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Abstract

The presence of nitrate (NO;) and nitrite (NO,)) has asignificant effect on the proliferation of low F/M filamentous organismsin
nitrogen (N) and nutrient (N and phosphorus-P) removal activated sludge systems. In experiments in which the concentrations
of NO,  and NO, were manipulated in the 2nd anoxic reactor of amodified University of Cape Town (MUCT) nutrient removal
system, either by addition of anmonium to the influent or by dosing NO,” or NO, to the 2nd anoxic reactor, the extent of low
F/M filamentous organism proliferation could be controlled, as measured by the diluted sludge volume index (DSVI). With a
sufficiently high TKN/COD ratio (> 0.10 mgN/mgCOD) in the influent, or by dosing NO,” and NO, at a level at which the
denitrification potential of the anoxic zone was exceeded by the NO,; or NO, load, the DSV increased from values | ess than 100
m/g to values greater than 150 m¢/g in periods of between 3 and 5 sludge ages. It could not be determined which of NO, or NO,-
had the most significant effect on filament proliferation. Whilethe stimulatory effect of the NO, or NO, passing into the aerobic
zone on low F/M filamentous organism proliferation was positively identified, the mechanism by which this effect operated could

not be established.

List of symbols

AA = anoxic-aerobic filament classification group

AVSS = activevolatile suspended solids

COD = chemical oxygen demand

DsVI = diluted Sludge volume index

F/IM = food to micro-organism ratio

faono) = thetheoretical fraction of the VSSthat is ordinary
heterotrophic organisms (OHO)

fSup = wastewater unbiodegradable particulate COD
fraction

IAND = intermittently aerated nitrification-denitrification

K,,K’, = second(slow)rateof denitrification,inmgNO,-N/
(mgAV SS.d) in the primary anoxic reactor
utilising SBCOD in ND and NDBEPR systems
respectively

MLSS = mixed liquor suspended solids

MLVSS = mixed liquor volatile suspended solids

MUCT = modified University of Cape Town

ND = nitrification-denitrification

NDBEPR = nitrification-denitrification biological excess
phosphorus removal

RBCOD = readily biodegradable COD

SBCOD = slowly biodegradable COD

TKN = tota Kjeldahl nitrogen

VSS = volatile suspended solids

MLE = modified Ludzack-Ettinger

Introduction

From observations on the experimental investigation into various
factors proposed as possibly being associated with low F/IM

* To whom all correspondence should be addressed.
@& (021) 650-2588; fax (021) 689-7471; e-mail ekama@engfac.uct.ac.za
Received 11 November 1998; accepted in revised form 20 April 1999.

Available on website http://www.wr c.org.za

filamentous organism bulking (Lakay et al., 1999), it was con-
cluded that the exposure of sludgeto alternating anoxic and aerobic
conditions, combined with the presence of NO, and/or NO,,
played asignificant rolein proliferation of these organisms. This
conclusionwasdrawnfrom observationsthat experimental changes
which resulted in significant increases and decreases in sludge
settleability were accompanied by significant increases and de-
creasesin the concentration of NO, and NO,, either in the anoxic
zone or in the effluent. The reasons for this association were not
clear. To determine more precisely the relationship between low
F/M filament proliferation and the NO,/NO, concentration, ex-
perimentswereconductedinwhichtheNO,/NO, concentrationin
the system was manipulated by increasing theinfluent TKN/COD
ratio by addition of ammonium (NH,*) to the influent (in the form
of an ammonium chloride solution); and direct addition of NO,
and/or NO, to the anoxic reactor of the system by drip feeding a
concentrated sol ution of sodium nitrate or sodiumnitritedirectly to

the anoxic reactor.

Preliminary tests

Effect of changes in influent TKN/COD ratio on low
F/M filament proliferation

The effect on low F/M filament proliferation of changes in the
TKN/COD ratio through the addition of ammonium to theinfluent
was examined at |aboratory-scalein two MUCT systems (referred
toasMUCT1 and MUCT?2), the design and operating parameters
of which are given in Table 1.

Initially, the two systems had the same operating conditions,
including the same anaerobic, anoxic and aerobic mass fractions,
i.e. anaerobic:anoxic:aerobic; 3:10%2 6% [Note: The anoxic mass
fractions (50 to 65%) employed in the N&P removal (MUCT)
systems in these experiments are considerably larger than would
be employed in practice. This is to ensure complete anoxic
denitrificationevenfor high TKN/COD ratios(0.12 mgN/mgCOD)
encountered from time to time with the sewage batches fed to the
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TaBLE 1

OPERATING PARAMETERS AND CoNDITIONS OF MoDIFIED UNIVERSITY OF
Capre TowN NuTRIENT (N&P) RemovaL Systems MUCT1 ano MUCT2

wasadded (TKN/COD =0.08t00.10mgN/mgCOD),
the DSVI remained between 100 and 150 m¢/g. It
should benotedthat duringtheperiod Day 121to Day
151, the sewage contained a high concentration of

laboratory systems. This resulted in very small aerobic mass
fractions (20 to 33%) which may inhibit nitrification and P uptake.
Theanaerobicreactor massfractionwasretained at 15%toensure
that all theinfluent RBCOD would beutilised intheanaerobic zone
and not affect the kinetics of denitrification (Clayton et al., 1989,
1991) andfilament proliferation (Ekamaetal ., 1996)]. Thechanges
in DSVI with time and the changes in operating conditions for
MUCT1 and MUCT2 areillustrated in Fig. 1. During thefirst 40
d, the two systems were operated without ammonium addition to
the influent (TKN/COD = 0.08 to 0.10 mgN/mgCOD) and the
DSVIsof both systems were between 100 and 150 m¢/g. On Day
40, ammonium was added to the influent of MUCT1 which
increased theinfluent TKN/COD t00.12t00.14mgN/mgCOD and
over aperiod of 5sludgeages(Days40to0 169), theDSV I increased
from =110 to = 250 m¢/g.

During the same period for MUCT2, to which no ammonium
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sulphide. On Day 170, addition of ammonium to the
System MUCT1 MUCT2 influent of MUCT 1 was stopped and wastransferred
to MUCT2. Thisreduced theinfluent TKN/COD of
Operating conditions Continuously fed, completely | MUCT1t00.08t0 0.10 mgN/mgCOD and the DSV
mixed multi-reactor systems | decreased from 250 m¢/g to 160 m¢/gin lessthan two
sludge ages (Days 170 to 198). With ammonium
DO in aerobic zone (mgO/¢) 20-40 20-40 additiontotheinfluent of MUCT2, theinfluent TKN/
COD increased to 0.12t0 0.14 mgN/mgCOD and the
Feed Continuous (24 h) DSV increased from=100t0 220 m¢/g over thesame
Sewage source Mitchell’s Plain raw two sludge age period (Days 170 to 198). Regular
Sludge source Laboratory MUCT systems | filament identifications (see Fig. 1) indicated that
these changes in DSVI were mainly attributable to
Mass of COD fed (mg/d) 10000 10000 changesinlow F/M filament proliferation, in particu-
Volume of feed (¢/d) 10 10 lar type0092. During theperiodinwhichtheconcen-
Target concentration (mgCOD/¢) 1000 1000 tration of sulphide in the sewage was high (Days
121to0151) filament type 021N became dominant in
Influent TKN (mgN/¢) MUCT1 and the DSV was very high (> 400 m¢/g).
Days1to 39 103.9 104.3 Jenkins et al. (1984, 1993) list type 021N both as a
Days40to 169 101.5 134.3 low F/M filament and as a septic wastewater/high
Days 170 to 198 138.2 107.5 sulphide filament and in these experimental systems
itwould appear that itsproliferationisaconseguence

Sludge age (d) 20 20 of sulphidein the sewage.
Temperature (°C) 20 20 Figures 2(a) to 2(c) illustrate for MUCT1 the
variation with time of DSV, VSS and concentration
Reactor volumes (¢); Mass fractions (%) of nitrogen oxides (NO,) (i.e. NO,; + NO,) in the
Anagerobic 6;15 6;15 second anoxic reactor. Figures 3(a) to 3(c) illustrate
1st anoxic 4;20 4;20 thesame parametersfor MUCT2. Theconcentration
2nd anoxic 6.5;325 6.5;325 of NO_ was measured in each of thereactors of each
Aerobic 6.5;325 6.5;325 system and from an examination of the results (not
shown in this paper) it appears that the strongest
MLV SS concentration (mg/¢) 2435 2436 relationship between the NO, - concentration and low
ML SS concentration (mg/¢) 2934 2900 F/M filament proliferation (measured asDSVI) isfor
F/M [mgCOD applied/(gV SS-d)] 205 205 the NO,- concentration measured in the 2nd anoxic
reactor. With increasein TKN/COD ratio and corre-
Hydraulic retention time (h) 48 48 sponding increase in DSVI, the concentration of
NO, in the 2nd anoxic reactors of both MUCT1 and
Recycle ratios MUCT?2 increased from =5 to =20 mgN/¢. An addi-
Aerobic (a) 41 4:1 tional finding in these experiments was that as the
Sludge (s) 1:1 1:1 DSV increased, theV SSconcentrationinthesystem
Return (r) 1:1 1:1 decreased, and conversely, astheDSV | decreased, so
theV SSconcentrationincreased. Hypotheses, based
pH of mixed liquor 72-82 72-82 onmicrobiological kineticsand biochemical mecha
nisms, are proposed in Paper 11 of this series (Casey

et al., 1999a) in order to explain the associations
between the parameters DSVI, VSS and NO, in the 2nd anoxic
reactor.

Fromtheresultsdescribed above, it can be concluded that high
concentrations of NO, and NO, inthe MUCT system in general,
and in the 2nd anoxic reactor in particul ar, are associated with low
F/M filamentous organism proliferation. Thefocusof theinvesti-
gation from this point wasto examinethisassociation moreclosely
with particular emphasis on the roles of nitrate and nitrite.

Experimental investigation
Research direction
Accepting that the presence of NO, or NO, is the cause of low

F/M filament proliferation, the first task wasto determine, firstly,
which of the two, NO, or NO, is responsible, and secondly, in
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Figure 1
Sludge settleability as DSVI (m4g) and changes in system operation with time for MUCT Systems 1 and 2

which zone, anoxic or aerobic, do the filaments proliferate? This
isacomplex problemsincein anoxic-aerobicsystems, eachof NO,
and NO, is produced as a result of microbiological action on the
other, either NO, to NO, by nitrification under aerobic conditions
(i.e. NO; - NO,), or NO, to NO, by reduction of NO, under
anoxic conditions (i.e. NO; - NO,).

Therequirement for the presence of either NO, or NO, for low
F/M filament proliferation was investigated in two MUCT con-
figurations (MUCT3 and MUCT4) to which either NO, or NO,
weredosed or not. Complete detailsof the operation and results of
these experiments are given by Musvoto et al. (1992, 1994).

Effect of NO, dosing on low F/M filament proliferation
in an MUCT configuration

In investigating the role of NO,, MUCT3 was operated with the
design and operating parametersgivenin Table2. Thevariationin
DSVI with time for MUCT3 isshown in Fig. 4. The system was
operated for morethan 6 sludge agesunder these conditionsandthe
DSV decreased from = 160 m¢/gto= 70 m¢/g by Day 128. During
this period the TKN/COD ratio was = 0.08 mgN/mgCOD and the
average NO, and NO," concentrations in the 2nd anoxic reactor
were 0.5 and 0.2 mgN/¢ respectively. During thisperiod, theNO,
load on the anoxic zone was 50% of its denitrification potential,
which was cal cul ated from anoxic batch tests conducted on sludge
harvested from the system. From Day 129, NO, in the form of a
solution of NaNO, was continuously dosed to the 2nd anoxic
reactor to ensure the presence of NO; at all times. Asameans of
ensuring that sufficient NO, wasdosedto exceed thedenitrification
potential of the anoxic zone, the denitrification rate of thesludgein
the system was calculated from denitrification rates measured in
two anoxic denitrification batch tests, conducted on sludge from
the system on Days 104 and 113. From the denitrification rates, a
denitrification potential of 720 mgNO,-N/d was calculated and
dosing a arate somewhat greater than this (960 mgNO, -N/d) was
started on Day 129 to ensure an excess of nitrate in the system.
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During the following 110 d until Day 239 when NO, dosing was
terminated, theDSV | increased from=65m¢/gto 170 m¢/g. During
thisperiod, averageNO, and NO, concentrationsinthe2nd anoxic
reactor were 6.8 and 2.1 mgN/¢ respectively, concentrations con-
siderably higher than the concentrations of 0.5 and 0.2 mgN/¢
respectively measured during the period when NO, was not dosed.

During the dosing period (Days 129 to 239), three filament
identificationswere conducted (Days 181, 202 and 237). Filament
type 0092 was dominant or secondary on al three occasions, and
other filaments present were types 0914 and 0041 and Microthrix
parvicella, Haliscomenobacter hydrossis and Flexibacter. All
dominant and secondary filaments were low F/M types.

An interesting result associated with the period during which
NO, was dosed and during which the DSVI increased, was a
decrease in the amount of sludge generated in the system per unit
mass of COD fed. Between Day 1 and Day 128, when the system
had a decreasing DSVI, the MLSS and MLV SS of MUCT 3 were
high (average values of 3600 and 2 900 mg/{ respectively). From
Day 129 to Day 239, when the DSV increased from = 65 m¢/g to
170 m¢/g, theaveragevauesof MLSSand MLV SSdecreased from
3 900 and 3 116 mg/{ respectively to 2 873 and 2 350 mg/{
respectively by Day 239. Thisisasimilar result to that noted for
MUCT1 and MUCT2 systems operated in the preliminary tests
described above.

The NO, dose was stopped on Day 239 and the system was
operated in the same mode as between Days 1 and 128. TheDSVI
immediately began to decrease and reached a value of 91 m¢/g on
Day 309. The NO, and NO, concentrations in the 2nd anoxic
reactor decreased to averages of 0.7 and 0.14 mgN/¢ respectively.
From Days 310 to 340, the DSV increased dightly to 105 m¢/g,
apparently aconsequenceof anincreasedinfluent TKN/COD ratio,
from 0.09 to 0.10 mgN/mgCOD which caused the average NO,
concentration in the2nd anoxic reactor toincreaseto avalueof 0.3
from 0.14 mgN/¢, theNO, concentration remaining constant at 0.7
mgN/¢. In aresult similar to that noted earlier in this system, the
amount of sludgegeneratedinthesystem per unit massof COD fed,
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MUCT System 2, with and without ammonia additon to the influent, illustrating the effect on (a) DSVI and VSS with time,
(b) DSVI and 2nd anoxic reactor nitrate + nitrite (NO,; + NO, ) concentration with time, and (c) VSS and 2nd anoxic reactor
nitrate + nitrite (NO, + NO,’) concentration with time
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TABLE 2

OPERATING PARAMETERS AND CONDITIONS OF MobIFIED UNIVERSITY OF CAPE
Town NuTREENT (N&P) RemovaL Systems MUCT3 ano MUCT4

System

MUCT3

MUCT4

Operating conditions

Continuously fed, completely
mixed multi-reactor systems

DO in aerobic zone (mgO/¢)

25-40

25-40

Feed Continuous (24 h)
Sewage source Mitchell’ s Plain raw
Sludge source Laboratory MUCT systems
Mass of COD fed (mg/d) 10 000 10 000
Volume of feed (¢/d) 10 10
Target concentration (mgCOD/Y) 1000 1000
Influent TKN (mgN/¢) 60 - 100 60 - 100
Nitrate/Nitrite to 2nd anoxic (mgN/d)
NO, 720 Nil
(Days 129
to 239)
NO, Nil 900
(Days 291
to 340)
Sludge age (d) 20 20
Temperature (°C) 20 20
Reactor volumes (¢); Mass fractions (%)
Anaerobic 6;15 6;15
1st anoxic 4,20 4,20
2nd anoxic 9:45 9:45
Aerobic 4,20 4,20
MLV SS concentration (mg/¢) 2986 3035
MLSS concentration (mg/¢) 3555 3613
F/M [mgCOD applied/(gV SS-d)] 167 167
Hydraulic retention time (h) 48 48
Recycle ratios
Aerobic (a)
Day 1to Day 27 21 31
Day 28 to Day 340 31 31
Sludge (s) 11 11
Return (r) 11 11
pH of mixed liquor 72-82
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changedwiththechangeinDSVI. Afterthenitrate
dose was stopped on Day 239, the sludge mass
generated per COD mass load on the system in-
creased, astheDSV | decreased. TheaverageMLSS
and MLV SSconcentrationsincreased fromvalues
of 2 873 and 2 350 mg/¢ respectively, just before
NO, dosing was terminated (when the DSVI was
high, =170 m¢/g), to values of 3 748 and 3 083
mg/Lrespectively after NO, dosingwasterminated
(when the DSVI was lower, =140 m¢/g and de-
creasing). A similar interrelationship between
sludge production, DSV and the NO, concentra-
tioninthe2ndanoxicreactor wasal sonoted earlier
in the change between the period when nitrate was
not dosed (Day 1to Day 128) and when nitratewas
dosed (Day 129 to Day 239). In that relationship,
when nitrate was dosed, the DSV increased and
the MLSS and MLV SS decreased.

Effect of NO, dosing on low F/M filament
proliferation in an MUCT configuration

Toexaminemoreclosely theeffect of NO, onlow
F/M filament proliferation, a second MUCT con-
figuration (MUCT4) was started up, with operat-
ing conditions the same as for MUCTS3, as de-
scribedin Table2. ThechangesinDSVIandNO,
and NO, concentrationsin the 2nd anoxic reactor
with time for MUCT4 are shown in Fig. 5.

Thesystemwasstartedon Day 171 withsludge
from other MUCT systems operated in the labora-
tory and had a starting DSV of 130 m¢/g caused
by low F/M filaments typical of nutrient removal
systems. Neither NO,; nor NO, were dosed
between Days 171 and 290 and the DSVI
decreased to 90 m¥/g; the concentrations of NO,
and NO, in the 2nd anoxic reactor were 0.2t0 0.7
mgNO,-N/¢ and 0.1 to 0.2 mgNO,-N/¢ respec-
tively.

From a NO, denitrification batch test con-
ducted on Day 258, aNO, denitrification ratewas
calculated and a NO, dosing rate determined for
MUCT4 suchthat thedosed NO, andtheNO, and
NO, formedfromnitrificationof theinfluent TKN,
would load the 2nd anoxic reactor to more than its
denitrification potential.

On Day 291, 900 mg NO,-N/d was dosed
to the 2nd anoxic reactor (equivaent to 90 mg
NO,-N/¢ influent), raising the effective influent
TKN/COD ratio from 0.08 to 0.10 mgN/mgCQOD.
The DSVI increased rapidly over 50 d, from 90
m¢/g on Day 290 to 174 m¢é/g on Day 340. During
this period, the NO, concentration in the 2nd
anoxic reactor increased from between 0.1 and 0.2
mgN/¢ to between 10 and 17 mgN/¢, and the NO,
concentration increased from between 0.2 and 0.7
mgN/¢to between 1.0 and 3.0 mgN/¢. Inafilament
identification conducted on Day 308, thedominant
filament was type 0092 and types 021N and 0675
were secondary.

In comparing the influences of NO,  and NO,
onlow F/M filament proliferation, it isinteresting
to examine the comparative rates of increase of
DSVI with NO, and NO, dosing. With NO;
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MUCT System 4 with time as a consequence of the addition and removal of NO, to the 2nd anoxic reactor
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dosing to MUCT3, and with NO, and NO, concentrationsin the
2nd anoxic reactor of 6.8 and 2.1 mgN/¢ respectively, the DSVI
increased from 66 to 176 m¢/g in 111 d (i.e. 1.0 m¢/g per d).
Comparatively, with NO, dosing to MUCT4, and with NO," and
NO, concentrationsinthe 2nd anoxic reactor of 1.7 and 11.3 mgN/
Lrespectively, the DSV I increased from 90to 174 m¢/gin55d (i.e.
1.5 m¢/g per d).

From these resultsit is apparent that both NO, and NO, have
an effect on low F/M filament proliferation. However, it is not
possible to conclude as to which has the greater effect since,
athoughtheDSV I increased 1%4timesmorequickly withNO, than
with NO," dosing, the concentration of NO, present in the 2nd
anoxic reactor with NO, dosing (11.3 mgN/¢) was also about 1%2
times greater than the concentration of NO, present in the 2nd
anoxic reactor with NO, dosing (6.8 mgN/¢). Additionally, in the
MUCT4 systemwithNO, dosing, inwhichtheDSV | increased 1%4
times more quickly, the sum of the average NO, and average NO,’
concentrations in the 2nd anoxic reactor was about 1Y% times the
averageintheMUCT3 systemwithNO, dosinginwhichtheDSVI
increased 1% times more slowly.

Comparison of effect of NO,” and NO, dosing on the
denitrification rates of NO, and NO,  and on low F/M
filament proliferation

Anunusual featureof theexperimentsinwhichNO, andNO, were
dosed to the 2nd anoxic reactors of MUCT3 and MUCT4 respec-
tively, concerns the effect of NO, and NO, concentrationsin the
2nd anoxic reactor onthe K’ , denitrification ratei.e. the NO, and
NO, denitrification rate on particulate slowly biodegradable
COD (SBCOD). For MUCTS, the denitrification rate of NO,
decreased from 0.429 mgNO,-N/(mgAV SS.d) (averageof 2 batch
tests) before NO,” dosing (when the DSV was 86 m¢/g) to 0.202
mgNO,-N/(mgAV SS-d) (one batch test) at the end of NO, dosing
whentheDSVI was 165 mé/g. Upontermination of dosing, therate
increased to 0.249 mgNO,-N/(mgAV SS-d) when the DSV was
95 m¥/g.

Thenitrite denitrification rate K’ , , was measured at the end
of the investigation when the nitrate dosing had terminated and an
averageof 0.237 mgNO,-N/(mgAV SS-d) was obtained fromthree
batch tests conducted between Days 290 and 317.

For MUCT4, the denitrification rate of NO, decreased from
0.420 mgNO,-N/(mgAV SS.d) (one batch test) beforeNO, dosing
to 0.224 mg NO,-N/(mgAVSS.d) (average of two batch tests)
about 30 d after NO, dosing commenced.

The nitrite denitrification rate decreased from 0.372 mg
NO,-N/(mgAV SS.d) before nitrite dosing to 0.249 mgNO,-N/
(mgAV SS.d) about 30 d after nitrite dosing was started. Nitrite
dosing to MUCT4 continued to Day 340, when operation of the
system wasterminated, so unlike MUCT 3, afollow-on non-nitrite
dosing period was not evaluated on MUCTA4.

From these resultsit can be concluded that high NO, concen-
trationsinthe2nd anoxicreactor of anMUCT systemresultinalow
NO, denitrification rate and low NO, concentrations result in a
high rate. Similarly, high NO,” concentrations in the 2nd anoxic
reactor of an MUCT systemresultinalow NO, denitrificationrate
and low NO,” concentrations result in a high rate.

In investigations into the denitrification kinetics of nutrient
(N&P) removal systems, Clayton et al. (1989, 1991) found that the
K’, rate of denitrification of NO, for an MUCT system was 0.224
mgNO,-N/(mgAV SS-d), avalue considerably higher thantheK’,
rate of denitrification for NO, of 0.101 mgNO,-N/(mgAV SS-d)
measured by Maraisand co-workers (seeVan Haandel et al ., 1981
and Warburton et a., 1991) for MLE and IAND nitrogen (N)
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removal systems respectively. A significant difference between
N&P and N removal systemsis the absence of an anaerobic zone
in N removal systems, i.e. for an N removal system (low NO,
denitrification rate) with its anoxic reactor loaded with NO; in
excess of the denitrification potential, there is no zone in which
NO, isabsent or at alow concentration. Claytonetal. (1989, 1991)
concluded that the higher K’ denitrification ratein N& P removal
systems is a consequence of an increase in the adsorbed SBCOD
hydrolysig/utilisation rate for the ordinary heterotrophic (non-
polyP) organisms, apparently induced by anaerobic-anoxic-aero-
bic sequencing in N & P remova systems. Comparatively, in
MUCT3 and MUCT4 beforethe addition of NO, and NO, respec-
tively (sumof theconcentrationsof NO,; andNO, [i.e.NO,_]inthe
2ndanoxicreactor lessthan 1.0mgN/¢), theK’ , denitrificationrates
for NO, and NO," were higher than after the addition of NO,” and
NO, (NO, inthe 2nd anoxic reactor between 3.5 and 13.5 mgN/¢
for MUCT 3 and between 17 and 35 mgN/¢for MUCT4). Similarly,
for an IAND system (System 5) described by Lakay et al. (1999),
before ammonium addition to the influent (<0.4 mgNO,-N/¢
present at the end of the anoxic period), the K’ , denitrification rate
of NO, during the anoxic period on Day 189 of 0.103 mgNO,-
N/(mgAV SS.d) (seeFig. 9in Lakay et al., 1999) was considerably
higher than the value of 0.066 mgNO,-N/(mgAV SS-d) measured
during the anoxic period on Day 209 when the system had ammo-
nium additionto theinfluent (>1 mgNO,-N/¢ present at the end of
the anoxic period). [A low concentration of nitrite implies also a
low concentration of nitrate because significant nitrite
denitrification doesnot take placeuntil thenitrate concentrationis
low (< 1mgNO,-N/4 - seeFig. 9inLakay et al. (1999) and Ekama
and Wentzel (1999)].

FactorsthatinfluencetheK ,and K’ , denitrificationratesinND
and NDBEPR systems respectively, are reviewed by Ekama and
Wentzel (1997). Determination of these K rates requires calcula
tion of the active ordinary heterotrophic organism (OHO) fraction
of the VSS(f,, o) in the system via the steady state ND (WRC,
1984) and NDBEPR (Wentzel et al., 1990) models. For the ND
systems, because reasonably consistent resultsare obtained for the
wastewater unbiodegradable COD fraction (f ) andhenceal sofor
thef, . fraction, variationinthecalculated K, ratessubstantially
reflects real variation in this rate. However, for the NDBEPR
systems, the K’ , rate varies significantly, not only between differ-
ent NDBEPR systemsfed the samewastewater but alsointhesame
system asnoted aboveinthe MUCT3 and MUCT4 systems of this
investigation. Thisvariationin K’ rateisin part aconsequence of
significant variation in the calculated wastewater fS,up fraction, on
whichthef_ . fraction depends, for the same wastewater source.
The variation in the calculated fS,up fraction in turn, results from
varying specific V SSsludge production rates (massV SSin system
per mass COD load per day) in the NDBEPR systems which
appeared to be associated with the sludge settleability (DSVI) and
hencelow F/M filament bulking (Musvotoetal ., 1994; Casey etdl .,
1994). Thetwo MUCT systems MUCT 3 and MUCT4, produced
between 15 and 30% moreV SSthan expected fromthe steady state
WRC (1984) ND model, the VSS mass increasing as the DSVI
decreased inthe absence of nitrate or nitrite dosing, then decreased
asthe DSV increased with dosing and then increased again asthe
DSV decreased after cessation of dosing (Figs. 4and 5). Although
not so strongly linked asinthisinvestigation, Clayton et al. (1989,
1991) also observed significantly increased specific VSS sludge
productionratesintheir MUCT system comparedwithND systems
at the same sludge age and receiving the same wastewater
(Warburtonetd., 1991). While NDBEPR systemsare expected to
have greater specific VSS sludge production rates for the ND and
NDBEPR models, no explanation for the variation of thisratein
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TaBLE 3
OPERATING PARAMETERS AND CoNDITIONS OF MobiFiED UNIVERSITY oF CAPE

TownN NUTRIENT (N&P) RemovaL Systems MUCT5 Ano MUCT6
System MUCT5 MUCT6
Operating conditions Continuously fed, completely

mixed multi-reactor systems

DO in aerobic zone (mgO/¢) 20-40 20-40
Feed Continuous (24 h)
Sewage source Mitchell’ s Plain raw
Sludge source Laboratory MUCT systems
Mass of COD fed (mg/d) 10000 10000

Volume of feed (¢/d) 10 10

Target concentration (mgCOD/Y) 1000 1000
Influent TKN (mgN/¢) 140 100
Nitrite addition to 2nd anoxic (mgN/d)

(Day 62 to Day 97) - 250
Sludge age (d) 20 20
Temperature (°C) 20 20

Reactor volumes (¢) ; Mass fractions (%)

Anaerobic 6;15 6;15

1st anoxic 420 420

2nd anoxic 6.5;325 6.5;325

Aerobic 6.5;325 6.5;325
MLV SS concentration (mg/¢) 2610 2812
MLSS concentration (mg/{) 3110 3348
F/M [mgCOD applied/(gV SS-d)] 192 178
Hydraulic retention time (h) 48 48

Recycleratios

Aerobic (a) 41 21

Sludge (s) 11 2:1

Return (r) 11 21

pH of mixed liquor 7.6 7.6

NDBEPR systems with the DSV can be advanced.

In summary, three examples have been presented in which the denitrification
rate is affected either by the presence or absence of an anaerobic zone or by the
concentration of NO,” and NO, in the anoxic period, i.e. N&P removal systems
(which have an anagrobic zone) have higher K, denitrification rates than N
removal systems (which do not an anaerobic zone), and N removal systemswith
low concentrations of NO, and NO,” (< 1 mgN/¢) have higher denitrification rates
than N remova systems with high concentrations of NO, and NO,” (>1 mgN/¢).

Given that systems with high concentrations of NO,” and NO, in the anoxic
zone in N removal systems and in the 2nd anoxic zone of N&P removal sys
tems have higher DSV values than systems with low concentrations of NO, and
NO,, then thefinding that high concentrationsof NO, and NO, resultin (or result
from) lower denitrification rates, implies that a relationship exists between high
DSVIs, lower denitrification rates and high concentrations of NO, and NO, inthe
anoxic zone prior to the aerobic zone.

With regard to the relationship between denitrification rate and low F/M
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filament proliferation, the finding that high con-
centrations of NO, and NO, result in lower
denitrification rates may be linked to the finding
that systemswith high concentrationsof NO," and
NO, intheanoxic zoneinN removal systemsand
in the 2nd anoxic zone of N& P removal systems
have higher DSVIs than systems with low con-
centrationsof NO, andNO, inthesamereactors.
That is, lower denitrification ratesresultin higher
concentrationsof NO, and NO,” (and vice versa)
which resultsin higher DSVIs.

It is unclear as to the relationship between
DSVI, denitrification rate and higher concentra-
tionsof NO, and NO, inthe 2nd anoxic zone, as
to which of the parameters are the cause and
which are the effect. However at this point it is
sufficient to say that lower denitrification rates,
higher concentrations of NO, and NO, and high
DSVI values are interconnected, but the mecha-
nismsof thisinterconnection are not understood.

Comparison of effect of ammonium and
NO, /NO, on low F/M filament
proliferation

In the experimental programmethusfar, therole
of the concentration of NO, and NO, on low
F/M filament proliferation has been examined
through two approaches: by addition of anmo-
nium to the influent, resulting in an increase in
concentration of NO, and NO, in the 2nd anoxic
reactor of an MUCT system through nitrification
of the ammonium in the aerobic reactor; and by
direct addition of NO, or NO, to the 2nd anoxic
reactor of an MUCT system. Although these
different approaches had the same end result, i.e.
anincreaseinlow F/M filament proliferation, the
experiments were conducted in the laboratory at
different times and therefore received different
batches of municipal sewage. From earlier ex-
perimentsit had been noted that different batches
of sewage can lead to differencesin the extent of
low F/M proliferation and DSVI. From the ex-
periments conducted so far, it was suspected that
these differences arose from different influent
TKN/COD ratios of the sewage batches, but a
direct comparison of the effects on low F/M
proliferation of ammonium addition to theinflu-
ent and NO, or NO, dosing to the 2nd anoxic
reactor of parallel MUCT systems had not yet
been conducted.

To examine this aspect directly, two MUCT
systems (MUCTS5 and MUCT®6) were operated
with the characteristics outlined in Table 3.
MUCTS5 was operated with a TKN/COD ratio
=0.13mgN/mgCOD (NH,* intheform of NH,Cl
added to the influent) and MUCT6 was operated
withaTKN/COD ratio = 0.09 mgN/mgCOD (no
NH," added totheinfluent). ThechangeinDSVI
with time for the two systems is illustrated in
Fig. 6. For the 162 d of operation of MUCTS5, the
NO, concentration in the 2nd anoxic reactor was
between 0.5and 1.5mgN/¢andtheDSV | between
200 and 250 m¢/g. For MUCT6 between Days 1
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Figure 6
Sludge settleability as DSVI (mt/g) with time for MUCT Systems 5 and 6 with addition of ammonium to the influent (MUCT 5),
and for addition and removal of NO, to 2nd anoxic reactor (MUCT 6)

and 62, the NO,” concentration in the 2nd anoxic reactor was less
than 0.4 mgN/¢, andtheDSV | wasbetween 100and 150 m¢/g. From
Day 62, NO, (intheform of aconcentrated NaNO, solution) was
dosed to the 2nd anoxic reactor of MUCT6. The NO, concentra-
tion in that reactor increased to between 1 and 10 mgN/¢ and the
DSVI increased rapidly to between 200 and 230 m¢/g. After 35d,
on Day 97, NO, addition was terminated, the NO," in the 2nd
anoxic reactor thereafter decreased to =0.3 mgN/¢ and the DSVI
declined within 3 d from 220 m¢/g to 170 m¢/g and within 25 d to
150 m¢/g. In both MUCTS and MUCT6, the dominant filament
throughout the experimental
period was type 0092, and the secondary filaments were usually
M. parvicella or type 0041, all of which arelow F/M types.

Fromtheresultsit canbeconcluded that addition of ammonium
to the influent and addition of NO, directly to the 2nd anoxic
reactor of MUCT systems produce similar measurementsin DSV
for similar concentrations of NO, in the 2nd anoxic reactor. A
similar result was noted for MUCT 4, the system described above,
inwhich nitritewasdosed tothe2nd anoxicreactor. Aninteresting
aspect in comparing the results of MUCT6 and MUCT4 is the
considerably more rapid increase in DSVI in MUCT®6 than in
MUCT4 following NO, dosing to each system. The only signifi-
cant difference between the systemsisthesomewhat larger aerobic
mass fraction in MUCT6 (32¥%%) than in MUCT4 (20%). This
result isan agreement with the resultsillustrated in Fig. 5 of Paper
7 of thisseries(Lakay et al., 1999) inwhich IAND systemswith 30
t040% aerobic massfraction developed higher DSVIsthan similar
IAND systems with lower percentage aerobic mass fractions and
achieved the high DSVIs more rapidly with additions of similar
concentrations of nitrite.

Conclusions

In the previous paper of this series (Lakay et al., 1999), it became
clear that an association exists between the mass fractions of the
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anoxic and aerobic zones, the concentrations NO, and NO, in the
anoxic zone prior to the aerobic zone and the proliferation of low
F/M filaments. In Lakay et al. (1999), theroles of the aerobic and
anoxic zones in producing low F/M filament proliferation were
examined. To summarise, the results of those experiments were:

¢ InlAND systems, anoxic massfractionsintherange60to 70%
resulted in the highest DSVI values. As the anoxic mass
fraction increased from 70 to 100% (i.e. fully anoxic condi-
tions) the DSV decreased, and as the anoxic mass fraction
decreased from 60% to 0% (i.e. fully aerobic conditions), the
DSVI decressed.

e Completely aerobic systems did not bulk (DSVI < 150 n¥/g).

e Single reactor completely anoxic systems with continuous
NO, addition, and fed either the SBCOD fraction of sewage, or
complete municipal sewage, did not bulk (DSV1 < 150 m¢/g).

The role of NO, (as opposed to NO,") under completely anoxic
conditions was investigated in the same series of experiments.

» A completely anoxic system in which continuous NO," addi-
tionwasreplaced with continuousNO, addition demonstrated
adecreased DSVI, from 120 m¢/g to 75 m¢/g over 20 d.

These results with single-reactor systems are supported by the
experimental work conducted with themulti-reactor N& Premoval
MUCT systems described in this paper, i.e. low F/M filamentous
organisms proliferate in N and N& P removal systems when the
sludge is subjected to sequential anoxic-aerobic conditions in
whicheither, or both of NO, or NO, are present inthe anoxic zone
immediately preceding the aerobic zone, at concentrations greater
than about 2.0 mgNO,-N/¢ or 1.0 mgNO,-N/¢.

¢ Filaments proliferate in multi-reactor (MUCT) systems
with the addition of ammonium to the influent (apparently
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as a consequence of the concomitant production of NO, and
NO,), or asaconsequenceof thedirect additionof NO, or NO,
via continuous dosing to the 2nd anoxic reactor.

* Inagreement with resultsfrom N removal systems, the size of
theaerobic massfraction of anN& Premoval systemaffectsthe
development of the filamentous organism population; for a
systemwith excessNO, passing fromthe anoxictotheaerobic
reactor, an aerobic massfraction of 30to 40% resultsin arapid
increase in DSVI whereas an aerobic mass fraction of 20%
resultsin aconsiderably lower rate of increasein DSVI.

From the results, the primary factor implicated in promoting low
F/M filament proliferationisalternating anoxic-aerobic conditions
with NO, and NO, present during the anoxic conditions which
immediately precedethestart of aerobic conditions. Assumingthat
the organism population which mediates denitrification is pre-
dominantly facultative heterotrophic organisms, the aternating
anoxic-aerobic conditions would force these organisms to
alternatingly switch between NO,/NO, and oxygen respectively
asterminal electron acceptor. Fromthebody of experimental work
presented in this series of papers, it is hypothesised that the cause
for bulking lies in the requirement for the facultative organisms
(irrespective of whether filament or floc-former), to frequently
switch between aerobic and anoxic respiration asthe environmen-
tal conditionschange, thisswitching either providing an advantage
for the filaments or acting as a disadvantage to the floc-formers.
Testing of such a hypothesisrequires investigation of the respira-
tory processesof facultativeorganismsat alevel morefundamental
than the externally measured manifestations of activated sludge
processes such as, COD removal, and oxygen and NO, utilisation
rates. Such afundamental investigation would entail an examina-
tion of the biochemical mechanisms of transport of protons, elec-
trons, and the electron acceptors, oxygen, and NO, and NO,’, and
the synthesis of enzymes mediating these mechanisms under
aerobic, anoxic, and alternating anoxic-aerobic conditions. Inves-
tigations into these aspects were prompted also by necessity - all
areas of experimental research considered to be influential in low
F/M filamentous organism bulking were apparently exhausted. As
afirst stepin thisinvestigation, an in-depth review was conducted
of the biochemical aspects of respiration of obligate aerobic and
facultative heterotrophi c organismsandthisispresentedinthenext
paper of this series (Casey et a., 1999b).

From theresults of the experimentsdescribed inthispaperitis
apparent that the so-called low F/M filaments do not proliferate
under al low F/M conditions; in particular, under continuous
aerobic and continuous anoxic conditions at long sludge ages (i.e.
>10d) which constitutelow F/M conditions, low F/M filamentsdo
not develop. As a consequence of the finding that this group of
filaments do not necessarily proliferate under all low F/M condi-
tions, but invariably proliferate under alternating anoxic-aerobic
conditions, it was concluded that the filaments should be renamed
anoxic-aerobic (AA) filaments as a name more descriptive of the
conditions under which they apparently proliferate. Thisnameis
used throughout the remainder of the papersin this seriesin place
of thetermlow F/M, thenameassignedtothefilament groupwhich
includes the following filamentous organisms; types 0092 and
0041, M. parvicella and types 1851, 0675 and 0914.
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