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Figure 5.2-64 SVI and filament index (reactor A, Part IT).
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Figure 5.2-65 SVI and filament index (reactor B, Part II).
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Figure 5.2-68 SVI and filament index (reactor A, Part IV).
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Figure 5.2-69 SVI and filament index (reactor B, Part IV).

Small pilot plants have a large wall surface-to-volume ratio, which makes it easy for
microorganisms to proliferate in tubings etc. This could be the explanation to why the floc
morphology could change so fast. To prevent wall growth as much as possible, the tubings
were cleaned 2-3 times per week with hypo-chlorite. The reactor walls were cleaned with a
brush every day except during the weekends. In spite of these actions, problems with
filamentous bacteria occurred regularly.

The types of filamentous bacteria found in the pilot plant were compared with the ones found

at the Rya WWTP (Robinsson, 1996). There is of course a large difference between the two
plants (reactor type, organic loading, sludge age etc.) and you would not expect to find the

100



same types in two different systems. If something in the wastewater promotes the growth of
certain types of filaments one might find these filaments in both systems. During Part I of the
experiment, Sphaerotilus natans and Beggiatoa could be found at the Rya WWTP but not in
excessive numbers; during Part II: type 1863 and Flexibacter; during Part III: Beggiatoa;
during Part IV: no filaments. Only during period I, could Sphaerotilus natans be found in both
systems. During the experimental period, the Rya WWTP was undergoing a plant expansion
which led to extreme conditions such as very low SRT (about 2 days) and high organic
loadings.

In Figure 5.2-70-73, the compactness index (1= very compact; 5 = very porous) is depicted. In
Part I, the flocs became somewhat less compact when the DO concentration was decreased to
I mg/l. By the end of this period, the flocs seemed to get used to the changed conditions and
became more compact again. As the DO concentration was decreased from 1 mg/l to 0.5 mg/l,
the flocs turned less compact again.

In Part 11, the flocs in reactor A were generally less compact than in reactor B at an alternating
period of 2 and 4 hours (the difference was largest at an alternating period of 4 hours). At an
alternating period of 1 hour, the flocs in reactor A were sometimes compacter than in reactor
B.

In Parr 111, the flocs were generally less compact in reactor A than in reactor B and the
difference was more pronounced at shorter sludge ages.

In Part IV, the flocs were more compact at a DO concentration of 5 mg/l (reactor B) than at 2
mg/l (reactor A).

5 o i o
2 mg/l 1 mg/l 0.5 mg/l

Compactness index
12
|88} wn |98}

1995-12-08 -+
1995-12-15 -+

1995-10-11
1995-10-19
1995-10-26
1995-11-02 +
1995-11-10
1995-11-18
1995-11-28

Date

Figure 5.2-70 Compactness index, Part I.
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Figure 5.2-71 Compactness index, Part I1.
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Figure 5.2-72 Compactness index, Part I11.

102



»e
[*]
<
E
w
175
5]
=
b
[#]
&
2,
=
3
4 s . : — = = reactor A
0,5

reactor B

1996-10-05 -+
1996-10-10
1996-10-15 +
1996-10-20
1996-10-25 -+
1996-10-30
1996-11-04 L

1996-09-25 -
1996-09-30) -

1996-09-10
1996-09-15 4 ="
1996-09-20 - -

Date

Figure 5.2-73 Compactness index, Part I'V.

The results show that the numbers of filamentous bacteria were generally higher when the DO
concentration was low compared to when it was high. The flocs became more compact when
the DO concentration was high than when it was low.

When working with small pilot plants, the proliferation of filamentous bacteria is a large
problem. It is also difficult to operate two parallel systems identically; the settling properties
in one system can change even though it is operated in the same way as the other one.
Therefore, it is very important to clean reactor walls and tubings regularly to minimize the risk
of getting problems.
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Figore 5,2-74 Round {category 2), compuct {category 2} and large Does containing no Glaments (951019,

Part 1, magnification 100x),

fines containing large

Figure 5.2-75 Irvegularly shaped (category 3), and rather porous (category 3)
purabers of filaments (category §) (951215, Part I, mapgnification 1400x).
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Figure 5.2-76 Round (category 2), large und compact (category 2) floes containing large aumbers of
filaments (category 4) (960703, Part 1! reactor B, SRT=2.5 d, magnification 100x).

Figure 5.2-77 Round (category 2) and porous {category 3) flocs containing filaments (eategory 3) (960703,
Part 11 renctor A, SRT=24 4, magnification 106x),






5.3 Short term effects of dissolved oxygen concentration in a full
scale plant

In the first experiment, the DO concentration was kept low at the beginning (< I mg/l), DO
meter D, and high (4 mg/l) at the end, DO meter I, of the aeration tank. Figure 5.3-1 shows
that no increase in turbidity was observed.

In the second experiment, the DO concentration was kept high (4-5 mg/l) at the beginning and
low (1-1.5 mg/l) at the end of the aeration tank. A clear increase in turbidity could be found
after 1.5 hours. The two different turbidity meters have different sensitivity to changes in
turbidity. Therefore, the increase appears much larger with turbidity meter I (Sigrist). The
Sigrist instrument is more sophisticated than the BTG instrument (II) and probably more
reliable. When the DO concentration was increased to levels above 6 mg/l in the whole
aeration tank, the turbidity started to decrease after 1.5 hours (Figure 5.3-2). If the flow to the
secondary settlers was evenly distributed and the settlers hydraulic behaviour was ideal the
peak in turbidity would be expected after about 3 hours. Lumley and Horkeby (1989) made
tracer tests to investigate the hydraulic retention time in similar settlers (tests performed at the
Rya WWTP before the expansion of the settlers to two stories). They found that the peak
concentration of tracer in the effluent appeared after a period of time which corresponded to
40-60% of the ideal hydraulic retention time (assuming that the liquid flows in the whole
volume of the settler).

In the third experiment, the DO concentration was kept low at the beginning (< 1 mg/l) and
moderate (2-4 mg/l) at the end of the aeration tank. A small increase in turbidity was observed
after about 1.5 hours. When the DO concentration was increased, the turbidity decreased
gradually (Figure 5.3-3).

In the fourth experiment, the DO concentration was kept low (< 1 mg/l) both at the beginning
and at the end of the aeration tank. A very large increase in turbidity could be noticed in the
effluent. About 1.5 hours after that the DO concentration was increased again, the turbidity
started to decrease and about 5-6 hours later the values were back to the initial ones (Figure
5.3-4).

The results show that a decrease in turbidity can be found when the DO concentration is low
at the outlet end of the aeration tank. The effect of a change in DO concentration is probably
dependent on the quality of the influent wastewater and the temperature. A few tests were
performed during the summer when the water temperature was above 20 °C in the aeration
tank. No increased turbidities were observed in the effluent even when the DO concentration
was reduced quite drastically. The turbidimeters are not 100% reliable, and some changes in
the turbidity might not be registered by the instruments. The main purpose with these
experiments was to get a rough idea about how sensitive the process is for changes in the DO
concentration. For a more detailed analyse, the DO concentration as well as turbidity of the
effluent have to be measured manually throughout the experiment. The DO concentration
profiles should also be monitored manually throughout the tests.
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5.4 Effect of pH on the turbidity

5.4.1 Continuous experiments

In the pilot plant experiments, it was noticed that there was a trend towards higher turbidities
as the pH increased. The results from Part II-1V are shown in Figure 5.4-1.

25+ 25 T
L oe1n o x : ® ®
— 20 20+
=) . O2h . & = P & o
b L Xdh X b ;
Zos T ¢ o @ % Z 5+
= ! o e X P @ 68 ©
= ! @ = i e 8
2 07 00*'><0 ° X 2 0+ e e
] ! o = i ®
e L X %98 2% & o £
5T« o) w X (o] =L %0 o &
j o e e® e e ®
0~ 04 ‘
6.8 6.9 7 71 7.2 7.3 6.2 64 6.6 6.8 7 72 7.4
pH pH
a) reactor A (1h, 2h and 4h correspond to the different b) reactor B
alternating oxic/anoxic periods.
187 o 18 7 N
167 @SRT=5d ° 16~ @SRT=3d o
E |2 OSRT=2.5d ° , =) :j T OSRT=25d & «
12- Z 127 XSRT=125d
4 X =1.2 o _X z S ek
£ o1 SRT=1.25d o X Z ol o 00 o x
= g+ (o] o 000 Fe) = 8 o [o}
2 o © 2 °
5 67 o e ) E 6 L4 @0 ) o
Eoa o, o e, @ &y e o o
2 2 ®
0 0 t : :
6.5 6.6 61 68 6.9 7 7.1 62 64 6.6 68 7 72
pH pH

c) reactor A (SRT=[.25-5 days correspond to the d) rcactor B (SRT=1.25-5 days correspond to the

different sludge ages). different sludge ages).
457 e 4 40 T e
10 - ¢ 357
= 357 = 3+ ® ®
£ 30+ @ E
Z ! @ Z25 LN
>, 23T = 20 L e
T 07 ° ® \} g e o ° ®
s+ e ® 2 e % 15 ® e ®o °O® ®
"0t e s ® .0 ] = 10 ® e ® o @ e ®% g
51 ® g of” 5 oo 00 & o °
0- 0 b : :
62 6.4 6.6 6.3 7 7.2 74 62 6.4 6.6 638 7 7.2 7.4
pH pH
e) reactor A ) reactor B

Figure 5.4-1 Turbidity versus pH: a-b) Part II; c-d) Part III; e-f) Part IV.

The pH in the aeration tank depends on the pH and alkalinity of the influent wastewater and
on the alkalinity in the aeration tank. For domestic wastewater, the pH is to a large degree
dependent on the lime-carbonic acid equilibrium. Therefore, changes in the alkalinity will
affect the pH. Processes which affect the alkalinity in the aeration tank are: degradation of



organic material (production of CO,), CO,-stripping during aeration, nitrification,
denitrification, production of biomass and chemical precipitation. The alkalinity of the
wastewater depends mainly on the alkalinity of the drinking water, infiltration of stormwater
and on ammonification.

In Part II-IV (alkalinity was not measured in Part I), there was a linear relationship between
alkalinity and ammonium concentration (r* = 0.73, 0.84 and 0.88, respectively) and the
alkalinity expressed as mg HCOs/1 was about 6.6-8.7 times the concentration of NH,*-N in
mg/l.

The pilot plant was run at fairly short sludge ages (1.25-5 days), and no nitrification was
expected. However, at favourable conditions such as high temperature and high DO
concentrations, the system nitrified. The degree of nitrification is mainly dependent on
substrate concentration, temperature, oxygen concentration, pH and the presence of toxic
compounds. Further, nitrifying bacteria are more sensitive to low oxygen concentrations than
heterotrophic bacteria (Henze er al, 1995). At a sludge age of 5 days a minimum temperature
of 16-17 °C is necessary to achieve nitrification.

In Part I, hardly any nitrification took place. In Part 11, nitrification started in the beginning of
March and the reason could have been a slight increase in temperature (about 1-2 °C). The
degree of nitrification increased gradually to 60-90% for reactor B and to 10-15% for reactor
A (probably due to lack of oxygen during the anaerobic periods). This caused a drop in pH.
The alkalinity of the influent wastewater is generally rather low at the Rya WWTP and during
Part II-IV of the experiment it was on an average 240-260 mg HCO;/1. Therefore, the pH will
drop when nitrification occurs (i.e. the water has a rather low buffering capacity). In reactor B,
there was a linear relationship between pH and alkalinity (r* = 0.82) and the decrease in
alkalinity corresponded well with the formation of nitrate (a production of 1 mole NOj3
corresponds to a consumption of about 2 mole HCOy). In Part I1I, the degree of nitrification
was 50-70% for reactor B and 15-20% for reactor A at a sludge age of 5 days. As the sludge
age was decreased (first to 2.5 days and thereafter to 1.25 days), nitrification decreased to 2-
11%. In Part IV, nitrification started in both reactors after about a month of operation. One
month later nitrification was almost complete in both reactors.

No difference in COD removal could be found between reactor A and B in the different tests.
According to Metcalf and Eddy (1995), oxygen is the limiting factor for nitrification when the
DO concentration goes below 1 mg/l.

Examples of plots of turbidity against alkalinity and NOj3™ are shown in Figure 5.4-2 and 3.
The same trend could be found in all experiments. The results show that there is a relationship
between pH, alkalinity, NO;” concentration and the turbidity. One possible explanation could
be that at slightly higher temperatures, the system starts to nitrify. At the same time,
temperature probably has an impact on the turbidity. Further, low DO concentrations might
decrease the degradation of organic material which produces a higher pH due to a decreased
CO, production. This was however not observed. On the other hand, only grab samples were
taken of the outlet composition since it did not seem to vary very much. The temperature was
also measured once a day. The temperature probably changed slightly over the day and it was
difficult to keep the tanks at a constant temperature. The temperature was just around the
critical one necessary for nitrification which means that the system could have been extra



sensitive. Another possible explanation may be that nitrifying bacteria produce flocs which are

well flocculated.

In order to be able to judge which parameter is responsible for the change in turbidity, more
controlled systems have to be studied.

19
o

[
<

B
= T ®1h -
E 4 o2h £
Z 15 a( z
z ® X4h =
£ 0 g X E .
o o @
3 X F ] e ®
SR S % o X o & e g o ©
! #®eo e % e @ ®
0 0 - -
0 ! 2 3 4 0 2 4 s 8 10 12
Nitrate-N [mg/l] Nitrate-N [mg/l]
a) reactor A b) reactor B
18 To - 18 T y
6 @ SRT=5d 16+ @ SRT=5d
o < o
L OSRT=2.5d 5 4T OSRT=25d
; < o L
s Ko XSRT=1.25d N B Xo o © ° XSRT=125d
T o0t & Zo0r X9 og
E 590 % 0o o ZE 8+ o o
E 6T, o8 o T oo- % ¢ © ®
= g+ o ® ¢ o @ S ve 0g @
2+ 2+ i
0 0+ ; }
0 2 4 6 8 10 0 5 10 15 20
Nitrate-N [mg/l] Nitrate-N [mg/l]
¢) reactor A d) reactor B
45
10 T' ® 10
=35 % 35+
B0 =z 07 ® e
Loy © zZ 5
= @ e = ®
5 20 z8° =20+ e @
E 565 g @ e 2 e 4
L 5@ ® Z151 @” 4 e o, & o
&= 10 4 ®6 ® e e S obe ® e
515 e ® e e = ® e ° ®
E) { ‘ ® 5 - % @ @ g
‘ ; . : o . ‘ :
0 4 8 12 16
0 2 4 6 8 10 12
Nitrate-N [mg/1}
Nitrate-N [mg/l}
e) reactor A

f) reactor B

Figure 5.4-2 Turbidity versus nitrate concentration: a-b) Part II (the labels correspond to the different

alternating oxic and anoxic periods for reactor A); c-d) Part III (the labels correspond to the different
sludge ages); e-f) Part IV.
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Figure 5.4-3 Turbidity versus alkalinity (mg HCO3/1): a-b) Part II (the labels correspond to the different
alternating oxic and anoxic periods for reactor A); c-d) Part III (SRT=sludge age, the labels corresponds

to different sludge ages); e-f) Part IV.

5.4.2 Batch tests

To further verify the results from the previous section, a series of batch test were made to see
how the pH affects the turbidity of the supernatant. NaOH and HCl was added to 1 litre
beakers with activated sludge, to adjust the pH between 6 and 8. The results from one such
test are shown in Figure 5.4.4. It seems as though there is a minimum in turbidity near a pH of
7 and that the turbidity increases as the pH decreases below a certain value (varied in the
different tests from 6.4-6.8) as well as above a certain value.

114



Turbidity [NTU]

pH

Figure 5.4-4 Turbidity of the supernatant at different pH (5 minutes stirring at
40 rpm; settling for 30 minutes).

The surface charge of activated sludge flocs is negative at neutral pH. Surface charge is
obtained by ionization of functional groups of the exocellular polymers. The main constituents
of the exocellular polymers are polysaccharides and proteins. The polysaccharides contain
carboxyl groups (R-COOH) with pKa value of about 5 and the proteins contain amino groups
(R-NHj3) and carboxyl groups with pKa values of about 9 and 2.5, respectively. The overall
pKa value is than around 2-3 (Keiding, 1993). This means that at a pH of 7 the net surface
charge is negative. A decrease in pH will reduce the net negative charge and an increase in pH
will increase the net negative charge. The results show that turbidity increases with pH. The
explanation for this could be that an increased negative surface charge increases the repulsive
forces between the activated sludge flocs and the flocculation will be poorer. The turbidity
increases at low pH could depend on cell lysis. Another explanation could be that Fe**ions in
the activated sludge form complexes with hydroxide ions. Various complexes can be formed
and the solubility for the different complexes is dependent on the pH. A change in pH could
therefore affect the solubility of certain complexes and therewith change the turbidity in the
supernatant.

The addition of NaOH and HCI changes the ionic strength of the solution and this might affect
the turbidity as well (see section 3.3.1).
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6 CONCLUSIONS

The following conclusions can be drawn from the results:

e The DO concentration has a large impact on the settling and thickening properties of
activated sludge, mainly due to excessive growth of filamentous bacteria. Low DO
concentrations produced less compact flocs than high DO concentrations; a difference was
observed between 0.5 mg O/l and 2.0 mg O,/1 as well as between 2.0 mg O/l and 5.0 mg
O,/1.

e There was no clear correlation between DO concentration and average floc diameter. Only
a trend towards larger flocs at higher DO concentrations could be found.

e Alternating oxic and anoxic conditions did not affect the settling and thickening properties
of the activated sludge to any large extent.

e The turbidity of the supernatant (in the continuous experiments) was generally higher at
low DO concentrations compared to at high DO concentrations. The reason for this could
be floc dispersion, desorption of colloidal matter or increased dispersed growth of bacteria.

e It is difficult to study settling properties of activated sludge in a completely mixed pilot
plant reactor due to problems with filamentous bacteria.

e The size distribution by volume of larger flocs in the activated sludge suspension fitted
well to log-normal distribution functions.

e The size distribution by number of small flocs in the supernatant fitted well to power
functions. :

e The adsorption capacity of colloidal material in the wastewater onto the activated sludge
flocs was greater at aerobic than at anaerobic conditions.

e The difference in adsorption capacity between high (=5 mg O,/1) and low (<1 mg Oy/1) DO
concentrations was small.

e Pre-aeration or periods of anaerobic conditions (0.5-2.5 hours) prior to mixing of activated
sludge and pre-settled wastewater affected the adsorption capacity.

e The full scale experiments showed that low DO concentrations at the end of the aeration
tank, increased effluent turbidity, while low DO concentrations in the first half of the
aeration tank did not affect the turbidity to a large degree.
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7 FUTURE STUDIES

The future work should concentrate on:

A more detailed study of what is happening with the bacteria in the activated sludge flocs
when they are subjected to different dissolved oxygen concentrations. It would be interesting
to study the change in composition and amount of the extracellular polymers which bind the
bacteria together to flocs. It is also of interest to investigate what causes the increase in
turbidity when activated sludge is subjected to anaerobic conditions (floc dispersion and/or
desorption of particulate material). In these kinds of experiments, synthetic wastewater
probably has to be used.

Further study of the mechanisms in the adsorption process: are the mechanisms physical
and/or biological?

Study transient conditions to see how fast the floc properties and adsorption properties can
change when the activated sludge flocs are subjected to changing DO concentrations.

Study the effect of DO concentration at longer sludge ages.

Study how the settling properties are changing in nutrient removal plants. This study showed
that alternating oxic and anoxic conditions did not affect the settling properties significantly.
However, practical experience shows that the introduction of nitrogen and biological
phosphorus removal (processes with alternating oxic and anoxic conditions) often leads to
changes in the settling properties. The conditions in the pilot plant used in this study. differed,
however, from the ones in nutrient removal systems.

In the last few years, new “environmentally friendly” chemicals have been introduced on the
market. This has changed the composition of the wastewater. Chemicals such as detergents
might affect the surface of the activated sludge flocs which could affect processes such as
oxygen transport through the flocs, adsorption properties of the activated sludge flocs and the
bioflocculation processes.
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THE EFFECT OF DISSOLVED OXYGEN CONCENTRATION ON
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by BRITT-MARIE WILEN'! and PETER BALMER?
1. Deparmment of Sanitary Engineering, Chalmers University of Technology, S-412 96 Giteborg, Sweden,
e-mail: Bri@sani.chalmers.se

2. GRYAAB, §-£17 22 Géteborg, Sweden, e-mail: Peterb@gryaab.se

Abstract

Long-term effects of dissolved (DO) concentration on the settling properties of activated sludge were studied
in continuous completely-mixed pilot-plant reactors. Lower DO concentrations (0.5-2.0 mg/l) gave poorer
sectling properties and higher tucbidities of the effluent than higher DO concentrations (2.0-5.0 mg/l). The
main reasons to the deteriorated settling properties were excessive growth of filamentous bacteria and porous
flocs. Alternaring oxic and anoxic conditions (1—4 hours) did not etfect the settling properties to a large exrent.
No clear relationship could be tound berween DO concentration and average floc diameter. The volume
distriburion of tlocs in che size range 11.6-1128 pm fitted well to log-normal distribution functions. Flocs in
the supernacant. after 20 minutes sertling, had a diameter up to 50~60 um. More than 80 % of the number of
flocs were £ 2 pum, in most of the measurements. The size distribution of the flocs in the supernatane could best
be firted to power functions. The number of flocs in the supernatant after 20 minutes sertling could relatively
well be related to the wrbidicy. : )

Key Words — wastewarer, activaced sludge, serding, dissolved oxygen concentracion, floc size distribution,
sertling properties, tilamentous microorganisms.

Sammanfattning

Olika syrehalters inverkan pi sedimenteringsegenskaperna hos akrive slam, studerades i totalomblandade reak-
torer i pilot-skala. Ligre syrehalcer (0.5-2.0 mg/l) gav simre sedimenteringsegenskaper och hégre turbiditer i
ucfloder in hégre syrehalter (2.0-5.0 mg/l). Huvudorsaken till de férsimrade sedimenteringsegenskaperna var
tillviixe av filamentbakeerier och bildandet av porésa flockar. Alternerande oxiska och anoxiska férhillanden
(1-4 timmar) piverkade inte sedimenteringsegenskaperna nimnvirt. Inger klart samband mellan syrehale och
medelflockstorlek fanns. Volymsférdelningen av flockar i storleksintervaller 11.6-1128 pm kunde vil passas cill
log-normalfsrdelningsfunkrioner. Flockar i supernatanten efter 20 minuters sedimentering hade en diameter
pi upp cill 50~60 pm. [ de flesta micningarna var mer in 80 % av antaler flockar <2 pm. StorlekfSrdelningen
av tlockarna i supernatanten kunde bist passas till potensfunktioner. Antaler partiklar i supernatanten efter 20
minuters sedimentering kunde relacive vil relateras dll rurbiditeten.

Introduction

In wastewater treacment, the qualicy of the effluent is to
a large degree dependent on the separation of activated
sludge from the mixed liquor. Organic marter discharged
f-am activated sludge plants is mainly particulace. Aparc
. m exerting an oxvgen demand. particles in the eff-
leent may conin particulate bound phosphorus. The
etfectiveness of the separation process is mainly depen-
dent on thie abilicy of the acrivaced sludge to form flocs.
Often, however, flocs with poor settling properties occur
and the most common reasons for sectling problems are:
pin-point flocs (Pipes. 1979); filamentous microorga-
nisms (Eikelboom and van Buijsen, 1981); Zoogloea
bacteria (Novik ec al. 1993, 1994); rising sludge (Henze
etal. 1993) and scumming (Kappeler and Gujer, 1994
B! -ckall, 1994).
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Most research within this field has focused on the
growth of filamentous bacteria (Eikelboom and van
Buijsen, 1981; Wanner, 1994) while less atrention has
been given to the size, size distribution and structure of
non-filamentous activated sludge flocs (Li and Gan-
czarczyk, 1993; Ganczarzeyk. 1994: Urbain ecal, 1993).
The variations in particle size, density and porosity have
a large impact on the sertling properties. Various process
parameters are known to affect the size and structure of
activated sludge flocs: sludge age (Bisogni and Lawrence,
1971; Lovett et al, 1983; Cashion and Keinath, 1983;
Knocke et al, 1986; Sheintuch et al, 1986); organic
loading (Pipes, 1979: Li and Ganczarzyk, 1993;
Barbusifiski and Koscielniak, 1995); turbulence (Parker
et al, 1971: Konigek and Burdych, 1988; Galil et al,
1991; Wahlberg, 1992: Das et al, 1993); dissolved oxy-
gen concencradon, DO, (Scarkey and Karr, 1984;
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Knudson et al, 1982) and starvation (Ericsson and
Eriksson, 1988; Echeverria et al, 1993).

Surprisingly few studies have been carried out which
relate the concentration of dissolved oxygen (DO) to the
size and structure of activated sludge flocs. It has been
shown (Starkey and Karr, 1984) that low DO concent-
rations inhibit the exocellular polymer production and
lead to a poorer flocculated activated sludge, a more
turbid effluent and a decreased adsorprive capacity of
colloidal marerial onto the flocs. The operators of the
Rya WWTP have reported in personal communication
that they are convinced, from their operation experience,
that there exists a relationship berween DO concentra-
tion and effluenc turbidicy. In activated sludge plants
built for nutrient removal, settling problems often occur
(e.g. Andreasen and Sigvardsen, 1996: Hoffman. 1987),
mainly due to excessive growth of filamentous bacteria.
In these processes the activated sludge is subjected to
alternating oxic and anoxic conditions which may affect
the structure and size of the activated sludge flocs. Lictle
is, however, known about this.

The size and size distribution of activated sludge flocs
may change as‘a result of changes in the process condi-
tions. Therefore, following the variation in floc size may
be a valuable tool in understanding what process condi-
tions affect the size of activated sludge flocs. Various
methods have been used to measure the size of activated
sludge flocs: direct microscopic observation with an eye-
piece micrometer (Barbusifiski and Koscielniak, 1995;
Sadalgekar er al, 1988); photographs of individual flocs

(Li and Ganczarczyk, 1987; Magara et al, 1976); image .

analysis system (Zahid and Ganczarczyk, 1990; Li and
Ganczarczyk, 1991); Coulter counter (Li and Gan-
czarczyk, 1991; Andreadakis, 1993) and laser beam diff-
raction (Jorand et al, 1995). It is difficult to measure the
size of activated sludge flocs since they are heterogeneous
and the size range is very broad. Difficulties are also en-
countered in sampling to avoid reflocculation and other
physical alterations of the flocs.

The objective of this study, was to investigate how dif-
ferent DO concentrations as well as alternating oxic and
anoxic conditions influence the settling and thickening
properties of activated sludge. This was studied in piloc-
scale continuous reactors fed with domestic wastewarer.
The experiment was divided into four parts:

e part I: effect of low DO concentration;

o part II: effect of alternating oxic and anoxic condi-
tions;

o part 1I: effect of DO ac different solids retention
times;

o part [V: effect of high DO concentrations.

As a measure of sertling and thickening properties, the
following parameters have been used: sludge volume
index (SVI), initial setcling velocity, turbidity in the
supernatant after setcling, particle size measurements
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and microscopic investigation. The SV1 and initial sett-
ling velocity give information about the thickening and
settling properties, while the size distribution and turbi-
dity give information about the clarification properties.
The floc sizes were measured with two types of laser
beam diffraction apparatuses: flocs in the supernatant
after settling (1-200 pm) were measured with a Met
One instrument and che larger flocs (11.6-1128 pm)
were measured with a Malvern instrument.

Materials and Méthods

Experimental set-up

The activated sludge pilot-plant (Figure 1) consisted of
a completely-mixed aerated tank (18 1) coupled with a
secondary settler (volume 20 I; surface area 0.049 m2).
Return sludge was pumped continuously from the
setler to the aeracion tank with a ratio of 0.8-1.0 times
the influent flow. Excess sludge was withdrawn directly
from the aeration tank. The DO concentration was
automarically regulated by means of a valve connected to
a DO-meter and a tube with pure oxygen gas. The DO-
regulator was set at an on/off mode with a hysteresis of
0.4 mg/l. Mixing was performed by means of a propel-
ler stirrer (diameter =10 cm; 148 rpm). The pilot-plant
was fed with domestic pre-settled wastewater from Rya
wastewater treatment plant (WWTP) in Géreborg,
Sweden. Rya WWTP is a conventional activated sludge
plant receiving wastewater from approximately 550,000
inhabitants and 220,000 equivalents of industry. To
simplify the pumping of wastewater to the acration tank,
the pre-settled wastewater was continuously pumped to
a feed tank (with a hydraulic retention time (HRT) of ca
1.2 hours), placed in a fridge at a temperature of 4°C. In
part II-IV of the experiment, a pilot-plant pre-settler
(volume 0.1 m3; HRT 30 min; overflow rate 2 m/h) was
installed in front of the feed rank into which raw waste-
water was pumped. This was to avoid precipirtation
chemicals, which were dosed to the influent at Rya
WYUTP at that time, into the pilot-plant. A selector (vo-
lume 0.6 litre; HRT 6 minutes) was installed in front of
each reactor in part [I-IV of the experiment. To avoid
warming of the reactors, they were placed in a water-
bath through which tap-water was pumped.

In part I of the experiment, one pilot-plant was ope-
rated, while in part II-IV, two pilot-plant set-ups were
operated in parallel: conditions were changed in reacror
A while reactor B served as a reference.

Start-up

Initially, the pilot-plants were inoculated with activated
sludge from Rya WWTP. The pilot-plants were run for
at least three sludge ages to establish steady-state condi-
tions.
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Figure 1. Schematic drawing of the piloe-plans.
Analyses Microscopic studies

The performance of the reactors was followed by
regularly (about 5 times per week) measuring chemical
oxygen demand (COD) in unfiltered influent and in
filtered effluent (Munkeell fileer paper no. 413005)
according to Swedish Standard SIS 028142; ammo-
nium and nicrate in filtered influenc and effluent with a
Technicon Il auto-analyzer (Zander & Ingesudm:
industrial method no. 857-871); alkalinity in un-
filtered influent and in filered effluenc by titrating with
0.1 M HCl to pH 4.0; toral phosphorus in unfiltered in-
fluent by adding Oxisolv and Phosver 3 reagens and
measuring wich a DR2000 Hach spectrophotometer;
mixed liquor suspended solids (MLSS) and volatile sus-
pended solids (VSS) according to Swedish Standard SS
02 81 12; turbidity after 20 and 60 minutes settling with
a Hach turbidimeter. The analyses of the influent com-
position were made on 24-hour samples and the analy-
ses of the effluent were made on grab samples. Sludge
volume index (SVI) and initial sercling velocity was
measured in a 1 litre graduated cylinder (& =60 mm)
according to Standard Metods (nr 213). The sludge
volume {SV), which is the volume (in ml) occupied by
sludge after 30 minuces sercling in a 1 | graduated
cylinder, was diluted if it exceeded 300 ml before
measuring the initial setcling velocity. Temperature,
DO and pH were measured continuously (Satron
Inscrumenes: POT200 and PH200). The inscruments
were calibraced twice a week.
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The flocs were observed daily in a phase contrast micro-

_scope (Olympus BX40) equipped with an eyepiece

micrometer for average floc size estimation. Only flocs
with a longest dimension of about 50 pm were conside-
red. The morphology of the flocs was judged by means
of a classification scheme in which characreristics such as
floc form, compactness (l=very compact, very round;
S=very porous, very irregularly shaped), average size,
fraction of dispersed growth, fraction of Zoogloea and
filamentous bacteria number of spiral bacteria, num-
ber/types of protozoa. number of rotifera and nematodes
were classified on a scale from 1-5 (1=no present; 5=ex-
cessive numbers). For documentation, photos were re-
gularly taken of the activared sludge flocs. The activated
sludge was stained according to standard stining
techniques (Gram+/Gram—, Neisser, PHB) a few times
to be able to judge which types of filaments were present
(Eikelboom and van Buijsen, 1981).

Floc size measurements

The floc sizes were measured wicth two types of laser
beam diffraction apparatuses: flocs in the supernatant
after sertling (2-100 pm) were measured with a Met
One (WGS-260) instrument (samples were always raken
10 cm below the water surface of the 1 litre cylinder) and
the large flocs in the activated sludge suspension
(11.6-1128 pm) were measured with a Malvern inscru-
ment. Due to the large size range of activated sludge
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Table 1. Process operation paramesers,

Experiment Duration DO SRT HRT (aeration  HRT (settler)e F/M

[days] [mg/1] [day] tank) [hour] [hour] {gCOD/gM LSS.d]
Part | 78 0.5~2 5 7 4 0.57+0.2
Part I1: reactor A 90 04 (alternating 5 7.5 4 0.99:0.4

periods: 1 h, 2 h, 4h)

Part II: reactor B 90 4 7.5 4 0.97:0.3
Pare [11: reactor A 48 0.5 255 5 3 0.88:0.1-1.92+0.05
Pare [11: reactor B 48 2 255 5 3 1.0£0.2-1.7£0.2
Pare [V: reactor A 33 2 5 5 3 0.99:Q.3
Pare IV: reactor B 33 5 5 5 3 0.87+0.3

flocs, all floc sizes cannot be measured simultaneously.
The Malvern instrument can measure different size in-
tervals by changing lens; from 1128 pm down to 1.2 pm.
However, the concentration of suspended solids in the
supernatant was lower than the minimum concentration
needed for measurement. This made it necessary to use
an other instrument which can measure low concentra-
tions of suspended solids. The Met One instrument uses
a light blocking system in which the decrease in light
corresponds to the particle size. A detector counts and
categorizes the parricles by size and the dara is given as
frequency by number. The Mer One instrument can
measure a maximum of 16,000 parrticles per ml, which
made it necessary to dilute the samples with destilled
water before measurement (20-100 times). The
Malvern instrument use light scattering. Depending on
the size of the particle, the diffraction pattern has diffe-
rent appearances. The diffraction pattern is computeri-
zed 1o give the frequency by volume. Both instruments
assurne that the particles are spherical. The samples for
the Met One inscrument were analysed directly after
harvesting and the samples for the Malvern instrument
were analysed within 60 minutes. The average floc size
was also estimated by means of microscopic measure-
ments.

Results and Discussion

The pilot-plant studies were run for a period of about
one vear. In Table 1-2, the duration of the different ex-
periments and the process conditions are summarized.
Although che objective was not to achieve nitrificarion,
some ammonium was converted to nitrate, especially in
the late spring and in the summer.

Change in SVI and floc morphology
Part I

The DO concentracion was decreased from 2 mg/l 10 0.5
mg/l over a period of about three moths. At a DO con-
centration of 2 mg/l, the activated sludge flocs gradually
changed from being small, irregularly shaped and fragile
o being more compact, regularly shaped and large.
There were filaments present, but not in excessive num-
bers (category 2 =small number). The change in SVI is
illuserated in Figure 2. As the DO concentration was
decreased from 2 w0 | mg/l, filamentous and Zoogloeal
microorganisms started to grow in larger numbers (from
category 2 to 3) and the SVI increased to about 220
ml/g. The dominating type was by a microscopic inves-

Table 2. Summary of the process conditions for the different experiments.

H T COD COD COD- MLSS VSS/ HCO,™  P-toc NH,"

Exp. o copr G () red (g MLSS (infl) ©  Gofl)  (inf)
(mg/ll  [mg/] (%] - (mg/ll  [mg/l]  [mg/l)

Pare 1 6.9:0.2 15+3 208+£53  60:10 708 1.620.4 0.66:0.07 - - 18+5
Pare I1
reactor A 7.01£0.08 15.5z1.5 286z7G6  68x18 757 1.0:0.4  0.7520.04 241:40  3.4:0.7 2325
reactor B 6.96£0 .17 15.5:1.5 286£76  64z18 77+6  1.0£0.3  0.75:0.04 241+40  3.420.7 2325
Pare I11
reactor A 6.9:0.1 18£1.3 292:65 5714 80+5 1.320.3 0.72:0.018 260+30  4.4:0.9 213
reactor B 6.7£0.2 18£1.3 292£65 56x14 805 1.3¢0.3 0.73:0.019 260:30 4.420.9 21%3
Pare IV
reactor A 6.9:0. 2 1821 296:85  69:21 75¢9  1.520.3  0.74:0.04 260£53  5.1£1.2 2316
reactor B 6.9+0.2 181 29685  65¢18 769  1.7:0.3  0.73:0.06 260:53  S5.1:1.2 2316
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tigation judged to be Sphaerotilus natans and the second
most common filaments were probably Thiothrix [-II
(or possibly type 021N). There was a sudden drop in
SV1 after 10 days (16-18th of Nov.) of operation at 1
mg O,/1, which was due to a process failure. This led to
anaerobic conditions for about 20 hours which damaged
the flocs and many of the filamenrtous and Zoogloea bac-
teria disappeared. When the DO concentration was
further decreased to 0.5 mg/l, the number of Zoogloea
and filamentous bacreria increased dramarically (cate-
gory 5). The SV increased to almost 500 ml/g within 15
days and the flocs became porous.

Part I]

Three different lengths of alternating oxic/anoxic peri-
ods were studied: 1 h, 2 h and 4 h (the alternation ook
place in reactor A and reactor B was operated at a con-
stant DO concentration). During the start-up period,
the DO concentration (2 mg/}) was the same in the both
reactors. After abour 10 days of operation, large num-

bers of filamentous microorganisms (category 5) starred
to grow in the same proportions in boch reacrors and the
SV1 increased from about 100 to 800 ml/g. Staining and
microscopic investigation indicated that the dominating
filament was Sphacotilus natans and the second most
common filaments were probably Thiothrix I-II (or
possibly type 021N). To combat this, a selector in which
return sludge and influent wastewater was mixed
(withourt aeration), was installed in front of each reactor
(hydraulic retention time= 6 minutes). This succesfully
reduced the numbers of filaments within three sludge
ages. Thereafter, the DO concentration was increased to
4 mg/l for the rest of the experiment to avoid filaments.
When the SVI had decreased to 50-60 ml/g, the alcer-
nating period of 1 hour was initiated (there were small
numbers of filaments presenc: category 2).

There was no large difference in SVI between reactor
A (alcernating oxic/anoxic) and reactor B (Figure 3).
Alternating oxic/anoxic conditions gave slightly higher
SV1. At alcernating periods of 1 and 2 hours there were

250
== rmactor A
200 ~#—reactor 8
= 15071 process failura
=2
E E
>
o 400 +
- s |
e - F
Penod | Pariod 11 Pariod [
Figute 3. Change in SVI for pare Il of Og o 5 = N - 3 - © p
the experiment (period I=1 h; period S 8 8 3 3 g @ & @ 3
[1=2 h; period I11=4 hs: A: alternating @ 2 @ $ § 2 @ § ; @
oxic/anoxic conditions: B: constant 2 2 2 ki a o b e @ o

oxic conditions).
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slightly less numbers of filaments present than ac  Parr 11T

constant aerobic conditions and at an alternating period
of 4 hours it was the other way round. The microscopic
investigation showed also that longer (2-4 hours)
alternating periods produced less compact flocs than
at a constant DO concentration (Figure 4a). The
change in SVI followed the same pattern for reactor A
and B which indicates that it was something in the
wastewater and/or in the reactor design that favoured
the growth of filamentous bacteria. The slightly lower
SVI for reactor B was mainly due to the higher com-

pactness of the flocs compared to the ones in reactor A. .

There were plenty of protozoa present in both reactors
throughout the experiment and there was ro difference
in the types present (different types of attached and free-
swimming ciliates). In period III, there were large num-
bers of spirochetes present in reactor A, which could in-

dicate lack of DO.

The effect of DO concentration was studied at three dif-
ferent solids retention times (SRT): 5, 2.5 and 1.25 days.
In reactor A the DO concentration was kepr ar 0.5 mg/l
and in reactor B at 2 mg/l. At a sludge age of 5 days, the
SVI increased in both reactor A and B (Figure 5). It in-
creased from about 100 ml/g to 500 ml/g within 5 days
for reactor A and wichin 15 days for reactor B. There
were filamentous bacteria present in both reactors, but
the numbers were larger in reactor A (category 2-4 in A
and 2-3 in B). The dominating types of filaments were
the same as in part II of the experiment. Before the
sludge age was decreased to 2.5 days, the acrivated sludge
in reactor B was divided into two and the activated
sludge in reactor A was thrown away. The change in
sludge age caused a sudden drop in SVI and the number
of filaments was drastically reduced. Abour three sludge
ages later, the SVI started to increase in both reactor A

5
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@
|
£
P -
a
@
=4
G
@
=N
E
]
o
- - B
05+ SRT=5d SRT=25d SRT=1.25d
0 . . , . . )
3 3 = 2 & S 3 3 =
8 3 8 8 3 S S 5 5
a a o a & 2 a & & Figure 4b. Compaceness index, pars 11T
- - - - - - - - - (dotted line=A; continuous line=B;
Date A: 0.5 mg O,/I; B: 2.0 mg O,/1).
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and B (from abour 100 ml/g to 600 and 350 ml/g, re-
spectively). There was the same amount of filaments in
both reactors (category 3—4), but the flocs were more
compact in reactor B. Similar results were obtained
when the SRT was decreased from 2.5 to 1.25 days
(Figure 4b).

Pare [V

Reactor A was run at a DO concentration of 2 mg/l,
which in general is considered as being enough to avoid
oxygen limication. Reactor B was run at a DO concent-
ration of 5 mg/l. After about ten days the SVT increased,
unexpectedly, in reactor B which was run ac a DO con-
centration of 5 mg/l (Figure 6). Filamentous bacteria
started to grow in large numbers (category 4). The were
many types of filamentous bacteria present but the
dominating type was Sphaerotilus natans. There were
also other types of filaments present like 021N and
Thiothrix [-II. However, two sludge ages later, they
suddenly disappeared. No explanation to this could be

found. Some ten days later, the SVI increased dramati-
cally in reactor A due to excessive numbers of filamen-
tous bacteria (category 4). There were the same types of
filaments present as previously plus a new type which
was Gram-negative, Neisser-negative containing PHB
granules (a food-storage polymer, poly-B-hydroxybu-
tyric acid,. which some bacteria can produce). Further
they had rounded cells which indicates that it could have
been type 1701 which is known to proliferate ac low DO
concentrations. The activated sludge flocs were very po-
rous and they did not settle at all. The SVI in reactor B
remained at a lower level (80~180 ml/g). When the DO
concentration in reactor A was increased to 5 mg/l, the
SVI decreased to 150 ml/g within three days. Thereafter
the both reactors were run ac the same conditions for
about three sludge ages to see if this would produce
sludge with similar characteristics. The SVI remained
low and there were hardly any filamentous bacreria pre-
sent. The flocs were also very round and compact.
During che major part of the experiment, the floc com-

increasad DO to 5mgAin A

=~ reactor A
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Figure 6. Change in SVI for pare IV of @ 2 @
the experiment (A: 2.0 mg O,/1: B: 5.0 o @ @
mg O,/1).
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Figure 7. Turbidity vs SVI, part L.

pactness was higher in reactor B than in reactor A. There
were large numbers of protozoa present throughout the
experiment and there was no difference berween reactor
Aand B.

The proliferation of filamentous bacteria is a big
problem when operating completely-mixed pilot-plants.
Sphaerotilus natans is rather rare in full-scale plants but
very common in pilot-plants. They are favoured by low
DO concentrations. Thiothrix I~II and type 021N are
known to be favoured by sulphides and lack of nutrients
like N and P. In these studies there was probably no lack
of N and P while the wastewater occasionally smelled of
sulphides. During period II-IV of the experiment, there
was no or lictle rain and the wastewater was more con-
centrated, and anaerobically processes took probably
place in the sewer system,

Turbidity
Part [

No correlation could be found between the DO con-
centration and the turbidity in the supernatant after sett-
ling. The turbidity seemed to be more affected by the
structure of the activated sludge flocs; excessive growth
of filamentous and Zoogloael microorganisms causes a

sweep-effect; small flocs are enmeshed in the neework of
filaments and Zoogloeal microorganisms (Eriksson et al,
1992). In Figure 7, the wurbidity is plotted against the
SVI, and this shows a trend towards lower turbidities at

higher SV1.
Part IT

No large difference in turbidity of the supernatanc after
sereling could be noticed berween the two reacrors.
When the turbidity in the supernatant was followed over
the 2 h and 4 h periods, a clear difference could be noti-
ced: the turbidicy decreased gradually during the oxic
period and increased during the anoxic period. This
happened both in the presence and absence of influent
wastewater (Figures 8a-b). The turbidity increase at
anoxic conditions when the influent was turned off
could be a result of floc dispersion and/or desorprion of
adsorbed matter in the wastewater. The pH was also
followed over the cycles and it increased directly upon a
decrease in DO concentration. This might change the
surface charge of the activated sludge flocs and thus
affecting the flocculation process.

Pare ITT

The turbidity was during the major part of the experi-
ment higher at a DO concentration of 0.5 mg/l than ar
2 mg/l. However, the difference was not very large.
Further, the turbidity increased as the SRT was decrea-
sed from 5 to 1.25 days. The decreased SRT gave in-
creased organic loadings (expressed as g COD/g bio-
mass - d). In Figure 9 the turbidity is plotted against the
organic loading. Large numbers of filamentous micro-
organisms were present in reactor A and this might have
produced lower turbidities due to sweep effects.

Part IV

The turbidity was higher in reactor A than in reactor B
during the major parrt of the experiment (Figure 10).

5
g
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z &= turb, A
3 )
3 X turb, B
2 —O—pH, A
~T—pH,. B
2 —— e e B=-168 Figure 8a. Change in turbidity and
anaerobic period aerobic period » H during a 4- bour-cyc/e with
0 e ¢ - 6.7 . .
2 gLgBLaLg Yy LBgLsgs 3 influent, part Il of the experiment
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form in all measurements except that they were shifted
more or less to the right. A typical example of a size dis-
tribution of activated sludge flocs is depicted in Figure
11. The average diameter of the activated sludge flocs
were large in all experiments (200-500 pm). Further,

Floc size and size distribution

Activated sludge flocs (11.6—1128 pm)
The shape of the size distributions (based on floc vo-
lume) for flocs larger than about 11.6 pm had a similar
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there were during the major part of the experiment fila-
mentous bacteria present which seems to produce large
flocs. Table 3 summarizes the percentage of floc volume
in six different size intervals. In part I, the distribution
was shifted towards smaller flocs after a process failure
which coincided with the decrease in DO concentration
to 0.5 mg/l. Activated sludge flocs with an average floc
diameter > 100 pm coneributed to most of the volume.

The microscopic measurement agreed quite well with
the particle analyser measurements (Figure 12-13).

Part |

The activated sludge flocs were large (about 300 pm)
and irregularly shaped during the experiment (except for
a period after a process failure which led to flac disper-
sion due to DO depletion). No relationship berween

Table 3. Volume distribution of flocs into six different size intervals.

Size integval [um] Percentage of total volume [%]

Average
I I I v -1V
11.6-50.8 3-11 1-5 3-9 8-11 5
50.8-123 2-29 6-13 6-23 21-33 13
123-222 12-57 10-24 12-33 27-39 23
222-346 1642 12-28 14-26 21-23 22
346-539 47-75 2540 21-41 12-23 34
>539 25-55 20-59 5-47 7-19 34
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floc size and DO concentration could be found. This
may be explained by the fact that Zoogloeal and fila-
mentous microorganisms produce large flocs. However,
to eliminate the effect of the variability of the wastewa-
ter composition, two reactors have to be operated in pa-

rallel.

Pare IT

The average floc size was large in both reactors.
Alternating oxic and anoxic periods did not seem to
affect the floc size significantly; they were only 3-20%
larger in reactor B.

Pare [IT

The change in floc size followed the same pattern for
both reactors. A DO concentration of 2 mg/l produced
slightly larger flocs than a DO concentration of 0.5 mg/l
(6=50% larger). As the SRT decreased from 5 t0 2.5
days, the average floc diameter decreased. A further re-
duction of the SRT to 1.25 days did, however, not cause
even smaller flocs. The results are illustrated in Figure
12.

Pare [V

A DO concentration of 5 mg/l produced larger flocs
than a DO concentration of 2 mg/l (Figure 13). The
measurements made with the particle analyser the 4th
1nd the 11th of October coincided well with the micro-
scopic measurements, but on the 27th of October there
was a large deviation. The explanation to this may be
thar the flocs were very porous by that time and they
mighe fell aparc during handling. When the DO con-
centration in reactor A was increased to 5 mg/l, the ave-
rage floc diameter increased to the same level as in reac-
tor B.

The floc size distributions could best be fitted to log-
normal distribution functions:

ATTEN-1.97
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§ % g g f‘, E B (o actor A
g ?_’ g % % % e reactor B |
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Date T~ reactor B {
=1 1 (nx—p)2
S o exp [20‘30“ x=p) }

where xis the average diameter of the floc, and p and G are
the average and standard deviation of lnx, respectively.
The p was in the range 4.81-6.12 and O in the range
0.67-1.13 (r2= 0.64-0.94). This is in accordance with the
literature (Li and Ganczarczyk, 1991; Barbusiiski and
Koscielniak, 1995). No relationship between p and ¢ and
the DO concentration could be found.

Activated sludge flocs in the supernatant
There were activared sludge flocs present in the super-
natant (after 20 minutes setting) up to a diameter of
about 50~60 pm. In most of the measurements, more
than 80% of the number of the flocs were smaller than
2 pm. The distribution by number can be converted to
distribution by volume and area (assuming spherical
flocs). A comparison of distribution by number, area
and volume can be found in Table 4. The four size in-
tervals corresponds to dispersed bacteria, floc fragments,
pin-point flocs and small flocs. Flocs larger than about
16 pm contribute to most of the volume even though
they are much fewer than the smaller ones.

The size distribution of small flocs (based on number)
in the supernarane after settling could best be fitted o
power functions:

Sl) = axt

Table 4. Summary of the distribucion of particles in the super-
natant into different size intervals (20 minutes sertling).

Distribution [%] by:

Size interval [pm] Number Area Volume
<2 84 31 G
2-16 1S 48 33
16-50 <1 21 53
50--100 negligible <2 8
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where the constant 2 can be related to the number of
flocs within a certain volume and & can be related to the
number of flocs within each size class.

In part III and IV of the experiment, the particles in
the supernatant were analysed several times per week. At
the same time as the sample was analysed with the par-
ticle analyser, the rurbidity was measured. The correla-
tion between number of particles and turbidity was good
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Figure 14. Correlation berween number

of particles/ml and turbidity, par: IV.

in part IV (r*= 0.81) (Figure 14) while it was inferior in
part IIT (r2=0.52). The rurbidities were low in pare III
and the measurements of turbidity were more uncertain
compared to the ones at higher turbidities. No diffe-
rence in parameter # and & berween reactor A and B
could be found, probably due to the relatively small dif-
ference in turbidicy. The relationship berween the para-
meter z and turbidity was poor.
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The samples had to be diluted wich destilled water be-
fore measurement (20~100 times). This affect the ionic
strength of the solution and this might affect the floc sta-
bility (Zita and Hermansson, 1994). This has not been
investigated in this study. The Metr One instrument is
very sensitive to the number of particles in the solution
and it was difficult to obrain a particle free solution by
diluting the sample with filcrated wastewater.

Initial settling velocity

The initial settling velocity was best correlated to the
sludge volume (£300 ml) in all experiments. In most of
the cases, an exponential function gave the best correla-
tion. The difference in sertling velocity berween reactor
Aand B was largest in part [1l and IV of the experiment.
This is in agreement wich the face that the flocs in reac-
tor B were, on an average, larger and more compact than
in reactor A in those experiments. In part II of the ex-
periment, there was only a difference in initial settling
velocity berween reactor A and B at an alternating
oxic/anoxic period of 4 hours (50 % lower settling velo-
cities in reactor A). In parc I of the experiment, the
initial sertling velocity was higher (30-40 %) for reactor
B (operated at a DO concentration of 2 mg/l) than for
reactor A (operated at 2 DO concentration of 0.5 mg/l)
ac all che tested sludge ages (5-1.25 days). In part IV of
the experiment, there was hardly any difference in sett-
ling velocity (slightly higher in reactor B). However, the
flocs were larger and compacter in reactor B than in
reactor A. The flocs were on an average smaller in this
experiment compared to the other experiments and
there were also filamentous bacteria present which could
have minimized the difference in sectling velocity
between the two reacrors.

The inicial sertling velocity depends on factors such as
cvlinder diameter, concentration of mixed liquid sus-
pended solids, sludge volume, floc size and morphology
and warer temperature. To reduce the effect of SV, the
sludge was diluted if the SV exceeded 300 ml and a
cylinder with a relatively large diameter (&J =60 mm)
was used in all measurements. However, the type and
number of filaments present has a large impact on the
sercling velocity.

Conclusion

¢ The DO concentration has a large impact on the sett-
ling and thickening properties of activated sludge.
mainly due to excessive growth of filamentous bac-
teria.

¢ Lower DO concentrations produced less compact
flocs than higher DO concentradions. A difference was
observed between 0.5 mg/l and 2.0 mg/l as well as
berween 2.0 mg/l and 5.0 mg/l.

"ATTEN-1.97

* There was no clear correlation berween DO concent-
ration and average floc diameter. Just a trend towards
larger flocs at higher DO concentrations could be
found.

* Alternating oxic/anoxic conditions did not affect the
settling and thickening properties to a large excent.

* The rurbidity of the supernatant was mostly higher at

low DO concentrations compared to at high DO con-

centrations.

[t is very difficult to study settling properties of acti-

vated sludge in a pilot-plant completely-mixed reactor

due to the problems with filamentous bacteria.
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Appendix II .

Microscopic investigation of the activated sludge

The classification scheme used in this study is an adaptation of the one developed by
Eikelboom and van Buijsen (1981). Different floc characteristics were judged on a scale from

1-5 (Table 1). A magnification of 100-200x was generally used. Filament identification was
performed at a magnification of 1000x.

Table 1 Classification scheme,

Sample: Classification: Comments:
Date:
Average floc size (um) 0 100 200 300------- 400-------
500
Floc shape 1 2 3 45
Compactness Il 2 3 45
Floc strength 123 45
Free bacteria I 23 45
Filament 1 2 3 45 primary type: secondary type:
Zoogloea 1 2 3 45
Protozoa 123 45 types:
Rotifera 1 23 4 5
Nematodes 12 3 4 5
Spirochetes 1 2 3 45

Average floc size: The average floc diameter was estimated at a magnification of 100x with
an eyepiece micrometer. Several flocs were investigated to get a representative sample.
Normally flocs are considered large when the diameter is > 500 pm, medium when the
diameter is 150-500 pm and small when the diameter is < 150 um. Regularly, samples were
taken for particle analyse with a Malvern instrument (see section 5.2.5) as a comparison.

Floc shape: The activated sludge flocs were divided into round and irregularly shaped: 1 =
very round and 5 = very irregularly shaped. Round flocs settle generally better than irregularly
ones and they have a higher compaction capability. Irregular flocs often contain filamentous
bacteria or Zoogloeal bacteria. They often settle with a lower settling velocity than round ones
and they often give high SVI. An advantage is that irregularly shaped flocs often leave a clear
supernatant after settling: small flocs and dispersed bacteria are enmeshed in the network of
filaments and irregularities during settling.

Compactness: Very compact flocs were classified as 1 and very porous, open flocs were
classified as 5. High compactness can depend on two things: high concentrations of bacteria
within the flocs (desired) or high concentrations or ‘slime-forming’ bacteria (Zoogloea) which
is undesired and can, in severe cases, lead to settling problems. Very porous flocs (=5) settle
very badly. Often, very porous flocs contain large numbers of filamentous bacteria which
produce a network of flocs.

Floc strength: This is a very difficult parameter to judge. A very strong floc (=1) has a distinct
floc edge while a weak floc has a very diffuse edge, often surrounded by free bacteria. There
are also often many small flocs (pin-point flocs) between the larger flocs. Sometimes, the floc
strength is very difficult to judge: very compact flocs can have porous finger-like arms
protruding from the edge (often Zoogloea bacteria).



Free bacteria: Very low levels of free bacteria were classified as 1 and very high
concentrations classified as 5. The amount of free bacteria can be related to the turbidity of the
supernatant after settling. A turbidity up to 5-6 NTU corresponds approximately to 1 and a
turbidity above 35-40 NTU corresponds approximately to 5. This is of course quite a rough
approximation, but if the sludge is investigated daily, a good judgement can be obtained.

Filament: At | on the scale, no filaments are present. Settling problems start around 3 and at 5
the sludge hardly settles at all. Sometimes, however, very compact flocs can settle quite well
even at 3-4 on the scale. The types of filaments present is also decisive for the influence on
the settling properties. The amount of filaments within the flocs can be more difficult to judge
and staining is a method to make it easier. To be able to judge which filaments were present,
conventional staining techniques were used (see section 4.1.2). Many different types of
filaments were often present and it was impossible to identify them all. Instead attempts were
made to identify only the 2-3 dominant types.

Zoogloea: This type of bacteria produces a gelatinous slime (contains large amounts of water).
If there are excessive numbers present, it can be a sign of imbalance in the process and they
can cause severe settling problems. At 1 on the scale, there are no Zoogloea bacteria present,
while at 5 the whole flocs are covered. They could proliferate very fast, especially in
connection with changes in the process or at process-failures.

Protozoa: A healthy activated sludge contain large amounts of protozoa. At scale | there are
no protozoa present and at 5 there is a large amount present. There are four main types:
attached ciliates, free-swimming ciliates, flagellates and amoeba. They eat free bacteria and
contribute to a clear effluent. The presence of attached and free-swimming ciliates is an
indicator of a well operating process. When the attached ciliates dominate, there is a shortage
of free swimming bacteria. Throughout the experiments comments were made on which of the
four categories protozoa were present

Rotifera: Moderate numbers of rotifera is an indicator of a well operating process. They often
exist in low loaded activated sludge plants. The judgement (1-5) was similar to that of the
protozoa.

Nematodes: They often occur at high sludge ages and they can be a problem since they eat
sludge flocs. They are not important for the treatment process, but they can act as an indicator
of a well operating process. Normally there are moderate levels (2-3) in activated sludge
plants.

Spirochetes: This is mainly an indicator of low DO concentrations. At very high
concentrations (5), the bulk liquid between the flocs is full of these small spiral-formed
bacteria which move very intensely. They are best seen at a magnification of 400-1000x.

Filament staining

Gram staining is important in the identification procedure of filamentous bacteria. Bacteria
can be divided into gram positive and gram negative, depending on the type of cell wall.
Gram-negative bacteria are light red after staining, while gram-positive bacteria are dark blue
after staining. Some filamentous bacteria are gram-negative and some are gram-positive. Old
cells which are gram-positive can be decolourized because of their weak cell walls and they
can therefore be taken as gram-negative. This risk is higher at high sludge ages.



Some filaments are neisser-negative (light yellow after staining) and some are neisser-positive
(dark blue after staining). A neisser-negative filament can have granules of poly-phosphate
which are dark blue after staining (these cannot clearly be observed without staining).

Many bacteria can form intracellular pools of poly-f-hydroxybuturate or analogues fatty acids.
They can be seen in a microscope by staining them in sudan-black (P-B-H accumulating
bacteria have small black granules within them). A problem is that P-f-H accumulation only
occurs at certain growth conditions which can lead to misjudgements.

A small droplet of activated sludge was placed on an object glass to be air-dried for about one
hour. The following conventional staining procedures were used (Eikelboom and van Buijsen,
1981):

Gram-staining: 1) Stain the slides for 1 minute in a crystal-violet solution (2% crystal-violet
and 0.8% ammoniumoxalate in a 20:80 ethanol:distilled water solution); 2) Rinse with
destilled water for 2 seconds to remove excess staining solution; 3) fix with an iodine solution
(0.33% 12 and 0.67% KI in distilled water, stored in dark bottles in a refrigerator); 4) Rinse
with distilled water for 2 seconds; 5) Decolourize in ethanol until the rinse solution is light
blue; 6) Rinse with distilled water for 2 seconds; 7) Counterstain in saphranine solution (0.25
g saphranine, in 10 ml 95% ethanol and dilute to 100 ml with distilled water) for | minute; 8)
Rinse with distilled water for 10 seconds.

Neisser-staining: 1) Stain in a mixture of solution 1A (0.3 g methylene-blue in 15 ml 95%
ethanol and 15 ml crystalline acetic acid is diluted to 300 ml with distilled water) and 1B (I g
crystal violet in 30 ml 95% ethanol is diluted to 300 ml with distilled water) for 30 seconds; 2)
Rinse for 2 seconds in distilled water; 3) Counterstain for 1 minute in a Bismarck brown
solution (1 g Bismarck brown in 300 ml distilled water); 4) Rinse in distilled water.

P-B-hyroxybuturate-staining: 1) Stain for 10 minutes in a sudan-black solution (0.9 g sudan-
black in 300 ml 60% ethanol); 2) Rinse for 2 seconds in distilled water; 3) Stain for 10
seconds in a saphranine solution (1.5 g saphranine in 300 ml destilled water); 4) Rinse in
distilled water.







Appendix III.
Relationship between turbidity and suspended solids concentration

Turbidity is often, in wastewater treatment, used as a measure of the concentration of
suspended solids in a solution. Turbidity is a consequence of light scattering and its intensity
depends, among other things, on the size, the shape and the optical density of the particles.
Therefore, the relationship between turbidity and suspended solids concentration can vary. In
this study, turbidity was used instead of suspended solids concentration because of its
simplicity and sensitivity. Various tests were made in which turbidity as well as suspended
solids concentration were measured simultaneously to be able to estimate a correlation factor.
Good linear correlations were found with regression coefficients (r*) of 0.90-0.99. The
suspended solids concentration was in the range 1.2-2.1 times the turbidity (NTU). This is in
agreement with literature values (Wahlberg, 1992). If all points from the various
measurements were put together, the suspended solids concentration was 1.3 times the
turbidity with a > of 0.93 (Figure 1). When data was divided into two different turbidity
intervals: 2-26 NTU and 11-162 NTU, the suspended solids concentration was 1.45 (r2:0.81)
and 1.34 (1’=0.98) times the turbidity (NTU), respectively.
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R® = 0,9277

200 1

150 1

100 -
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Figure 1 Turbidity as a function of suspended solids concentration.

The difference in relationship between turbidity and suspended solids concentration has
probably to do with the fact that colloidal particles (<1 pm) contribute to the turbidity but they
may slip through the filter paper and will not contribute to the suspended solids concentration.
Therefore, measurements taken from just one activated sludge sample will give a very good
correlation while measurements from different samples will give a poorer correlation.

To check if homogenization of the activated sludge would give a better correlation between
turbidity and suspended solids concentration, samples were treated with an ultrasound probe
(sonication). Turbidity is dependent on the size and size distribution of particles. By
sonicating the activated sludge, the larger flocs will be disrupted and the size distribution will
be more uniform. An ultrasound probe (Virtis Company Inc., equipped with a %2” standard
titanium disrupter horn) with an frequency of 20 kHz was used. Activated sludge, taken from
the outlet of the aeration tank of the Rya WWTP, was poured in a 3.5 litre cylinder. After 20
minutes settling a part of the supernatant was decanted. This sample was treated with the



ultrasound probe (50 ml) at different intensities (20, 40 and 60% of the maximum effect) and
at different periods (1, 5 and 10 minutes) according to a 3*-factor design. The purpose was to
create different degrees of floc break-up. The samples were left to settle for 15 seconds prior
to turbidity measurement. Each test was made in triplicate to be able to calculate the standard
deviation. These standard deviations were compared with the standard deviation of untreated
samples. The results are summarized in Table 2 and 3.

Table 2 Summary of ultrasound treatment.

Test Effect Period Average Standard deviation (s)
[% of maximum] [minutes] [NTU]
1 20 1 62.7 2.01
2 20 5 75.3 1.43
3 20 10 82.3 2.52
4 490 1 68.3 1.46
5 40 5 88.0 3.78
6 40 10 109.2 4.48
7 60 1 71.8 0.81
8 60 5 98.9 3.16
9 60 10 113.9 6.59
10 no treatment no treatment  57.2 0.94

The standard deviation was smallest for a treatment at 60% effect for 1 minute. However, the
standard deviation for the untreated samples was only slightly larger. The test was repeated,
but the treatment period was 1, 2 and 5 minutes. This test gave similar results, i.e. high
intensities at short treatment periods gave the lowest standard deviation.

Table 3 Summary of ultrasound treatment.

Test Effect Period Average Standard deviation (s)
[% of maximum] [minutes] [NTU]J
1 20 1 37.2 0.95
2 20 2 39.1 0.89
3 20 5 43.8 1.98
4 40 1 40.4 0.17
5 40 2 45.0 1.46
6 40 5 57.4 1.68
7 60 1 41.7 0.86
8 60 2 46.3 0.65
9 60 5 61.9 3.92
10 no treatment no treatment  33.5 0.39

The correlation between turbidity and suspended solids concentration after ultrasound
treatment was investigated. Activated sludge settled in a 3.5 litre cylinder and samples of the
supernatant was taken after 10, 20, 30, 40 and 60 minutes to get a range of turbidities. The
turbidity of samples treated at 40% and 60% of the maximum effect for 1 minute (which gave
the smallest standard deviation in the previous test), and untreated samples were correlated to
the suspended solids concentration (100 ml sample was filtrated). The correlation was good
for treated as well as for untreated samples with r* values between 0.97-0.98 (Figure 2). The
same experiment was made at a higher turbidity interval: 67-160 NTU. The regression
coefficients were 0.98 for sonicated samples and 0.97 for untreated samples.
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Figure 2 Relationship between turbidity and suspended solids concentration at
different degrees of ultrasound treatment.

It can be concluded that ultrasound treatment gives marginally smaller standard deviations
when short treatments (1-2 minutes) and high effects (40-60%) are applied compared to
untreated samples. This probably cause a disruption of flocs present in the supernatant and the
size distribution will be more uniform. A further sonication might cause disruption of some of
the free cells and the size distribution will be less uniform (shifted towards smaller particles)
and the deviation between different measurement will be larger. The problem is to find the
optimum ultrasound treatment and to avoid reflocculation of the homogenized sample. In this
test this was not taken into consideration. Chemicals like metaphosphate can be added to
stabilize the suspension. Another problem is that the sample heats up during treatment
(especially at higher effects and at longer times) which can affect the sample. That the
standard deviation for low effects were larger than for untreated samples can be due to the fact
that this could have flocculated the activated sludge particles to a certain degree.

Since the standard deviation was low for untreated samples and that the correlation between
turbidity and suspended solids concentration was linear with a high regression coefficient, it
seemed justified to use turbidity as a measure of suspended solids concentration and that
ultrasound treatment was not necessary.












