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SYNOPSIS

Filamentous bulking in nutrient (N & P) removal activated sludge systems is a problem of considerable
magnitude - three quarters of 45 plants surveyed were found to have bulking sludges to the extent that
sludge settleability (DSVI) was adversely affected. If filamentous organism proliferation could be
controlled and thereby sludge settleability improved to below DSVI of 100 m#/g, then with provision
for factors such as additional aeration capacity, between 50% and 75% more wastewater could be treated

in existing nutrient removing activated sludge plants.

Anoxic-aerobic (AA) or low F/M filaments appear to proliferate in activated sludge plants that
incorporate biological nitrogen removal. From earlier research, Casey et al. (1992a) showed that the
cause for AA filament proliferation lay in the denitrification behaviour of the N removal systems. They
hypothesized that filamentous and floc-forming organisms have different denitrification behaviour - the
former reducing nitrate only as far as nitrite whereas the latter reducing nitrate all the way to nitrogen
gas via the denitrification intermediates nitrite, nitric oxide (NO) and nitrous oxide (N.O). If nitrate
and nitrite removal to nitrogen gas is not complete in the anoxic reactor, then, when conditions become
aerobic, the accumulated denitrification intermediates, in particular NO, inhibit oxygen uptake in the
floc-formers. The filaments do not experience this inhibition because by reducing nitrate only to nitrite,
no denitrification intermediates accumulate in their cytoplasmic membrane and consequently they can
successfully compete against the floc-formers and proliferate in the N removal systems. [If denitrification
is complete, no residual intracellular denitrification intermediates remain in the floc-formers. Therefore
when conditions become aerobic, the floc-formers are not inhibited in their oxygen uptake and can

successfully compete against the filamentous organisms which cause the bulking.

In full scale N removal plants, filamentous bulking has been observed to be a seasonal problem being
worst at the start of Spring. This observation conforms to the above explanation for AA filament
proliferation because the reduced wastewater temperature in the winter slows down the denitrification
rates making incomplete denitrification in the anoxic reactor more likelv. This aspect was examined in
detail in this investigation, the specific objectives of which were

() To examine the AA filament response in a system without nitrification, i.e. without nitrate to

denitrify, bulking should not take place.

(2) To observe the biological nutrient (N & P) removal at low (12°C) temperature and in particular,
to delineate the denitrification kinetics and rates in nutrient removal activated sludge systems

at low temperatures (12°C).
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(3) To examine the AA filament response at low (12°C) in relation to the denitrification

performance.

Two identical modified UCT systems were set up at the same sludge age (20 davs) and received the same
real unsettled wastewater, one Experimental at 12°C and one Control at 20°C. The low temperature
did not terminate nitrification and so after about 3 months operation, the sludge age of both systems
was reduced to 12 days, which was maintained for the remainder of the 433 day investigation. The
reduction in sludge age initially had the desired effect in the Experimental system - i.e. nitrification
stopped but gradually over the rest of the investigation period, nitrification improved. By the end of the
investigation it was virtually complete again. Nitrification was complete throughout the investigation

period in the Control (20°C) svstem.

Cessation of nitrification in the Experimental system had the unexpected result that filamentous
organisms Haliscomenobacter Iydrossis and type 0803 proliferated excessively to cause DSVI's above 1000
m/g. This was ameliorated by dosing nitrate into the anoxic reactor to simulate nitrification but at a
controlled rate to ensure that complete denitrification could be achieved in the anoxic reactor. The
sludge settleability improved and reduced to 200 mi/g. With the sludge settleability in the Experimental
system restored to a normal value (110 m#/g) by day 330, objective 1 was set aside and the investigation
continued by addressing objectives 2 and 3. This was accomplished by monitoring the Experimental and
Control systems on an almost daily basis for the 433 day investigation, and from dav 150, conducting
anoxic and aerobic batch tests on sludge harvested from the two (parent) systems. Altogether 34 anoxic
and 2 aerobic batch tests were conducted on each system, the former to delineate the denitrification
kinetics and rates and the latter to determine the maximum specific growth rate of the nitrifiers. The

results obtained from these experiments are as follows:

1. On average over the 433 day investigation the N balances in the Experimental (12°C) and
Control (20°C) were good - 99% and 94%. The COD balances were lower - 84% for both

systems - but of a similar magnitude to earlier research on MUCT N & P removal systems.

2. The average percentage COD removal was 92% and 93% at 12°C and 20°C respectively. The
average percentage N remova] at 20°C (Control system) was 77%, with 55% of the N nitrified
and denitrified, 22% incorporated in sludge mass and 4% and 19% leaving the system with the
effluent as TKN and nitrate respectively. The percentage N removal at 12°C was much poorer
and more variable due to the intentional retardation of nitrification; at its lowest it was 29%,

but this gradually improved to 75% at the end of the investigation when nitrification was again
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virtuallv complete.

The temperature effect on the Biological Excess Phosphorus Removal (BEPR) was small, on
average 10,99 and 12,04 mgP/t at 12°C and 20°C respectively. However, the BEPR at 20°C
was onlvy 60% of that expected in terms of the Wentzel ¢t al. (1990) model for the measured
influent RBCOD concentration and system design parameters. This reduced BEPR was also
noted bv Kaschula et al. (1993) and Musvoto et al. (1992) in similar laboratory MUCT systems.
No explanation for this reduced BEPR compared to that observed by Wentzel et al. (1990) can

be advanced.

From observations on the Experimental system which nitrified partially, maximum specific
growth rate of the Nitrosomonas at 12°C (u,,,;.) was 0,36/d. From aerobic batch tests on sludge
harvested from the Experimental and Control (20°C) systems 4 . values of 0,31/d at 12°C and
0,67/d at 20°C were obtained, which yields a 6 temperature sensitivity value of 1,10. For the
Experimental system, the parent system and batch test u . value compare well. Also the 6
value of 1,10 for the batch test measured u4,,» and x4, compares reasonably well with the
1,123 value normally accepted for design (WRC, 1984) considering only 2 aerobic batch tests
were conducted on each system, These results confirm the validity of the functional form of the
nitrification model used for design of nutrient removal systems. The difficulty remains
estimating the u.. .., value for the particular wastewater. In this respect, the usually
recommended values of around 0,33 to 0,45/d appear rather conservative in the light of 0,67/d

measured for the Mitchell's Plain purely domestic wastewater.

From 34 anoxic batch tests conducted on each system to delineate the denitrification kinetics
and rates it was established that significant nitrite denitrification does not take place until the
nitrate concentration has been reduced to below 1 mgNO,-N/t.  While nitrate is being
denitrified, a slow accumulation or reduction of nitrite was observed -invariably an accumulation
at a rate of about 1/10th of the nitrate denitrification rate at 20°C [i.e. 0,0215 mgNO,-
N/(mgAHVSS.d) compared with 0,1941 mgNO,-N/(mgAHVSS.d)], but at 12°C an
accumulation for the first half of the batch tests [day 110-300; mean 0,0402 mgNO,-
N/(mgAHVSS.d)| and reduction for the second half of the batch tests [day 300-433; mean
0,0662 mgNO,-N/(mgAHVSS.d)}.

The mean nitrate denitrification rates (appropriately corrected for nitrite accumulation or

reduction) K.;' at 20°C and 12°C were 0,1812 +0,0076 and 0,1567 *0,0069 ,mgNO -
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N/(mgAHVSS.d) respectively giving a temperature sensitivity coefficient 8 of 1,018. These K
rates, attributable to the utilization of slowly biodegradable COD in the anoxic reactor, are
specified in terms of the facultative heterotrophic active organism concentration (AHVSS)
which excludes the polyphosphate accumulating organisms. The rate at 20°C is somewhat lower
than I, denitrification in nutrient (N & P) removal systems observed by Clayton et al. (1989,
1991) - 0,224 mgNO,-N/(mgAVSS.d)'. It was noted that the single most significant factor
influencing the I’ rate was the estimate of the active organism fraction - this appears to be
influenced by the magnitude of the unaerated sludge mass of the system - the higher this
fraction, the lower the AHVSS or AVSS fraction and the higher the specific denitrification rate.
Despite these variations the I(.;' denitrification rate is significantly greater and its temperature
sensitivity significantly lower than the equivalent rate (K.) in N removal systems i.e. I(,.,- 0,101

mgNO,;-N/(mgAVSS.d) with its temperature sensitivity coefficient 8 = 1,08.

7. From this investigation, the nitrate (and nitrite) denitrification rate utilizing slowly
biodegradable COD (K,;") at 12°C is 14% lower than at 20°C viz. 0,181 and 0,157 mgNO *-
N/(mgAHVSS.d) at 20°C and 12°C respectively. However, the accumulation of nitrite at 20°C
had the effect of reducing the nitrate denitrification rate while the reduction of nitrite at 12°C
had the effect of increasing the denitrification rate. For the purposes of conservative design
therefore, it is recommended that the denitrification rate at 12°C not be adjusted to account for
nitrite accumulation. This rate is therefore 0,149 mgNO,-N/{mgAHVSS.d) which is 22% lower
than the value of 0,181 mgNO,-N/(mgAHVSS.d) for 20°C. This gives a temperature sensitivity
coefficient of 8=1,025 which is somewhat larger than the previously quoted value of 1,018 (see
6 above). Therefore a reduction in wastewater temperature in winter causes the denitrification
potential of the primary anoxic reactor upstream of the aerobic reactor to decrease, and if this
decrease is below the nitrate load on the anoxic reactors, incomplete denitrification will take
place. This creates conditions conducive for AA filament proliferation and a progressively

deteriorating sludge settleability (increasing DSVI) results.

'The rates of Clayton et al. (1989) and Musvoto et al. (1992) are defined in terms of AVSS, which
accepts that all the biodegradable COD is utilized by ordinary (facultative) heterotrophic organisms so
that theoretically the active organism mass (AVSS) comprises only these ordinary heterotrophs. In this
investigation the denitrification rates are defined in terms of AHVSS, which accepts that both polyP and
ordinary heterotrophs comprise the active VSS mass but only the ordinary heterotrophic ones contribute
to the denitrification. Defining Clayton's and Musvoto's rates in terms of AHVSS would increase their
rates in terms of AVSS by about 10%. In addition an active fraction of 0,24 mgAVSS/mgVSS was used
by Clayton et al. (1989) compared to values of 0,33 and 0,30 mgAHVSS/mgVSS used at 20°C and 12°C
respectively in this investigation.
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In the absence of nitrate (<1 mgNQO,-N/f), the nitrite denitrification is approximately as fast
as the nitrate denitrification rate viz. 0,20 and 0,15 mgNO.-N/(mgAHVSS.d) at 20°C and
12°C. This observation compares well with the results of Musvoto et al. (1992) who also

observed this at 20°C.

In the Control system (20°C), the DSV of the sludge was between 130 and 150ml/g for the first
250 days decreasing to 100 m{/g between days 250 and 300. The filamentous organisms were
in decreasing order of prevalence 0092, 0041, 0803, 012N, Microthrix parvicella. Throughout
this period the nitrate and nitrite concentrations entering the aerobic reactor were very low -
<0,5 mgN/t - confirmed by the batch tests in that for all the batch tests (at 20°C) conducted
during this time the denitrification potential of the anoxic reactor exceeded the nitrate load.
From day 300 to day 375, the influent TICN concentration progressively increased from 100 to
140 mgN/t, causing the effluent nitrate concentration to increase from 10 to 30 mgN/t. At the
same time, the nitrate and nitrite concentrations entering the aerobic reactor increased from
very low values to 10 and 2 mgN/t respectively and concomitantly the DSVI of the sludge
increased to 200ml/g caused by a proliferation of AA filaments 0092 and 0041. On day 375,
the effluent TKN concentration declined to 100 mgN/l which resulted in very low
concentrations again entering the aerobic reactor and the DSVI progressively declined from 200

to 160 m(/g at the end of the investigation (day 433).

The above interactions between influent TKN, nitrate and nitrite concentrations entering the
aerobic reactor and DSVI, conform to hypothesized cause of AA filament bulking by Casey et

al. (1992a).

The Experimental system (12°C) DSVI declined to around 110 m#/g by day 330 after nitrate
dosing to the second anoxic reactor was started on day 245 to simulate nitrification in the
aerobic reactor. As in the Control system (see 8 above), the DSVI ceased decreasing and started
increasing from 110 on day 350 to around 200 mf/g on day 380 when the influent TKN
concentration increased over the period day 325 to day 375. The filamentous organisms were
0803, 02IN and 0092. The increases in TKN concentration caused the nitrate and nitrite
concentrations entering the aerobic reactor to increase from less than 1 mgN/ to over 20 and 2
mgN/t respectively. From day 380, the influent TKIN concentration decreased to below 1 mgN/t,
but the nitrite concentration remained above 2 mgN/t up to day 420, after which it decreased
below 0,5 mgN/l. As a consequence the DSVI remained high at around 200 m{/g until the end

of the investigation (day 433).
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The observed interactions between influent TKN concentration, nitrate dosing into the anoxic
reactor upstream of the aerobic reactor, nitrate and nitrite concentrations entering the aerobic

reactor and DSVI at 12°C also confirm the hypothesized cause of AA filament bulking of Casey

et al. (1992a).



vii

ACKNOWLEDGEMENTS

The writers wish to express their appreciation and gratitude to the following persons for their

contribution to the research work contained in this report:

u Mr Taliep Lakay, Technical Assistant, for his support in the maintenance of equipment and his

invaluable help in the acquisition of data.

a Assoc. Professor R E Lowenthal, for his constructive suggestions throughout the project.
a Mrs Heather Bain, Clerical assistant, for so ably typing this report.
a Messrs Eike von Geurard, Charles Nicholas and Denis Botha, Technical officers, for their

construction and modification of laboratory equipment and attention to Health and Safety.

0 Ms Mara Segal and Ms Lee MacDonald, principal and senior officer respectively at Cydna
laboratories, Johannesburg City Health Deparument, for their invaluable work with regard to

the identification of filamentous organisms.

a Emeritus Professor G. v R Marais for his interest, advice and encouragement.

Acknowledgement is also due to the members of the Water Research Commission steering committee
under the chairmanship of Dr SA Mitchell, for its guidance in this research and to the Water Research

Commission and Foundation for Research Development, for financial support.



viii

TABLE OF CONTENTS

QYN O P SIS i
ACKNOWLEDGEMENTS . vii
TABLE OF CONTENTS . viii
LIST OF FIGURES . xiv
LIST OF TABLES ... xxi
CHAPTER 1 : INTRODUCTION ...t 1.1
CHAPTER 2 : LITERATURE REVIEW . ... 2.1
2.2 FILAMENTOUS ORGANISMS . 2.1
23 FACTORS AFFECTING THE GROWTH OF FILAMENTOUS ORGANISMS ... ... .. 2.2
2.4 EXPLORATORY INVESTIGATION . . ., 2.3
2.4.1 PARTI1- DEFINED ARTIFICIAL SUBSTRATE ASINFLUENT ... ........... 2.3

2.4. 1.1 Introduction . .. ... e 2.3

2.4.1.2 Biodegradability of influent (RBCOD or SBCOD) . ................... 2.4

2.4.1.3 Continuous aerobic and continuous anoxic conditions .............. .. 2.4

2.4.1.4 Magnitude of aerobic (or anoxic) mass fraction . ........... .. .. .. .. .. 2.5



ix

2.4.1.5 Concentrations of NO, and NO, in the anoxic zone prior to aeration (or the

ABTODIC ZOME) . L i 2.5

2.4.1.6 Differences between IAND and 2RND systems ...................... 25

2.42 PART Il - MUNICIPAL SEWAGE AS INFLUENT ........ ... ... ... .. ... 2.6
2.4.2.1 Introduction . .. ...t 2.6

2.4.2.2 Biodegradability of influent (RBCOD or SBCOD) .................... 2.7

2.4.2.3 Continuous aerobic and continuous anoxic conditions ................ 2.7

2.4.2.4 Magnitude of aerobic (or anoxic) mass fraction ................. .. ... 2.7

2.4.2.5 Concentrations of NO, and NO, in the anoxic zone prior to aeration (or the
aerobiC ZONE) . ... 28

2.4.2.6 Sludge age ...... ... 2.9

2.4.2.7 The difference between intermittent aeration nitrification-denitrification

(YAND) and 2-reactor nitrification-denitrification (2RND) systems . ... .. 2.9

2.5 CONCLUSIONS FROM THE EXPLORATORY INVESTIGATION . ... ... ... ..... 2.13
2.6 AA FILAMENT BULKING HYPOTHESIS ... . 2.14
2.7 EXPERIMENTAL EVIDENCE SUPORTING THE HYPOTHESIS ................. 2.15
2.7.1 DEMONSTRATION OF INHIBITION ... ... . .. ... .. . o ... 2.15
2.7.1.1 Anoxic denitrification ......... ... L 2.15
2.7.1.2 Aerobic denitrification ......... ... ... 2.16
2.7.1.3 Effect of RBCOD on OUR inhibition by NO . ..................... 2.16
2.7.1.4 Determination of the extent of NO, reduction and denitrification under
anoxic conditions by filaments and floc-formers .. ........ ... ... ... .. 2.18
2.7.1.5 The effect of incomplete denitrification on sludge settleability in MUCT
SYSTEINIS . . ..ot 2.18
2.8 SCOPE OF THIS THESIS ... 2.19

CHAPTER 3 : EXPERIMENTAL INVESTIGATION



3.1

3.2

3.3

3.4

3.6

X

EXPERIMENTAL SET-UP AND CONTROL . . ... e 3.1
DATA ACQUISITION AND SYSTEM PERFORMANCE MONITORING ............. 3.7
COD REMOVAL PERFORMANCE ... ... ... 3.32
3.3.1 CODBALANCE . ... 3.32

3.3.2 EFFECT OF SLUDGE AGE REDUCTION ON COD REMOVAL PERFORMANCE

................................................................. 3.34
3.3.3 EFFECT OF TEMPERATURE ON COD REMOVAL PERFORMANCE . ... ... 3.35
3.3.4 EFFECT OF DOSING NO; ON COD REMOVAL PERFORMANCE . ... ... .. 3.37
NITROGEN REMOVAL PERFORMANCE . ....... ... ... ... .. ... ... .. .. .... 3.37
3.4.1 NITROGEN BALANCE ... .. .. . 3.37
3.4.2 EFFECT OF SLUDGE AGE REDUCTION ON NITROGEN REMOVAL

PERFORMANCE . ... 3.42
3.4.3 EFFECT OF TEMPERATURE REDUCTION ON NITROGEN REMOVAL

PERFORMANCE ... .. 343

344 EFFECT OF NITRATE DOSING ON NITROGEN REMOVAL PERFORMANCE
AT 12°C AND 20 DAYS SLUDGE AGE

................................................................. 3.44
BIOLOGICAL EXCESS PHOSPHOROUS REMOVAL (BEPR) PERFORMANCE . .. .. 3.46
3.5.1 TOTAL P REACTOR CONCENTRATIONS . ... ... ... .. . .. 3.46
3.5.2 P BALANCE OVER EACH REACTOR OF THE EXPERIMENTAL AND

CONTROL SYSTEMS ... e 3.48

3.5.3 COMPARISON OF MEASURED AND PREDICTED P REMOVAL ......... 3.50

3.5.3.1 Determinationof f,............ ... ...l 3.50

3.5.3.2 Comparisonof f values .................. ... . ... ... ... ... 3.56

DENITRIFICATION KINETICS ... . e 3.57

3.6.1 INTRODUCTION ... 3.57
3.6.2 EXPERIMENTAL SETUP AND PROCEDURE FOR ANOXIC BATCH TESTS

................................................................ 3.61

3.6.3 SUMMARY OF VARIATIONS IN ENVIRONMENTAL CONDITIONS FOR
BATCH TESTS . .o 3.62



xi

3.64 CALCULATION OF DENITRIFICATION RATES . ......... oo 3.62
3.6.5 BATCH TEST RESULTS AND DISCUSSION . ..., oo 3.64
3.6.5.1 Group lresults and discussion .......... ... ... ... oL 3.64
3.6.5.1.] Temperature sensitivity coefficients of reduction and denitrification
rates
............................................. 3.76
3.6.5.2 Group Il results and discussion .......... .. ... ... ... ... ... 3.77
3.6.5.3 Group IIl results and discussion ............... ... ... ... . ... 3.80
3.6.5.4 Group IV results and discussion . .......... ... .. ... ... ... 3.83
3.6.5.5 Group V results and discussion . ...... ... ... .. . ool 3.86
3.6.6  SYSTEM DENITRIFICATION ... ... .. . .. s 3.89
3.7 NITRIFICATION . .. e 3.95
3.7.1  NITRIFICATION BATCH TEST EXPERIMENTAL PROCEDURE AND SETUP
................................................................. 3.97
3.7.2 CALCULATION FOR MAXIMUM SPECIFIC GROWTH RATE OF NITRIFIERS
IN THE CONTROL SYSTEM (20°C) AND THE EXPERIMENTAL SYSTEM
(12°C)
................................................................. 3.98
3.7.2.1 Control system (20°C) .. .. .. ... .. ... .. ... 3.98
3.7.2.2 Experimental system (12°C) ......... ... ... ... ... ... ... 3.99
3.7.3 CALCULATION OF TEMPERATURE SENSITIVITY OF MAXIMUM SPECIFIC
GROWTH RATE OF NITRIFIERS . ... ... ... ... ... ... ... ... ... ... 3.100
3.8 FILAMENT IDENTIFICATIONS AND SLUDGE SETTLEABILITY . .............. 3.101
3.81 FILAMENT IDENTIFICATIONS ... ... .. .. . ..., 3.101
3.82 SLUDGE SETTLEABILITY ... ... 3.106
CHAPTER 4 : CONCLUSIONS AND RECOMMENDATIONS REGARDING DESIGN
PARAMETERS FOR NUTRIENT REMOVAL ACTIVATED SLUDGE PLANTS
OPERATED AT LOW TEMPERATURES (12°C), TO ENSURE PREVENTION OF AA
(LOW /M) FILAMENT BULKING .. ... 4.1



4.1 INTRODUCTION AND OBJECTIVES ... ... 4.1
4.2 DATA VALIDATION AND SYSTEM COD AND NUTRIENT REMOVAL
PERFORMANCE
......................................................................... 4.3
4.3 BIOLOGICAL EXCESS P REMOVAL AT 20° AND 12°C ... .. .. ... ... ... ..... 4.4
4.4 MAXIMUM SPECIFIC GROWTH RATE OF NITRIFIERS AT 20°C AND 12°C . ... ... 4.4
4.5 DENITRIFICATION KINETICS AT 20°C AND 12°C (12 DAYS SLUDGE AGE) . ...... 4.4
4.5.1 DENITRIFICATION RATES AT 20°C AND 12°C USING THE MODEL OF
WENTZELET AL. (1990) FOR THE DETERMINATION OF THE RELEVANT
ACTIVE FRACTIONS . ... 4.4
4.5.2  SHORT TERM EFFECT OF DOSING NITRATE OR NITRITE ON
DENITRIFICATION RATES . . ... 4.6
4.5.3 SHORT TERM EFFECT OF TEMPERATURE ON DENITRIFICATION RATES
................................................................... 4.6
4.6 DSVI AND AA (LOW F/M) FILAMENT BULKING .. ... ... .. . ... o .. 4.7
4.7 CLOSURE .. 4.8
4.7.1  BIOLOGICAL EXCESS PHOSPHORUS REMOVAL (BEPR) AT 20°C AND 12°C
................................................................... 4.8
4.7.2  MAXIMUM SPECIFIC GROWTH RATE OF NITROSAMONAS AT 20°C AND
12°C
................................................................... 4.9
4.7.3  DENITRIFICATION RATES .. ... e 4.9
4.7.4  AA FILAMENT BULKING HYPOTHESIS ... ... ... ... .. .. ... .. ...... 4.10
REFERENCES : ... R1

APPENDIX A : SEWAGE BATCHES FED TO THE EXPERIMENTAL AND CONTROL



SYSTEMS oo Al

APPENDIX B : EXPERIMENTAL DATA MEASURED FOR THE EXPERIMENTAL AND
CONTROL SYSTEMS

APPENDIX C : CALCULATIONS USING THE MODEL OF WENTZEL FT AL.(1990).... C.1

APPENDIX D :  NITRATE DOSE TO THE SECOND ANOXIC REACTOR OF THE
EXPERIMENTAL SYSTEM



Fig 3.10

Fig3.11

Fig 3.12

LIST OF FIGURES

Oxygen utilization rate |OUR, in mgO/(gVSS.h)} with time under aerobic batch
conditions (nitrification inhibited) on sludge harvested from a 2 reactor ND system
with a two hour anoxic period prior to the aerobic test and with varying nitrite
concentrations at the start of the aerobic test, demonstrating the initial but gradually
declining inhibitory effect of NO. on maximum specific OUR (*0,1, + 5,5 and
25mgNO-NA) . 2.17
Oxygen utilization rate [OUR, in mgO/(gVSS.h)] and nitrite and nitrate concentrations
(+NO. and *NO,’, in mgN/) with time under aerobic batch conditions (nitrification
inhibited) on sludge harvested from a 2 reactor ND system with a 2Zhr anoxic-anaerobic
period during which NO, was added (20mgN/?), prior to the aerobic test.. ...... 2.17
Schematic layout of the MUCT systems. ......... ... ... ... 3.1
Graphical summary of changes made to both svstems except for nitrate dosing and
temperature change, which apply to the Experimental system only. Steady state periods
are shown at the top of the diagram . .......... ... .. ... ... ... ... ... ... .. 3.4
Daily influent and effluent Ammonia concentrations in Experimental system from day
Lroday 240, ... 3.9
Daily influent and effluent Ammonia concentrations in Control system from day 1 to
day 240. ... 3.9
Daily influent and effluent Ammonia concentrations in Experimental system from day
20010 dav400. .. .. 3.10
Daily influent and effluent Ammonia concentrations in Control system from day 200
todav 440, ... 3.10
Daily influent, unfiltered and filtered (0.454) effluent COD concentrations in
Experimental system from day 1 today 240. . ... ... . ... ... . ... ... ... .. 311
Daily influent, unfiltered and filtered (0.45u) effluent COD concentrations in Control
svstemi fromdav 1 today 240, .. ... . .. 3.11
Daily influent, unfiltered and filtered (0.45u4) effluent COD concentrations in
Experimental system from day 200 todav 440. ....... ... ... ... ... ... ... 3.12
Daily influent, unfiltered and filtered (0.454) effluent COD concentrations in Control
svstem from dav 200 today 440. ... ... .. L 3.12
Daily Diluted Sludge Volume Indices in Experimental system from day 1 to day 240.
(Secondary series shown for comparison with Control systemt) . ............... 3.13

Daily Diluted Sludge Volume Indices in Control system from day | to day 240.



Fig 3.13

Fig 3.14

Fig 3.15

Eig 3.16

Fig 3.17

Fig3.18

Fig3.19

Fig 3.20

Fig3.21

Fig 3.22

Fig 3.23

Fig 3.24

Fig 3.25

Fig 3.26

Fig3.27

kFig 3.28

Fig 3.29

Fig 3.30

XV

Daily Diluted Sludge Volume Indices in Experimental system from day 200 to day 440.
(Secondary series shown for comparison with Control system) . ............... 3.14

Daily Diluted Sludge Volume Indices in Control system from day 200 day 440.

Daily mass of Oxygen (mg) utilised per gram Volatile Suspended Solids in Experimental
system fromday 1 today 240. ..... ... ... ... . 3.15
Daily mass of Oxygen (mg) utilised per gram Volatile Suspended Solids in Control
system fromday I today 240. ... ... ... ... 3.15
Daily mass of Oxygen (mg) utilised per gram Volatile Suspended Solids in Experimental
system from day 200 today 440. ... ... .. 3.16
Dailv mass of Oxygen (mg) utilised per gram Volatile Suspended Solids in Control
svstem from dav 200 todav440. ... ... ... ... oo 3.16
Daily Ist anoxic (2), 2nd anoxic (3), aerobic (4) and effluent Nitrate concentrations in
Experimental system fromday 1 today 240. ...... ... ... ... ... .. ... 3.17
Daily 1st anoxic (2), 2nd anoxic (3), aerobic (4) and effluent Nitrate concentrations in
Control system fromday 1 today 240. ...... .. .. ... ... .. ... ... ... .. 3.17
Daily 1st anoxic (2), Znd anoxic (3), aerobic (4) and effluent Nitrate concentrations in
Experimental system from day 200 today 440. ......... .. ... .. ... . ..., 3.18
Daily 1st anoxic (2), Znd anoxic (3), aerobic (4) and eftluent Nitrate concentrations in
Control system from day 200 today 440. . ... ... ... ... .. ... .. L. 3.18
Daily 1st anoxic (2), Znd anoxic (3), aerobic (4) and effluent Nitrite concentrations in
Experimental system from day 1 today 240. ....... .. ... ... ... ... ... ... 3.19
Daily Ist anoxic (2), 2nd anoxic (3), aerobic (4) and effluent Nitrite concentrations in
Control system fromday 1 today 240. ........... ... ................... 3.19
Daily Ist anoxic (2), 2nd anoxic (3), aerobic (4) and effluent Nitrite concentrations in
Experimental system from day 200 today 440. .. .. ... ... .. ... L oLl 3.20
Daily 1st anoxic (2), 2nd anoxic (3), aerobic (4) and effluent Nitrite concentrations in
Control svstem from day 200 today 440. .. ...... ... ... ... .. .. ... ... ... 3.20
Daily influent and aerobic (4) pH measurements in Experimental system from day 1 to

240, 3.21

10 0. L 3.22

Daily influent and aerobic (4) pH measurements in Contol system from day 200 to 440.



Fig 3.31

Fig 3.32

Fig 3.33

Fig 3.34

Fig 3.35

Fig 3.36

Fig 3.37

Fig 3.38

Fig 3.42

Fig 3.43

Fig 3.44

Fig 3.45

Fig 3.46

Daily mixed liquor Total and Volatile Suspended Solids concentrations in Experimental
system fromday 1 today 240. ... .. ... .. .. 3.23
Daily mixed liquor Total and Volatile Suspended Solids concentrations in Control
svstem fromday 1 today 240. ... ... ... 3.23
Daily mixed liquor Total and Volatile Suspended Solids concentrations in Experimental
svstem from day 200 today 440. ... ... ... 3.24
Daily mixed liquor Total and Volatile Suspended Solids concentrations in Contro]
system from day 200today 440. .. ... ... Lo 3.24
Daily Temperature measurements for Experimental and Control systems from day 1 to
240, 3.25
Daily Temperature measuremments for Experimental and Control systems from day 200
0440, 3.25
Daily influent, aerobic (4) and effluent TKN concentrations in Experimental system
fromday L today 240. ... . ... 3.26
Daily influent, aerobic (4} and effluent TKIN concentrations in Control system from day
Ltoday 240, . . 3.26
Daily influent, aerobic (4) and effluent TIN concentrations in Experimental system
from day 200today 440. ... .. .. 3.27
Daily influent, aerobic (4) and effluent TKIN concentrations in Control svstem from day
200today 440, .. 3.27
Daily influent, anaerobic (1) and 1st anoxic (2) Total P concentrations in Experimental
svstem fromday 110 240. ... ... L 3.28
Daily 2nd anoxic (3), aerobic (4) and effluent Total P concentrations in Experimental
system fromday 1to 240. ... ... .. 3.28
Daily influent, anaerobic (1) and st anoxic (2) Total P concentrations in Experimental
svstem from day 200to 440. ... ... 3.29
Daily 2nd anoxic (3), aerobic (4) and effluent Total P concentrations in Experimental
system from day 200 to 440. .. ... ... 3.29
Daily influent, anaerobic (1) and 1st anoxic (2) Total P concentrations in Control
svstem from day 1 to 240
Daily 2nd anoxic (3), aerobic (4) and effluent Total P concentrations in Control system
fromdav 110240, .. 3.30
Daily influent, anaerobic (1) and st anoxic (2) Total P concentrations in Control

system from day 200to 440. .. ... ... . 3.31



kig 3.48

Fig 3.49

Fig 3.50

Fig 3.52

Fig 3.53

kig 3.54

Fig 3.55

Fig 3.56

Fig 3.58

Fig 3.59

Fig 3.60

Fig 3.62

xvii
Daily 2nd anoxic (3), aerobic (4) and effluent Total P concentrations in Control system
fromday 20010 440. ... . 3.31
COD mass balance of Experimental system for 21 steady state periods. Percentages are
also shown for: Unfiltered effluent COD (Ste); COD of waste sludge (Sws); Oxygen
demand for aerobic growth of heterotrophs (MQae(4)); and Oxygen demand for anoxic
growth of heterotrophs (MOano(1)(2)(3)(3)). .. ...........o . 3.33
COD mass balance of Control system for 21 steady state periods. Percentages are also
shown for: Unfiltered effluent COD (Ste); COD of waste sludge (Sws); Oxygen demand
for aerobic growth of heterotrophs (MOae(4)); and Oxygen demand for anoxic growth
of heterotrophs (MOano(J}(2}(3)(5)). - - - -« i 3.33
Changes in effluent COD resulting from a reduction in sludge age from 20 to 12
days.(Control SYyStem) .. ....... ... oot 3.34
Changes in effluent COD resulting from a reduction in sludge age from 20 to 12
days.(Experimental system) .......... .. ... 3.35

Temperature and effluent COD (filtered and unfiltered) in the Control system.

Temperature and effluent COD (filtered and unfiltered) in the Experimental system.
................................................................. 3.36
Nitrogen mass balance of Experimental system for 21 steady state periods. Percentages
are also shown for: Nitrogen for sludge production (Ns); Effluent TKN (Nte); Effluent
NOx (NOxe); and Nitrogen denitrified (Nnd). ............................ 3.40
Nitrogen mass balance of Control system for 21 steady state periods. Percentages are
also shown for: Nitrogen for sludge production (Ns); Effluent TKN (Nte); Effluent NOx
(NOxe); and Nitrogen denitrified (Nnd). .. ..... ... ... ... ... ... .. ... 3.40
The effect of sludge age reduction (from 20 days to 12 days on day 92) on Nitrogen
removal performance in the Control system. .............................. 3.42
The effect of temperature reduction on Nitrogen removal performance in the
Experimental svstem. ............ .. ... 3.44
The effect of nitrate dosing on Nitrogen removal performance in the Experimental
SYSTEIML. . . . L 3.45

Net P release, uptake and removal over all reactors in the Experimental system.

Net P release, uptake and removal over all reactors in the Control system. . ..... 3.49
Diagrammatic representation of the utilisation of the Total influent COD in the model

of Wentzel et al. (1990). ... ... . . . . . 3.51



Fig 3.66

Fig 3.67

Fig 3.68

Fig 3.69

Fig 3.70

Fig 3.7}

Fig 3.72

Fig 3.73

Fig 3.74

Fig 3.75

xviii
The measured VSS vs the predicted VSS calculated from the Wentzel et al. (1990)
model for the Experimental system (12°C) ... oo 3.53
The measured VSS vs the predicted VSS calculated from the Wentzel et al. (1990)
model for the Control system (12°C) . ....... ... .. .. ... .. 3.53
The measured P removal vs the predicted P removal calculated from the Wentzel et al.
(1990) model (K=0,06/d and f,,,,=0,38 mgP/mgAPPHVSS) for the Experimental
system (12°C). oo 3.53
The measured P removal vs the predicted P removal calculated from the Wentzel et al.
(1990) model (K=0,06/d and f,;,,=0,38 mgP/mgAPPHVSS) for the Control system
(2000 oo 3.54
Nitrate/nitrite concentration - time profile measured for (1) the Experimental system
to determine the denitrification potential and hence the nitrate dose rate to the anoxic

reactor and (2) the Control system for comparison with the Experimental system.

Gradual decrease in effluent ammonia concentration in the Experimental system (12°C)
after sludge age was reduced from 20 days to 12 davsondav 92. ...... ... .... 3.61
Typical example of nitrate/nitrite concentration - time batch test profile illustrating
nitrate reduction, nitrite reduction and nitrite accumulation/reduction rates. The nitrate
denitrification rate is not shown but can be calculated from the nitrate reduction rate
suitably adjusted for nitrite accumulation/reduction. . ...... ... ... o L 3.64
Probability distribution of the K. nitrate denitrification rates for the Experimental
system (12°C). The mean is 0,1567+ 0,0069 mgNO,-N/mgAHVSS.d for K=0,06/d in
the Wentzel et al. (1990) model. .. ... ... . .. . . . . . 3.70
Probability distribution of the K, nitrate denitrification rates for the Control system
(20°C). The mean is 0,1812+ 0,0076 mgNO,-N/mgAHVSS.d for K=0,06/d in the
Wentzeletal. (1990Ymodel. .. ... ... ... . . .. 3.72
Nitrate/nitrite concentration - time batch test profile (test 20) for the Experimental
svstem (12°C) and the Contro] svstem (20°C)in the Group II. . ....... ... ... ... 3.78
Nitrate/nitrite concentration - time batch test profile (test 21) for the Experimental
system (12°C) and the Control system (20°C)in the Group II. .. ...... ... ... .. 3.79
Nitrate/nitrite concentration - time batch test profile (test 22) for the Experimental
system (12°C) and the Control system (20°C)in the Group 1. ................ 3.80
Nitrate/nitrite concentration - time batch test profile for the Experimental system
(12°C) to which 10mgNO,-N/t was dosed at the start and 10mgNO,-N/f was dosed 100

minutes iNto the test. . .. ... 3.82



Fig 3.76

Lig 3.77

Fig3.78

Fig 3.79

Fig 3.80

Fig 3.81

Fig 3.82

Fig 3.83

Fig 3.84

Fig 3.85

Fig 3.86

Fig 3.87

xix

Nitrate/nitrite concentration - time batch test profile for the Control system (20°C) to
which 10mgNO,-N/t was dosed at the start and 10mgNO.-N/t was dosed 100 minutes
INTO TRE TEST. . v\ ottt et et e et 3.82
Nitrate/nitrite concentration - time batch test profile for the Experimental system
(12°C) to which 10mgNO,-N/t was dosed at the start and 10mgNO,-N/t was dosed 100
MINUTES INLO The TEST. . ..ot oo 3.84
Nitrate/nitrite concentration - time batch test profile for the Control system (20°C) to
which 10mgNO,-N/f was dosed at the start and 10mgNO,-N/I was dosed 100 minutes
INTO The TEST. . . oL o 3.85
Nitrate/nitrite concentration - time batch test profile for mixed liquor from the
Experimental system (12°C) and the Control system (20°C) tested at 12°C to assess
short term temperature effects. ....... ... ... L oo oo 3.86
Nitrate/nitrite concentration - time batch test profile for mixed liquor from the
Experimental system (12°C) and the Control system (20°C) tested at 20°C to assess
short term temperature effects. .. .. ... ... . oo oo o 3.87
Nitrate/nitrite concentration - time batch test profile for mixed liquor from the
Experimental system (12°C) and the Control system (20°C) tested at 12°C to assess
short term temperature effects. .. ........ .. .. o 3.88
Nitrate/nitrite concentration - time batch test profile for mixed liquor from the
Experimental system (12°C) and the Control system (20°C) tested at 20°C to assess
short term temperature effects. .......... ... ... .. ... L 3.89
Comparison of the potential nitrate reduction (rates) calculated from anoxic batch tests
with the system nitrate reduction performance (rates) in the Experimental system (12°C).
................................................................. 3.90
Comparison of the potential nitrite accumulation/reduction (rates) calculated from
anoxic batch tests with the system nitrite accumulation/reduction performance (rates) in
the Experimental system (12°C). ....... ... ... . .. ... .. .. .. .. ... ... .. 3.91
Comparison of the potential nitrate denitrification (rates) calculated from anoxic batch
tests with the system nitrate denitrification performance (rates) in the Experimental
system (12°C). ..o 3.91
Comparison of the potential nitrate reduction (rates) calculated from anoxic batch tests

with the system nitrate reduction performance (rates) in the Control system (20°C).

Comparison of the potential nitrite accumulation/reduction (rates) calculated from

anoxic batch tests with the system nitrate accumulation/reduction performance (rates) in



Fig 3.88

Fig 3.89

Fig 3.90

Fig 3.91

Fig 3.92

Fig 3.93

Fig 3.94

Fig 3.95

Fig 3.96

XX

the Control system (20°C). . ... ..o 3.92
Comparison of the potential nitrate denitrification (rates) calculated from anoxic batch
tests with the system nitrate denitrification performance (rates) in the Control system
(2000, o 3.93
Comparison of the DSVI and nitrite concentration in the 2nd anoxic reactor with time
in the Experimental system (12°C). ....... .. .. .. .. ... .. .. ... .. ... ... 3.93
Comparison of the DSVI and nitrite concentration in the 2nd anoxic reactor with time
in the Control system (20°C). .. .. ... ... . 3.94
Nitrate/nitrite concentration - time aerobic batch test profile for the Experimental
svstem (12°C). ..o 3.97
Nitrate/nitrite concentration - time aerobic batch test profile for the Control system
(20°C). o 3.98
Nitrite concentration entering the aerobic reactor and DSVI throughout the 433 day
investigation (Control system). .. ........ ... .. ... ... ... ... ... ....... 3.107
Nitrite concentration entering the aerobic reactor and DSVI throughout the 433 day
investigation (Experimental system). ........... .. ... .. ... ... ... ... ... 3.108
Nitrite accumulation/reduction rates from anoxic batch tests and DSVI verses time in
the Control system. .. ... ... 3.109
Nitrite accumulation/reduction rates from anoxic batch tests and DSVI verses time in

the Experimental system. .. ....... ... ... . .. 3.110



Table 1.1

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.3

Table 3.6a

Table 3.6b

Table 3.7

Table 3.8
Table 3.9

Table 3.10

Table 3.11

Table 3.12

Table 3.13

Table 3.14

Table 3.15

Table 3.16

Table 3.17

Table 3.18

Table 3.19
Table 3.20

LIST OF TABLES

Categorisation of filaments according to certain causative conditions (Jenkins et al.

L8 ). 1.2
Design and operating parameters of the laboratory scale MUCT systems. ........ 3.2
Changes made to the influent sewage. ....................... . ... ... ... 3.3
Changes made to the system operating conditions. .......................... 3.4
Sampling position and parameter measurement. .................... ..o 3.7
Summary of parameters monitored with corresponding Figure numbers. ......... 3.8

COD balances for the 21 steady state periods in Experimental and Control systems.

................................................................. 3.32

Masses of nitrate or nitrite, produced or reduced, in the aerobic, first and second anoxic

................................................................. 3.41
Deviations of r-,s- and a- recycles from integer values after optimisation. ........ 3.42
Influent, reactor and effluent Total P concentrations for the 21 steady state periods in
the Experimental system (12°C). ... ... . .. .. . .. 3.46
Influent, reactor and effluent Total P concentrations for the 21 steady state periods in
the Control system (20°C). . ... ... ... ... . ... 3.47
P release or uptake for each reactor and net P removal for the 21 steady state periods
in the Experimental system (12°C). ... ... .. ... .. .. .. ... .. . .. 3.48
P release or uptake for each reactor and net P removal for the 21 steady state periods
in the Control system (20°C). .. ... ... .. ... . ... ... ... ... ... ... 3.49

Comparison of measured and predicted P removal values obtained by Musvoto et

al (1992) and Kaschula et al.(1993) with those obtained in this investigation. . ... 3.52
Calculated values of f, in the Experimental and Control systems. ............. 3.56
Summary of test conditions forbatchtests. ........... ... .. ... ... ... ..., 3.63

Experimental data from anoxic batch tests performed in Group I on the Experimental
system (12°C). oo 3.69

Experimental data from anoxic batch tests performed in Group I on the Control system

(2000, 3.70
Comparison of denitrification rates obtained by Clayton et al.(1989) and Musvoto et
al (1992) with those obtained in this investigation. ......................... 3.74
Blends of nitrate and nitrite dosed at the start of the Group Il batch tests. ... ... 3.77

Nitrate and nitrite doses at the start and 100 minutes after the start of the Group I



Table 3.21

Table 3.22

Table 3.23

Table 3.24
Table 3.25

Table 3.26

Table 3.27

Table 3.28

Table 3.29

Table 3.30
Table 3.31

DatCh teStS, oo 3.81
Nitrate reduction, nitrite denitrification, nitrite accumulation/reduction and nitrate
denitrification rates obtained in the Group 1l batch tests. ................... 3.81
Nitrate and nitrite doses at the start and 100 minutes after the start of the Group 1V
batch tests. .. 3.83
Nitrate reduction, nitrite denitrification, nitrite accumulation/reduction and nitrate
denitrification rates obtained in the Group IV batch tests. .......... ... ... ... 3.84
Parent system and batch test temperatures for the Group V batch tests. . .... ... 3.86
Nitrate reduction, nitrite accumulation/reduction and nitrate denitrification rates for
Tests 32a and 32b in the Group V batch tests. . ...... ... ... ... ... ......... 3.88
Nitrate reduction, nitrite accumulation/reduction and nitrate denitrification rates for
Tests 33a and 33b in the Group V batch tests. . ...... ... ... ............... 3.89
Concentrations of ammonia, nitrite and nitrate in the aerobic reactor of the
Experimental and Control systems on Day 427 (i.e. the day on which the aerobic batch
tests were conducted). . ... 3.100
Table of the filament types associated with various causative conditions. ...... 3.101
The Dominance and Occurrence of filamentous organisms in full scale nutrient removal
activated sludge plants in South Africa (after Blackbeard et al. 1988) . ... .. ... 3.102
Filaments identified in the Control system (20°C). ....................... 3.104

Filaments identified in the Experimental system (12°C). ........... ... ... .. 3.105



1.1
CHAPTER 1

INTRODUCTION

The activated sludge process is an efficient means whereby the nutrients nitrogen (N) and phosphorus
(P) can be reduced biologicallv to low concentrations in municipal wastewater effluents. However, a
maijor disadvantage of the process is that in the sludge mass which develops, filamentous organisms can
proliferate which results in poor settleabilitv of the sludge in the secondarv setding tank. From a survey
of nutrient removal plants (Blackbeard et al., 1988) it was found that out of 45 nutrient removal
activated sludge plants, 33 had bulking problems of considerable proportions which severelv reduced

the treaument capacity of these plants.

It has been shown bv Ekama and Marais (1986) that an important factor limiting the treatment capacity
of an activated sludge plant is the inefficient separation of solids from the liquid phase in the secondary
settling tank caused bv poor sludge setteability. For a mixed liquor with a suspended solids
concentration of 3.5 g/ and a Diluted Sludge Volume Index (DSVI) of 150 myg a maximum overflow
rate of 1 nvh can be achieved without settling tank failure (i.e. solids carrv over). If the DSV is reduced
from 150 mi/g to 100 mi/g the maximum overflow rate can be increased to 1.8 nvh, thereby increasing
the treatment capacity bv 2/3. However. if the DSVI deteriorates from {50 mi/g to 200 mi/g then a
reduction in maximum overtlow rate to 0.6 nvh can be expected, etfectivelv reducing the treatment
capacitv bv 1/3. These tindings demonstrate the importance of developing and maintaining a good
sertling sludge. The large potential savings trom increasing the treatment capacitv of activated sludge
plants through improvement in sludge settleabilitv have motivated considerable research into the causes

ot bulking.

Bulking is caused by the excessive growth of filamentous organisms which leads to a deterioration in the
separation of solids from the liquid phase. If a sludge contains verv small quantities of filamentous
organisms and is dominated bv floc formers, then pin-point tlocs result, which while providing a good
settling sludge, tends to generate a poorly clarified effluent. Converselv, a sludge which is largely made
up of filamentous organisms will generate a well clarified effluent (it carrv-over of solids is avoided)
which settles poorlv. Clearlv, the correct combination of these two extremes is desirable such that a good

settling sludge is produced together with a well claritied effluent.

Lee ¢t al. (1983) investigated the ettect of the presence of different quantities of filamentous organisms -
measured by Total Extended Filament Length (TEFL, knvg) - on the sludge settleability parameters

Sludge Volume Index {SVI) and Diluted Sludge Volume Index (DSVI). Thev found that the DSVI was
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much better correlated to the TEFL than the SVI and when the DSVI increased above 150 m/g,
filamentous organisms began to dominate the settling characteristics of the sludge. From this finding,
a sludge with a DSVI of greater than 150 my/g is regarded as a bulking studge. DSVI values between 80
and 100mu/g are regarded as ideal because these have sufficient filaments to enable good flocculation

and clarification but insufficient filaments to cause poor settieability.

The current methodology for analysis and control of filamentous bulking sludges is to use the filament
categorization method of Jenkins et al. (1984) in which the presence of a specific filament type causing
bulking is associated with a causative wastewater characteristic or a process operating condition (see
Table 1.1). Eliminating the causative condition will result in inhibition of the proliferation of the
specific filament tvpe and hence amelioration of the bulking problem. This method of controlling
filament bulking is termed "specific' and contrasts with "non-specific’ control methods such as
chlorination which impairs the growth of filamentous organisms to a greater extent than floc-formers
because of their high surface area to volume ratio. The use of non-specific methods for the control of
bulking does not address the causes of filament proliferation but merely treats the symptoms.
Consequently, it was desirable to develop specific methods which control the causative filamentous
organisms and to do this a more tfundamental understanding of the interaction between floc-formers and
filaments vas necessary. Filament idenutfication survevs of South African N & P removal activated
sludge plants (Blackbeard et al., 1988) indicated that the six most commonly dominant filamentous
organisms were tvpes 0092, 0675. 0041. M. parvicella, 0914 and 1851. From Table 1.1 the first 4 of
these are low Food to Micro-organism ratio (F/M) filaments. Therefore in order to improve sludge
settleability in low F/M or long sludge age nutrient removal activated sludge plants in South Africa,

control strategies need to be investigated to minimize tilament proliferation.

Table 1.1 Categorisation ot filaments according to certain causative conditions (Jenkins et al.
1984).
Suggested causative conditions Indicarive filament tvpes
Low F/M ratio M. parvicella, Tvpes 0041. 0675, 0092, 0581,

0961, 0803, 021N, H. hvdrossis, Norcardia spp.

Low dissolved oxvgen Tvpe 1701, S. natans, H. hvdrossis
Presence of sulphide / septic sewage Thiothrix spp., Beggiatoa spp., Tvpe 021N
Low pH Fungi

Nutrient deficiencies S. natans, Thiethrix spp., Tvpe 021N, and

possibly I liydrossis, Tvpes 0041, 0675

Chudoba et al. (1973) proposed a selection criterion to explain for the occurrence and non-occurrence
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of filament butking in tow F/M systems, which was based on the differences in growth kinetics between
floc-formers and filamentous organisms at different substrate concentrations. In the Monod formulation
for specific growth rates it was found that filamentous organisms generallv have lower values for both
the half saturation coefficient (K;) and the maximum specific growth rate {x ) making them more
responsive to low bulk liquid substrate concentrations. Hence, in low F/M or long sludge age plants,
filamentous organisms have a selective advantage and tend to dominate over the tloc-forming organisms,
therebv producing a poor settling sludge. Resulting from this, it was proposed that if a "selector” reactor
was introduced to a svstem such that the substrate concentration in this reactor was maintained at a high
level. then floc-formers would be selected for because of their higher maximum specific growth rate at
high substrate concentrations. The mixed liquor would then tend to contain fewer filamentous
organisms, producing a sludge with better settling characteristics. This idea stimulated considerable
research into the use of selectors for low F/M bulking control but bv 1984 it became apparent that
Chudoba's selection criterion does not completelv account for the suppression of filamentous organism
proliferation in either aerobic or anoxic selectors . From the literature it appeared that S. natans,
Thiothriv and 021N are possibly controlled by inducing a selector effect (Gabb ¢t al. 1988) but there was
still no conclusive evidence that all low F/M filaments are controlled by this method. Consequently a
four vear investigation (1985-1988) was initiated at UCT to consolidate and in some cases repeat
experiments reported in the literature so as to provide conclusive evidence for the conditions under
which tilamentous organisms are controlled bv selectors. A number of ditferent experiments were carried
out bv Gabb et al. (1989a, 1991), in which the effect of anoxic. aerobic and anaerobic selectors on low
F/M bulking was examined in fullv aerobic. anoxic-aerobic and anaerobic-anoxic svstems and it was
concluded that, although anoxic and aerobic selectors were (and still are) promoted as being a specitic
method for the control of low F/M buiking, they do not in fact do so. This finding terminated the
selecton criterion approach, both kinetic selection (anaerobic or anoxic selectors) and metabolic
selection (anoxic or anaerobic selectorsreactors) and placed bulking research in N and N&P removai

plants back into an exploratory stage.

A second wide-ranging follow-up research investigation began in 1989 to study the effect of various

sewage characteristics and svstem operating parameters on low F/M filament bulking, viz. response to:

(1) Readily biodegradable or slowlyv biodegradable COD from artificial substrate and real sewage.

{2) Plant configurations (i.e. fully aerobic: fullv anoxic: intermittent aeration; pre- and post-
denitrification; MUCT and JHB).

(3) Sludge age |i.e. short (5 davs) or long (22 davs)].

4 Proportion of anoxiczaerobic mass traction.
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(3) Frequency of alternation between aerobic and anoxic conditions.
(6) Dissolved oxvgen in the aerobic zone.
(7) Nitrate and nitrite concentrations in the anoxic zone(s).

Some of the above parameters were investigated using artificial substrate by Gabb et al. (1989); Ketley
et al. (1991); Hulsman et al. (1992); de Villiers et al.(1994); Casey et al. (1994). In many instances it
was necessary (either for the purposes of confirmation or because the filaments tound were not those
generallv found in full-scale plants), to studv the effects of the above parameters with real sewage
[Warburton et al. (1991); Ketlev et al. (1991); Hulsman et al. (1992); de Villiers ¢t al.(1994); Casev et
al. (1994)} so that additional uncertainties using artificial substrate did not unnecessarily complicate

the objective of finding methods for ameliorating low F/M filament bulking.

From this research it was established that the tollowing conditions have a significant influence on low

F/M tilament bulking (after Casev et al. 1994):

(hH Continuous anoxic or continuous aerobic conditions control low F/M filament proliferation to
low DSV values (< 100 mi/g).

(2) An aerobic mass fraction of between 30 and 40% has been observed to coincide with high DSVI
values. In contrast. aerobic tractions greater or less than this are associated with progressively
lower DSV TI's until fullv aerobic or tuilv anoxic conditions are present.

(3 Low E/M filament proliferation was observed in single reactor intermittent aeration svstems
irrespective of the biodegradabilitv of the available substrate (i.e. RBCOD or SBCOD) tfor both
artificial substrate and real sewage.

(4 Low dissolved oxvgen concentration in the aerobic reactor did not significantly influence low
E/M filament proliferation.

(3} The presence of nitrate and/or nitrite concentrations at the time the conditions in the various
N and N&P removal svstemis become aerobic (having been anoxic) promotes low F/M filament

bulking. In this respect. it appeared that nitrite had a greater influence than nitrate.

From research results Casev ¢t al. (1992 a.b : 1994) developed an explanation for the proliferation of low
F/M filaments in N and N&P removal plants. Accepting that the filamentous organisms only reduce
nitrate to nitrite and the tloc-formers denitrifv nitrate to nitrogen gas, when denitrification is not
complete in the anoxic reactor, denitrification intermediates (NO., NO, N.O) in the floc-formers inhibit
their oxvgen uptake enzymes when conditions become aerobic. The filaments which do not accumulate

the inhibitory denitrification intermediates. are not inhibited in their oxvgen uptake abilitv and



1.5

therefore have an advantage over the floc-formers. As a consequence Casev et al. (1994) renamed the low

F/M filaments that tend to proliferate in N and N&P removal plants, Anoxic-Aerobic (AA) filaments.

From the above findings Musvoto et al. (1992} studied the effect of verv small aerobic mass fractions
(20%) and concentrations of nitrate and nitrite entering the aerobic zone on low AA (F/M) filament
bulking in nutrient removal activated sludge svstems. Thev concluded that it is not the aerobic mass
fraction per se which affects the proliferation of AA filaments but rather the concentrations of nitrite (and
nitrate) in the anoxic zone prior to the aerobic zone. Hence it is desirable, for the purposes ot design,
to ensure that denitrification is complete (i.e. nitrate < 0,5 and nitrite < 0,2 mgN/t respectivelv) in the

anoxic reactor prior to the aerobic reactor.

The findings of Musvoto et al. (1992) provided strong evidence for the bulking hvpothesis of Casev et
al. (1992a. 1994) which attempts to explain the reason for the connection between high levels of nitrite
present in the anoxic reactor prior to the aerobic reactor, and high values of DSV (the hvpothesis is

discussed in more detail in Chapter 2).

The hypothesis of Casev et al. (1992a, 1994) and the demonstration of Musvorto ¢t al. (1992 ) indicate
that AA filament bulking can be controlied by careful design and operation of the denitrification zones
of N and N&P removal svstems. For this. the denitrification kinetics and rates need to be quantitatively
delineated so that the denitrification potential of the anoxic zone(s) can be accuratelv estimated. The
denitritication kinetics and rates at 14°C and 20°C for N removal svstems, including intermittently
aerated (ditch-tvpe) ones are well established | Stem and Marais, (1974); Wilson et al., (1976); Marsden
et al., (1976); Arklev et al., (1981); van Haandel et al., (1981), \WRC (1984) and Warburton et al.,
(1991){. Although modelling and kinetics ot biological N&P removai svstems is well advanced (Wentzel
ct al.. 1992). the denitrification kinetics and rates are not well established for N&&F removal svstems.
Indeed Clavton et al. (1989) and Musvoto ¢t al. (1992) measured denitrification rates in these svstems
at 20°C but no investigation has been carried out at other temperatures. Examination of the temperature
etfect is important because filamentous bulking has been observed to be a seasonal problem being worst
at the end of winter (Eikelboom, 1994: Kunst and Riens, 1994). This can be explained in terms of the
Casev hvpothesis because it is known that denitrificadon rates decrease with temperature so that
incomplete denitrification and hence the transter of nitrate and nitrite from the anoxic reactor to the
aerobic reactor becomes more likelv. However the extent of the reduction in denitritication rates is

unknown.

In the light of the above, the objectives of this investigation were three-fold:
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(1) The further verification of important implications that flow from the Casey ¢t al. (1992a, 1994)
bulking hvpotheses

(it) To examine biological N&P removal performance and AA filament bulking behaviour at low
tremperatures (12°)

(iii) To determine the denirrification kinetics and rates in N&JP removal svstems at low temperature

(12°) and compare this with a Control svstem at 20°C.

These objectives were addressed by setting up two laboratory scale Modified UCT systems, one
(Experimental) at 12°C and one (Control) at 20°C. For objective (i), the first phase of the investigation,
it was considered that if nitrification could be inhibited in the MUCT svstem, then no nitrate or nitrite

would enter the aerobic zone under any circumstances and a good settling sludge should develop.

There are a number of methods reported in the literature for preventing nitrification, viz. the addition
of inhibitorv chemicals, such as thiourea. However these methods frequently introduce other factors
which can adversely influence the original objectives and hence it was decided to prevent nitrification
bv means of the more natural method ot reducing the temperature of the svstem to 12°C. For
comparison of results another system was operated at 20°C. The results obtained from this first phase
of the investigation were unexpected in that extremely high DSVI's (> 1000 m/g) were obtained and
hence it was decided to ameliorate this condition by dosing nitrate to restore anoxic conditions to the
anoxic reactor (phase Il). Thereafter, attention was focused on objectives (ii) and (iii) which constituted
phase III of the investigation. Details of Casev's bulking hvpothesis and the research information
associated with it are reviewed in Chapter 2. The experimental investigation and its results are presented

in Chapter 3 and the conclusions are set out in Chapter 4.
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CHAPTER 2

LITERATURE REVIEW

2.1 PREAMBLE

Casev ez al. (1991) conducted a comprehensive literature review on specific bulking control in order to
consolidate and integrate the findings of other researchers with the bulking research program undertaken
at the Universitv of Cape Town. It is not the intention in this chapter to do a separate review but rather
to give a brief overview of filamentous organisms and their effect on sludge settleabilitv and thereafter
to review the research which ultimately lead to the formation of a hvpothesis (Casev et al., 1992a) for
the causes of filamentous organism proliferation (bulking) in nutrient removal plants. The review ends

with a discussion on the objectives of the research presented in the remainder of the document.

2.2 FILAMENTOUS ORGANISMS

Filamentous organisms are a natural component of activated sludge biocenosis and their occurrence, in
small quantities, is in fact beneticial. Thev frequentlv form a "back bone” to which tlocs attach and this
increases the overall floc densitv and in addition, tilament lengths extending into the bulk liquid form
web-like structures which tend to screen small particles therebv improving claritication. However, when
the occurrence of filamentous microorganisms exceeds a certain level (i.e. at a total extended filament
length greater than 30 kmvg, Lee et al. (1983) or a DSVI greater than 150 mi/g, Ekama and Marais
(1986). or 10" unvm¢ or 10° nvg, Jenkins ¢t 2. (1984)) thev begin to dominate the settling behaviour
+of the sludge causing excessive volumes of settied activated sludge in the secondarv clarifier due to low
compactibilitv and slow zone settling velocities. There are 29 different wvpes of filamentous bacteria
(Eikelboom and van Buijsen, 1981: Jenkins cr al., 1984). some of which are associated with foaming

rather than with bulking (e.g. Norcardia spp. and Microthrix parvicella)

While ditterent tilaments tend to dominate in ditferent countries | England (Foot. 1992); United States
(Jenkins et al., 1984). France (Pujol et ai.. 1991); Germanv (Ziegler et al., 1990); South Africa
(Blackbeard et al., 1988)] it is apparent that 12 filaments are tfrequentlv found in manv activated sludge
plants (\Wanner, 1993). Of these 12, 9 are included in the 14 filaments identified bv Blackbeard er al.
(1988). which occur in nutrient removal plants in South Africa. Ranked in descending order of
occurrence (as opposed to dominance) the top 6 of the abovementioned 14 in South Africa are: tvpe

0092, tvpe 0914, M. parvicella, tvpe 1851, tvpe 0675 and type 0041.

Ditterent tilamentous organisms proliferate under different conditions and because of this, anv measures

used to control their proliferation must applv to as manv different filament types as possible for
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maximum effect. However, even this is not always sufficient since certain filaments with a similar
abundance to others have a greater effect on sludge settleabilitv. For instance the occurrence of
M. parricella is believed to influence settleability to a far greater extent than type 0092 (ranked as 3rd

and Ist respectivelv in South Africa by Blackbeard ¢t al. 1988).

2.3 FACTORS AFFECTING THE GROWTH OF FILAMENTOUS
ORGANISMS

There are two approaches to the control of filamentous organisms in activated sludge plants. The first
is "non specific’ control which is designed to address the svmptoms of bulking bv addition of inhibitory
chemicals such as chlorine, ozone or hvdrogen peroxide which selectivelv kill the filaments. While this
approach is suitable in emergency situations it is undesirable as a primary control measure (due to cost,
the formation of chloro-organics and the fact that it is onlv a temporary measure) and hence "specific”
conurol, which attempts to address the cause of filament proliferation is preferable. To isolate specific
bulking control strategies a wide range of research programs have been conducted to elucidate the factors
which atfect the growth of filamentous organisms. Since Chudoba ¢t al. (1973) proposed an organism
selection criterion as an explanation for the occurrence or non-occurrence of filamentous bulking,
numerous studies have been conducted both a laboratorv-scale and full-scale which have attempted to
delineate strategies for the control of these "weeds of activated sludge” (Donaldson, 1932) or the "AIDS

of activated sludge” (Rogalla, 1993).

The research reported in this investigation pertains specificallv to Nitrogen (N) and Nitrogen and
Phosphorus (N&P) removal plants and therefore the following review is devoted to the research

applicable only to filamentous bulking in these tvpes of activated sludge plants.

From a wide ranging investigation bv Gabb et al. (1988) it was concluded that neither kinetic selection
(i.e. the simulation of high substrate utilisation rates via the imposition of a soluble COD concentration
gradient} or metabolic selection (i.e. the introduction of an anoxic and/or an anaerobic reactor to the
svstem) or a combination of these could control the proliferation of low F/M filaments in long sludge age
nutrient removal activated sludge plants. From this important conclusion it was evident that an
additional factor or factors hitherto not considered was responsible for the proliferation of low F/M
filamentous organisms in N and Nutrient removal plants and as a foundation for tuture research, five

aspects were identitied as possiblv influencing tilament proliferation. These were:

§ Biodegradabilitv of influent (i.e. RBCOD or SBCOD).

2) Continuous aerobic and continuous anoxic conditions (i.e. no switching between anoxic and
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aerobic conditions).

3) Magnitude of aerobic (or anoxic) mass fraction.
4) Concentrations of NO. or NO. in the anoxic zone prior to aeration {or the aerobic zone).
5) The difference between intermittent aeration nitrification-denitritication {IAND) and 2-reactor

nitrification-denitrification {(2ZRND) svstems.

5.1 Frequencv of alternation between anoxic and aerobic conditions, (i.e. magnitude of a-
recvcle).

5.2 Utilization of RBCOD under aerobic, anoxic or aerobi¢/anoxic conditions.

53 DO concentration in aerobic zone/period (i.e. constant or variable).

5.4 Nitrate concentration in anoxic zone/period (i.e. constant or variable).

2.4 EXPLORATORY INVESTIGATION

In order to assess the influence of the above aspects on filament proliferation a series of experimental
investigations were carried out using both defined artificial substrate as intluent and real municipal
sewage as influent. For clarity the work conducted using these two different types of influent is discussed
separatelv below (Part | relates 1o experiments with defined artiticial substrate and Part 11 relates to
experiments with real municipal sewage as intluent) although some sections of the work were carried out
concurrently. These investigations were carried out using one of the following svstem configurations:

1) single reactor. either continuouslv aerobicanoxic or interniittentlv aerated nitrification-

denitritication (1AND),

2) two reactor, either modified Ludzack-Ettinger (MLE) or Wuhrman, the former being a pre-
denitnfication svstem and the latter a post-denitrification svstem,
3) muiti-reactor, University of Cape Town (UCT) svstem or modified UCT (MUCT)system, the

tormer capable of N removal and the latter of N & P removal.

The single and two reactor svstems in Parts I and Il were operated at 15 davs sludge age and the

multireactor svstems in Part Il were operated at 20 davs sludge age. All svstems were operated at 20°C.

2.4.1 PART] - DEFINED ARTIFICIAL SUBSTRATE AS INFLUENT

2.4.1.1 Introduction

From inidal investigations bv Gabb (1988) it became apparent that the initial response to each new
batch of real sewage of the laboratorv svstems being operated. differed with each new batch of real
sewage obtained from Mitchell's Plain - a domestic sewage treaument plant in the greater Cape Town

area. In an attempt to eliminate these inevitable variations Gabb (1988) motivated for the development
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of a defined artiticial substrate as a substitute for municipal sewage as influent. However, to ensure that
the defined substrate was a suitable substitute, it had to have: (1) a similar chemical composition to
municipal sewage, (2) a similar kinetic response, and (3) a similar biological response, in that similar
organisms tvpes developed as would develop with municipal sewage. A literature survev on sewage
compositions was completed and defined artiticial substrate was tested and adjusted such that it
complied with the above 3 provisos. While the defined artificial substrate appeared to be an adequate
substitute in single reactor batch fed long sludge age svstems, it was found that when fed to a MUCT
svstem the response was very different to that exhibited by a similar svstem fed municipal sewage. It
was concluded that the MUCT configuration was too complex, as a starting point, to elucidate the

mechanisms inducing bulking and hence attention was focused initiallv on single reactor svstems.

2.4.1.2 Biodegradability of influent (RBCOD or SBCOD)

In work bv Casev et al. (1991) the effect of including and removing RBCOD and SBCOD from artificial
substrate was investigated on Intermittent Aeration Nitrification-Denitrification (IAND) svstems. It
was found that the DSVI increased substantiallv (from = 500 to = 1000 my/g) following a change from
SBCOD-rich to RBCOD-rich substrate. and decreased substantiallv following a change from RBCOD-
rich to SBCOD-rich substrate, with the dominant tilaments being FlLhvdrossis or type 1851, or both. It
is difticult to draw direct conclusions from these observations, but it is possible that tilaments are either
capable of adapting more rapidlv to the change in substrate in the short term and that the trend would
have reversed over the long term, or that the substrate concentration in the reactor was not sufficient
to tavour the growth of tloc-tormers over filaments using the Chudoba selection criteria. In addition,
it was also noted bv Casev er al. (1991) that an increase in DSVI corresponded with an increase in
combined etfluent NO. and NO concentrations (NO ) and converselv a decrease in DSVI
corresponded to a decrease in etfluent NO., . This suggested that high DSVT's (from greater numbers
of filaments) are associated with a reduced denitrification abilitv of the svstem. Also using IAND
svstems. the selector effect was examined bv the addition of either aerobic or anoxic selectors. From
these investigations it was found that provided selector reactors were sized such that over 90% of the
intluent COD wvas removed in those reactors and RBCOD-rich substrate was fed to the svstems, a
dramatic reduction in DSV] was observed. This conclusion was made in spite of a comparison between
similar IAND svstems fed municipal sewage (Warburton et a/., 1991) which indicated that the use of
the artiticial substrate tended to "amplitv" the DSVI's obtained compared to similar svstems fed real

sewage.

2.4.1.3 Continuous aerobic and continuous anoxic conditions
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Ketlev ¢t al. (1991) reported that continuous aerobic and continuous anoxic single reactor systems fed
artificial substrate developed low DSVIs (= 100 mi/g). This contrasted sharply with the finding that,
in intermittentlyv aerated svstems fed artificial substrate. high DSVIs developed (= 800 mi/g). In order
to control the excessive growth of filaments in this svstem it was exposed to continuous aeration and the
DSVI decreased dramaticallv. On reimposing conditions of intermittent aeration the DSV increased
dramaticallv. This tinding pointed to the switching between aerobic and anoxic conditions as being

associated with high DSVIs and confirmed the work of Gabb et al. (1989) with real wastewater.

2.4.1.4 Magnitude of aerobic {or anoxic) mass fraction

Work bv Casev et al. (1991) on IAND systems showed that, while low DSVIs were developed in svstems
which were either completelv anoxic or completelv aerobic, svstems subjected to alternating aerobic an
anoxic conditions developed high DSVIs. Bv adjusting the aerobic period relative to the anoxic period
it was possible to determine the worst combination in terms of the highest DSVI and this was fourd to

develop at 30 to 40% aerobic mass fraction.

2.4.1.5 Concentrations of NO, and NQ'_in the anoxic zone prior to aeration (or the
aerobic zone)
During an investigation into the relative roles of RBCOD and SBCOD in the proliferation of filamentous
organisms bv Casev ¢t al. (1991), it was noted that high DSVIs invariably occurred when high
concentrations of NO.._, were measured in the etfluent. To turther investigate this observation an [AND
svstem was operated with continuous NO." addition to the reactor. The DSVT was initiallv high (> 600
mi/g) with the effluent NO.., >25 mgN/l. Once the NQ addition was discontinued a dramatic
reduction in DSVT was observed to 150 m/g in 20 davs due largelv to a reduction in the growth of
Il hvdrossis. However, after a further 40 davs the DSV had again increased to over 400 mi/g through
the proliteration of tilament tvpes 1851 and 1701. Bv removal of the ammonium (NH.") fraction of
the intluent substrate it was possible to once again reduce the DSVI - this time to 200 m/g after 44 davs.
The conclusion from these experiments was that there is a relationship between the NO.,; in the
effluent and the DSV, although it was sull nor clear whether high concentrations of NO.,; caused

filament proliferation or whether tilament proliferation caused high concentrations of effluent NO., ..

2.4.1.6 Differences between IAND and 2RND systems

Hulsman et al. (1992) operated 2RND svstems with an aerobic mass fraction between 30 and 40% of
the total and found that although the same filaments as were found in [AND systems (with similar mass
fractions) occurred in these svstems, viz. [ Lhiydrossis and tvpe 1851, they tended to develop significantly

lower DSVIs (150-200 mi/g vs 400-600 mi/g). The reasons for this difference between two svstems with



2.6

apparently similar aerobic mass fractions were not specifically investigated with artificial substrate but

were identified as relating to the following:

i) Frequency of alternation between anoxic and aerobic conditions is considerably greater in an
[AND svstem (>30/d), than in a 2RND svstem (< 5/d) as a consequence of the low a- (aerobic-
anoxic) and s- {sludge) recycles.

ii) RBCOD is utilized under both anoxic and aerobic conditions in an IAND system, whereas it is
utilized exclusively under anoxic conditions in an MLE (pre-denitrification) svstem and
exclusivelv under aerobic conditions in a Wuhrman system (post-denitrification) svstem.

iii) The DO concentration in an IAND svstem is similar throughout the mixed liquor at anv given
moment, but varies depending on whether it is in an aerobic period or an anoxic period or
changing from anoxic/aerobic to aerobic/anoxic. In contrast a 2RND svstem has a constant high
DO (=>2 mg0/t) in the aerobic reactor and a constant loswv DO (= 0 mgO/t) in the anoxic zone
and comparativelv small masses of mixed liquor are changing from anoxicaerobic to
aerobi¢/anoxic at any given moment in time.

iv) The NO- and NO. concentrations in the aerobic period of an IAND svstem increase or decrease
depending on whether conditions are aerobic or anoxic. whereas in a 2RND svstem. the NO.’
and NO. concentrations remain constant in the anoxic reactor given consistent concentrations

of ammonium (NH,") in the influent (i.e. steadyv state).

The tour differences between IAND and 2RND svstems identitied above formed the basis for another
series of experiments. this time on municipal sewage. Since the main objective of using defined artificial
substrate had been tulfilled, i.e. to assess the impact of SBCOD-rich substrate or filament proliferation,
and it was found that the filaments which developed using aruficial substrate were not alwavs similar
to those found in tull-scale plants, the use of detined artificial substrate was discontinued and all further

experiments were conducted using real municipal sewage.

The importance of developing the same tvpes of filamentous organisms in laboratorv-scale investigations
as are found in full scale plants, to establish credibilitv of the results from laboratorv scale svstems,
prompted the re-examination of many of the aspects described above - but this time using municipal

sewage. A summarv of the results and discussion of these experiments follows in Part 1l below.

2.4.2 PART I - MUNICIPAL SEWAGE AS INFLUENT

2.4.2.1 Introduction

Using municipal sewage as influent, the five aspects identified previouslv as possibly influencing
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however, from these experiments whether the DSVI correlated more closely to the concentration of

nitrate or nitrite.

2.4.2.6 Sludge age

From work done bv Warburton ¢t al. (1991) who examined the effect of sludge age on the proliferation
of filaments in an IAND svstem, it appears that reducing the sludge age of a system trom 20 days to 10
davs has little effect on DSVI. Reducing the sludge age still further, from 10 to 7 and then to 5 days did
reduce DSVI marginallv, but short sludge ages (i.e. <10 davs) are detrimental to the maintenance of
stable nitrification. particularly at cold temperatures (i.e. winter conditions) and thus cannot be
realisticallv put forward as a control mechanism for filament proliferation in nutrient removal plants.

Foot ¢t al. (1994) came to the same conclusion from full scale plant operation.

2.4.2.7 The difference between intermittent aeration nitrification-denitrification (JAND)

and 2-reactor nitrification-denitrification (2RND) systems

From work pertormed with artificial substrate (see Part 1) certain differences between IAND and 2RND
svstems were identitied as areas where turther research was required in order to explain the different
behaviour of these two tyvpes of system (with regard to tilament proliferation) which had apparently
similar operating conditions. The differences identified (i.e. the frequency of alternation between anoxic
and aerobic conditions. the utilization of RBCOD under anoxic, aerobic or anoxic/aerobic; the DO
concentration - constant or variable: the Nitrate concentration - constant or variable) are discussed

below and their relative impacts on filamentous bulking reviewed.

1) The trequency of alternation between anoxic and aerobic conditions

Ketlev et al.{1991) conducted experiments on IAND svstems with aerobic periods ot 30% relative to the
total and with NO. dosed throughout the anoxic period to ensure that conditions did not become
anaerobic which might have provided suitable conditions for the biological removal of Phosphorus - a
further undesirable complication. To assess the effect of the frequency of exposure of the sludge to
anoxic and aerobic conditions the anoxic-aerobic cvcle lengths were varied between 20 minutes and 3
dayvs. It was found that proliferation of low F/M filaments took place irrespective of the frequency of

anoxic-aerobic cvcles.

[n follow-up work conducted by Hulsman ¢t al. (1992). tvo 2RND svstems were operated, with aerobic
mass fractions ot 30-40% of the total. The a-recvcle ratio (from the aerobic reactor to the anoxic reactor)
in one svstem was relatively low (3:1) while the a-recvcle in the other was high (>30:1). With an a-

recvcle ratio of >30:1 it was hoped that a trequency of alternation similar to that found in an IAND
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could be achieved. However, it was found that neither the svstem with a low a-recvcle nor that with a
high a-recvcle promoted the growth of filamentous organisms. These findings indicated that the
frequencv of exposure of the sludge to anoxic-aerobic conditions could not be the difference between an

IAND and a 2RND svstem which promotes bulking in the former but not in the latter.

i) Utilization of RBCOD under anoxic, aerobic or anoxic-aerobic conditions

In order to approximate the feeding pattern of an [AND svstem, Casey et al. (1991) conducted
experiments using a 2RND svstem in which the influent was fed to the anoxic and aerobic reactors in
proportion to their contributions to the total sludge mass of the system. This investigation was
conducted over a period of 56 days during which time the DSVI remained constant at 150 m¥g. The
conclusion from this work was that the feeding pattern, provided feeding to either the anoxic zone or
the aerobic zone was continuous, did not appear to stimulate filament proliferation. In further work on
this aspect bv Casev et al. (1991) sewage was separated into RBCOD and SBCOD using ultrafiltration
and these separate sewage fractions were fed to different JAND systems to assess their influence on
filament proliferation. In one svstem, the DSVI remained >200 mig irrespective of whether RBCOD
or SBCOD was used as influent, but on closer examination the dominant filament present was tound
to be 021N which is often associated with septic sewage. In the other IAND svstem, it was found that
the DSVI increased to =400 mi/g from the proliferation of the low F/M filament M.parvicella, when
SBCOD +was used as influent. and decreased initiallv to <150 mi/g when RBCOD was used as influent.
However. this decrease was short-lived and the proliferation of [fhiydrossis and tvpe 1701 caused the
DSVI to increase again to =400 mi/g. These tindings contirmed results obtained previously bv Ekama
et al.(1986) which suggested that tilaments do not require RBCOD to proliferate, even in nitrification-

denitrification svstems.

To assess the effect ot utilization of RBCOD exclusivelv in a predenitrification anoxic reactor (i.e. anoxic
reactor of an MLE svstem) and exclusivelv in an aerobic reactor (i.e. aerobic reactor of a post-
denitritication svstem), an investigation was carried out bv Casev ¢t al. (1991), in which RBCOD was
fed to an IAND svstem oniv during the aerobic period. and then in a separate investigation, onlv during
the anoxic period. [t was found that when RBCOD was fed during the aerobic period the DSVI declined
rapidly and when ted during the anoxic period. increased rapidiv due to the presence of H.hydrossis and
tvpe 0041. From these experiments it was concluded that with RBCOD as substrate. low F/M filaments
common to nutrient removal plants did not proliferate irrespective of whether it was fed during
exclusively aerobic or anoxic conditions and aJso during anoxic-aerobic conditions (i.e. continuously fed

1o an [AND svstem).
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i) The effect of a variable or constant DO concentration

Another difference between IAND and 2RND systems is that in the former at any given time the DO
concentration in the sludge mass is the same but this value depends on whether aeration is taking place
in the reactor or not or whether the svstem is in a transition phase between aerobic and anoxic
conditions. In a 2RND svstem, the DO concentration in the aerobic reactor is always high (i.e. >2,0
mgO/t) whilst the DO concentration in the anoxic reactor is zero with the change taking place rapidly.
In order to assess whether these differences are responsible for the greater low F/M filament proliferation
observed in an JAND svstem. two sets of experiments were carried out by Casey et al. (1991). In the first
set, experiments were conducted on [AND svstems to examine the effect of low DO (i.e. 0.2 < DO <

0,5 mgO/t) conditions on filament proliferation, and the following observations were made:

1) In spite of the low DO (0.2 < DO < 0,5 mgOA) conditions, filaments did not proliferate if

aeration was continuous.

2) For an IAND svstem with a high DSVI. amelioration of the bulking condition was achieved
more rapidlv bv contnuous aeration at a high DO (i.e. 0.2 < DO < 2.0 mgO/?) than at a low

DO (0,2 < DO < 0.5 mgO/).

3) For an IAND svstem operated with cvcles set at 35% aerobic and 65% anoxic, the higher the

peak DO during the aerobic period. the higher the DSVIL.
+) The presence of an anoxic period adversely intluences sjudge settleability.

In the second set of experiments. 2RND svstems were operated to examine the effect of a decreasing DO
concentration. In an attempt to prevent the sudden reduction in DO normallv experienced by sludge
in the a-recvcle which passes from the aerobic reactor with a high DO concentration, to the anoxic
reactor with a negligible DO. a small reactor was introduced to the a- recvcle. The DO in this reactor
was controlled to be < 0.5 mgO/l. Resulting from this modification, a small reduction in DSVI was
noted from = 153 me/g to = 120 my/g in 41 davs. This reduction, however, was not considered to be
signiticant and thus the conclusion drawn from this experiment was that the comparatively stow decrease

in DO, inherent in an IAND svstem. compared with the rapid decrease in DO from aerobic to anoxic

conditions in a 2ZRND svstem is not responsible for the proliferation of filaments in the former system.

iv) Variable or constant NO.. concentration

The fourth ditference between IAND and 2RND svstems concerns the concentration of NO,. For an
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[AND svstem at the beginning of an anoxic period, the nitrate concentration is initialiy high but
decreases during the anoxic period to zero or to some positive value depending on whether
denitrification is complete or incomplete. At the beginning ot the aerobic period, the concentration
depends on the extent of denitrification in the preceding anoxic period, and then increases to some
maximum value related to the nitrification rate and/or the initial mass of ammonium (NH,") available
for nitrification. The concentration of nitrate is thus in a constant state of flux in an IAND system.
However, in a 2RND svstem operating under steady state conditions, the nitrate concentration in the
aerobic reactor is constant at some high value related to the influent ammonia (NH,"). Also, the nitrate
concentration in the anoxic zone is constant and is set by the extent of denitrification. If the nitrate
concentration is negligible then denitrification is complete but if appreciable concentrations of nitrate
are present, then denitrification is incomplete i.e. residual concentrations remain when conditions
become aerobic.

To examine this difference in the nitrate concentration between IAND and 2RND svstems, a series of
experiments were conducted bv Casev et al. (1991) in which the redox potential and nitrate/nitrite
concentrations were measured. I[nitally, a 2RND system was operated to establish average redox
potental values in the anoxic (= -S1 mV) and in the aerobic (+48 mV) zones. Having established these,
the svstem was changed to operate as an [AND svstem and atter a period of time sufficient to allow a
consistent DSVI to be attained. redox measurements were taken throughout an 8 hr intermittent
aeration cvcle together with measurements of the nitrate and nitrite concentrations. From this test, the
redox potential was observed to drop tfrom +40 mV at the end ot the aerobic period to -180 mV at the
end of the anoxic period. Further. it was observed that the high concentrations of nitrate present at the
beginning of the anoxic period were reduced to negligible concentrations quite some time before the end
of the anoxic period and hence conditions during this latter part of the anoxic period were effectively

anaerobic.

To ensure that anoxic conditions prevailed throughout the anoxic period in subsequent tests, ammonium
(NH.7) was added to the intluent, and it was observed that in the 9 dav period after the addition, the
DSVT increased tfrom = 200 myg to = 220 mi/g. The ammonium (NH,") addition was then increased
still further, to increase the TKKN/COD ratio 1o 0.14 and another increase in DSVI was observed - this
time to 240 mi/g. From measurements taken throughout subsequent 8 hr intermittent aeration cvcles
(as before) it was tound that. although anoxic conditions could be maintained throughout the anoxic
period by addition ot ammonia to the influent, this took place at the expense of the sludge settleability
which was observed to deteriorate (DSVI increased) as the influent ammonia concentration was

increased.
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This important observation found support from previous work by Casev ez al. (1991). Using defined
artificial substrate, the effect of RBCOD and SBCOD on filament proliferation was examined and it was
noted that an increase in DSV was associated with an increase in the NO,, concentration in the
reactor. In previous work bv Casev et al. (1990) using municipal sewage fed to MUCT systems, it was
observed that a high concentration of NO, in the anoxic reactor preceding the aerobic reactor was
associated with a high DSVI and converselv a low or negligible NO.” concentration was associated with

a low DSV

2.5 CONCLUSIONS FROM THE EXPLORATORY INVESTIGATION

From the above experiments on N and N&P removal svstems receiving real wastewater throughout most
of which filaments common to N and N&P removal plants at full scale were observed (i.e. 0092,
M. parvicella, 0041 Thiothrix. 0041. [ Lhvdrossis and 1851) it was concluded that a major factor influencing
the proliferation of filaments in these svstems twas intermittent aeration, causing the organisms to be
alternately exposed to aerobic conditions and anoxic conditions, provided complete reduction of NO,
and denitrification of NO." did not take place before conditions again became aerobic. From this, two
conclusions emerged: (i) that the name low F/M filaments was no longer appropriate and because the
conditions for their proliferation appear to be closelv limited to anoxic-aerobic conditions, thev were
renamed Anoxic - Aerobic (AA) filaments: (ii) that the cause for AA tilament proliferation lav in the
requirement of the sludge mass to switch between aerobic and anoxic metabolic pathwayvs, this switching
in some wav affording filamous organisms a competitive advantage over tloc-formers or alternatively
disadvantage to the tloc-tormers. Clearly, a more tundamental understanding of the respiratorv processes
of facultative organisms was required, and entailed a thorough examination of the biochemical
mechanisms responsible for anoxic and aerobic respiration and growth. Accordingly, Casev et al. (1991)
embarked on a comprehensive literature review of the biochemical mechanisms relevant to the growth
ot facultative aerobic organisms. particularly with regard to the interaction between aerobic and anoxic

respiration pathwavs.

From the work of Krul (1976) on a tacultative organism. Alealigenis sp. extracted from activated sludge,
it was tound that if the organism was subjected to anoxic and aerobic conditions. its utilization of oxvgen
was severely inhibited by the accumulation of the denitrification intermediate, nitric oxide (NO). Other
research has indicated that the presence ot intracellular NO. is also inhibitory, although not to the same
extent as NO (Carr and Ferguson. 1990). From the above. together with an in depth study of the
biochemistry of facuitative organisms and the findings of bulking research on nutrient removal svstems,

Casev et al. (1992a) put torward a hvpothesis for the causes of low F/M (AA) filament bulking.



2.6 AA FILAMENT BULKING HYPOTHESIS

From a settleabilitv point of view. two groups or organisms are important in activated sludge svstems:
floc-formers and filaments. These two groups of organisms compete tor substrate in order to grow and
maintain themselves and anv competitive advantage for the filaments in a svstem will promote the
proliferation of these organisms and cause poor sludge settleabilitv. In continuously aerobic or
continuouslv anoxic conditions. filaments do not proliferate. However. in nitrogen or nutrient removal
svstems the organisms in the activated sludge are subjected to alternating anoxic and aerobic conditions
which can lead to a competitive advantage for the filaments allowing them to proliferate should

denitrification be incomplete when aerobic conditions commence.

The circumstances under which this occurs stem from the hvpothasized abilitv of floc-formers to teduce
nitrate to nitrogen gas (nitrate denitrifiers), while the filaments are onlv able to reduce nitrate to nitrite
(nitrate reducers). Under anoxic conditions, floc-formers denitrify nitrate according to the following
sequence {Pavne, 1973):

NO. = NO., — NO(g) — N.O(g) — N.g

nitrate  nitrite nitric oxide  nitrous oxide  dinitrogen

In instances when the supplv of electrons trom biodegradable substrate in the anoxic zone is sutficient
to ensure the complete reduction of nitrate to nitrogen gas. the subsequent utilization ot oxvgen by floc-
tormers in the aerobic reactor 1s unatfected and the filaments are atforded no competitive advantage.
However, when the supplv ot electrons is insufficient to ensure the complete reduction of nitrate to
nitrogen gas, the denitrification intermediate, nitric oxide (NO) is accumulated intracellularly in tloc-
formers. The presence of NO within the floc-formers is responsibie for inhibiting the enzvmes specific
to aerobic respiration on entrnv into the aerobic zone. Under these circumstances the inhibition of
aerobic respiration causes electrons to be redirected to nitric oxide and the enzvmes responsible for the
reduction of nitric oxide. until the tloc-tormer no longer contains anv denitrification intermediates. This
aerobic reduction of nitric oxide is in turn inhibited bv the presence of nitrite and the net result is that
the utilization of substrate bv floc-formers is adverselv atfected and thev experience retarded growth

rates.

Filamentous organisms, however. under anoxic conditions are hvpothesized to effect nitrate reduction
to nitrite onlv and are not capable of utilizing other denitrification intermediates as terminal electron

acceptors. as tollows:
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NO, — NO.
As a consequence of this, thev are not able to accumulate NO and hence their subsequent utilization of

oxvgen in the aerobic zone is not inhibited.

In summary therefore, given alternating anoxic-aerobic conditions, if denitrification of nitrate and nitrite
to nitrogen gas is incomplete in the anoxic reactor of a 2RND system or at the end of the anoxic period
of an JAND svstem, it follows that the utilization of oxvgen by floc-formers is inhibited while the
utilization of oxvgen by filaments is unatfected. This places floc-formers at a disadvantage and causes
the proliferation of filaments causing a deterioration in sludge settleabilitv. So as to verify the
hvpothesis it is necessary to show that (1) filaments denitrifv onlv to NO. and flocformers to nitrogen
gas and (2) the inhibition of oxvgen utilization is manifest in a bulking sludge. The first proof could not
be conclusively tested by Casev ¢t al. (1993) since it requires specialized microbiological techniques and

hence attention was focused on the second.

2.7 EXPERIMENTAL EVIDENCE SUPORTING THE HYPOTHESIS

2.7.1 DEMONSTRATION OF INHIBITION

To determine whether or not inhibition of oxvgen utilization takes place in activated sludge which is
subjected to alternating anoxic-aerobic conditions, a series of batch tests were conducted on sludge
drawn from the anoxic reactor of the 2RND svstem operated by de Viiliers et al. (1994). To assess
oxvgen utilization the maximum specific OUR was measured (Ekama et a/., 1 986) upon sewage addition

with both anoxic and aerobic pretreatment conditions.

2.7.1.1 Anoxic denitrification

From Figure 2.1 it is demonstrated that inhibition of OUR was induced in the sludge after a 2 hour
anoxic period with NO." present during both the anoxic and subsequent aerobic periods. The addition
of = 25,0 mgNO--N/I at the start of the aerobic period exhibited dramatic inhibition while less marked
inhibition was noted on addition of = 5.5 mgNO.-N/t, and almost no inhibition was measured on
addition of 0,1 mgNO,-N/7 . Two conclusions were drawn from the observation (1) inhibition of QUR
in the presence of NO, is observed, and (2) the degree of inhibition is directly related to the
concentration of NO, at the beginning of the aerobic period. It could not be determined from these
tests however. whether the inhibition results trom the NO generated bv NO, denitrification under

anoxic conditions or under aerobic conditions.



2.7.1.2 Aerobic denitrification

To determine whether activated sludge from the 2RND svstem exhibited aerobic denitrification, aerobic
batch tests were conducted on speciallv prepared sludge samples. In the preparation of these samples
virtually all the NO, and NO. swere removed from the sludge bv dilution with tap water, settling and
decanting the supematant three times. The sludge was then held anoxic in the presence of 120 mg
COD/t sewage in order to denitrify anv remaining NO that might be present within the organism. After
2 hours, during which, thiourea was added {10mg/t) to inhibit NO, formation bv Nitrosomonas, aeration
was commenced (2.0 < DO < 1.0 mg O/t). After, Lhr aeration, 20 mg NO.- N/ of nitrate was dosed.
After a further I hour aeration. 360 mg COD/! (final batch volume) sewage was added and the OUR
nitrate and nitrite concentrations measured with time. Figure 2.2 shows that OUR inhibition is
exhibited. In a similar test but with NO; addition (20mg N/I) instead of NO , no inhibition was
exhibited. These observations suggested that NO inhibition does take place with NO,, {the NO
apparently produced bv aerobic denitrification of NO.) but not with NO, . In a control batch test, in
which no NO." or NOQ, was added. no inhibition was exhibited. these results were reproducible with

sludges from JAND and MUCT svstems.

In the batch tests presented so tar, it appears that during the aerobic period after sewage addition the
inhibition is relieved, reflected in a steadilv increasing maximum specitic OUR. in some cases levelling
oft at a constant value before the precipitous decrease in OUR when the RBCOD has been depleted. The
relief of OUR inhibition possibiv arises because the presence of significant quantities of RBCOD under
aerobic conditions accelerates the NO . N.O .. N, part of the denitrification pathwayv so that the NO

produced from NO. denitritication does not accumulate.

2.7.1.3 Effect of RBCOD on OUR inhibition by NO

To check if OUR inhibition takes place in the presence of signiticant quantities of RBCOD, an aerobic
batch test was conducted in which NO. was added after the sewage addition but while RBCOD was still
present. rather than before sewage addition when onlv SBCOD (principallv generated from organism
death and lvsis) is present as in the previous batch experiments. In this test no inhibition was noted, and
it was concluded that the presence of RBCOD (in sufficient quantitv) prevented or relieved the
inhibition. From this it seemed reasonable to accept the suggestion above that the RBCOD accelerates

the NO -, N. steps of the pathwav in such a way that NO no longer is accuinulated, is reasonable.
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OUR (mgO/gVSS.h)

#* 0.1 mgN/t
ied ] + 8.5 mghN/Il
. * 28.0.mgnN/dl

Parent system - 2 reactor ND system.

Time (hrs)

Fig 2.1 Oxvgen utilizauon rate jOUR. in mgO/(gVSS.h)] with tme under aerobic batch conditions
initrification inhibited) on sludge harvested from a 2 reactor ND svstem with a two hour anoxic
period prior to the aerobic test and with varving nitrite concentrations at the start of the aerobic
test, demonstratung the inital but graduailv declining inhibitorv etfect of NO, on maximum
speatic OUR (*0.1. + 5.5 and 25mgNO,-N/1.
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Fig 2.2 Oxvgen uulization rate [OUR. in mgO/(gVSS.h)| and nitrite and nitrate concentrations (+NO,’

and *NO.,

in mgN/f) with time under aerobic batch conditions (nitrification inhibited) on

sludge harvested from a 2 reactor ND svstem with a 2hr anoxic-anaerobic period during which
NO, was added (20mgN/¢). prior to the aerobic test.
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2.7.1.4 Determination of the extent of NO, reduction _and denitrification under anoxic

conditions by filaments and floc-formers

With the experiments above, it was demonstrated that OUR inhibition hvpothesized to be bv NO, takes
place in the presence of NO. in switching from anoxic to aerobic conditions. For the proposed
explanation to be acceptable, it needed to be shown even superficiallv that floc-formers denitrify from
NO. to N, gas, and so are susceptible to OUR inhibition bv accumulated NO, whereas the low F/M
tilaments reduce NO. to NO, onlv, and therefore do not accumulate NO and so are not susceptible to
this inhibition. Clearlv this is an experiment that needs to be taken up bv microbiologists and
biochemists, but for the purposes of testing the hvpothesis, sludge samples from a fully anoxic (FX)
svstem (low DSVI) and the 2RND svstem on which the batch tests above were done (high DSVI), both
fed real sewage, were subjected to a nitrate reduction test, a test which allows the generation of NO.’
and/or N, gas to be determined. The sample with the high DSVI (manv AA filaments) showed an
accumulation of NO". with no N- gas being detected in 8 out of 10 tests. The sample with the low DSV1
(few AA filaments) accumulated N. gas, but no NO,” accumulated in 8 out of 10 tests. From this it is
reasonable to accept that qualitativelv, filaments tend to reduce NO, to NO. only, where floc-formers
denitrifv NO, to N gas. This observation lends credibilitv 1o the proposed hvpothesis for low F/M
tilament proliteration. With a reasonable hvpothesis for low F/M filament proliferation in N and N &
P removal svstems. attention was directed at devising strategies tor the control of these filaments in the
svstems.

2.7.1.5 The etfect of incomplete denitrification on siudge settleability in MUCT systems

Having established creditability for the AA filament bulking hvpothesis of Casev er al. (1992a) bv
demonstration of OUR inhibition and correspondingly substrate utilization in batch tests, Musvoto et
al. (1992) set up two MUCT systems in order to demonstrate the effect of floc-formers inhibition on

sludge settleabilitv, in nutrient removal activated sludge plants running at steady state.

In these experiments the anoxic zones comprised 65% of the svstem mass traction (i.e. large to enable
complete denitrification) with 5% anaerobic and 20% aerobic mass fractions. It was found that whilst
no nitrate or nitrite was dosed to the 2nd anoxic reactor of these svstems, and thus nitrate and nitrite
concentrations entering the aerobic reactor were < 1, 0 mg NO, -N/t and < O.2 mgNO -N/
respectivelv, low DSVI's were observed. Converselv when nitrate was dosed to the second anoxic reactor

ot one svstem to provide an equivalent TKN/COD ratio of 0,16mgN/mgCOD the DSVI increased from
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SOmlg to 176ml/g (bulking) in 111 davs. Also, when nitrite was dosed to the second anoxic reactor of
the other svstem to provide an equivalent TKN/COD ratio of 0,18mgN/mgCOD, the DSVI increased
rapidlv from 90 to 174mVg (bulking) in 55 davs. These findings provided considerable support for the

AA bulking hvpothesis of Casev ¢t al. (1992a)

2.8 SCOPE OF THIS THESIS

[t has been established experimentally by Casey ez al. (1992a) and Musvoto ¢t al. (1992) that the
presence of nitrite in the anoxic reactor results in the inhibition of floc-formers when they pass into the
aerobic reactor. In terms of the hvpothesis therefore, if leakage of nitrite from the anoxic reactor to the
aerobic reactor can be prevented, then inhibition of floc-formers will not occur and a non-bulking sludge
will develop. In order to provide further evidence for this, two identical MUCT svstems were set up and
operated such that in one svstem, the Experimental system, nitrification was prevented and in the other
svstem. the Control svstem, nitrification was allowed to proceed as normal. Prevention of nitrification
in the Experimental svstem, would ensure that no nitrite was recvcled to the anoxic reactor which in turn
would prevent the leakage of nitrite from this reactor back to the aerobic reactor, thus eliminating the
possibility of floc-former inhibition. There are a number of methods used for preventing njtrification
such as dosing thiourea. but these generallv introduce further complications in that their presence may
atfect other biological reactions in addition to preventing nitrification. It was therefore decided to adopt
a relativelv natural method, which involved inducing washout of the nitrifiers in the Experimental svstem
bv reducing the operating temperature of the svstem from 20°C to 12°C. This operauonal change alone
was not sufficient to induce washout, and hence the sludge age was reduced from 20 davs to 12 days.
To permirt direct comparison ot results, the siudge age of the Control system was also reduced from 20
davs to 12 davs. The observations resuiting from these operational changes (i.e. prevention of

nitrification in the Experimental system) comprised phase I of the investigation.

Throughout phase Il of the investigation, attention was focused on ameliorating the severe bulking
condition experienced in the Experimental svstem during phase I as a result of preventing nitrification
in this svstem. The filaments responsible for this condition were not identified as AA filaments and in
hindsight were unlikelv to have been AA filaments since the absence of nitrate/nitrite provided
anaerobic-aerobic conditions and not the anoxic-aerobic conditions around which the bulking hvpothesis
revolves. In order to re-establish anoxic conditions in the anoxic reactors of the experimental system
without allowing nitrification to once again take place, nitrate was dosed to the 2nd anoxic reactor,
during phase II. Once the DSVI was clearly decreasing, as a result of the increased opportunity for
growth atforded the tloc-formers by restoring anoxic conditions to the anoxic reactors, the third and final

phase of the investigation began. During this phase data were collected from both the Experimental



2.20

(12°C) and the Control (20°C) svstems in order to compare their respective denitrification kinetics.
[t has often been observed that buiking is more severe in winter than summer (Kristensen et al., 1993;
Wanner. 1993; Eikelboom. 1994) and during phase 1II of the investigation an attempt was made to

elucidate the causes of this observation within the framework of the Casev bulking hvpothesis.

In addition to the work outlined in the three phases above, brietf observations are also presented
regarding Biological Excess Phosphorus Removal (BEPR) and nitrification at cold temperatures {12°C)
as compared to warmer temperatures (20°C). A detailed account of the experimental investigations is

presented in Chapter 3 and conclusions and recommendations emanating from this work follow in

Chapter 4.
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CHAPTER 3

EXPERIMENTAL INVESTIGATION

3.1 EXPERIMENTAL SET-UP AND CONTROL

To achieve the objectives of the investigation. two laboratory scale MUCT svstems were set up, initially
operated at a sludge age of 20 davs and at a constant temperature of 20°C. Both svstems were fed the
same mass and volume of raw sewage throughout the investigation; initially obtained from Borcherds
Quarry sewage treatment plant (STP), but from dav 150 until the end of the investigation, obtained
from Mitchell's Plain STP. A schematic diagram of the two laboratory systems is given in Fig 3.1 and the

design and operating parameters in Table 3.1 .

ANAEROBIC  ANOGXIC AEROBIC
QEACTOR  REACTORS REACTOR

MIXED LIGUOR RECYCLES
"""}  WASTE FLOW

N F]
. k4
i SETTLER
L [VPLE AV B I UV SV )
Yoo, -

INFLUENT EFFLUENT

SLUOGE RECYCLE s

Fig 3.1 Schematic lavout of the MUCT svstems.

During the investigation, which covered 433 davs, a number of changes were made to the influent
sewage and also to the design and operating conditions of the svstems; the former are given in Table 3.2
and the latter in Table 3.3. A graphical representation of the time the changes were made in terms of
the duration of the investigation, is given in Fig 3.2. Also shown in Fig 3.2 are the davs on which new
batches of sewage were ted to the svstems. Both svstems received 10 ¢ of sewage dailv at an average
concentration of 1000 mgCODY/:. This was achieved bv collecting batches of sewage from the selected
sewage treatment plant. storing these in stainless steel tanks at 4°C and making up bv dilution with tap
water 1000 mgCOD/t teed volumes dailv. A batch of sewage was sufficient for 2 to 3 weeks. Details of

these batches can be found in Appendix A.
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In addition to operating and evaluating the performance of the two MUCT systems by dailv sampling,
68 batch tests were conducted on sludge drawn from the two svstems. The days on which these were

done. usuallv in pairs with one from each svstem, are shown in Fig 3.2 also.

Table 3.1 Design and operating parameters of the laboratory scale MUCT systems.
Parameter Value

Svstem:

Sludge age (d) 20/12

Temperature (°C) 20712

pH of aerobic reactor 7.2-8.2

DO in aerobic reactor (mgO/t) 2-4

Influent:

Flow (/d) 10 .
COD concentration (mgCOD/?) 1000

TION/COD ratio 0.08-0.14

Total P concentration (mgP/) 10-25

Reactor Volumes (i) Mass tractions (%):

Anaerobic 3* 15

st 1"anoxic 4 20

2nd Ifanoxic 6.5 32.5

Aerobic 6.3 325

Unaerated mass traction 135 67.5

Recvcles:

Undertlow (s-recvcle)

Aerobic to 2nd anoxic (a-recvcie)
[st anoxic to anaerobic (r-recvcle)

—_ N
ORI

* actual volume is 6i, but with r=1:1 the VSS concentration in the anaerobic reactor is half that in the
remainder of the svstem; therefore equivalent volume at svstem VSS concentration is 3:.

The two MUCT svstems were taken over from earlier experiments on biological P removal and
filamentous bulking (Musvoto ¢t al., 1992). The two svstems were changed to be identical in every
respect i accordance with the design and operating conditions in Table 3.1 and operated in this manner
for about 2 months (3 sludge ages). Thereatter the siudges of the two svstems were mixed and equailv

divided between them. This constituted dav 1 of the investigation.

From dav 1 to dav 37 both svstems were again operated identically i.e. both at 20°C and 20 davs sludge
age to confirm similaritv of overall response. Ammonia was added to the influent of both the

Experimental and the Control svstems from dav ! of the investigation to achieve and maintain a
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anoxic batch tests. From an anoxic batch test two profiles are generated, one for nitrate concentration
and one for nitrite concentration . The first is a nitrate concentration profile which is the measure of the
disappearance of nitrate from the bulk liquid, and is called nitrate reduction. The second is the nitrite
concentration profile which can take one of two forms (i) accumulation, while nitrate is being reduced
or (ii) reduction, while nitrate is reduced. If nitrification is complete (i.e. no nitrite is recycled to the
anoxic reactor from the aerobic reactor) then nitrate entering the anoxic zone can be visualised as being
reduced to N, gas in two steps. In the first step it accepts 2 electrons to form nitrite and in the second
it accepts a further 3 electrons to form N. gas. These two steps take place simultaneously. The nitrite
accumulation (or reduction) is therefore accepted to occur as a consequence of the reduction of nitrate
taking place more rapidly (or slowly respectively) than the denitrification of nitrite. The observed result
is a gradual build-up (or decline) of nitrite in the bulk liquid while nitrate is being reduced. Onlv when
the nitrate concentration has been reduced to low values (<1 mg NO;-N/I) does significant nitrite
denitrification commence (i.e. removal of nitrite from the bulk liquid). If no nitrite enters the anoxic

reactor then nitrite denitrification while nitrate is reduced is of course impossible.

In the Experimental and Control systems, both with completelv mixed anoxic reactors, nitrate supply
to the anoxic zone is continuous and hence if, as is generallv the case at 20°C, nitrate is reduced more
rapidly than nitrite. a slow accumulation of nitrite in the bulk liquid will take place. If the anoxic reactor
is underloaded (receives less nitrate than its denitritication potential) then the accumulated nitrite
concentration will also be denitrified and complete denitrification is achieved in the anoxic reactor. If
the anoxic reactor 1s overloaded (receives more nitrate than its denitrification potential) then both the
accumulated nitrite and nitrate concentrations will flow from the anoxic reactor to the aerobic reactor,
which in terms of the Casey bulking hvpothesis, will cause a poor settling sludge to develop. If however,
a batch test is considered, sufficient nitrate can be dosed at the start of the test to ensure that complete
denitrification is achieved during the test. Once the nitrite supplvy from the reduction of nitrate has
ceased, then the rate of nitrite denitrification is no longer exceeded bv the rate of nitrate reduction and
this manifests as a reduction of nitrite in the bulk liquid and can be observed graphically as the actual
nitrite denitrification rate (see Fig 3.69 above). In the Group I batch tests, onlv nitrate was dosed and
at such high dosages that frequently the nitrate was not reduced to zero at the end of the test (3% hrs).
Therefore in these tests, a nitrite reduction rate, once nitrate becomes zero, was not evident. However,
in some batch tests (e.g. in Groups Il and II), nitrate and nitrite were dosed in such a way that the

nitrite denitrification when the nitrate concentration becomes zero was manifested and determined.

Four different nitrate or nitrite denitrification/reduction rates are presented in Tables 3.16 and 3.17.

The first is the Nitrate reduction rate, which is the measure of the specific rate of disappearance of
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nitrate from the bulk liquid while nitrate is present. The second is, the Nitrite accumulation (or
reduction) rate, which is the measure of the specific rate of appearance/disappearance of nitrite from the
bulk liquid while nitrate is present. The third is the Nitrate denitrification rate which is the specific rate
at which Nirtrate is reduced to N, gas (the most usetul for design purposes). The fourth is the Nitrite
denitrification rate which is the specific rate of removal of Nitrite from the bulk liquid while Nitrate is
absent (i.e. reduced 1o concentrations < 1mgNO,-N/f). The ditference between nitrate reduction and
nitrate denitrification is that in the former, the product is nitrite i.e. ionic and with the latter, N, i.e.
gaseous. Nitrate reduction is therefore regarded as the rate of nitrate disappearance from the buik liquid
while accepting onlv two electrons to form nitrite. Nitrate denitrification is the rate of nitrate
disappearance form the bulk liquid suitably corrected for nitrite accumulation/reduction in the bulk
liquid, whilst accepting five electrons to form N. gas. In terms of this definition nitrite reduction does
not take place, only nitrite denitrification because the products of nitrite denitrification are gaseous.
The nitrate denitrification rate (products are N, gas) is the most important because it is customarily used
in design of Nitrogen and Nutrient removal svstems and N, gas forms the datum for the electron
accepting capacitv. The modification of the nitrate reduction rate to obtain the nitrate denitrification
rate is made in terms of the relative abilities of nitrate and nitrite to accept electrons as follows: Nitrate
is able to accept 2 electrons on reduction to nitrite, while nitrite is able to accept 3 elecurons on
denitrification to N- gas. If denitrification is complete (i.e. all nitrate is converted to N, gas), 5 electrons
are accepted altogether. However, if denitrification is incomplete (i.e. some nitrite accumulation), then
the nitrate reduction rate must be adjusted to give the nitrate denitrification rate in accordance with the
proportion of electrons which have been transterred to form N, gas. The nitrate denitrification rate is

thus calculated as tollows:

NO. reduction rate - 3/5 NO.” accumulation rate (3.1

NO, denitrification rate

or NO." reduction rate + 3/5 NO.  reduction rate (3.2)
Equation (3.1) applies to situations where nitrate denitrification is not complete (i.e. nitrite
accumulation) and conditions in the sludge become aerobic before nitrate and nitrite concentrations
have been reduced to zero. Equation (3.2) applies to situations where nitrite is recvcled/dosed to the
anoxic reactor and simultaneous nitrate denitrification and nitrite denitrification take place. In the N
and COD balances on the parent svstems. Equations (3.1) and (3.2) were taken into account. so that
nitrate denitrification with nitrite accumulation or reduction was recognized in calculating the electron
accepting capacity as retlected by the difference in the anoxic reactor inflow and outflow nitrate and

nitrite concentrations.
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The specific rates of nitrate reduction, nitrite accumulation (or reduction), nitrate denitrification
(adjusted for nitrite accumulation/reduction) and nitrite denitrification were calculated by the following
three methods for determining the active ordinarv heterotrophic organism mass performing the nitrate

and/or nitrite denitrification in the svstems (see Section 3.5.3.1 above) ie:

i. io polyl organism mass - which assumes that no conversion of RBCOD to VFA takes place in the
anaerobic reactor (K=0) with the result that all the influent biodegradable COD is obtained by
the ordinarv heterotrophic organisms, as if it were an N removal system i.e. in accordance with
WRC (1984)

ii. low polyP organism mass - which assumes that the reduced biological P removal observed resulted
from a reduced conversion of RBCOD to VFA in the anaerobic reactor while the P content of
the (reduced) mass of active polyP organisms (f,,,;) was fixed at the Wentzel e al. (1990) value
of 0,38 mgP/mgAPPVSS;

iii. high polyP organism mass - which assumes that all the influent RBCOD is converted to VFA in the
anaerobic reactor in accordance with the Wentzel ¢t al. (1990) rate (K=0,06/d) but that in
order to correctlv retlect the observed low biological P removal, the P content of the active polvP

organisms (t..) was reduced.

In deciding which of the three above approaches to adopt for discussion and comparison of the
denitrification rates. it was noted that: (1) On the same wastewater used as influent in this
investigation, Wentzel et al. (1995 ) measured the RBCOD concentration on a continual basis and found
that it did not varv substantiallv from one sewage batch to another. Further, the RBCOD fraction was
similar to results which have been obtained for the same wastewater (Mitchell's Plain from day 151 to
the end of this investigation) as in previous investigations (ie f..=0,24). (2) If leakage of RBCOD had
taken place from the anaerobic to the first anoxic reactor in appreciable quantities, then it is possible
that an initial high K. denitrification rate would have been observed during some of the batch tests of
Group I (i.e. the Group under discussion, see Table 3.16 and 3.17). However, no K, rates were observed
and hence appreciable leakage was accepted not to have taken place. This implies that conversion of
RBCOD to VFA was substantially complete. Accepting (1) and (2) above, and using for the purposes
of design, the Wentzel ¢t al. (1990) BEPR model with its defined value of K=0,06/d vields the
appropriate population of polvP organisms based on their obtaining all the RBCOD converted to VFA.

Consequently from this reasoning a reduced P content in the active poly P organisms (f,,.,) should be

»
accepted in the Experimental and Control svstems so as to correctly reflect the low P removal observed.
For this reason, while the rates tor all three approaches (i, ii and iii above) are shown in Tables 3.16 and

3.17, it was decided to discuss the denitrification rates only in terms of the approach which gives the
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high polyP organism mass (i.e. iii above). This approach is also the most appropriate for design because
in design situations the active polv P organism mass will be calculated using the Wentzel et al. (1990)
model from the intluent readilv biodegradable COD concentration with the "standard”" conversion rate
(K=0,06/d). This is the same approach as case (iii) above i.e. high polv P (active) mass. With the P

content of this active mass (fy,,) also at the Wentzel et al. (1990) model standard valuey{f =038

bgp
mgP/mgAVSS), the P removal will be overpredicted in comparison with the performance of the
Experimental and Control svstems, but the ordinarv heterotrophic active mass will be correctly reflected

in terms of the model and hence the denitrification rates appropriately specified.

To establish whether the data presented in Tables 3.16 and 3.17 are normally distributed, two methods
of curve characterisation were used: skewness and kurtosis. The Skewness characterises the degree of
asymmetrv of a distribution around its mean and is thus a measure of the 'shape’ of the distribution, in
the same units as the elements of the distribution. A positive result means the distribution is skewed to
the right (i.e. the median is less than the mean), and vice versa. The skewness values obtained for the
nitrate denitrification rate in the Experimental and Control svstems were -0,6661 and -0.7034
respectivelv, which implies the distribution of the data sets are skewed to the left (i.e. mean is less than
the median). The kurtosis of a data set measures a distributions closeness to normality by indicating
relative peakedness or flatness. A kurtosis greater than zero indicates excessive peakedness compared
to a normal distribution. The kurtosis values obtained for the nitrate denitrification rate in the
Experimental and Control svstems were -0.1636 and -0.9430 respectivelv indicating a reasonablv close
approximation to a normal distribution. Figures 3.70 and 3.71 which provide a graphical representation
ot the degree of normalitv of the data sets for nitrate denitrification rates in the Experimental and
Control svstems confirm this visually. Both sets of data are close to being normally distributed and
theretore meaningful means, standard errors. confidence levels and standard deviations can be calculated
for the two data sets. Interestingiv, from the above values of skewness and kurtosis, the data set of the
Experimental (12°C) system is closer to a normal distribution than that of the Control svstem(20°C).
With reference to the statistical summaries which are given at the bottom of Tables 3.16 and 3.17 and
noting that a negative sign refers to removal of nitrate or nitrite from the bulk liquid, it is apparent that
the average denitrification rate is sensitive to temperature, reducing as the temperature decreases. More
specifically, the nitrate reduction rate in the Conurol svstem (20°C) was 31% faster than in the
Experimental system (12°C) while the nitrate denitrification rate is onlv 16% faster. The comparatively
large difference between these values is a consequence of the fact that in 29 out of the 32 batch tests

included in this Group for the Control system, nitrite accumulation was observed in the bulk liquid.
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-Nitrate denitrification rates
Experimental system (K=0.06/d)
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Fig 3.70 Probabilitv distribution of the K,' nitrate denitrification rates for the Experimental

svstem (12°C). The mean is 0,1567% 0,0069 mgNO,-N/mgAHVSS.d for K=0,06/d in
the Wentzel ez a/. (1990) model.

The trend in the Experimental svstem is different. In tests done on sludge harvested from this svstem
it was observed that nitrite accumulation occurred in only 15 ourt of 32 tests with accumulation taking
place mostlv in the first half of the 32 tests (Eq. 3.1). In the second half of the 32 tests nitrite reduction
took place instead of nitrite accumulation. For these tests, the flow of electrons to terminal electron
acceptors is increased by the nitrite reduction rate (while nitrate is present) to give an increased nitrite
reduction rate relative to the nitrate reduction rate therebv positivelv impacting the nitrate denitrification
rate (Eq. 3.2). In the Control svstem batch tests and for the first half of those on the Experimental

system, the nitrate reduction rate (Eq. 3.1) is greater than the nitrate denitrification rate due to the
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Nitrate denitrification rates
Control system (K=0.06/d)
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Fig3.71 Probabilitv distribution of the K. nitrate denitrification rates for the Control system

(20°C). The mean is 0,1812=x 0,0076 mgNO,-N/mgAHVSS.d for K=0,06/d in the
Wentzel et al. (1990) model.

simultaneous accumulation of nitrite. However, for the second half of the batch tests on the
Experimental svstem, the net removal of nitrogen trom the mixed liquor is greater than the nitrate
reduction rate due to the simultaneous denitrification of the nitrite which was present at the start of the
test. This difterence in nitrite reduction or accumulation is the reason whv the nitrate reduction rate is

apparently more temperature sensitive (31% lower) than the nitrate denitrification rate (16 % lower).

Table 3.18 below shows a comparison between the denitrification rates obtained in this investigation

with those obtained by other researchers. also performed on laboratorv scale MUCT activated sludge
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plants. Previous work, however, has only been done at 20° and not at both 20°C and 12°C as in this
investigation. It should be remembered when comparing denitrification rates that several factors

influence these rates, the most important of which are the following:

l. Reactor from which sludge is harvested: (i.e. anaerobic; anoxic; aerobic, K, or K.').

(S

Proportions of sludge blend: (e.g. 1 anaerobic : 4 aerobic).

Method used to calculate active fraction (i.e. WRC (1984) or Wentzel et al. (1990) model).

oW

Temperature: i) Long term temperature effect (i.e. sludge developed at 12°C
and tested at 12°C).
if) Short term temperature effect (i.e. sludge developed at 12°C,

tested at 20°C).

Due cognizance must be taken of the above factors to ensure meaningtul comparison between the

various rates in Table 3.18.

From the resuits in Table 3.18 it can be seen that the denitrification rates obtained in this investigation
fall within the range of values obtained in the work of Clayton ez al. (1989). Interestingly, it appears that,
from the work of Clavton et al., the highest denitrification rate (* in Table 3.18) was obtained by using
anaerobic reactor sludge, while the lowest (* in Table 3.18) was obtained using aerobic reactor sludge,
indicating a relationship between the available SBCOD concentration and the denitrification rate. [t
should be noted however, that stausticallv, the K, denitrification rates obtained by Clayton et al. on
anaerobic and aerobic sludge blends were not found to be significantv different with different
proportions in the biend. However, trom Table 3.18, a difference between blended (K.) and purely
aerobic sludges (K.) is clearlv discernable and is in conformitv with pre- and post- denitrification rates

(K, and K;) in N removal plants.

The high denitrification rate of Musvoto et al. (1992) (* in Table 3.18), is a consequence of the low
active fraction (* in Table 3.18) used to calculate it. The value of f., used to calculate the active fraction
(f.;) which was done by the same procedure as in this investigation, was found to be very high (0,25 to
0.35). This high value for f,, probablv arose tfrom the very large unaerated mass fraction (80%) in the
svstems of their investigation so that undegraded biodegradable particulate COD manifested as
unbiodegradable particulate COD in the svstems (See Section 3.5.3.1 for further discussion on this

aspect).
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Table 3.18 Comparison of denitrification rates obtained by Clavton ¢t al.(1989) and Musvoto et

al.(1992) with those obtained in this investigation.

Sludge
Blend
allija
Low ngh
polvP WP nys|e
me : poiy.
WRC mass ajtgr
(1984) ) mass
Temp o= fou e of Ky K
(K=0 (K=
C) 0.38 b
/d) r)a
mgP/ing 0,06
ointi
AVSS) /d)
bloic i
i}x
cli
C
Clavton et al.
’ 20 v 0.24 v 0.195!
(1989)
20 v 0.24 v i 0.17
20 v 0.24 v 7| 0.185
20 v 0.24 v v 0.24*
20 v 0.24 v 0.100°
Musvoto et )
20 v 0.153* /(v ] 0.296°
al. (1992)
This
20 v 0.381 V|V 0.156
investigation
20 v 0.364 v v il 0.163
20 v 0.327 v/ (v 0.181
12 v 0.353 v/ 0.134
12 v 0.343 i/ || 0.138
12 v 0.302 v 0.157

*7.7.* are values with special significance and are referred to in the text.

* Measured from plug-flow first anoxic reactor
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The differences in active fractions mayv be a consequence of the unaerated sludge mass fraction of, and
bulking in, the parent svstem because these parameters appear to influence the accumulation of VSS
in NDBEPR svstems. Clavton et al. (1989) operated their system at an unaerated mass fraction of 0,51
(sludge age 20 davs), Musvoto et al. (1992} at 0,80 (sludge age 20 days) and in this investigation the
unaerated sludge mass fraction was 0,625 (sludge age 12 davs). Musvoto et al. (1992) found that the
VSS mass in NDBEPR svstems was not constant and varied with the severity of filamentous bulking i.e.
the higher the VSS mass the lower the DSVI and vice versa - this finds support from the data collected
in this investigation. Depending on the DSV, between 15 and 30 % more VSS can accumulate in the
svstems for the same wastewater. These factors markedly affect the denitrifier active fraction; the higher
the VSS mass in the systems per mass COD load, the lower the active fraction. In terms of the Wentzel
et al. (1990) model, the onlv wav more (less) VSS mass can accumulate in the svstem for the same
wastewater, dailv COD mass load and svstem parameters, is if the "unbiodegradable" particulate COD
fraction (f,,) increases (decreases). It would appear therefore that the higher the unaerated mass fraction,
the greater the f, value, the greater the V'SS mass accumulation and the lower the denitrifier active
fraction. It is possible that all the particulate biodegradable COD is not fully utilized with large (small)
unaerated (aerated) mass fractions so that the undegraded particulate biodegradable COD increasinglv
contributes to the "unbiodegradable" particulate COD fraction. With regard to the effect on bulking, it
has been shown by Caseyv et al. (1993) thart the specific vield coefficient (Y}) for anoxic conditions with
nitrate as electron acceptor. is lower (two thirds) compared with aerobic conditions with oxygen as
terminal electron acceptor. The proportion of the biodegradable COD utilized with nitrate as electron
acceptor would therefore atfect the vield of active organisms. A system in which half the COD is utilized
in the anoxic reactor should therefore produce less sludge that one in which no COD is utilized with
nitrate (i.e. fully aerobic). This has not been observed - indeed it is the N and P removal systems that
accumulate more sludge than N removal or fully aerobic svstems for reasons quite different than the
presence of polv P organisms which have different kinetic constants (which the Wentzel et al. modei
takes account of). Similar increased sludge productions have been observed at full scale in single reactor

svstems operated with intermittent aeration to induce ND and BEPR.

From the above discussion it is clear that many factors, but in particular the unaerated sludge mass
fraction. influence the VSS mass accumulation in the NDBEPR svstem and hence the estimate of the
denitrifier active fraction. These factors however, are not incorporated in existing steadv state models
for the nutrient removal activated sludge svstem. It should be noted that the calculation of f_, is done
using theoretically derived equations designed to model the accumulation of VSS mass in the biological
svstem - a procedure which relies entirely on the intemnal consistency (COD mass balance) of the model

to retlect the measured VSS concentration. It would appear that svstem parameters, in particular the
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unaerated sludge mass fraction, in some wayv influence VSS mass accumulation in a way that the model
does not recognise. For this reason, considerable differences in f,, and hence §, are apparent in the
results of Clavton et al. (1989), Musvoto ¢t al. (1992) and this investigation reported in Table 3.18.
Consequently variations in denitrification rate are evident as a result of variations in f,, in the different
svstems. Therefore in the denitrification rates defined in terms of AHVSS', there is some uncertainty
in detenmining the f,, value, in particular for nutrient removal systems with different unaerated sludge

mass fractions and sludge settleabilities.

Notwithstanding the above, it is clear from this investigation that the nitrate denitrification rate in
the Experimental svstem is slower than that in the Control system, and hence if an anoxic reactor is
alreadv loaded bevond its denitrification potential, colder temperatures can be expected to reduce the
denitrification rate, leading to increased leakage of nitrate and/or nitrite out of the anoxic reactor into
the aerobic reactor. This in turn promotes aerobic inhibition of floc-formers in terms of the Casey
bulking hvpothesis, and leads to AA filamentous bulking - a condition exacerbated by colder

temperatures.

3.6.5.1.1 Temperature sensitivity coefticients of reduction and denitrification rates

From Tables 3.16 and 3.17:

Ko redution =0,1941 mgN/mgAHVSS (K=0,06/d)
Ko senimrincation=0-1812 mgN/mgAHVSS  (K=0,06/d)

Ky requaion =0-1485 mgN/mgAHVSS (K=0,06/d)
K- soniiticaien =0.1567 mgN/mgAHVSS  (K=0,06/d)
Theretore:
If Kp= Kon(8) T
then i) Ko ineeon =Ko guon(0) =0
0.1485 =0.1941 (8"
B =1,034

‘mgNO,-N/(mgAVSS.d) = mg nitrate (or nitrite) as N per mg active ordinary heterotrophic mass
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113) I<\’_‘ denitrfication K?_U @mumd,._-,on(er_\)‘ L=
0,1567 =0,1812(6,)"
6,  =1018
iib) More conservative for design purposes (i.e. taking the slower of the denitritication and

reduction rates at 20°C and 12°C)
ie. take Ko yenmisiation =0, 1812

and take ;- =0,1485

reduction

— (12:20)
I<IZ reduction ™ I(Z'J dmimrimtion(ef‘:‘SXG.\’)

0,1485 =0,1812(0ppgion) ™
Opesion =1,025 -

3.6.5.2 Group II results and discussion

The objective of this Group of batch tests was to ascertain the impact of nitrate and nitrite dosed at the
start of the anoxic batch test (instead of only nitrate), on the nitrate or nitrite reduction/denitrification
rates. In order to observe this, 3 anoxic batch tests (tests 20 to 22) were conducted on sludge harvested
trom each of the two parent svstems to which a blend of nitrate and nitrite was dosed at the start. Blend

concentrations dosed are shown below in Table 3.19.

Tabie 3.19 Blends of nitrate and nitrite dosed at the start of the Group II batch tests.
Test no Dav Fig NO, dose @ start NO. dose @: start
no no {mgNO,-N/P) (mgNO,-N/t)
20 322 3.72 10 10
21 329 3.73 5 15
22 336 374 5 15

Figs 3.72-3.74 show the results for batch tests 20 to 22 respectivelv. From these figures it appears that
the nitrite accumulation which was frequentlyv observed in Group I anoxic batch tests did not take place
in anv of these Group Il tests for either svstem. In seeking an explanation for this, it was noted that
during the time these tests were conducted. the intfluent TKN concentration to both systems was
relatively low (80-100 mgN/t) giving an influent TKN/COD ratio of approximately 0,09 and

approximately the same as for earlier batch tests. Nitrate and nitrite concentrations in the anoxic
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reactors were decreasing and the nitrite concentration in the aerobic reactor was decreasing (from 4 mg
NO,-N/t in the Experimental system and from ] NQ, -N/t in the Control system). It appears therefore,
that the absence of nitrite accumulation was in no wav connected to the dosing of a blend of nitrate and
nitrite at the start of the tests but was more likelv to be a consequence of conditions prevailing in the
parent systems. Nitrite dosing to the batch test causing elevated concentrations of nitrite (=10 mg NO.-
N/t) also could not have been a cause because in subsequent Group I batch tests performed on the
Control svstem, nitrite accumulation was once again observed. Curiously this was not the case for the
Experimental svstem where no nitrite accumulation was observed in any subsequent batch test up to the

end of the investigation, 97 davs later.

test 20
20
I5 =
= <
% 10 ——
: \k_\;i.\\\
0 | : i e ; -
0 50 100 150 200 250 300 350
Time (mins)
%—s—lQCNOB =20CNO3 = 12CNO2 —=-20CNO2
Fig 3.72 Nitrate/nitrite concentration - time batch test protile (test 20) for the Experimental

svstem {12°C) and the Control svstem (20°C)in the Group IL

A possible explanation for the switch from nitrite accumulation to nitrite reduction is that nitrification
was not complete in the aerobic reactors of the svstems and thus nitrite was recvcled back to the anoxic
reactor allowing some of the available biodegradable COD to be utilized in nitrite denitrification rather
than nitrate reduction. Stoichiometricallv, the energv obtained from nitrite denitrification is
considerablv higher than that obtained tfrom nitrate reduction (-105,2 kJ/mol N reduced compared with
-38.6 k]. mol N reduced) and this may have given a competitive advantage to the organisms capable of,
or responsible for nitrite denitrification. It appears therefore, that when the only source of nitrite in the
anoxic reactor is produced by nitrate reduction, then nitrite accumulation can be expected in a batch
test whereas when there is an external source of nitrite (such as nitrite recvcled from the aerobic reactor

or nitrite dosed to the anoxic reactor) then it is probable that nitrite reduction will be observed in a batch
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test. This difference between the internal and external sources of nitrite, mav be the reason for the
difference in nitrite denitrification rate i.e. accumulation at 20°C , reduction at 12°C. The prolonged
dosing of nitrate to the anoxic reactor of the Experimental system could not have been the cause of this
behaviour because the Experimental svstem received approximately the same nitrate load on the anoxic
reactor as the Control system. This was achieved by the dosing of nitrate to the Experimental system
to compensate for the incomplete nitrification (not all the NH," transformed to NO, and NO,) in this
system. The nitrate reduction, nitrite accumulation/reduction and the nitrate denitrification rates for
these Group II batch tests are listed in Tables 3.16 and 3.17, together with the resuits obtained from the

Group I batch tests.

In so far as the objectives of these Group Il batch tests are concerned, it was not possible to determine
what factors lead to nitrite accumulation/reduction except that it seems that when an ‘external’ (i.e. not
produced bv nitrate reduction in the anoxic reactor) load of nitrite on the anoxic reactor exists, this
stumulates faster nitrite denitrification than nitrate reduction leading to nitrite reduction from the bulk
liquid in the anoxic reactor while nitrate and nitrite are present. However, these Group II batch tests
proved verv usetul to define the general nitratesnitrite denitrification behaviour as depicted by Fig 3.69
i.e. significant nitrite removal from the bulk liquid at a rate similar in magnitude to that of nitrate
reduction on}v commences once nitrate has been reduced to low concentrations {less than 1 mgNO; -N
;7). Although less explicitlv than in this investigation this behaviour has been noted betore bv Stemn and
Marais (1974). Marsden and Marais (1976). Clavion ¢t al. (1989) and Musvoto ¢t al. (1992) and

therefore confirms that this is a general denitritication behavioural characteristic.

test 21
20
Z
e
0 50 100 150 200 250 300 350
Time (mins)
= 12CNO3 =20CNO3 —=I2CNO2 -= 20C NO2
Fig 3.73 Nitrate/nitrite concentration - time batch test profile (test 21) for the Experimental

svstem (12°C) and the Control system (20°C)in the Group 1L
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EXP 12°C C.6 Now C6°G6 Other parameters: RBCOD

Sewait CRaractensics: react no mgNod not conve
e G M _xa m o Sn o Sup  Sum Sbt Sba Rs N Tmp  m ¥ : ms SbaN
213 007 oM 015t 0 65 35 400 %6 20 p D 024 008 1 i

02326 006406 024 015 148 780715 181.592 50010857 5401121192 131.78891 20 1 0 oM 0 1 0.24

021417 006559 024 015 148 105512 225975 0203077 759.945328) 18238603 2 1 o 024 o 1 0.08

024721 00711 024 015 143 102292 252874 T2733143 6973079921 16735392 20 1 o024 0 1 012

027245 00857 024 015 148 102098 278161 S74985 655.318527 157.27645 20 1 0 024 0 1 025

024635 007024 024 015 148 957477 235872 67.256444 6543482715 157.04359 2 1 12010084 0 1 0.50

0722159 006817 024 015 148 050138 210562 64781 6748042534 16197462 12 t 10190984 0 1 0.20

012564 009402 024 015 148 036678 117686 88068258 730.9238261 17542172 12 1 12019094 0 1 016

007456 010673 024 015 148 988533 737086 105504 8093207112 19423697 12 1 11019094 0 1 024

013933 010195 024 015 148 978613 136346 99766345 742500982 17820024 12 ! 12 019004 O 1 013
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Bio actrv Endogenous  per } Substrare avaul for Bio acuwEndogenous  per )

mass mass wnfluent 700 POIYF organIsms. G‘I&POM’ ormanyeme mase maes wnftuent

X xegp  iepg MXBG MXEG  deltaP G MSbh h h __fxbhp fxehp feph MXBh MXEh delaPh
G38 303 025 3431 686 66 3314 0.45 024 003 003 0z 5142 4936 1)
038 003 025 00 20 00 3491 0.45 024 0.03 003 02 852.1 8180 25
038 003 025 00 00 0.0 7599 0.43 024 0.03 00 02 11792 11321 35
0.38 003 025 00 o0 00 6973 0.45 024 003 003 2 1082.0 10387 32
0.38 003 025 eo 00 00 6553 045 024 003 0.03 02 1016.9 976.2 30
0.38 003 025 eo 00 00 6543 045 0.10004 0.03 0.03 02 12221 9334 32
038 003 025 00 00 00 6749 045  0.19094 003 003 02 11073 5074 40
038 003 02s 00 a0 00 7309 045 019094 003 0.03 2 1199.2 3495 44
038 003 025 eo 00 00 3093 045 019004 0.03 003 02 13279 &08.5 48
038 003 025 00 30 00 7425 045 019094 0.03 003 02 2182 5583 44
038 003 025 00 00 00 774 0.45 019094 0.03 003 02 11770 334 43
038 203 225 00 90 0.0 203.5 0.45 019094 0.03 0.03 02 13134 604.1 48
038 003 o] 00 20 00 7342 045 0.19094 0.03 0.03 02 12046 5520 44
038 003 05 00 00 0.0 7006 045  0.19004 0.03 0.03 .2 11495 526.8 42
038 003 025 00 a0 00 6599 0.45 019004 0.03 003 02 10828 496.2 39
038 003 025 00 00 00 8234 045 010004 0.03 0.03 z 13509 619.0 49
038 003 0.25 00 00 0.0 653.4 045  0.19094 0.03 0.03 02 10721 913 39
038 003 025 0.0 00 00 5378 045  0.19094 0.03 0.03 02 8824 4043 32
038 003 225 00 00 00 6585 045 0.19094 0.03 0.03 0.2 1096.8 5026 40
0.38 003 025 00 00 0.0 7476 045 019094 0.03 0.03 02 12267 5621 45
038 003 025 00 00 0.0 7908 0.45 0.19094 003 0.03 02 1300.8 596.1 47
038 003 0zs 00 0.0 Q0 8149 0.45 019004 0.03 0.03 0.2 13370 6127 49
Bio actre Endogencus  per | Substrate Fv:l for Bio actim Endogencns.  pes |

mass mass influent non poivP orgarsms. NonPolvP organems: mass mass mfluent

e MXBG M detaP G MSbh Th nh fe Y N

038 003 028 3431 686 66 3314 045 024 0.03 003 02 5142 4936 1.5
0.38 003 025 0.0 00 00 5555 0.45 024 0.03 003 02 8620 8275 25
038 0.03 025 0.0 0.0 Q.0 786.6 0.45 0.24 0.03 0.03 02 12206 177 36
038 003 025 00 0.0 0.0 6436 0.45 024 0.03 0.03 02 998.7 958.7 29
033 003 0 00 00 0.0 6746 0.45 0.24 0.03 0.03 02 1046.9 1005.0 3t
038 003 035 00 00 00 Ns57 0.45 024 0.03 003 0.2 11106 10662 33
038 003 025 00 00 0.0 7485 0.45 0.24 0.03 0.0 02 10418 600.1 5 4 1
0.38 003 025 00 00 0.0 T34 0.45 024 0.03 0.03 02 10764 6200 42
03¢ 003 025 0.0 [/} Q.0 8687 0.45 G24 0.03 003 02 12091 6064 48
038 003 025 00 00 0.0 8237 045 024 0.03 0.03 02 11463 660.3 45
038 003 025 00 0.0 0.0 8326 0.45 024 0.03 0.03 02 11588 667.5 46
0138 003 0 0o 0o 00 9740 045 024 003 003 2 13555 7808 53
038 003 025 00 00 0.0 3851 045 024 0.03 0.03 02 12319 796 49
038 003 025 00 3 00 3545 045 024 003 003 2 11892 6850 47
038 003 025 J0 50 00 7698 ¢4 ¢ 24 0.03 003 02 1071.4 6171 42
033 003 025 co 20 o0 S138 045 024 0.03 003 02 1218 7326 50
038 003 025 00 20 00 7386 045 024 003 003 02 10279 3921 41
038 2.03 025 00 30 00 3934 045 024 0.03 0.03 02 8259 4757 33
G38 303 328 20 ] 09 7230 045 oM 003 003 2 10063 5796 40
038 303 025 00 Q0 G0 7963 0.45 024 0.03 003 02 11083 6384 44
038 203 025 00 20 20 7836 045 024 0.03 003 02 10%0.6 6282 43

038 303 025 20 20 00 3015 045 (U] 003 003 02 11155 6425 44



Ga?

srl MXT  Solve for

Onmnal example
4124 TOTP(12)
5365 TOTP (1)
5538 TOTP(1D)
5752 TOTP(12)
3343 TOTP(1D)
3322 TOTP(ID)
2703 TOTP(1D)
2534 TOTP(12)
2882 TOTP (D
049 TOTP (12
3173 TOTP D
3201 TOTP(ID
3417 TOTP(1D)
3536 TOTP (1)
3674 TOTP(iT)
4023 TOTP(1)
3415 TOTP (1)
3329 TOTP(1D)
3426 TOTPOID
3098 TOTP (12
2998 TOTP(17)

MXToal fup/fs Solve for:

Inent mass: P removay
per | mnftoent TOTAL PREMOVAL Targer
MX1 dettaP g 4PG dPh 3Py TOTP TotP X7
378.4 13 56 13 13 945 229764
24539 37 50 25 37 619 4124
30537 46 o0 35 46 805 3265
34172 51 30 32 31 831 3338
37589 56 20 30 56 863 5752
31875 48 20 2 48 8.01 3343
17073 43 00 40 43 831 332
9542 24 50 44 24 6.76 2703
5976 15 90 48 1.5 633 1534
11055 28 30 34 28 721 2882
13326 33 a0 43 33 7.62 3049
2495 31 b 48 31 793 am
15344 38 20 44 38 323 i
17407 44 ) 42 44 854 2417
19570 49 J0 39 49 384 3536
17040 43 2 49 43 9.19 3674
24506 6.1 20 39 6.1 1006 023
21283 33 30 32 53 354 3415
17295 43 20 40 43 332 39
16372 41 30 45 41 8.57 3426
201.1 30 a0 47 30 775 1098
10483 26 00 49 PR 750 2008
Inest mass: P removal
per | mfluent TOTAL P REMOVAL.
MX 1 dettaP 1 4PG dPh 4Pt TOTP
878.4 13 66 13 13 95 229704
23504 35 0.0 5 s 6.06 4040
27447 41 0.0 36 41 mn 5137
4037.6 61 00 2 61 3.99 3995
3501.1 5.3 00 31 33 833 3553
25112 3s Q.0 33 8 703 4653
11492 9 Q0 41 29 698 m
8626 22 20 42 22 6.40 2559
5225 13 o 48 13 6.07 2428
754 4 19 00 45 19 6.40 2561
617.7 15 30 46 1.3 611 laaq
42.7 01 20 53 01 5.45 %Y
618.6 i3 20 49 15 6.40 2360
37638 22 20 47 22 688 s
13105 33 ) 3z 23 750
11076 28 0 30 23 778
19840 350 20 41 50 9.01
19603 49 pRe) 33 49 316
15181 g ptv) 40 3g 776
13814 i3 Y 44 3s 782
13162 33 t0 43 33 759
12730 N ] 44 32 758

Ongnal exampie

4040 TOT P (20)
5137 TOTP (20)
5995 TOT P (20)
5553 TOT P (20)
4632 TOTP 20)
2791 TOT P (20)
2559 TOTP (20)
2428 TOTPCOh
2561 TOT P (20)
2444 TOTP (20)
2179 TOTP (20)
2560 TOTP (20)
2751 TOTP 20)
2999 TOTP 200
N2 TOTP2O)
3604 TOTP(20)
3262 TOT P (20)
3104 TOTP (20)
3128 TOTP 2
3035 TOTP(20)
3031 TOTP 20

removal
975
1322
1146
1133
10.51
1219

9.56
956
396
854
1078
11.86
1117
1253
1390
10.46
942
1208
1314
10.46

Target
CTRL
removal
917
1297
12,94
1205
10.90
13.03
1096
1011
10.35
947
938
1118
nu
1208
1623
16.58
1183
1613
1454
1453
1330
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APPENDIX E

The Figures in this appendix show the data aquired during the anoxic batch tests discussed in Secion
3.6.5.1 with results diplaved in Tables 3.16 and 3.17.
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Test 32a conducted at 12°C with
sludge from Exp and Ctrl systems
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Test 32b conducted at 20°C with
sludge from Exp and Ctrl systems
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Test 33a conducted at 12°C with
sludge from Exp and Ctrl systems
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Test 33b conducted at 20°C with
sludge from Exp and Ctrl systems
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