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CHAPTER 1

I N T R O D U C T I O N AND S T A T E M E N T O F T H E

PROBLEM

A method extensively used for the stabilization of waste water is the activated
sludge process in which sludge floes are maintained in suspension in flowing
waste water by air diffusion or mechanical agitation.
Activated sludge consists ofyellow-brown to black coloured floes, produced
bythegrowthofbacteria and other micro-organisms in thepresenceofdissolved
oxygen. Soluble and suspended matter are removed by the living mass of
micro-organisms maintained under the mentioned aerobic conditions. After
exhaustion of the waste material, the sludge floes are allowed to settle down;
they can be separated from the carriage water which, now freed for 90-95
per cent ofitsorganic matter, leavesthe settling tank asa clear liquid. Bacteria,
which are present in high numbers in activated sludge, are primarily responsible for the purification of the waste water.
The activated sludge process is a most suitable method for the stabilization
of waste water, because: a. the removal of the contaminating organic compounds is achieved rapidly; consequently, the aeration and detention periods
may be short; b. due to the rapid and complete settling of the sludge mass, it
may be separated from the carriage water by a simple process.
Since the English investigators Ardern and Lockett [4] developed the
activated sludge process in 1914, its application, albeit with various modifications, has attained enormous dimensions. Accordingly, much empirical knowledge has been gathered about the technical operation of the process; however
about the basic facts only scant information is available. Kluyver [55] in 1926
formulated this problem as follows: „What effects the stabilizing action that
occurs when air is diffused into activated sludge? Evidently, it is worth while
to consider this question at present, because the processes taking place, in fact,
are the basis ofa purification method for the application ofwhich many plants
are to be found all over the world, plants which have cost millions of guilders
in some cases. In attempting to answer this question on the strength ofavailable literature,
one may well be appalled by the almost incredible fact, that so little is known
as to this. Besides numerous publications referring to the technical aspects of
this method, only few are found in which the authors are concerned with the
nature of the purification process".
Since Kluyver held the lecture from which this passage is derived, much

has been done to gain some more fundamental knowledge on the activated
sludge process. Unfortunately, up to the present only a few basic facts have
been found: as far as the ecology and metabolism of activated sludge are
concerned a few data are available, but particularly little is known about the
principles of the formation of bacterial floes.
1.1 Statement of the problem
The present investigation attempts to add a few facts to the basic knowledge
about the metabolic processes occurring in activated sludge. This aim has been
approached in twowaysviz.by ascertaining (a) the nature and (b) the function
of the bacteria in activated sludge. To establish the importance of the bacteria
isolated from the activated sludge floe, two criteria were to be used: a. the
correspondence of their metabolic processes to those of the activated sludge,
and b. their ability to flocculate.
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CHAPTER 2

SURVEY OF LITERATURE

As stated by Hawkes [38] "bacteria can be regarded as the basis of the activated sludge floe both structurally and functionally, and are universally
present in the traditional activated sludge". Therefore studies on the bacterial
flora of activated sludge have already been the subject of a, though comparatively small, number of publications. However, the results of the various
investigations are rather divergent, partly due to the use of different methods,
but principally to the fact that completely different types of sludge have been
examined. In this respect it is important to note that the bacterial flora of
activated sludge is mainly dependent on the composition of the waste water to
be purified.
2.1 Bacteriological examinations of activated sludge
Russel and Bartow [81] isolated thirteen varieties of non-nitrifying bacteria
from activated sludge. All but four of these belonged to the Bacillus subtilis
group of aerobic spore-formers, while most species formed a small amount of
acid but no gas from glucose, and hydrolysed starch and casein. Kamm [54]
carried out similar experiments and obtained substantially the same results.
Harrisetal.[37] found that 61per cent oftheorganism in activated sludge were
of the Aerobacter aerogenes type and 38 per cent of the Proteus type.
Bacteria entering the activated sludge plant with the sewage are from two
main sources, firstly those present in water or in the infiltration water, and
secondly, intestinal bacteria introduced with faeces. The results of earlier
workers gave the impression that intestinal bacteria andspore-formers predominate in activated sludge and therefore played an important part in the purification of sewage [37].
Heukelekian [41], counting bacterial numbers in various types of settled
activated sludge, found 9.5—48.5X106 bacteria per ml, or 3.7—73.5 X 108 per
mg dry matter. Allen [1], after homogenizing the sludge, found 108—1010
bacteria per ml of non-settled sludge; he showed that: firstly, most of these
were proteolytic, secondly, only a minor part was able to ferment glucose
under anaerobic conditions and thirdly, most of the organisms were Gramnegative and rod-shaped, belonging to the genera Pseudomonas, Flavobacterium
and Achromobacter [2].Bacteria offaecal origin as well as spore-forming species
11

were found only in small numbers. Jasewicz and Porges [51] investigated
activated sludge of dairy sewage and classified the strains found as follows:
26 per cent Alcaligenes, 34 per cent Flavobacterium, 14 per cent Micrococcus and
16per cent Pseudomonas.
Literature nearly always mentions the occurrence offilamentous and sheathforming organisms to a more or lessextent. Especially in poorlysettlingsludge,
many filamentous bacteria of the genus Sphaerotilus may be found [83]; in
normal sludge they occur to a much less extent and consequently it may be
assumed that these organisms are not essential for a good activity of activated
sludge.
Moreover, there are protozoa in varying numbers in most sludges; opinions differ asto the importance ofthese organisms for a good clarification effect
of activated sludge [52, 64]. Like filamentous bacteria they are considered to
be indicators of the sludge quality [5].
Algae and fungi are observed in great numbers only under special conditions.
Formerly, it was assumed that activated sludge was formed by one special
bacterium species. It was claimed that this bacterium could be frequently
observed in activated sludge in so-called finger-like zoogloea {i.e.jelly-like
matrices in which bacteria are separately imbedded). Buswell and Long [11]
concluded on account of microscopic investigations that activated sludge
consisted of zoogloeal masses mixed with filamentous bacteria. Winogradsky
[95] and Butterfield [12] isolated zoogloea-forming organisms from activated
sludge.Winogradsky classified her strain on account ofnitrifying properties and
of being chemoautotrophic asa Nitrocystessp.Butterfield described his strain as
Zoogloea ramigera. After the appearance ofButterfield's paper, Z.ramigerastrains
have been isolated by several investigators. The general characteristics of the
strain were: rod-shaped; motile with one polar flagellum; aerobic; non-sporeforming; Gram-negative; capsule-forming; producing little or no acid from
carbohydrates; producing ammonia from gelatin, casein and peptone; no
nitrification; no formation of hydrogen sulphide; producing well-organized
floes when aerated in sterile sewage; growth on agar or gelatine wasvery scant,
so that none of the isolated strains of Zoogloea ramigera has been kept alive for
long. Hawkes [38] suggests that Zoogloea ramigera is no true species, but a
growth form of various species.
From 1937 to 1943,Butterfield, Heukelekian, Wattie and co-workers investigated the purification ofsterile sewage using pure cultures of Zoogloea ramigera
strains. Butterfield, Ruchhoft and McNamee [13] found 50 per cent BODreduction *) after 5 hours aeration and 80 per cent after 24 hours. According
*) BOD means biochemical oxygen demand in 5 days at 20°C.
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Heuke lekian and Littman [42], activated sludge would mainly consist of
flocculent masses of Zoogloea ramigera. Butterfield and Wattie [14) suggest that
the activesubstance in purifying sewagein trickling nitersaswellasin activated
sludge is formed by Zoogloea bacteria. Feldman [30] also found that Zoogloea
ramigera was the main bacterium species in trickling filters. Because of its
ability to flocculate and to stabilize nutrient substrates, it became generally
accepted that Zoogloea ramigera was the primary organism in activated sludge.
The question ofbacterialfloeformation wasagaininvestigated by McKinney
and co-workers. McKinney and Horwood [60] and McKinney and Weichlein
[62] also isolated other bacteria from sludge, apart from Zoogloea ramigera.
The bacteria apparently also had the ability to form floes under suitable
conditions in pure cultures. Among others they found Escherichia coli, E. intermedia,Paracolobactrum aerogenoides, Nocardia actinomorpha, Bacilluscereus and a
number of strains of the genera Pseudomonas, Alcaligenes and Flavobacterium to
possess this capacity. These floc-forming bacteria reduced the BOD in waste
water by 66 to 88 per cent after 24 hours aeration.
Buck and Keefer [9] isolated an immobile Gram-negative rod, about 1 X5/x,
with slime formation, but no capsules, reducing nitrate to nitrite and nitrogen,
not affecting sugars and forming floes under certain conditions. In sewage
these bacterial floes had the same purifying effect as activated sludge. Dugan
and Lundgren [24] investigated a Gram-negative, rod-shaped bacterium with
floc-forming properties, isolated from activated sludge.This bacterium did not
affect carbohydrates; growth on agar seemed soft but actually the colonies
were tough and firmly fixed to the agar.
These investigations into bacterial floe formation in pure cultures have until
now contributed little to elucidate the mechanism offloeformation. Moreover,
little is known about the importance of the various floc-forming bacteria in
activated sludge formation under natural conditions and in stabilizing waste
water.
2.2 Metabolism in activated sludge
Heukelekian and Schulhof [43] distinguished two processes in the activated
sludge system viz.those ofoxidation and thoseoffloeformation. They suggested
that different micro-organisms are involved in each of these processes and that
biological as well as physical factors are effective.
As for the removal of organic matter, it may be assumed that many aerobic
and also non-floc-forming bacteria may effect a considerable reduction of
BOD in waste water [29,45, 71]which isa biological process.The flocculation
of the bacteria on the other hand could be mainly considered as a physical
process [44].
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With respect to transformations proceeding in activated sludge brought into
contact with waste water, or more generally with organic material that may
be biologically affected, it is known that: a. oxygen is needed; b. the amount
ofoxygen used isonly apart ofthat theoretically needed for complete oxidation
ofthe substrate; c. activated sludge first has to beadapted tosomecompounds;
d. the removal of organic material by activated sludge elapses rapidly.
The removal of organic material by activated sludge can be achieved by
adsorption followed by absorption and biochemical transformation (oxidation
to water, carbon dioxide and ammonia, and assimilation into sludge material).
According to Wuhrmann et al [97] compounds such as glucose, amino and
fatty acids are removed by physiological processes rather than by physicochemicalprocesses {i.e. adsorption). When mixingsewage with activated sludge
and excluding oxygen, Herb found [40] little removal of waste material.
Placak and Ruchhoft [76] found more adsorption with carbohydrates as the
polymerization degree was higher. Emulsified oils may be adsorbed for 100
per cent, since they are converted biochemically much more slowly than
adsorbed by activated sludge.
Biochemical transformations are vital in the activated sludge process. For
practical application it is important to know what part of the organic matter
is broken down into water, carbon dioxide and ammonia, and what part, in
whatever form, effects the growth of sludge. Placak and Ruchhoft [76] determined dissimilation and assimilation percentages for a great number oforganic
compounds after 24 hours of aeration (table 1).
Table 1. Respiration and assimilation in activated sludge (after Placak and
Ruchhoft [76]).
I

lz

Class of compounds

Range

Mean

Percentage converted
to organized sludge

Carbohydrates
Alcohols
Amino acids
Organic acids

5-25
24-38
22-58
30-80

13
30
42
50

65-85
52-66
32-68
10-60

A similar relation between dissimilation and assimilation of substrates was
found by Wuhrmann, Von Beust and Ghose [97], These investigators found
that in nitrogen-free media during the absorption ofglucose and sucrose, 16.6
and 13.6 per cent, respectively, were oxidized, and with acetic and butyric
acids 32 and 29per cent. On the other hand the amino acids aspartic acid and
tryptophane were oxidized for 95.6 and 78.8 per cent respectively, i.e. almost
completely.
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The dissimilation percentages as recorded for carbohydrates are extremely
low as compared with those under optimal conditions of bacterial growth. It
indicates that only part of the assimilated substrate has been converted into
cytoplasm, while the remainder was accumulated as intra- or extra-cellular
polymerization products.
Comparable, though less extreme values were found by Barker [6] with the
alga Prototheka zopfii. Such metabolic processes were called by this author
„oxidative assimilation", which means „the primary conversion ofthe substrate
to a primary product of assimilation, the raw material for all subsequent secondary synthesis within the cell" [7]. (See also the summarizing articles of
Clifton [15, 16]).
A low dissimilation percentage was found also by Porges, Jasewicz and
Hoover [78] in activated sludge grown in dairy waste water after nutrition
with skim milk. These investigators distinguished increase in polysaccharides
and protein synthesis (cell growth) in sludge growth. After four hours of aeration at 20°C, allskim milk (with COD*) 1125mg) added to 1000mgofsludge
(dry wt) appeared to have been diminished as follows: 13 per cent oxidized,
58 per cent stored as polysaccharides, and 22 per cent used for cell growth.
These figures were calculated by means ofa carbon balance and by performing
an elementary analysis ofthe sludge. It wasshown that the storage compounds
occurred as polysaccharides consisting of glucose.
O'Brien [73], using sludge adapted to glucose, determined the oxygen
uptake with Warburg respirometers during the removal of glucose in the
presence of ammonium nitrogen. The removal of the substrate was followed
by means of COD determinations. From the difference between the COD
decrease and the oxygen uptake he calculated what part of the substrate was
transformed to activated sludge. From the decrease of ammonium nitrogen in
the medium he calculated the synthesis of cytoplasm, i.e.cell growth. O'Brien
added 2000 mg glucose and 114 mg ammonium nitrogen to 860 mg (dry wt)
glucose-adapted activated sludge; after 8 hours of aeration (no temperature is
recorded) 93.4 per cent of the glucose was found to have been removed and
transformed as follows: 15.2 per cent oxidized, 62.2 per cent stored as polysaccharides and 22.6per cent synthesised into protein. After complete removal
of the substrate the amount of stored polysaccharide decreased slowly. During
the period of endogenous respiration O'Brien did not find any increase in
soluble inorganic N-compounds in the liquid. From these results he concluded
that amino acids did not act as an energy source for endogenous respiration,
but that stored polysaccharides were used.
Gaudy and Engelbrecht [34] examined the transformation of glucose by
*) COD means chemical oxygen demand.
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activated sludge grown on a mineral medium with glucose and ammonium
chloride. Byadding 500 mg glucose and 41 mg ammonium nitrogen to 565 mg
(dry wt) activated sludge, they found that allglucose had been removed within
25 hours and converted as follows: 16per cent oxidized, 20 per cent stored as
polysaccharides and 16 per cent synthesised into protein. The dry matter
increase was 66 per cent of the added glucose. These data were determined by
chemical analysis: polysaccharides by means of anthrone and cell growth by
means of biuret. Upon continued aeration, Gaudy and Engelbrecht found an
almost complete removal of the polysaccharides stored during the uptake of
glucose followed by a sharp increase in cell protein, until a maximum was
reached after six hours; approximately 50 per cent of the added glucose had
then been utilized in protein synthesis. With the same sludge the investigators
also examined the conversion ofglucose without a nitrogen source. Evidently,
the rate of removal of the glucose by the sludge was only slightly lower than
in the presence of ammonium nitrogen. After 2.5 hours all glucose had been
removed and converted as follows: 17per cent oxidized, 46 per cent stored as
polysaccharides and approximately 13 per cent synthesized into protein; the
dry matter increase was 63 per cent of the added glucose. With continued
aeration the stored polysaccharides as well as the protein decreased slowly.
These authors gave no explanation of the incompleteness of the dry matter
balance.
Washington and Symons [93] found an increasein biologically inert material
in activated sludge supplied with glucose, acetic acid or glycine. Next to fatty
acids and organic nitrogen this material consisted mainly of polysaccharides.
After exhaustion ofthesubstrate,part ofthestored polysaccharides disappeared
from the sludge by endogenous respiration. Principally, however, organic nitrogenous compounds were used as substrate during endogenous respiration,
giving riseto the accumulation ofammonia in the medium. These investigators
accordingly concluded that the polysaccharides formed were no true reserve
compounds.
Symons and McKinney [88] observed that in activated sludge at least part
of the polysaccharides is formed extra-cellularly. Wilkinson [94] has brought
forward that most bacteria cannot decompose their own extra-cellular storage
compounds. Mulderetal[68]showed that Arthrobacterglobiformiscan decompose
only 40 per cent of its polysaccharides during endogenous respiration. Yeast
on the other hand may break down, during endogenous respiration, all intraand extra-cellular lipids originally formed as storage compounds [20]. When
ammonium nitrogen was supplied to lipid-rich yeast cells, the decomposition
of the lipids induced a considerable increased number of yeast cells [68].
Several investigators mention a stimulating effect of ammonium nitrogen
on the uptake of carbon compounds by activated sludge and by some micro16

organisms in pure cultures. Wuhrmann [96] found that the uptake of glucose
and acetic and butyric acids by activated sludge in the presence of ammonium
nitrogen was 1.2, 1.3 and 1.6 times, respectively, as rapid as in a nitrogen-free
medium, while oxygen uptake per unit of substrate during this period was
considerably higher. McLean and Fisher [65] obtained a similar effect with
glycerol and citric acid, using Serratia marcescens as the test organism. Gaudy
and Engelbrecht [35] found also a stimulating effect of ammonium nitrogen
on the uptake and respiration ofglucose by activated sludge.Yemmand Folkes
[98] described the same phenomenon for a yeast species and Moses [67] for a
fungus; both organisms had been cultivated in a nitrogen-deficient medium.
2.3 Endogenous metabolism of activated sludge
Fews facts are known about the endogenous metabolism of activated sludge.
Only the investigations of Washington and Symons [93], cited earlier, demonstrated to some extent that endogenous energy is mainly derived from the
break-down of nitrogenous organic compounds. Ribbons and Dawes [80] in
experiments with Sarcina lutea cultivated in a glucose peptone medium, established that during endogenous respiration, stored polysaccharides as well as
amino acids (hydrolysed and non-hydrolysed) decreased. On closer examination, only the fraction of polysaccharides soluble in hot water was proved to
havecontributed toendogenous respiration. When thecellshad been cultivated
on peptone only, endogenous respiration mainly took place at the expense of
the amino-acidpool. Even when the cells had been cultivated on a nitrogendeficient medium, endogenous respirations proceeded chiefly at the expense of
the amino-acid pool and only partly of the accumulated polysaccharides. The
oxidation ofadded glucose wasdepressed during theperiod ofhigh endogenous
respiration, while transformation of this glucose into polysaccharides did take
place. The same investigators carried out a similar research with Escherichia
coli and found that this organism first used the stored polysaccharides for
endogenous respiration; not until all glycogen had been used up was the
production of free ammonia observed. Glycogen was produced only when the
medium was supplied with glucose [80], while other investigators found that
E.coli mainly produced this polysaccharide during the lag-phase [74] and
immediately after the completion of the logarithmic growth phase [47] when
glucose was still available. Ribbons and Dawes [80] demonstrated that cells
ofE.coli,grown on a glucose-free medium, began to produce ammonia as soon
as the endogenous respiration started. When glucose was supplied, however,
the ammonia production was limited. This retarding effect was not observed
when gluconic, succinic or acetic acid were added.
Due to the great differences in endogenous metabolism between the various
17

bacteria [19, 17] it will be difficult to anticipate the phenomena in activated
sludge. The results of the investigations of Washington and Symons [93]
correspond with those of the investigations of Ribbons and Dawes [80] with
Sarcina lutea.

2.4 Theory on bacterial floe formation
In order to find more fundamental data on flocculation, many attemtps have
been made in the course of the years to grow pure cultures of bacteria in
nutrient solutions in such a way that the cells agglomerate to floes that settle
afterwards. More or lesssuccessful attempts to obtain "activated sludge" from
pure cultures were carried out with the above-mentioned Zoogloea ramigera
strains, while also other bacteria could be induced to formfloesunder suitable
conditions. However, up to the present only a few basic facts have been found
concerning this property, forming one of the pillars of the activated-sludge
process.
Some theories dealing with floe formation have been published [11, 28, 90]
ofwhich McKinney's isthe most recent [61,63].This author suggests that the
low energy level in the activated sludge system due to the low substrate/bacterial-mass ratio supplies the bacteria with inadequate amounts of motility
energy for counteracting their mutual attraction. The electric surface charge
is supposed to be an important factor in flocculation, while the formation of
capsules or slime is also of importance. On account of observations by Porter
[79], Dubos [23], Knaysi [56] and others, who established that capsules and
slime consist of polysaccharides with changing contents of acetyl and amino
groups, McKinney assumes that the chemical composition of the capsules and
slime determines the nature of this electric charge. Peptide, direct salt or
ester linkages are considered to be of minor importance for the flocculation of
bacteria. Once the floe has started to form, some bacteria die and lyse; the
insoluble polysaccharides would remain in the floe and entrap the less active
bacteria. The size of the floe is limited owing to agitation of the system. The
rate of settling of the floes, according to McKinney, depends on their density
and composition. The density issupposed to be determined by the bacteriological composition: long, filamentous, possibly branched organisms as well as a
high content ofliving bacteria and a low content ofinorganic or inert material
would have an unfavourable effect on the rate of settling.
Asyetmanydata havenotbeencollectedtosupportthistheory.Oneofthefew
facts known about the formation ofcapsules and slime by bacteria in activated
sludge is that polysaccharides occur in the sludge and that part of these
compounds is extra-cellular [88]. Little is known about the structure and
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composition of these polysaccharides and about their influence on the formation of bacterial floes.
2.5 The substrate/bacterial-mass ratio related to the maintenance
energy of bacteria
It has been found that in the phase of endogenous respiration most bacteria
have lost their mobility [63] and that some speciesin thisphase are more liable
toform storage compounds than in thelogarithmic phase [47,89].In activated
sludge the bacteria are in the phase of endogenous respiration, probably due
to the fact that soon after mixing of the sludge with aerated waste water, the
carbon compounds present in the water are removed. After this the aeration of
the activated sludge is continued for some time before mixing it again with
fresh substrate. In spite of the presence in domestic sewage ofsurplus amounts
of nitrogen, which would suggest the utilization of the carbon compounds in
protein synthesis, the majority of the former compounds are converted into
storage products.
Depending on the activated sludge system used, the substrate/bacterialmass ratio is low to very low. In mixing activated sludge with waste water,
approximately 2 x 1012 bacteria (2000 to 3000 mg dry wt of sludge material)
per liter are supplied with an amount of organic matter with a COD varying
from 300-1500 mg.
The investigation into the growth ofbacteria at low substrate/bacterial-mass
ratios hasonly started recently. Generally the relationship between the amount
of substrate and bacterial growth is studied by using a small inoculum in relatively excessive amounts ofsubstrate. A linear relationship wasfound between
the yield of bacteria and the amount of substrate [66]; growth at a very low
level of substrate is mostly determined by extrapolation (usually through the
origin). According to Mallette it has to be taken into account that with very
low substrate levels cells increase in size, but do not divide. As a consequence,
bacterial counts do not show this type of growth, especially if the bacteria
concerned are not in the logarithmic phase [Mallette, 58].Therefore, determination of the dry weight or turbidity of the bacterial suspension is a more
sensitive method for estimation bacterial growth than counting ofcell numbers

[26].
McGrew and Mallette [59] added small amounts ofglucose to a moderately
dense suspension of E.coli ( 5 x l 0 8 cells per ml) in a mineral medium, and
determined the increase in turbidity. The relationship between turbidity and
amount ofglucose was extrapolated through the point representing the size of
the inoculum. By adding the glucose every six hours, these authors were able
to determine the amount required for maintaining the culture on an equal
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turbidity. Evidently, 5/ug ofglucose per ml each time was exactly sufficient to
maintain the level of turbidity during the experimental period. However, for
keeping the number ofviable bacteria at theinitial level, a considerably higher
amount ofglucose had to be supplied than was necessary for maintaining only
the turbidity at an equal level.
The experimental design ofthe investigations of McGrew and Mallette [59]
approximates the conditions met with in the activated sludge system. Expressed in quantities customary in the purification of waste water, their
substrate/bacterial-mass ratio varied from 10-800 mg COD per 2000 mg cell
material (drywt),with a threshold value for maintaining the level of turbidity
of 130mg glucoseper 2000 mg cell material (6.5X1012coli cells).These values
are quite normal in the activated sludge process.
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CHAPTER 3

M A T E R I A L AND M E T H O D S * )

The activated sludge employed in the present investigation, came partly from
the return conduit of the sewage purification plant at Zeist and was partly
produced in the laboratory. The installation at Zeist works up sewage from
this village having a strength of 30,000 population equivalents; since no significant industries are found in Zeist the sewage is mainly of domestic origin.
Activated sludge fed with sewage from the small town of Wageningen or
with synthetic waste water was produced in the laboratory on a small scale.
The Wageningen sewage isalso mainly ofdomestic origin; the synthetic waste
water consisted of a basal solution of mineral salts, enriched with a carbon
source and a nitrogen source insuchawaythat theCOD/Nratio approximated
36. Glucose was mostly used as the carbon source, in some instances acetate or
lactate was used; ammonium sulphate and sometimes peptone served as the
nitrogen source.
A COD/N ratio of about 36 was chosen, because the data presented by
Helmers etal. [39] show that waste water having a BOD/N ratio > 32 brings
about nitrogen deficiency of activated sludge, which results in a poor settling
of the floes. On the other hand waste water containing excessive amounts of
nitrogen (BOD/N ratios below 17) produced sludges with increased capacity
for nitrification. The generally observed COD/BOD ratio in domestic waste
water is about 1.6; Porges etal [77] found a value of 1.2 for lactose, of 1.8 for
casein and of 1.6 for skim milk. Transforming the above-mentioned limits of
BOD/N ratios for a nutritionally well-balanced synthetic wastewater and using
an average COD/BOD value of 1.6, the COD/N ratio limits become about
25 and 48.
In the laboratory, activated sludge was produced either in an installation
fed continuously or in two batch installationsjfed byfill'andjdraw. Aflowsheet
of the former installation is shown in figure 1. The apparatus consisted of
two aeration flasks 1and 2, and a sedimentation flask 3. Both aeration flasks
were trade bottles with a gradual change from bulge to neck, turned upside
down. The liquid volume of the first aeration flask was 100 ml and that of the
second 500 ml. The liquid in the apparatus was circulated by means of two
air-lift pumps (see inset figure 1) in the following sequence: aeration flask 1,
Composition of culture media and analytical methods are reviewed in chapter 7.
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sedimentation flask, aeration flask 2 and again aeration flask 1. The air-lift
pumps were located in the neck of each flask, so that the air, used for circulating the liquid, bubbled through the liquid in the flask, achieving an
excellent aeration and turbulence. The air necessary for these air-lift pumps,

woitt wattr

Figure 1. Continuously fed apparatus for the production of
activated sludge under laboratory conditions; 1. and 2. aeration flasks, 3. sedimentation flask, 4. supply flask, 5. pump and
6. air-lift pump (enlarged).

capillary
0 3/4mm
Figure 2. Apparatus to
grow activated sludge or
pure cultures ofbacteria in
batch culture fed by fill
and draw.

wasblown into the liquid through a capillary (0 3ji mm).The waste water was
pumped from the supply-flask into aeration flask 1 with a rate of 100 ml per
hour. The synthetic waste water used had a COD value of about 600 mg per
liter; every day about 100 ml activated-sludge liquor was drawn off from
aeration flask 2. When Wageningen sewage having a COD value of about
250 mg per liter was supplied, every day about 40 ml sludge liquor was withdrawn from the system.
Both the batch installations consisted ofa glasscylinder ( 0 6cm) containing
one liter liquid. In each cylinder aeration was obtained by blowing air into
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the liquid through twocapillaries ( 0 3/4 mm) These batch installations were
fed every daywith synthetic waste water byfilland draw; tothe first cylinder
waste water having a CODvalue of approximately 725wasadded and tothe
second waste water having a CODof about 1450mg. From the first cylinder
about 50percent ofthe sludge liquor wasdiscarded once in a fortnight; from
the second about 20per cent wasdiscarded everyday.
In figure 2 a tapered glass cylinder ( 0 5 cm) has been drawn in diagram,
provided withanequipment forthecultivation ofpure culturesofbacteria.The
liquid volume was750ml;at about two-third ofthe height aplug waspresent,
enabling the withdrawal of500 mlliquid. Fresh medium could be introduced
through a funnel in the stopper on the cylinder. However, this cultivation
method suffered too much from infections. Aseptic conditions could be
maintained more satisfactory when no liquid wasdrawn off and concentrated
substrate was added only. Aeration was obtained byblowing airinto theliquid
through a capillary ( 0 sji mm). The air was sterilized by passing through
sterile cotton-wool and a solution of 1 ml concentrated sulphuric acid and
1 gram sublimate in oneliter water.
Pure culturesofbacteria weregrownin 100,300,500or 1000ml Erlenmeyer
flaskscontaining 25,60,75and 150mlculture solution, respectively. Aeration
was achieved by shaking theflasks.Additional substrate in concentrated form
was added in some instances.
Both activated sludge and pure cultures of bacteria were grown at room
temperature, approximately 20°C. The aeration capacity *) at this temperature, estimated according to the sulphite method of Cooper etal.[18],
was found to amount to 50-70 mg02/hour/lOO mlwater. This value is 1.4-5.0
times higher than the highest oxygen demand of substrate-supplied activated
sludge found in the present investigation, so that the conditions for optimal
aeration were fulfilled. In this respect theinvestigations ofPirt and Callow[75]
may be recorded who found that the aeration capacity as estimated by the
sulphite method hastobeat least 1.4-2.0 times ashigh astheoxygen demand
of the bacteria to assure optimal oxygen supply to the micro-organisms.
Unless stated differently, the sludge floes or the bacterial cells were washed
twice by centrifuging and resuspending in distilled water or in a solution of
mineral salts, before determinations were carried out.Determinations in which
living cells were involved were carried out within two hours after sampling.
If no time was available"to perform the necessary chemical determinations
immediately, the samples were quickly frozen and stored at —20°C.
The uptake of oxygen and the production of carbon dioxide by sludge or
bacterial suspensions were determined at 20°C by the direct manometric
*) Aeration capacity = the rate at which oxygen dissolves in oxygen-free water, expressed
as mg 0,/hour/100 ml liquid.
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method of Warburg. Suspensions were made in 0.033 M Sorensen phosphate
buffer solution, pH 7.2, to which 5mg FeCl 3 -6H 2 0 and 50 mg MgS0 4 -7H 2 0
per liter were added.
Dry weight of activated sludge or bacterial suspensions was estimated after
washing by centrifuging twice, drying at 105°G and weighing until constant
weight; the ash content could be estimated after heating the same sample at
600 CC during one hour.
Organic and ammonium nitrogen were determined by a micro-Kjeldahl
method; the amount of protein in cell suspensions was calculated from the
organic nitrogen by multiplication by 6.25. In some instances protein was
estimated directly by the biuret method [36].
Organic matter was determined by digestion with dichromate-sulfuric acid
mixture and determination of the used dichromate. The amount of organic
matter is expressed as COD.
Carbohydrates in clear solutions as well as in bacterial suspensions were
determined colorimetrically bytheanthrone method;reducing sugarswerealso
determined colorimetrically according to the method of Nelson and Somogyi
[21].
Bacterial methods are reviewed in section4.1.
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CHAPTER 4

BACTERIOLOGICAL INVESTIGATIONS

In preliminary investigations it was found that the bacterial flora of activated
sludge consists mainly of aerobic, Gram-negative, non-sporeforming rods, an
observation wich isin agreement with those ofthe literature. For the classification ofthis group ofbacteria various schemes have been proposed [49]. In the
7th edition of Bergey's Manual [8] an important distinction is made between
organisms with polar flagella and those with peritrichous flagella, the former
being placed in the order Pseudomonadales and the latter in the Eubacteriales.
For the differentiation of the genera, use is primarily made of biochemical
characteristics. The polarly flagellated genera Pseudomonas and Xanthomonas
are defined as attacking carbohydrates oxidatively with the formation of acid;
Aeromonas and Zymomonas, also having a polar flagella, attack sugars fermentatively with the formation of acid or ethanol, and gas. For the detection of
Pseudomonas two further tests are recorded to be available: the (cytochrome-)
oxidase test [87] and the test for the anaerobic production of ammonia from
arginine [91].
The peritrichously flagellated Achromobacteraceae with the genera Achromobacter, Flavobacterium and Alcaligenes are characterized by attacking carbohydrates (if at all) oxidatively (with or without the production of acid) which
distinguishes them from the fermentative Enterobacteriaceae.
Bacteria which do not utilize glucose are often classified asAlcaligenes, therewith overlooking the fact that these organisms should have peritrichous
flagella. The only genus mentioned in Bergey's Manual, satisfying the description: polar flagella and no action on carbohydrates, is the genusZoogloea.
Galarneault and Leifson [33] created a new genus Lophomonas for their lophotrichously flagellated bacteria which do not utilize carbohydrates. According
to the description of the species Zoogloea ramigera in Bergey's Manual, the
characteristics of Lophomonas are much like those of Zoogloea, except that the
latter do not have the ability to form floes.
The Vibrio group, asit occurs in Bergey's Manual, contains a heterogeneous
collection of species of non-pigmented rods with polar flagella, some of which,
because of the unreliability of the somatic curvature as a taxonomic character
[49], probably ought to be near Pseudomonas [82] or Lophomonas [57].
The aim of the bacteriological inventarisation of the activated sludge floe
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as carried out in the present investigation was, first, to gain an impression as
to total numbers and typesofbacteria present, second, to establish the morphologicaland physiological characters of themostfrequently occurring types, and,
third, to trace the role of the latter in the functioning of the sludge.
Identifying all the bacteria isolated from the activated sludge seemed to be
an impossible task. It turned out that even a tentative identification of the
Gram-negative bacteria, which occur most frequently in activated sludge,
would be a time-consuming work that moreover would encounter many
difficulties, since in some cases the boundaries of the genera are ill-defined.
Owing to the latter, in a number ofinstances, characters ofisolated organisms
rather than well-defined species names had to be recorded.
In addition to organisms of the Pseudomonas-Achromobacter type, a number of
aerobic, mostly non-motile rods with marked diversity of form were found to
occur in activated sludge. Because oftheir morphology these organisms seemed
to belong to the family of the Corynebacteriaceae. In this investigation they will
be named „coryneforms".
4.1 Methods
Three types of activated sludge were investigated bacteriologically. These
sludges were obtained from a. a laboratory installation continuously fed with
sewage from the town of Wageningen, b. the sewage-purification plant at
Zeist and c. a laboratory installation fed with synthetic waste water by the
fill and draw system.
The isolated bacteria were classified according to morphology, attack of
carbohydrates and ability to utilize ammonium nitrogen as the sole nitrogen
source. In order to facilitate the classification of the isolated micro-organisms,
a number ofwell-defined bacteria ofthe above-mentioned types,obtained from
various culture collections, have been tested and used for comparison. Breakdown of glucose, employing the Hugh and Leifson technique (cf page 29),
formed the base of the classification (table 2). According to Hugh and Leifson
(48), group I includes strictly aerobic bacteria forming no acid from glucose,
group II strictly aerobic bacteria producing acid from glucose, and group III
facultative anaerobic bacteria forming either acid without gas (III1) or acid
plus gas (III2) from glucose.
4.1.1

Viable counts

After 30 minutes settling down, the activated sludge was washed by decanting
the supernatant, after which the sludge was suspended in a solution of 8.5 g
sodium chloride per liter; this procedure was repeated once. The sludge
suspension was then homogenized during two minutes in a blendor in order
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Table 2. Behaviour of a number of well-defined bacterial strains in the test
of Hugh and Leifson [48].
Response to glucose
Group

Aerobic

Anaerobic

II

III1
IIP

A
AG

= no reaction; n
gas formation.

A
AG

Organisms
Alcaligenesfaecalis (NCIB 8156) (Prague A 192)
Vibrio percolans (NCIB 8193)
Flavobacterium aquaiile (NCIB 8535) (Prague A 208)
Arthrobacterglobiformis (Mulder st. 1en 166)
Brevibacterium linens(ATCC 8377)
Mycobacteriumphlei (ATCC 354)
Pseudomonas fluorescens
Pseudomonaspulida
Pseudomonas denitrificans
Xanthomonasphaseoli
Xanthomonas hyacinthii
Agrobacterium tumefaciens
Chromobacierium violaceum
Achromobacter lacticum (NCIB 8208)
Flavobacterium spec.
Corynebacterium bovis (ATCC 7715)
Arthrobacter simplex(Mulder st. 251 en 252)
Cellulomonas biazotea (NCIB 8077)
Microbacterium lacticum (NCIB 8540)
Micrococcus agilis
Serratia marcescens
Escherichia coli(NCTC 9001)
Aerobacter aerogenes
Aeromonas liquefaciens **)
Proteus vulgaris
|

neutral or alkaline reaction; A = acid formation; AG = acid and

*) I and II strictly aerobic, I no acid, II acid from glucose; III facultative anaerobic, III 1
acid. Ill* acid and gas from glucose.
"*) Data from Hugh and Leifson [48].

to disperse the floes, so that after several hours settling of the sludge, clarification of the supernatant was not achieved. The aim of this procedure was to
break up as much aspossible the bacterial clumps, which would falsely reduce
the apparent count. Allen [1] who introduced this procedure, found viable
counts in various types of activated sludge after homogenizing 10-100 times
higher than those in untreated samples.
From the homogenized sludge samples, dilution series were made for
countingnumbersoforganisms.The agar platesused wereofdifferent composition, but mostly they contained tryptone and glucose. Relatively poor agar
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