Figure 33 shows the response of a nitrogen-limited syétem when
it was shock-loaded with glucose plus sorbitol. The system was
operated at & j~hour detention period with the supply of nitrogen
in the influents of both the shocked and the cﬁntrol systems main-
tained at 300 mg/l (NH4)2804. Based upon the 1limit of nitrogen which
has been established, the supply used in this experiment would dnly
be sufficient for 1000 mg/l of either glucose or sorbitol. Therefore,
in the shocked system, when the waste influent was changed from 1000
mg/1 sorbitol to 1000 mg/l sorbitel plus 1000 mg/l glucose the system
was disproportionally overloaded with organic carben source. It is
evident from the results shown for the shocked system that the
level of biological solids protein remained relatively constant
and at about the same level as that in the contrel system, indicating
that the system could not synthesize protein te respond to the shock
load. waévery the carbohydrate content, expressed as glucose,
increased to more than twice the cellular carbohydrate content of
the control system. There was a slight increase in the sorbitol
1evél in the shocked system shoritly afﬁer the shock but it decreased
after about 6 hours. Tﬁe'résidual total filtrate OOD which was
higher in the shocked sYstém.than in the control cannot be accounted
for as either glucose COD or sorbitol COD, The biological solids in
the shocked system rose sharply in a manner related té the rate at
which the glucose shock loading was applied. From these results,

" it can be stated that the system could respond quite successfully

at this level of nitrogen supply, even though the cells ebility to
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}ynthesize protein was limited. It should be noted that the yiéld of
%iological solids was almost 70 per cent of the supply of organic
cerbon source which was considerably higher than the yield obtained
under normal growth conditions (cf. Figure 19-B) which was only about
50 per cent of the supplied organic carbon concentration.
Another test of the response of systems under nitrogen-limited

conditions is shown in Figure 34. In this instance, two systems
were fed with 1000 mg/1 sorbitol and 300 mg/l (NH4)2894 as nitrogen
source, then were shock loaded with 2000 mg/1 sorbitol influent with-
out increasing the supply of nitrogen; in addition to the sorbitol
shock load, one system also received an immediate shock by injection
of glucose which instantaneously increased the'élucose concentration
in the system to 1000 mg/1 (Figure 34-A). It can be seen that in
both systems there were rapid increases in the biological solids as
well as high total filtrate COD in the effluents. Even after 24

hours of shock loading the effluent still ccontained a high total
| filtrate COD which could not be accounted for as either glucose
COD or sorbitol COD, indicating that scrbitel itself could produce
high concentrations of metabclic intermediates under nitrogen-limited
conditions. An important observation}whi@h cen be made from the
results of this study is that the system which was shock-loaded with
additional glucose showed a much greater increase in the sorbitol
1evél in comparison to the control syétem in which no glucose was
~added. It is apparent that glucose interfered with’sorbitol metabo-
lism and that glucose was metabolized prefererntially at the sxpense

of sorbitol.
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Figure 35 shows the results obtained with a nitrogen deficient
system which was previously fed with 1000 mg/i sorbitol and 300 mg/l
<NH4)2804 suppliea as nitrogen source., The system was then shock-
loaded with waste influent consisting of 1500 mg/1 sorbitol plus
1500 mg/1 glucose while maintaining the supply of nitrogen at 300
mg/1 (NH4)2804° It can be seen that glucose was readily remcved
and sorbitol was only partially removed. The results shown in
Figure 34-B in:which a system also acclimated to 1000 mg/l sorbitol,
was shock-loaded with an even greater amount of sorbitel (2000 mg/1),
indicate the peak of sorbitol concentration in the effluent was less
than 200 mg/l. However, in the present case over 600 mg/l sorbitol
was released even though the system was shock-loaded with only 1500
mg/l sorbitol. Hence, It is nbvicus that the presence of glucose
prevented the removal of scrbitel. Even after 28 hours the system
still could not respond successfully; the sorbitol level remained
at about 500 mg/l and the total COD of the filtrate was approxi-
mately 1000 mg/l. It should be noted that for similar shock-loading
conditions, but with an ample supply of nitrogen (see Figure 26),
the system could respond readily within 15 hours and yilelded only
250 mg/i of total filtrate COD in the effiuent. It 1s obvious that
the amount of nitrogen supplied had limited the system efficiency
in the present case.

A more rilgerous test invdlving preferential glusose removal
is shown in Figure 36. In this case a system was originglly fed
an infiluent waste of 1000 mg/l sorbitol and 150 mg/l (NH 4)2504

as nitrogen source yielding a BOD:N ratio of approximately 2031,
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The shock load was then applied by changing the influent compbsition
from 1000 mg/1 sorbitol to 1000 mg/1 sorbitol plus 1000 mg/l glucose.
For comparison another system in which the influent remained at 1000
mg/1 was maintained as a control system. It can be seen that in the
shdcked system only one-half of the total supplied substrate, apparently
mostly glucose, was removed and the remaining substrate consisted
mainly of sorbitol, It can be seen that less than 40 mé/i glucose,
as determined by the anthrone test, remained in the effluent.
However, in the control system (Figure 36-B) in which no gluccse

was added in the influent, the sorbitol concentration remained at

a very 1§w level, less than 50 mg/1 during. the entire experimental
period. It is, therefore, obvious that the glucose replaced or inhi-
bited sorbitol metabolism. In both systems the biological solids
levels remained at approximately 500 mg/l indicating that in the
4shocked system the éupply of nitfogen had definitely limited the
; total growth of the sludge mass. Even after abperiod of 50 hours
aftér shock loading, the system did not show any fendencj to remove
more sorbitol, In boﬁh systems, analyses of the effluent indicate
considerable differences between the ﬁotal fiitrate COD and the COD
due to sorbitol and glucose yhich can be‘attributed to metabolic

intermediates released into the medium.

‘2. Responses of Glycerol-Acclimated Systems to Glucose Shoclk Loadings
In previous studies under batch operation by Krishnan(68), it
was found that glucose also could exert inhibitory effects on glycerol

removal. The purpose of this portion of the study was to determine
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the extent of such effects under continuous flow steady state conditions
which are more akin to the actual operation of the waste treatment pro-
cess and to compare results with those of the glucose-sorbitol systems.
Detention periocds of four hours were smployed for all glycerolescclimated
systems herein reported.

" The response of a system acclimated to 1000 mg/l glycerol influent
which then was shock-loaded with 1000 mg/1 glycercl plus 500 mg/l glucose
as waste influent is shown in Figure 37. It is seen that the system could
readily respond to this shock loading since the levels of the total fil-
trate COD, the glucose COD end the glycercl COD in the effluent were not
significantly changed in comparison to those exhibited by the control
system (Figure 37-B)

A greater shock load was employed in the experiment shown in
Figure 38. In this case the systems were also initially fed 1000 mg/1
glycerol; the shock was then applied by changing the waste influent
of one system to 1000 mg/l1 glycerol plus 1000 mg/1 glucose (Figure 38-A),
and changing the other system to 1000 mg/l glycerol plus 2000 mg/1 glucose
(Figure 38-B). It is seen that even with increases in influent loading of
two and three times the original influent loading by addition of glucose,
the systems still could respond readily tc sueh shock losding, There were
increases in the glycerol level in both systems in the sarly stage after
changing the waste. flow but béth systems recovered readily within sbout
four hours. The level of the ftotal filtrate COD in the effluent of the
system shock-loaded with 2000 mg/1 glucose was considerably higher
than than that in the system shocked with 1000 mg/1 glucoss, especially

during the first few hours after shock loading began. Since the
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difference between the two systems was only the applied concentration
of glucose, the larger amount of the total filtrate COD could be
attributable only to the release of metabolic intermediates upon the
rapid utilization of glucose. It should also be noted that for the
system shock-loaded with 2000 mg/1 glucose, & slightly higher concen-
tration of glycsrol was relesased in the effluent. The slight increase
in the total filtrate COD in the later stage of the experiment could
be due to fluctuations in the system performance.

The shock load response of systems which were acclimated to
a lower concentration of glyceroi and subjected to high glucose
shock loadings are shown in Figure 39. These systems were initially
acclimated to 500 mg/l1 glycernl; cne system was then shock-loaded
with 500 mg/l glycerol plus 1000 mg/l glucose as waste influent
(Figure 39-4) whereas another system was shock-loaded with 500 mg/1
glycerol plus 1500 mg/l glucose influent (Figure 39-B). It is seen
that there were increases in both glucose and glycerol levels in
the early stage of shock leading. For the systéﬁ,shockfloaded with
1000 mg/1 glucose, both glucose and glycerol returned to low levels
after about 5 hours. For ths system which was shock-loaded with
1500 mg/1 glucose, the glucose concentration rose sharply but was
reduced to a low level within less than 8 hours., The glycercl COD
level, however, was reduced at much slower rate even though only
500 mg/l of glycercl was fed in the influent. It is apparent that
the presence of glucose interfered with the rate of removal of

glycercl. Morsover, the system shock-loaded with 1500 mg/l glucose
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(Figure 39-B) showed & substantial smouat of COD remaining in the
filtrate which was being reduced at a very slcw rate. The response
of the systems as measured by increase in biological solids was also
-immediate, and the cells apparently did not require any acclimation
to glucose.

It was felt that a more rigorous test to determine whether
glucose is utiliged in preference to glycerol by glycerol-acclimated
cells could be obtained under a severe nitrogen~limited condition.
Results for such an experiment are shown in Figure 40. In this
- case two identical systems were set up; both were acclimated to
1000 mg/1 glycerol as waste influent with 150 mg/1 (NH4)2804
supplied as nitrogen source. One system was then shock-loaded by
changing the influent feed to 1000 mg/l glycsrol plus 1000 mg/1
glucose while another system was maintained as a control to be used
forAcom.parison° It can be readily seen that in the presence of
glyqerol as a sole carbon source, the system removed about 80 per cent
" of the glycerol supplied while about 200 mg/l of glycerol remained
in the effluent. However, when both glucose and glycerol were fed
concurrently to the system; glucose metabelism almost entirely
replaced glycerol metabolism. The systems were maintained for a
period of 50 hours after the shock; still there was no indicaticn
that the glycerol level in the shocked system would bs reduced.

These results definitely show a clear-cut preference for giucose
over glycerol b& the activated sludge system even though the popula~
tion was previocusly acelimated to glycerol and both substrates were

applied in equal amounts (1000 mg/l of esch). The biclogical sclids
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in both systems remained relatively constant and both remained at
about the same level indicating that the supply of nitrogen had
limited growth.

The modes of response of the glycerol-acclimated system under
nitrogen-limited conditions when it was shock-lcaded with glucose
are shown in Figure 410‘ The nitrogen supplied in this case was
fixed at 300 mg/1 (NH4)2SO4 which would only suffice for balanced
removal of 1000 mg/l of carbon source, according to the results
obtained from the batch studies. It can be seen that the system
could respond quite successfully when it was shock loaded with
1000 mg/1 glycerol plus 1000 mg/l glucose even though the ratio
of nitrogen to substrate was reduced by one half. The protein
content of the sludge remained at a relatively constant level and
at about the same level as the control unit; whereas the carbohy-
drate content of the sludge increased sharply to about three times
its level prior to shock leoading. The blologicsl solids level
increased to over 1600 mg/l indicating that a substantial portion

of the supplied substrates were synthesized into cell constifuentso

The levels of both glucose and glycerol remaining in the filtered
effluent. of bbth systems were under 50 mg/l indicating that both
subgtrates ware readily removed by the systems. The total COD in
sthe filtrate of the shocked system, however, still remained cver
200 mg/1. It was noted that the sludge under this condition was
highly gelatinous which presented much difficulty both in centri-
fugation and filtration due to its light welght and tendency to

clog the filter.* The biologicsl solids level near the end of the
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experiment was unusually high and could be due to errors caused by

inorganic salts occluded with the gelatinous mass.
3. Responses of Glucose-Acclimated Systems to Sorbitol Shock

Loading

The response of a glucose—acclimated system to sorbitol shock
loading is shown in Figure 42. The system was initially acclimated
to 1000 mg/l glucose as waste influent with an ample supply of
nitrogen as employed for a normal growth system (see Experimental
Protocol). The system:was then shock~loaded by changing the waste
influent from 1000 mg/l glucose to 1000 mg/l sorbitol. It should
be noted that the shock loéd as applied in this case was primarily
the qualitative load. It is seen that the system could not respond
readily. The'sorbitol level in the shocked system increased
rapidly in the early stages but began to decrease after about four
hours. The biological solids of the shocked system also decreased
ih'the early stages but recovered after about four hours. Approxi-
mately eight héurs after éﬂock loading the full transition had
occurred and the system could readily remove sorbitol, ‘

Experiments in which the systems were shock-locaded with combi-
nations of both glucose and sorbitel are shown in Figure 43. The
systems were‘initially acclimated to 1000 mg/1l glucose influent
Eefore they were shock-loaded. The waste influent of one system
was then changed from 1000 mg/1 glucose to 500 mg/l glucose plus
500 mg/1 sorbitol (Figure 43«-%)° In the other system (Figure 43-B)

the influent was changed from 1000 mg/1 glucose to 1000 mg/1
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glucose plus 500 mg/1 sorbitol. It is seen that both systems
responded quite readily to such changes since both glucose and
gorbitol levels in the effluent still remained at a relatively low
level after shock loading, The system which was shock-loaded with
1000 mg/1 total substrates (Figure 43-1) indicated a slightly
lower total COD in the filtrate and the concentration of the
biological solids was also slightly lower. There were considerable
fluctuations in the biclogical sblids level shown in this case
which could be attributable to some diffiqulties encountered in the

sampling processes.



CHAPTER VI
DISCUSSION

A. Batch-Operated Systems

W "
1. Substrate Interactions in Young Cell Populations,

The purpose of this portion of the studies was to gain a better
insight into substrate interaction phenomena with the hope that as
a result such phenomens could be readily predicted and understood on
the basis of bilochemical principles. The studies were made under
conditions of "severs" shock loading in which shock compounds were
introduced while the cells were actively metabolizing other carbon
sources. It was felt that such conditions would be more akin to
the way in which the shock might be applied in actual practice in
wasle water treatment; Substrate interactions should be readily
observable as changes in the removal course of each waste component.

It can be readily seen from results of the present study that
suppressing effects between compounds do not seem to be limited to
combigatidns of only a few compounds and that there are varying
degrees of suppressive or repressive response which are pos%ible,
"depending upon the compounds employed. From results such as these
it would sppear that genersl patterns are beginning to evolve from
which it may eventuslly be possible to predict the response of a

system to a particular shock load.
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A general metabolic flow chart for compounds of current interest
ig shown in Figure 44. Sorbitol, mannitol and dulcitol ere metabolized
generally via similar routes. A1l of these hexitols have been reported
to be metabolized primarily by two routes depending onithe microbial
species. In one reaction sequence, oxidation at the free hexitol level
yields hoxose, which is further phosphorylated and enters the oxidative
pathway as phosphorylated hexose., MAnother route involves initial
phosphorylation of the hexitol which is then oxidized, thus also yield-
ing the phosphorylated hexose such as fructose 6-phosphate, or glucose
6-phosphate (70). Recent studies have also found that acclimation to
one type of polyalcohol, in many bacterial species, can automatically
confer acclimation to others (71, 72, 73), this also indicates that
all of these hexitols are closely related in the way in which they
are -biochemically assimilated. Glucose, galactosze and fructose also
enter the same metabolic pathway at the level of phosphorylate hexoses,
Hence, it may be discerned that all the hexitols and hexoses under
study are metasbolized via closely related pathways which may yield
common intermediary metabolite(s)., In the previous studies, it has
been also shown that fructose possesses an inhitory effect similar
to that of.glﬁcose (7). By analogy with metabolite repression, as
proposed by Mandelstam (55), it can bebreasoned that glucose, fructose
and galactose exert their suppressive effects by causing an immediate
build-up of intermedisry metabolic product(s). The suppressing
effect ofhglucose and fructose was quite potent; galactose, however,

appeared to possess a lesser inhibitory effect. It should be noted
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that glucose and fructose can be utilized by the sorbitol-acclimated
sludge at a much faster rate than galactose (cf. Figure 4, and 7).
These observations seem to be in agreement with those found by
Neidhart and Magasanik (74) in their studies with Aerobacter serogenes,
from which they concluded that the degree of repression exerted by

a compound depended upon the rate at which that compound supported
growth. Since they found that, while glucose caused a complete
cessation of induced enzyme formation, several other compounds such

as galactose and glycerol could also produce partial inhibitions,

they attributed such differences to the greater rate at which glucose
could support growth. Hence, in the present studies it is elso
possible that the faster rate at which glucose was utilized may be &
significant factor which controls the extent of 1ts suppressing effects.
Thimann (74) has stated that the repressive effect of a compound

seems to be dependent on the rate at which its intermediary catabe-
lites are being synthesized as well as being utilized. On a similer
basis, glucose and fructose may be metaboclized by the activated sludge
at a rate which can give rise to a rapid build-up of a metabolite that
can be utilized at a relatively slower rate, thus setting the
suppressing mechanism in full operation. On the contrary, galactose
may give rise to a lower level of such metabolite(s) and thus not
allow the build-up of the metabolite(s) to a critical level that

would set the control mechanism into full operation. Lactose did

not seem to have any effect on sorbitol metabolism, even though it is-

composed of glucose and galactose joined in a F—galac‘boside linkage. 3
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The metabolism of lactose would involve an induction of the enzyme
P-—galactosidase, which is required to cleave such a linkage. It is
quite Interesting to note that both glucose and galactose have been shown
to have suppressing effects on sorbitol metabolism but when the two
compounds are joined together they have absolutely no effect. This
result i1s predictable in occordance with the principlé of repressive
or suppressive theory: that is, lactose lies outside of the metabolic
flow path, not within it. Furthermore, it is possible that sorbitol
repressed the synthesis of galaétoside permease and/or of
P»— galactosidase.

Wheh a ribose-acclimated sludge was shocked with glucose (Figure
10), it was found that thefe was no immediate effect upon ribose
metabolism. Ribdse métaboiism proceeded in a manner similar to that
found for the control, but it was notednthat glﬁcose in the shocked
system was initially metabolized at a slower rate than was ribose.
As the rate of glucose metabolism increased, the rate of ribose
metabolism decreased in comparison to that in the coantrol, Since
glucose removal was initially slow (an apparent acelimation period
was required), there was little opportunity to build-up a sufficient
concentration of the supposed criticel intermediate(s). Alternatively,
the specific intermediate required for feed back contgol may not be
common to the pa?hmays for these two compounés since ribose is
normally known to be metabolizea via the hexose msnophosphate‘shunt
instead of the glycolytic pathway, while glucose may bevmetabolized

through either. The fact that a shock loading of glycerol (Figure 11)
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had no effect on ribose metabolism, even though the glycerol was
metabolized at a faster rate than glucose by ribose-acclimated sludge,
could be interpreted as an indication that any key intermediate which
might be involved in the control mechsnism lies above the triose level.
This is also borne out by the results obtained when a glycercl-accli-
mated sludge was shocked with ribose (Figures 12).

Although the precise control mechanisms determining the
oceurrence of sequential substrate removal sre by no means known,
the results of the present study have contributed in significant
measure to its further elucidation, and genersl patterns have been
established. From this pattern it can be predicted that, for example,
if mennose and sorbose wers used as shock compounds, both would have
suppressing effects on sorbitol as well as mannitol metabolism., It
would be quite interesting to see whether such a prediction is
gorrect. From the pfactical standpoint, such a pattern would provide
a basis for predic%ing rosponse of the treatment process to such types
of gualitative shock ioad89 if the characteristics 6f the incoming

waste can be classified.

, 2. Effects of Sludge Age

From the results of the present studies; it can be seen that
the responses of the old cell sludge to gqualitative shock loading
are quite different from the previcusly discussed young cell sludge,
indicating that the physiological conditicn operationally defined

as "sludge age" plays an important role in controlling the extent of

this inhibitory effect. lucose, which is normally considered to be
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readily utilizable by almost all microbial species, since the
enzymes required for oxidative assimilation of glucose are thought to
be constitutive, was not readily degradable by either sorbitol or
mannitol-acclimated old sludge. It is possiblé that glucose per-
mease, required by the cells for glucose uptake, or an initial
enzyme step required to bring glucose into the Embden~-Meyerhoff
pathway was absent in the o0ld cell sludge and had to be induced.
This reasoning is borne out from the results which indicsted that
the 0ld cell sludge under grewth condition was more responsive to
glucose shock loading than that under nonproliferating condition.
In the case of the old mannitolfaoclimated sludge, the system did
not respond at all but still possessed the ability to utilize mannitol
to which i1t hed been prsviously acclimated. From knowledge in the
area of biochemistfy, as has'beep pointed out previously, both
sorbitol and mennitcl are metabolized via a pathway closely related
to glucose through the EmbdenAMeyerhoffwParnas pathway, both poly-
alcohols entering at the‘level of fructose or fructose 6-phosphate,
Hence it cannot be argued that glucose could not be metabolized
readily by the old polyalcohol-acclimated sludge because enzymes in
the oxidative pathway.were absent in the old sludge. However, it
is possible that only those which were required for initial conver-
sion of glucose into the already existing pethway could be absent
and had to be induced. Thimarnn (75) has pointed'out that the cell
age of a bacferial population might involve changes in the permea-

bility of the cell membrane toc a substrate and noted that very
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limited knowledge was available with regard to the effécts 6f this
physiological phenomenoﬁ. It is apparent that the sludge under growth
conditions in which an ample amount of nitrogen was present could
respond more readily to such a qualitative shock load. These observe-
tions also help to support the previous findings which had been
reported by Gaudy (37) in which he had concluded that the successful
response of an activated sludge to qualitative shock loading could
be accomplished only when it was accompanied by a readily svailable
nitrogen scurce., It is believed that such a reguirement is sttribu-
table to the nsed for de nove synthesis of enzyme, and only that
portion of the population possessing the genetic capability for
inducing the required enzyme(s) can respond (37). Hence, such enzyme
synthesis might be required in the cases of old sorbitol and mennitol-
acclimated sludge herein reported with repect to their responses to
the glucose shock loading,

However, it should be noted that after the scclimastion to
glucosé:had'been set i operation, an inhibitory effect of glucose
on sorbitolaacclimated cells could be observed as a retardation of
the sorbitol removal rate in the shocked system (Figure 13); this was -
not observed in the old mennitol-acclimated cells (Figure 14).
Mandelstam (55) has shown that the ability of different carbon
Isourcés;to‘repress synthesis of inducible enzymes varies with the
' raté at which they are metabolized and with the growth rate of the
cells, While these observations apply to enzyme repression, they

may also be applicable to the phenomenon studied herein, thus a
Y P



133

decrease in the rate at which glucose can be metabolized by old cells
might prevent the accumulation of an intermediate necessary for opera-
tion of the control mechanism. Mandelstam reported further that even
constitutive enzymes can be repressed under the proper physiological
conditions. The R24-hour feeding cycle for a prolonged period of
time, as used herein for development of the 0ld cells, may impose
sufficient limit;tions upen cell growth to bring sbout such repression.
While operational.conditions leading to promulgation of older
sludges enhanced concurrent rather than sequential substrate removal
under the severe shock loading conditions employed, it is to be
emphasized that this possible means of providing an engineering control
can glve rise to other serious problems. An increasse in the sge of
sludge is normally accompanied by a decrease in the sludge metabolic
activity or the rate of substrate removal per unit weight of sludge,
and & longer acclimation period is required in order to metabolize
new compounds in the waste stream. 1In addition, it was seen from the
results of the mannitol~acclimated old cell study shown in Figure 14
(non-proliferating) that a new and somewhat unexpected phenomenon
can occur In that the cells cannot respond at all to the shock come
pound. From the results of previous studies (43), it was found that
young cell populations possess more flexibility and can readily res-
pond to a qualitative shock loading even under nonproliferating
conditions but are subjected to the suppressive effects of the
shock Qom.pounds° From an engineering standpoint, these findings

ghould play an important role and be a decisive faclor in
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determining the design and operationzl criteria of biological waste

treatment processes.

B. Continuous Flow Systems

1. Glucose Shock ILoadings to Sorbitol-Acclimated Systems,

a. General Responsess It should be realized that the activated
“ sludge systems as empleyed in this study were operated under steady-
state, continucus flow, completely mixed conditions. Hence, thelr
growth rates were controlled primarily by the diluticn rates.
According to the steady state concept, the sludge growth rate of a
system would be equal to the system dilution rate provided that
"the system is maintained under steady state conditions. Hence, at
a 2-hour detention period, the growth rate of the system would be
equal to 0.5 hour“lg for /-hour and lé-hour detention times the
growth rates would be 0.25 hournl and 0.125 hour -1 respectively.
It is evident that the population of the system operated under such
a steady state would always be in a constant state of the log growth
phaée regardless of the detention period employed (within practical
limits). It was noted that all the sludges developed at various
detention times in this study were not flocculent and had no ability
to settle. Their physiological characteristics were similar to those
observed in the young cell populations which were developed in the
previous batch studies. Therefore, according to the definition which
has been suggested previously, the sludge population obtained in
‘these continuous flow systems may be classified as "Wyoung cell®

sludge.
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From observations made during these continuous flow studies, it
was noted that at times the characteristics of the systems, such as
thelr substrate removal efficiency and biological solids level were
considerably different even with the same feeding protocols. The
biological solids in one system tended to be more flocculent than in
the other. Such vafiations could be due to differences in predomi -
nance in the two systems as well as to some experimental difficulties
which weré encountered. It was noted that at times there were diffi-
culties in maintaining a system in sn ideal steady state condition
ahd in maintaining homogeneous mixing between the effluent and the‘
mixed liquor inside the tank. Large floc particles which had beén
dislodged from a diffusor or from the side wgll growth of a reactor
had a tendency to remain within the tank and did not pass out in the
effluent, thus causing a deviation from a true steady state condition.
However,'attempts were made to overcome these difficulfies as much
as possible by continucus care and frequent cleaning of the air
diffusor as well zs the resactor in order to eliminate the effect of
side wall growth. |

From the results indicated in Figure 17 through Figure 22 it
is apparent that th¢ systems had the capability of accepting shock
loading to some extent. Under a 4-hour detention period it is seen
that the system was capable of accepting an influent organic shock
load concentration.equél to about twicethe lcad which had been
appliéd previously at its steady state equilibrium. TFor example,
the system which was previously scclimated to 500 mg/l of sorbitol

was capable of accepting a shock‘ibéd influent of 500 mg/l sorbitol
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plus 500 mg/l glucose or a total influent concentration of 1000 mg/l
(Figure 19-A): the system previously acclimated to 1000 mg/l sorbitol
-was capable of accepting a shock 1oad influent of 2000 mg/1 of the
combined carbon sources (Figure 19-B). Similarly the system acclimated
to 1500 mg/1 sorbitel was also capable of acceﬁting a total shock load
influent of 3000 mg/l1 of the combined carbon source (Figure 20).

These conclusions, however, are based on the system efficiency as
determined by the levels of residual glucose and scrbitol which were
released in the effluent, not on the basis of the residual total
filtrate COD.

By comparing the results shown in Figures 20, Zl,rand 22 it is
readily seen that giucose seemed to be removed at a faster rate than
sbrbitol even though the systems had been previously acclimated to
sorbitol. When the system was acclimated to 1500 mg/1 sorbitol and
was then shock-loaded with 3000 mg/1 sorbitol as shown in Figure 21,
there was a conéiderable increase in sorbitol level in the effluent
for almost 24 hours before attaining a new equilibrium. For similar
systems which were shock loaded with 1500 mg/l sorbitol plus 1500
mg/1 glucose (cf., Figure 20) or with 3000 mg/l glucose (Figure 22),
the systems recovered more readily, within 15 hours, and within an
even shorter period for the system shock-~loaded solely with glucose.
The levels of both sorbitol and glucose feor the latter two systems
were definitely lower than for the‘;ystem shock-loaded solely with
sorbitol. It is obvious that sorbitol was rémoved at a slower rate

:

than was glucose, On a quantitative basis, the system was less

capable of accepting sorbitel shock loads.
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The differences between the residual total filtrate COD and the
residual sorbitcl COD plus glucose COD seemed to increase as the load-
ing increased, These differences were apparently greater when glucose
was involved, and could be attributed only to some metabolic interme-
diate(s) which had been released by the activated sludge uwpon utiliza-
tion of either glucose or sorbitol. This cbservation, however, does
not seem to be unique only to the study herein reported, but had also
been noted previously by the author in his batch-study report (4i) as
well as by other investigators (39, 76), The study of release
of metabolic intermediates, however, is not a major purpose of
this investigation; therefore, the discussion concerning this
aspect will be limited even though a more detailed study certainly
would be valuable to the water pollution control field, Furthermore,
it was felbt that the occurrence of this phenomenon would not affect
the findings herein reported since specific tests for sach waste
component were also employed and the presence of the intermediate(s)
did not seem to interfere with the specific tests employed.

From the results shown in Figure 17 through Figure 20, it is
apparent that the sorbitol-acclimated system could readily respond
to glucose shock loading and no deleterious effects due to glucose
could be observed even when the total influent waste concentration
had increased to twice its previous loading. From the results shown

in Figure 17 and Figure 18, it is obvious that the system would be
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able to accept various combinations of glucose and sorbitol applied
solely as qualitative shock loading i. e. when there is no change in
the total concentration of organic carbon source in the influent.
There was no change in the level of biclogicel solids or in total cell
protein in these cases. This indicates that no acclimation to glucose
was required; otherwise both total solids and protein levels woula
have been initislly decreased due:to the continuous diluting out of
cells by the hydraulic loading. Furthermore, there was no significant
change in the levels of total filtrate COD, sofbitol COD or glucose
COD in the effluent, which alsec indicates the successful response

of the systems to such qualitative shock loading.

The results shown in Figures 19 and 20 indicate that the sdrﬁiw
tol-acclimated system could alsv respond tb qualitative as well as
quantitative»glucose shock loading to a certain extent. >Under a
4-hour detention pericd, the allowable increase in shock loading
concentration in the influent was approximately equal to the concentra-
tion as applied prior to shock leading with some exceptions which will
be discussed later. The systems responded to the shock leading by
rapid increases in the sludge population density. It is evident
that the growth rate of the system, operated under the steady state
condltion, was not at its maximum but was limited hy the supplied
oréanic carbon source which ﬁas in turn controlled by the system
hydraulic loading rate. Upon disruption of such a steady state by
increasing the supply of the influent organic carbon source, the

system could respond quite readily by a rapid increase in its
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population growth :ate. Under this condition, the system may act
somewhat like a batch-operated system with respect to the substrate
removal rate as well as the bioclogical sludge growth rate. But after
a period of time, the applied organic shock load concentration in the
system leveled off, and again the organic carbon source became the
growth 1limiting factor;?a new equilibrium was finally attained and the
growth rate was again equal to the hydraulic dilution rate. It should
be realized that the actual system growth rate, as the result of dis-
ruption of a steady state condition by orgénic shock 1bading, would be
the sum of the apparent growth rate and‘the hydraulic loading rate of
the system. The true growth rate of the system would be dependent

on the substrate concentrafion according to the Monod growth réte
equation which has been previously discussed. In all the cases
mentioned thus far there was no epparent harmful effect of glucose
shock-loading on the sorbitol-acclimated systems; the successful
responses of the systems can be attributed to the ability of the
.sludgg to increase the population density“in the systems.

When a system was subjected to a gfeater quaﬁtitative shock
"loading, such as a tripling of the steady state influent concentration
the system could not readily respond to such an increase. A portion
of its applied carbon source was released in the‘effluent, as can be
noted by the increases in both total filtrate COD and sorbitcl COD
(ef. Figure 23, 25, 26)3 however, no significant amount of glucose

COD was released into the effluent, even though both glucose and

sorbitol were appliéa in equal amounts in the system shock loading
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influent. Theoretically,‘for all the cases just mentioned the systems
were shock-loaded with more glucose than sorbitol since all systems
had been previously acclimated to sorbitol prior to the introduction
of shock loadings. By comparing the results in Figure 23 and Figure
24, it is evident that such systems could remove the sorbitel compo-
nent readily in the absence of glucose but when given the choice
between the two substrates, glucose was preferentially metabolized

at the expense of sorbitol. The results shown in Figure 26, which
represented a higher organic loading concentration, also comfirmed
that glucose is preferentially metabolized., All the systems, however,
could again remove all the sorbitol after a perioed of time had elapsed
during which bioclogical solids cuncentration in the systems had
reached a higher 1ev¢ln By comparing the results shown ih'Figure 20
and Figure 26, it ié obvious that the initial state of the system,
more specifically the ratio between the concentration of bioclogical
solidé and of the applied organic carbon source, determines the
ability of a system to respond to shock loading. When the system waé
acclimated to 1500 mg/l serbitol, then shock-loaded with 1500 ng/1
sorbitol plus 1500 mg/l glucoss, neither glucose nor sorbitol
appeared in the effiuent (cf. Figure 20), but when the system was
acclimated to only 1000 mg/l sorbitol, then was shock loaded with

the same influent concentration (1500 mg/l sorbitol plus 1500 mg/1
glucose), a considerable amount of sorbitol was released for over

12 hours before it was sgain removed. From these results, it may

be reasoned that when the biological scolids concentration of the
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system is maintained at a high level; the system can remove both glucose
and sorbitol as rapidly as they are applied and therefore, no residual
glucose or sorbitol will remain in the effluent. However, when the
biological solids concentration of the system is at a lower lesvel, the
population growth camnct provide remcval of all the substrates as
rapidly as they are applied, and under this condition the sludge
population will selectively metabolize glucose, a readily available
energy source, rather than sorbitol. After glucose 1s exhausted, then
the system would shift to utilize sorbitol. This postulation is also
borne out in the results which will be discussed later.

The results shown in Figure 27-A seem to contradict those shoun
previously inFigure 19. In both cases the systems were acclimated to
500 mg/1 sorbitol and were shock-loaded with 500 mg/l sorbitol plus
500 mg/1 glucose. The results indicate that in the system shown in
Figure 27-A a considerable amount of sorbitol appeared in the effluent
" for almost 12 hours before it could be completely removed. The
differences in these two systems could be primarily due to differences
in their sludge activities since the sludge population shown in Figure
27-A appeared td be more flocculent and less active as could be
observed from the rate of increase in its binlogical solids. The
differences in sludge properties between these two cases may be
attributable to differences in the initial seed as has been reported
by Genetelli and Heukelekian (33). But regardless of the differences
in sludge quality and activity of the systems; it is also evident |

that glucose 1s always utilized preferentislly to sorbitol and as
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long as glucose still remains in the system, the level of sorbitol
will not be decreased.

When a system was subjected to an immediate glucose shock
loading such as shown in Figure 28, the sorbitol concentration in
the effluent also increased repidiy and was not decreased until
glucose had been exhausted. When a system was subjected to both
gradual snd immediate shock loadings, the tims required for sorbitol
in the effluent to be again completely removed was more prolonged
than when it was subjected solely to one type of shock load (cf.
Figure 27-A4 and Figure 27-B). It is apparent that the concentration
of glucose present in the system is an important factor in controlling
the manifestation of substrate interactions. Under a. severe shock
loading condition, when & greater amount of giﬁcgse is applied, a
greatef gmount of sorbitol sppears in the effluvent and a longer
periocd of time is required to reach a new equilibrium. However, the
effects of substrate intersctions will not be apparent when shock
loa@ing is applied withih,the limits of the ability of the system
to accept shock loads.

b. Effects of Detention Time

As has been previocusly discussed, the sludge of all systems
operated under a steady state continucus flow condition as employed
in this study is in a lbg growth phase and has the characteristics
of a "young cell' population. When the system was operated at 2~hour
detention pericd, the steady state cell concentration was

relatively low and there was & concomitant high residual of crganic
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’carbon source in the effluent. It is also evident that the ability of
a system;to accept a gradual shock load will increase as its detention
time increases, At a 2-hour detention time, the system could not remove
a shock.loading influent of twice its previous inflﬁent concenﬁration
(ef. Figufe 29). At a 4~hour detention time, the system‘could respond
more readily with an increase to double its pre%ious influent concen-
tration (Figure 19), and at a l6-hour detention time the system could
accept more than three times its previcus steady state concentration
(Figure 30 and 31) as measured by the levels of glucose and scrbitol
released in the effluent. It should be realized also that the rate

of increase in applied glucose concentration due to a gradual shock
loading to a system is greater as 1its detention time is decreased.
For example, the concentration of applied glucose shock load in the
system would reach 90 per cent of its influent concentration within
less than 5 hours for a 2-hour detentlion time, but would require about
10 hours for a 4-~hour detention time and over 40 hoﬁfs for a 1lé-hour
detention time. (cf. Figure 2). It is obvious that the effect due

to gradual shock loading by an increase in the influent concentration
‘will be greater for fhe system with a lower detention periéd; in
addition, the biological solids levelxthat can be maintained in the
systemlwill aléo be reduced due to a smaller detention period.

The substrate interaction between glucose and sorbitol was quite

apparent when the system was operated at 2-hcur detention period (cf.
Figuré 29). The introduction.of glucose caused a rapid increase in

F]

the sorbitol concentration iﬁ the effluent. This may be due tc the

o
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fact that the biological solids concentration in the system was rather
low, coupled with the relatively rapid increase in the concentration
of glucose in the system, Upon introduction of glucose, the sludge
population shifted to metabolism of glucose and left sorbitol to be
released in the effluent. However, the system was not able even to
respond to all the glucose shock loading, and a portion of glucose
also appeared in the effluent. One important point which should be
'.noted ié that sorbitcl was not again utilized until glucSSe had been
removed to a low level. Obviously, the glucose concentration in the
system during an early stage of shock loading had prevented sorbitol
metabolism, and the glucose inhibition was not released until the
system could first cope with the increase ih glucose shock loading
by increasing the sludge level,

When the system was acclimated to 500 mg/l sorbitol influent
at a 4~hour detention period and was shock-loaded with 750 mg/1
sorbitol plus 750 mg/l glucose, which represented an increase to
three times its previous influent concentration, there was a
significant amount of sorbitol, but no glucose, appearing in the
effluent for approximately 8 hours (cf. Figure 23). However, when
the system operated at a l6-hour detention period, also acclimated to
500 mg/1 sorbitol influent and shock-loaded with 750 mg/1 sorbitol
plus 750 mg/1 glucose, no sorbitol or glucose appeared in the _
effluent (cf. Figure 30). But when the same system was shock lcaded
with 1500 mg/1 sorbitol plus 1500 mg/i glucose, which represented
a six-fold increase in the influent concentration, again consider-;

able sorbitol but not glucose was released in the effluent for over
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12 hours before the system could again recover (cf. Figure 32). It
can be noted that in no case was there a concurrent release of glucose
and sorbitol in the effluent, even though both substrates were applied
equally to the systems, unless the sorbitol concentration had slready
reached its maximum limit; then glucose was also released. It cannot
be argued that this occurrénce is due solely to the differentlal in
the rates at which each substrate can be metabolized by the activated
sludge but not due to the substrate interaction. If such were the
case, a total replacement of sorbitol metabolism by glucose, as shouwn
in Figure 29, should not be possible, i. e., sorbitol concentration
in the effluent should be reduced to some extent during the first 12
hours after shock loading and sorbitol removal should not be delayed
until glucose concentration was reduced to a low level (also cf.
figure 27). Turthermore, the results with the control system, which
was fed with only one component st the same concentration as that in
the combined system, also';ndicated that if only one component was
present in the influent; the system was able to respond guite
readily. It is true that glucose can be metabolized at a faster

rate than sorbitol (aélwas alsmnbbserved previously in the batch
studies)*which msy indirectly pley an important part in regulating
this phenomenon. These reéults suggest that, regardless of the
length of detention period employed, the level of residual glucose
concentration remaining in theksystem.is an important factor in
determining tﬁe manifestation of substrate interaction and is con-
trolled by the rate at which glucose is supplied as well as the rate

at which it can be utilized.
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c. Effects of Nitrogen Deficiency: The inhibitory effect of
glucose on sorbitol metabolism is more apparent under a nitrogen-
deficient condition. When the system was supplied with an amount of
nitrogen sufficient to utilize for growth only half of the substrate
supplied, the system selectively metabolized only glucose and used
no sorbitol (cf. Figure 36). There was no tendency for more sorbitol
to be removed even after 50 hours of such loading. Had the nitrogen
source been sufficiently supplied, both glucose and sorbitol would
have been removed readily within that length of time ﬁcfu Figure 19-B).
The limiting of sludge growth by the nitrogen source had greatly
reduced the ability of the system to successfully respond to shock
loading and under such conditions the system would utilize the gluéose
prior to sorbi;;lg It should be noted that in this case the ratio of
organic loading (as BOD) to nitrogen was approximately 40 to 1, and
only about 50 per'cent of the substrate was removed. Thus it is
appafent thet the meximum limit of BOD to nitrogen would be approxi-
mately 20 to 1 for e complete removal, which is elso in sccord with
that reoommendéd'by several investigators in the field (20, 21, 22).
The résults obtained in this study also have confirmed that an
activated sludge system can be operated quite successfully at the
minipum nitrogen limit, i. e., BOD to nitrogen ratio of about 20 -
to 1 (cf. Figure 33-4). However, the modes of response of such
activated sludge systems appeared to be quite different from those
of systems with an excess supply of nitrogen. The system under such

2 limited supply of nitrogen responded by a greater increase in its
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carbohydrate content and not in its protein content, which is not the
characteristic of a system opersted under optimum growth conditions.
The portion of substrate channeled into synthesis of the sludge mass
also appeared to be greater for such nitrogen-limiting conditions.
This observation is actually in agreement with previous reports by
Gaudy and Engelbrecht (24) and by Symons and McKinney (23) that under
a nitrogen-limited condition, the system would favor synthesis of
high carbohydrate or polysaccharide content. The supply of nitrogen
at this minimum ratio, therefore, could enhance this type of response.
When a system being operated at the minimum nitrogen concentra-
tion was shock-loaded by rapid injection of glucose (cf. Figure 34),
it was seen that the system's ability to metabolize sorbitol was also
inhibited but was recovered quite rapidly after exhaustion of glucose.
It can be noted that the control mechanisms involved in these sub-
strate intersctions act in & relatively rapid manner. Apperently,
there was no delay in shifting from one substrate to another, and
the action seems to be controlled primsrily by the concentration of
glucose, Due to-such rapidity in occurrence, it is very unlikely that
such response could be governed by a shift in predominance of the
system. 'It is quite surprising to observe that only glucose was
selectively metabolized, in preference to sorbitol, especially under
a severe nitrogen deficiency (ef. Figure 35, 36). The control
mechanisms must be quite delicately balanced to provide that no
sorbitol would be assimilated as long as glucose is pfesent above

a certain level. Such inhibition obviously cannot be due to simple
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‘ competitién between substrates for a common enzyme sequence, since,
if this were the case it would be expected that more sorbitol would
be removed in the presence of glucose cr a greater portion of glucose
should appear in the effluent. The effect of glucose is therefore,

a total blockage of sorbitol utilization. It cannct be ruled out
that those mechanisms which have already been proposed by various
iﬁvestigétors in the area of basic biological science were not

| involved in this glucose-sorbitcl system. However, it is felt that . -
these already well-known mechanisms cannot adequately explain the
interaction which occurred in this case; since "repression' is known
priﬁarily as the mechanism which involves the inhibition of enzyme
- synthesiS‘and‘acts relatively slowly whereas "feed~back inhibition"
acts more rapidly but involves onlylin the inhibition of enzyme
function in the biosynthetic pathway (77). It is quite logical teo
postulate that the substrate interaction as observed in this case
would involve the inhibition of substrate assimilation by another
substrate such as glucose or by some intermediaﬁy metabolite(s)
derived from glucose in a manner snalogous to metabolite repression

| as proposed by Mandelstam (55). In addition it would appear that

the concenﬁration of the inhibitory substrate cr the metabolic
product(s) that can be derived from it, would play an important role
in regulating such mechanism. One interesting engineering applica~
tion which may bs gained‘from this study is the possibility of
séparation'of two.organic carbon sources by biological means such

as displayed in Figure 36.
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2. Glucose Shock Loadings to Glycerol-Acclimated Systems,

It is readily seen that glucose also has an inhibitory effect
on glycerol.metabolism; the addition of glucose as shock loading to
a glycerol system caused the system to release a small portion of
gly&erol in the effluent. The glucose interference, however, is
more apparent under severe nitrogen-deficient conditions (cf. Figure
40).. In most cages of the study herein presented, the system
appeared to be able to respond quite successfully to glucose shock
losding. The systems could accept a shock loading of at least twice
the previous steady state concentration (cf,.Figure 38) without either
glucose or glycérol being released in thé effluent. This observation
seems to be iﬁvagreemeng with McKinney's (12) statement that the
vCOmpletely'mixed activated sludge process was quite effiqient in
~coping with an organic shock loading. In all cases of glycerol-
acclimated «systems with excess nitrogen, there was no significant
increase in thelglycerol level as compared with that found in the
sorbitol systems, and the interactions were relastively less immediate.
t is possible that the control mechanism £or glycerol metabolism
: is‘not S0 sgnsitive to glucose as that of the sorbitol system and the
critical concentration of glucose for glycerol-acclimated systems
. may.Ee,higher than that for the sorbitol-acclimated system. Thus
it would. require a longer pericd to set the pontfol mechanism into
full operation in a gradual shock loading situation, but ;t the same
time glucose could also be rapidly metabolized.by the activated

'gludge which would help to avert the effect of glucose inhibition.
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However, under severe shock loading conditions, glucose inhibition of
glycerol metabdiism became apparent (cf. Figure 39).

Under a severe nitrogen deficiency (cf. Figure 40), the growth
of the system was limited by the nitrogen scurce; thus the sludge
growth could not rapidly respond to the increase in glucose concentra-
tion and as a result glucose concentration in the system reached its
critical level quite rapidly and its inhibitory effect was set into
full operation. Recent studies in batch-operated systems by
Krishnan (68) alsoc indicated that glucose could exert its inhibitory
effect on glycerol metabolism in a pattern very similar to that found
‘ in the sorbitol system; glucose also could be metabolized by the
glycerol-acclimated sludge at an even faster rate than the glycerol
itself., These findings, therefore, help to suggest that the control
mecheniesms in both sorbitol-and glycerol-acclimated systems which
are affected by glucose may be operated on the same basis, being
regulated byﬂthe glucose concentration present in the system.

The modes of response of the glycerol-acclimated system under
a nitrogen-limited condition when it was shock-loaded with glucose;
as shown in Figufe 41, indicated that the response of the system wés
also offset by a significant increase‘in biological solids synthesis
as well as by the increase in its carbohydrate content, whereas its
biological solids protein remainéa constant. It 1s evident that the
composition of the activated sludge mass doesnnot remaln. constant
but can vary with the growth conditions. It would be guite interest-
ing to détefmine whether the metabolic activity of such a sludge

population, which has been'previously subjected to the
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nitrogen~-limiting condition, would be impaired. This aspect could
play en importent role in regulating the recycling of sludge in a
waste treatment process especlelly when the system is operated with

a minimum supply of nitrogen.
3. Sorbitol Shock Loading to Glucose-Acclimated Systems

The aim of this porticn of the study was to detemine whether
there would be any deleterious effects as the result of a situation
the reverse of that previously studied. It was noted that with a
complete change of influent feed from 1000 mg/l1 glucose to 1000 mg/1
sorbitol 8 considerable amount of sorbitol was released in the effluent
but the system recovered readily within 8 hours (cf. Figure 42). With
an increase in the influent concentration by 500 mg/l sorbitol, there
was no significant increase in either glucose or sorbitol in the |
effluent (cf. Figure 43). It is unlikely that the enzyme(s) required
for utilizing sorbitol would be "constitutive™ in the glucose-accli-
mated system. However, with the manifestation of such rapid response,
it is evident that a rapid induction of enzyme(s) could be involved.
It should be noted that when the system influent was changed gom-
pletely from 1000 mg/l glucose to 1000 mg/l sorbitol, which was
strictly a qualitative shock loading condition, the systeﬁ could not
respond readily. But when a similar system was shock-loaded with
11000 mg/1 glucose plus 500 mg/1 sorbitol influent, thus subjecting
the system to both qualitative and quantitative shock loads, the
system could reépond successfully. It is possible that in the

latter case, the presence of glucose might enable the system to
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induce the necessary enzyme(s) within a shorter period of time by
supplying the metabolites to carry out the essentizl induction process.
It should be noted, however, that in all of thése glucose-acclimated
systems, the residual glucose remained at a very low level; therefore,
itbcould not exert its inhibitory effects. On the contrary the
presence of glucose might help to promote acclimation in a manner
analogous to that observed by McQuillan and Halvorson (58) in yeasts,
in which they found that glucose at a low concentration showed a
stimulatdry effeet on induction of enzyme synthesis whereas at high
concentrations it caused repression of enzyme synthesis. It should
be noted that the sludge population such as employed in this'portion
of the study, which can be operationelly defined as a "young cell"
sludge, can achieve acclimation more readily than can an "old cell™
sludge. From the standpoint of application, this observation would
play a decisive role in determining whether a waSte‘engineer should
choose to operate a system under conditions fostering a "young cell'
or an "old cell" population. A "young cell" sludge would be able to
acclimate more readily to a shock load component and would possess
greater metabolic activity per unit weight of sludge mass, but would
be highly subjected to repressive and suppressive phenomena such as
those observed in these studies. &An "old dellﬂ sludge, however,
would be less subjected to such control mechanisms but would accli-
mate relatively slowly to a shock component and possess lesser

metabolic activity.



CHAPTER VII
SUMMARY AND CONCLUSIONS

l° The suppressive or repressive effects of one waste component
. on another in an activated sludge population have been observed in
steady state'continuous flow and in diécontinuous flow systems.
" Such phenomena appear'froﬁ these studies to be of fairly general
 dccurrénpe. Some of these substrate interactions have been explained
én‘thg‘basis 6f'known biochemical principles and the suppressive |
mechanismé proposed on the basis of work previously reported from
this labofatory. |
2, From the results of this study and the studies previously
1reported, a new cellular control mechanism involving subsirate
"_iﬁﬁéraction phenomena has been postulated. .This hew‘mechanism'would'
involve.the suppression of existing enzyﬁe function(s) by another
éubstrate, preventing assimilation of the substrate which the cell )
had previously beeﬂ metabolizing.
o 3. The physiologicéi condition of the cells, which is opera-
" tionally defined as cell age, plays an important role in controlling
the effects of substra£e inter%ptionsu
4. The young cell sludge appéars to respond more readily to

quelitative as well ss quantitative shock loeds than the old cell

153
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sludge, but is more subject ‘to the effects of substrate inter-
‘action.

5. An adequate supply of nitrogen is essential for enhancing
the successfﬁl,acclimation of an activated sludge system to quali-
tative shock loading especially when the system consists of old
cell sludge.

. 6. The completely mixed continuous flow. activated sludge syé—
tem'underAsteady state conditions as employed in this study is not
free from deleterious effects of shock load; however, it possess

an ability to accépt shock loading to a certain'extent. Such

.~ ability is dependent on the system dilution'raté, thé biological

" solids concentration maintained in the system, the sludge activity,
and the quantity asvwell as the rate at which the shock substrate
is applied. |
7. A release of metabolic intermediate(s) has been noted and

appears to be more prevalent in the young cell population. The
concentrations released seem to be dependent on the types of
substrate and increaée with the concentration of organic loading
applied.
| ‘ 8. The occurrence of substrate interaction is not apparent
in the stéady state continuous flow activated sludge system when
shock loading ié applied within the limits of the ability of the
system to accept shock load,

- 9, Under severe shock loading conditions, substrate inter-
;ctioﬁ'becomes:apparent. Its occurrence is dependent on the ratilo:

of the concentrations of an inhibitory substrate and of the
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biblogical colias preéent in the systcm.or the rate at which the .
inhibitory substrate is eliminated.

10 -The hydraullc loading rate 1nd1rectly controls the manifes-
:tatlon of. substrate inhibition by controlllng the growth of biologlcal
solidc in the system, the rate at which the substrate can be metabo-
liued and the concentration of the residual substrate.

11. Thc pfeferential substrate utilization or substratc inter-

‘ -}actioh'pheﬁoucnon is more apparent under a nitrogen-limited condi- -
: uion which controls the biological solids concentrationfas:well és_
,.liﬁiting:the substratc removal rates. . :

| 12. The modes of response of an activated- sludge system under o

'_a nltrogen—llmlted condition seem to be in accordance w1th prev1ous 2

findings by Gaudy (37), i. e., a greater proportlon of the substrate.

“jremoved is channeled into synthesis of the sludge mass and this

corresponds with a significant increase in cabohydrate content.



CHAPTER VIII
SUGGESTIONS FOR FUTURE WORK

Iﬁ'ﬁiew of the present study herein reported, it.is felt that
_ that following-résear@h aspects would be valuables

1, The study should be extended further to include other t&pes
.of-sﬁbéfraﬁes sﬁgh as Iﬁ"@te:‘ins'9 amino acidsp_fatty §cids,vbthér . H
 pﬁ£etorgénic cbmpounds and industrial wastes, using the metﬁbAS
ﬂempléyed in this study in order to establish general patterns of
' respOnsé of activated sludge &s well as poséible-meaéufeé of the
éffect.of sﬁbstrate interaction due.to various types of quaiitative
shock load, | |

. 2Q_Another'similar aspect which alsa sh@uld warrant further
research is the poésibility of préventing-or’delaying acclimation
of fﬁe activated sludge to a newly introduced compoﬁnd by the
cbmpound already being metabolized.

3. The nature of the metabolic intermediastes, which are released
into the system, should be investigated with regard tc their
identityjand the quentities which arise from metabolism of various
types of compoﬁnds° Techniques which may be employed are the use
of fadioactive carbon scurces, various types of chrometography
and eiectfopheresis as well as specific analytical methods for

identification of such metsbolie preducts.-
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4. The study of kinetics as well as mechanisms of the response of '
'aﬁ.activated sludge system to qualitative as well as quantitative
shock loads, when the system is provided with a final clarifier and

a controlling device to return various sludge quantities, would be

of gregt interest and applicability from a practical viewpoint,

5. The metabolic responses and the activities of the activéted -
sludge maintained.under a nitrogen—limited_qondition should be cpm;
“.fpéred’with thoseiunder a normal growth conditiSﬁ;-since from the .

 ‘fe$u1ts of fhe present study, it was‘fpundlfhat the-systéﬁ Stili'
. fCéuld remove the supplied organic carbon $ourcés‘quite suceeséfully
"undef_a.nitrogén defiéient condition to a eertgih-exfént, ‘Fr6m‘é |
- practicél_standpoint, especially when a retu:n slﬁdge'islcontemsl
pigtea, if'would be desirable to determine Qhether the'slﬁdge, “

maintained under such a nitrogen deficient condition, would still

o meintain a high metabolic activity.
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APPENDIX A
DETERMINATION OF MINIMUM NITROGEN REQUIREMENTS

Two organic carbon sources, glucose and sorbitol, were selected
for this portion of the study, since these two compounds were also
the primary ones used in the continuous flow activated sludge studies.
The constitgents of the synthetic waste employed in this study were:
the organic carbon source (either glucose or sorbitol), 500 mg/1;
1.0M potassium phosphate buffer pH 7.0, 10 ml/1; Mg804.7H20, 100 mg/1;

FeCl .6H20, 0.5 mg/1; MnSQA.lHZO, 10.0 mg/1; CaCl,, 7.5 mg/1l; tap

3
water, 100 m1/1; and distilled water to volume. The above synthetic
waste was then divided into several portions of 100 ml each. To
each portion (NH ) 4 was added such that the final concentration
in each portion varled as follows: 50, 100, 200, 300 400, 500 and”
600 mg/i. Each portion was then inoculated with a very small amount
of an acclimated seed obtained from a continuous flow activated
sludge unit which hed been fed with either glucose or sorbitol at

a flow rate which yielded a four-hour detention time.'ISO ml of the
seeded synthetic medium of each portion were then placed in 250 ml
Ehrlenmeyer flasks and aerated on a reciprocal shaker (100 strokes/
min). Cell growth in each flask was determined by measuriﬁg the

optical density of the mixed liquor using & Coleman Model D-6

‘colorimeter‘at 540 gﬁLs
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The results of this study are shown in Figure 45 and Figure 46.
It is seen that in both cases, the results are quite similar. The
growﬁh of the systems supplied with 50 mg/l and 100 mg/1 (NH4)2804
initially increased at about the rate as those of the other systems
with more hitrogen, but broke off sharply as the population density
reached certain levels. The growth of the systems with amounts of
(NHA)ZSOA of 200 mg/l and over continued to rise and all leveled
off at about the same population density. It is obvious that the
growth of the systems with 50 mg/l and 100 mg/1 (NH4)2SO4 was
limited by the amount of supplied nitrogen. It can be noted that the
nitrogen~limited condition did not seem to affect the growth rate of
the systems but only the total yield of the population.

Based on the results obtained herein, it is seen that the nitro-
gen requirement for 500 mg/1 ofganic carbon source (either glucose or
sorbitol) will be between 100 and 200 mg/i (NH4)2SO . By interpola-
tion, it can be estimated that approximately 150 mg/1 (NHZ'F)zso 4
would be required for metebolizing 500 mg/l of the organic carbon

source.



Optical Densi

CQu28TT
0 1 Numbers on Bgoh Curve Indicate Conc, of (NH )zso

0424

168

' in mg/l Present :m the Corresponding Systems

10°.11 12 13 14

: Time", Hour‘s ‘

FIGURE 45 GROWTH OF SORBITOL = ACCLIMATED SLUDGE ON 500 MG/L OF
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APPENDIX B
DETERMINATION OF POLYALCOHOLS

Principle: The method of polyalcohol determination employed in this
study is based on the principle that polyalcohols can be readily
oxidized by periodate in an acid solution by being cleaved at each
carbon-carbon bond within the compound, yielding 2 moles of formal-
dehyde per mole of polyalcohol. The amount of formaldehyde produced
can he determined colorimetrically, since it forms a quite stable
violet-red color with chromotropic acid. The excess periodate and
iodate interfere in the color reaction and they are reduced to
iodide by excess arsenite before the color is developed. Certain
sugars or carbohydrates such as glucose or lactose can interfere
with the test since they also can be oxidized to give formaldehyde
but at a comparatively much slower rate. Therefore, by employing a
short oxidation time, such interferences can be greatly reduced,
The correction for the interferences by these sugars can be made by
using a éorrection factor which corresponds to that sugar which is
present in the medium. Obviously if these sugars are présent in too
high amount in comparison to the polyalcohols, the accuracy of this
test would be affected. In this study, the concentration of the

sugars 1s usually considerably less than the polyalcohol
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concentration; therefore, such a problem 1z eliminated. The precedure
herein described is primarily adapted from that suggested by Neish(65)

with some modifications.

.

Reagentss:

1. Péfiodic Aeid (0.1 Molar) dissolve 4.6 gm of periodic acid
(ﬁ5106)-in 200 ml of waierg This reagent should be prepared freshly
Before each use. ‘

*R. Sodium arsénite (1.0 Molar) Dissolve 13.0 gm of sodium
arsenite.(NaAsoz) in water and adjust veolume to lOOlmln This
solﬁtiob should be prepared freshly before use.

. 3,,Sulfuric Acid (10 N) Pour 30 ml concentrated sulfuric écid
'.(stoz)'intozéo ml of water with stirring. Adjust volume to 100 ml
‘when cool,

4. Absolute ethyl alcohol

5. .Chromotropic Acid Reagent:

a. Dissolve 1.0 gm of chremetropic acid (1, 8-dihydroxy
haphthalené,-B, 6-disulfonic acid) in 100 ml of distilled water.

b. Add‘6OC nl of concentrated.Hésoé te 300 ml water and cool.

¢. Add the above 100 ml »f chromotropic acid solution
(solutﬁ;on‘a) to 900 ml of the ciilut-ed H,80, (solution b).

6. Standafd solutiocns: the concentration. of the standard solutions
which are normally émployed is 100 mg/l. The sclution is prepared by
dissolving Ofi gm'of the corresponding pelyalcchels in 1000ml water.

Standard sugar solutions are alsc prepared similarly.
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Procedure:

An aliquot containing 0.05 to 0.3 mg of hexitol (e. g. mannitol,
sorbitol or duleitol) or 0,025 mg to 0.2 mg for glycerol is pipetted
into a test-tube., The aliquot is then made up to 2.0 ml with distilled
water. O.,1 ml of 10 N H2504 is then added to each tube., To each tube
0.5 ml of 0.1 M periodic acid reagent is then added, and exactly 10
minutes later 0.5 ml of the 1 M arsensite is added and mixed well.,
About twenty seconds after addition of the arsenite, lodine appears
in the solution and then fades. After waiting about 10 minutes,

6.9 ml of absolute alcohol are added, which made up the total volume
of the mixture teo 10 ml, and the contents are well mixed. 1.0 ml of
the mixture is then transferred into another test tube. 10 ml of
chromotropic acid reagent are added and mixed. The tubes then are
heated for 30 minutés in a boiling water bath, in diffused light.
After cooling to room temperature, the percent tfansmittance is
determined using & wavelength setting of 570 ﬁﬁb « A blank is slso
run concurrently with each set of determination as well as several
standards.

When the unknown sample also contains a sugar, the correction

is made by also running the standards of the corresponding sugar

present in the unknown concurrently.
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Calculations
Typical standard curves for glycerol, sorbitol and glucose as
- determined by the periodate-chromotropic acid test are shown in Figufe

47. It was found that there were slight changes in the slope of theee '

'stahdafd‘curVGé:ﬁith'eech set ofrtestso'fHence, it is recommended that a o

set of scendards should be run concurrently with each set of determlna—'ﬂ-
ftlons It 1s seen that both glycerol and sorbltol give a much steeper |
'slope:phan-glucoseu. The correspondlng slopes for each standard curve v
then eaﬁ:be'calculateds | | |

Glycefol Standard Curve

it

bel (O°D)/i ng glycerol -

Sorbitol Standard Curve

1-94’(0‘D)/1 mgvsorbit01

Glucose Standard Curve = 0.21 (0.D)/; mg glucose

Hence, correction factors for glucose interference can be
calculated: Correction factor for glucose in glucose-glycerol system
0,21 éOQD;

4.1 (0.D

0.051

i

i

Correction factor for glucose in glucose-scrbitel system

L Oo ‘OOD!

1.9 (0.D)
= 0.108
Therefore,

“gluceSe.cofrection for glycercl-glucese system

- mg/1 glucose (by anthrone) x 0.051

glucose correction for sorbitol-glucose system

= mng/l glucose (by anthrone) x 0,108
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Prom the values of the correction factors obtained, it may be
noted that approximately 20 mg/1l glucose will yield an interference
equivalent to 1 mg/l glycerol or 2 mg/l sorbitol. Thus the glucose
interference will be relatively low when glucose is present in an

aliquot in an amount equal to or less than that of glycerol or

sorbitoia
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