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Abstract

Incorporation of correcily sized selector reactors at the head of an intermittently aerated (70% anoxic, 30% aerobic) system did not
control the proliferasion of low food to micro-organism ratio (F/M) filemenis, viz. Micrathrix parvicella, type 0092 and type 0914,
even though the criteria indicating the induction of 2 selector effect had been met, i.e.:

* removal of essentially all the influent readily biodegradable chemical oxygen demand (RBCODY,

* the presence of a significant number of Zooglea colonies; and

* a high initial oxygen utilisation rate (OUR) and RBCOD> uptake rate under batch test conditions,

List of symbols

CoD = chemical oxygen demand

CFCM = continuously fed completely mixed

d = day

DO = dissolved oxygen

DSV = diluted sludge volume index

FiM = food to micro-organism ratio

£ = fraction of the total influent COD (S,) that is
readily biodegradable (S}

h = hour

[AND = intermittent acration nitrification-denitrification

IFFD = intermittently fed fill and draw

LF = load factor {mg COD/g V§S)

min = minute

MLSS = mixed liquor suspended solids

MLVSS = mixed liquor volatile suspended solids

N = nitrogen

OUR = oxygen utilisation rate in mg Q/(¢-h) or
mg Of(g AVSS-h)

P = phosphorus

RBCOD = readily biodegradable COD

RBCODUR = RBCOD utilisation rate
[mg RBCOD/(z AVSS-h))

TKN = total Kjeldahi nifrogen

V&S = volatile suspended solids

[Ty = mijcro (10'%) meters

introduction

Up to this point in the investigation it as not been possible to come
to a definitive conclusion regarding the efftcacy of selectors
(aerobic or anexic) in controlling bulking by low F/M filaments
because it has not been possible to develop sludges with high
propostions of kow F/M filaments in laboratory-scale systems other
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than N & P removal ones. However, in Gabb et al. (1996) a system
configuration and operating conditions were described which
induce in laboratory-scaie systems the proliferation of the low F/M
filaments most cormmon in South African full-scale systems (i.e.
types 0092, 0914, Microthrix parvicella, type 1851, type 0675
and type 0041}, The configuration and conditions are CFCM
single-reactor sysiems operated with intermittent aeration with
30% aerated and 70% unaerated. These systems, called IAND
systems, provide an opportunity to test the effect of selector
reactors on low F/M filament proliferation in laboratory-scale
systems.

Experimental set-up

Two systems were set up, both IAND with volume 7.5¢, receiving
aconstant 10&d influent flow of Mitchell’s Plain raw sewage with
amean COD of 500 mg/, The systems were operated at a sludge
age of 20 d and temperature 21°C with an aeration pattern to induce
aerobic conditions for 3 to 4 min and an anoxic state for 6 to 7 min
in a 10 min ¢cycle. This set-up was the same as that in the [AND
systems described by Gabb et al. (1996). The design and operating
pararncters are given in Table 1. For further details see Gabb et al.
(1989).

To start up the systems, the two sludges from the JAND
systems described by Gabbet al. (1996) (experimental and control)
were mixed and divided equally between the two systems. The
initial DSVIs in both systems were 190 mé/g (Fig. 1). The two
systems were operated for 130 d. The day-to-day performance of
the two systems i.e. influent and effluent COD, total phosphorus
(as P), nitrate (as N} and TKN concentrations, is shown in Fig, 2.
Also the DSVI was measured daily and microscopic evaluation of
the sludge undertaken regularly, i.e. every 20 d (1 sludge age)
(Fig. 1}. In operation, nitrification was virtually complete, and to
ensure that sufficient nitrate was present so that the systems
remained anoxic throughout the unaerated periods, ammonia was
added to the influent to give an average TKN of 60 to 100 mgN/¢

(see Fig. 2). Test methods were conducted in accordance with the

procedures as set out in Still et al, (1996) and Gabb et al. (1996).
Afier21 dof operation, the DS VIin both systems had increased
from 190 10 340 md/g (Fig. 1). On day 21, two 250 m{ zerated
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TABLE 1

OPERATING PARAMETERS AND CONDITIONS FOR THE SIHIGLE REACTOR
CONTINUQUSLY FED COMPLETELY MIXED INTERMITTENT AERATION
SYSTEMS, ONE WITH AEROBIC SELECTORS (EXPERIMEMNTAL, EXP) AND
ONE WITHOUT AEROBIC SELECTORS {ZONTROL, CTRL) (I IXPERIMENTAL,
EXP AND CONTROL, CTRL)

SYSTEM

EXP f CTRL

Operating conditions

Graphical representation

Aeration - Main reactor
' - Selector

DO concentration {mgO/&)
- Main reactor
- Selector

DO profile for main reactor

Feed
Sewage source

Shudge source

Continyously fzd,
single reactcr

with selectors without selectors

(from day 21}

@

Intermittent Intermittent
Continucus Continuous
0-2 0-2
2-4 -

5o 2t Ps:mi ODH
Y
™~ BIC l
of ANO €IC
01 34 10

TIME \min)
Continuous (24h)

Mitchell's Pl in raw
Laboratory IAND systems {sse Gabb et al. 1998}

Mass of COD fed (mg/d) 5000 5000
Voume of feed (¢/d) 10 10
Concentration {mg/0) 500 500

Influent TKN (mgN/#) 60 -100 60 -100

Sludge age (d) 20 20

Temperature (°C) 21 21

Volume of main reactor (&) 7.5 1.5
Selectors - from day 21 each 0.25 -

- from day 73 0.10; 0.25 -

MLVSS concentration (mg/f) 2800 2800

MLSS concentration (mg/f) 3500 3500

FM [mgCODJ( gVSS.d)] 240 240

Hydraulic retention time (h)

Main reactor 18 h 18h
Seiectors - from day 21 each 36 (min) -
- from day 73 14 ; 36 (min) -
Underflow recycle ratio il 11
pH of mixed liquor 73-75 13-75

selectors were installed in series ahead of the intermittently aerated  ab. (1996). Vith the aid of this uptake rate, taking note of the
main reactor of one of the systems. The first selectorreceived the  concentrarior of RBCOD fraction (f,) in the raw waste water and
influent and uaderflow streams; the effluent of the first selector  the system parameters, the fractional size of the selector to remove
passed 10 the second selector and its effluent passed to the main  more than 95% of the RBCOD was calculated to be 1/30th of the
TAND reactor. The size of the selectors was based on the uptake  total process volume i.e. 250 mfin 7.5 £ To take into account
rate of RBCOD measured in the IFFD system described by Stiliet  variability in the RBCOD uptake rate and in the influent RBCOD
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Figure 1

Sludge settleabilify in DSVI with time in two {experimental and control) single reactor continuously fed infermittent
aeration systems fed the same sewage (Mitchell's plain raw) and operated at the same sludge age (20 d} and
temperature (21°C). Note that installation of aerobic sejectors in the experimental system (correctly sized} {on day 21)
did not ameliorate bulking by low F/M filaments over a period of 5 sludge ages (day 21 to 117) but changing the aeration
in the Controf system from intermittent fo continuous, causes a sharp decline in DSVI in less than 1 sludge age
{day 117 to 131) and a concomilant decrease in low F/M filaments.

fraction of the waste water, two 250 m{ selectors in series were
installed without reducing the volume of the main reactor.
Consequently the two selectors were each 1/32nd of the total
system volume. The DO concentration in each selector was
maintained at between 2 and 4 mg/. For convenience, the system
with the selector reactors will be called the experimental (EXP)
system and the system without selector reactors the control
(CTRL) system,

After installation of the aerobic selectors in the experimental
systemn, both experimental and control systems were operated and
monitored daily for a period of 5% sludge ages (days 21 to 130).
During this period. batch tests were undertaken on siudge harvested
from the two systems 1o establish whether or not the selector effect
had been induced in the experimental system. The yesulis of the
daily monitoring and batch tests are presented below.

Results and discussion
Selector effect

In Still et al. (1996), the three criteria identified by Jenkins et al.

(1984) to assess whether or not a selector effect has been induced

in a sludge and a selector reactor is functioning properly, were

mentioned, viz:

= a high initial QUR and soluble COD (RBCOD) uptake rate
nnder baich conditions;

»  virtually complete removal of soluble biodegradable COD (or
RBCOD) in the selector; and

« the presence of a significant number of Zeogleea colonies in
the sludge.

These three criteria were evaluated by a series of aerobic batch tests
on sludge harvested from both systems; measuring the soluble
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Figura 2

influent and effluent COD (lower) fotal phosphorus (as F} (mid-lower), nitral 3 {as N) (mid-upper) and TKN (upper)
concentrations with time in two, one experimental (EXP) and cne control (CTRL) single-reactor continuously fed
intermittent aeration systems fed the same sewage {Mifchell's Plain raw) nd operated at the same sludge age
{20 d} and temperature (21°C). Note that (1) the instaliation of the aerobic s3fectors caused an increase in effluent
nitrate concentration in the Experimental system due fo ufilisation of influent readily biodegradable COD in the aerobic
sefector, and {2} switching from intermittent fo conlinuous asration in the control system (day 117) caused a
dramatic increase in the effluent nitrate conceniration due to the absence of denitrification.

(045 pm filtered) COD profile through the selector and main
reactor of the experimental system; and microscopic examination
of sludge taken from both the experimental and control systems.
On days 74 and 77, aerobic batch tests (nitrification inhibited) were
conducted on sludges harvested from the experimental and control
systems respectively, during which the OUR was measured for
24h(Fig. 3); fromthese tests, it can be seen that for the experimental
systém sludge, the initial QUR was about 1.6 times higher than that
inthe control system sludge giving RBCOD uptake rates of 183 and
81 mg RBCOD/(g AVSS-h} for the experimental and contro!
systems respectively. On day 72, the soluble (0.45 um filtered)
COD concentration was measured in the influent and in the selector
and main reactors of the experimental system. From these
measurements, a profile of soluble COD concentrations through
the system was established, from which it was calculated that
essentially none of the soluble biodegradable COD entered the
tnain reactor (Table 2). Microscopic examination of the siudges in
the two systems on day 79 indicated that the sludge in the
experimental system contained significantly more Zoogloea
colonies than the sludge in the control sysiem. Since the three
selectoreffect criterialisted above were satisfied for the experimental
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system but none wvere satisfied for the control system, it can be
concluded that ase ectoreffecthad beeninduced in the experimental
system sludge but not in the control system sjudge.

[n order to che ck that a reduced selector volume possibly may
enhance the selector effect, the first selector reactor of the
experimental system was reduced in volume from 250 méto 100 mé
on day 72. [The bitch tests (day 74) and microscopic examination
{day 79) were don : soon after this change (day 72) and iris unlikely
that the smaller first selector volume significantly contributed to
the measured higt RBCOD uptake rate, since as illustrated by Still
et al. (1996), induction of a selector effect may take up to a siudge
age). Atter this change, soluble COD profiles in the experimental
system were measured regularly (days 84, 104 and 121; see
Table 2). As previously, these profiles indicated that practically all
the RBCOD war. removed in the selector reactors. Baich tests
(nitrification inhisited) were conducted on sludges harvested from
the experimental system (days 83 and 113) and from the control
system (days 84 ¢nd 111) (see Figs. 4 and 5). From these tests, the
initial OUR in th e experimental system was more than 1.4 times
greater than thal in the control system giving average RBCOD
uptake rates of 137 and 61 mg RBCOD/(g AVSS-h) for the



TABLE 2
SOLUBLE (<0.45 um FILTERED} COD {SCOD) CONCENTRATION IN THE
INFLUENT, SELECTOR REACTORS AND MAIN REACTOR OF THE
EXPERIMENTAL SYSTEM ON DAYS 72, 84, 104 AND 121 AND SOLUBLE
COD REMOVALS IN THESE REACTORS
POSITION / DAY 72 84 104 121
{mgCOD/®) | (mgCODy | (mgCODMA) | (mgCOD/Y)
1} Into 1st selector 124.5 108 104 160
2) In st selector 657 76 74 90
3) In 2nd selector 57.5 54 66 74
4) In main reactor 5.5 54 60 70
Reduction in
1st selector 578 32 30 70
2nd selector 82 22 13 16
1st and 2nd selector 66,0 54 38 87
Main reactor 0.0 0 6 4
Position 1 2 3 4
1:1

experimental and control systems respectively. In the
batch test conducted on sludge from the experimental
systemenday 113 and in an additional test on sludge from

AEROBIC BATCH TESTS (nitritication inhibited)

the control system on day 113, the soluble COD R It I L O L L L B B
conce.ntration and QUR was measured for the fist6h W E?DGIIIETEE?A?;‘?SN?A“ETF:':#%SLYDO “IZ g ROBIC \ -
(see Fig. 6). These tests confirm the relationship between é BYSTEMS ma/t LT anoxie| )
high initial OUR values and high initial RBCOD uptake — 20 % 34 10 ~
rates described by Still et al. (1996); the high initial OUR & < o——e CXPERIMENTAL TIME{enin)
is associated with an equivalently high initial RBCOD E g B salactors) 7]
uptake rate and the precipitous decrease takes place N > +—+ fﬁ:ﬂ; ?l?:arobic n
concomitantly with the depletion of the RBCOD. Sludge < :? 20 salactors)
microscopic evalation from days 92 to 131 indicated that L S ExP 4Igfn5:c' 6%A;;VTS4$
the sludge in the experimental system continued tocontain & g V55= 1586 mg /¢
significantly moreZoogleacolonies than the sludgeinthe ) 10 “‘:fggg% f&f{?ss_h) —
contyol system. > CTRL:~ TEST{, DAY 77

From the above it can be seen that in terms of the é [~ LF = 400mgq COD/QV55
criteria for evaluating whether or not a selector effect is 0 V35 =1556mg /4 RBECODUR = flj"j(fo?l (f'“,rss,'h), ULl
present in a sludge (high initial QUR. high soluble COD 0 5 10 5 20 25
uptake rate, presence of Zooglea colonies), the selector
reactors in the experimental system did indeed induce the TIME (h)
selector effect and therefore it can be concluded that the )
selectors were correctly sized. Figure 3

Sludge settieability

Two and a half sludge ages (50 d) after installing the
selectors (day 71) the DSV1in both systems was still the
same; each had a DSVI of around 320 m&g (Fig. 1).
Microscopic examination of the sludges indicated that the
filaments in the sludge also were essentially the same and
the dominant filaments, in decreasing order of abundance,
were M. parvicella, and types 0092, 0675, 0961 and 0041

OUR in mgQ/(gVS85-h) in the first set of aerobic batch tests
{nitrification inhibited) on days 74 and 77 at the same load factor
{LF ~ 400 mg COD added per g VSS) on sludges harvested from
two single reactor continuously fed intermittent aeration systems,

one with aerobic selectors (experimental, EXP; e—e, day 74),
the other without aercbic selectors (control, CTRL, +-——+, day
77). Note that the initial OUR is about 1.6 times higher in the

Experimental system sludge (with sefectors) than that in the

control system sludge (without selectors).
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AEROBIC BATCH TESTS (nitrification inhibited)
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(see Fig. 1).

After reducing the selector volume on day 72, the DSV in the
experimental system increased from 349 to over 400 mé/g by day
131. During this period, in the control system the DSVI also
increased and decreased but remained above 300 mé/g.

Microscopic examination of the sludges from the control and
experimental system with reduced selector volumes (on days 79,
92, 109, 117} indicated that the dominant filamentous populations
in the two systems remained essentially similar; in decreasing
order of dominance, the filaments in the control systerm were M.
parvicella, and types 0092, 0914
and 0961 and in the experimental system the filaments were M.
parvicella, and types 0092, 0914 and 1851 (see Fig. 1).

In Gabb et al. (1996), in the intermittent acration experiments,
it was noticed that the mass of oxygen input per 10 min cycle (as
a result of changing the peak DO during the intermittent aeration
cycle) appeared to influence the sludge settleability. In an attempt
to evaluate the influence of oxygen fnput on DSVI, the airflow rat2
to the control system was reduced on day 85 so that during the air-

144 ISSN 0378-4738 = Water SA Vol. 22 No. 2 April 199¢

25

on period the peak DO was 1.3 instead of 2.0 mg/, The system
responded with ; decline in DSV, from 392 t0 289 mé/g by day 100
(Fig. 1. Onday 100, the airflow rate was increased so that the peak
DO increased w0 2.3 mg/. The system responded with an increase
in DSVT from 289 to 386 m&g on day 107. This behaviour was
similar to that observed in the intermittently aerated systems
discussed by Gabb et al. {1996} and further support for this finding
is described by Lakay et al. (In prep.). From this, it appears that too
little oxygen input adversely affects the proliferation of some of the
_low F/M filame 1ts, in particular M. parvicella. The lower oxygen
input is reflect:d in the higher effluent TKN and lower nitrate
concentrations of the control system (Fig. 2} indicating that
nitrification was not complete but denitrification more complete.
However, the increase in effluent TKN also is in part due to the
return to the syutem of mixed liquor containing thiourea from the
nitrification-inhibited batch tests.
On day 117, the aeration pattern in the control system was
changed from intermittent to continuous and the DO was controlled
between 2 and 4 mg/t. At this time the dominant filaments in the
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QUR in mg OAg VSSh) and soluble COD <0.45 pm)
concentration in the fourth set of aerobic balch tests
{nitrification inhibifed) on day 113 at the same load factor
{LF 570 mg COD added per g VSS) on sludges
harvested from two single reactor continuously fed
intermiftent aeration systems, one with aercbic selectors
experimental, EXP; e——e, day 113), the other without
aerobic selectors confrol, CTRL, +—--+, day 113). Note
that (i) the initial OUR and soluble COD uptake is about
1.4 times faster in the experimental system sludge {with
selectors) than in the control system siudge (without
selectors) and (ii} the precipitous decrease in OUR occurs
af approximately the time as the depletion of the
biodegradable soluble (or readily biodegradable) COD.

control system were M. parvicella (abundant), type 0092 (very
common) and type 0914 (commmon) and the secondary filaments in
decreasing order of abundance were type 0675, type 0961, Nocardia
sp., and types 1851 and 0041 (see Fig. 1). The DSVTin the control
system decreased rapidly from 376 mé/g onday 117 to 103 mé/g on
day 132, (15 d) (see Fig. 1), at which time the filaments in the
control system were type 0092 (some to common), type 0914
(some), Nocardia sp. (some), type 0675 (some) and M. parvicella
(few). Over the same period {day 117 to 132) in the experimental
system, in which intermittent aeration was maintained in the main
reactor, the DSVI remained high (> 400 m&g), the dominant
filaments were M. parvicella, and types 0092 and (914 with
secondary filaments types 1851, 0675 and 0041, Nocardia sp. and
type 0961.

Conclusions
From these experiments it ¢an be concluded that:

* Inlongsludge age single reactor completely mixed continuously
fed 1AND systems (7 min anoxic, 3 min aerobic), low F/M
filaments proliferated.

* Incorporation of a correctly sized aerobic selector which
stimulated 4 selector effect at the head of the IAND system,
receiving the influent and underflow recycle, did not control
the proliferation of the low F/M filaments, viz. M. parvicella,
types 0092, 0914; other filaments remaining at secondary
levels were types 1851, 0675, 0041, Nocardia spp. and 0961.

*  The selector eMect as stimulated by altemnating feed-starve
conditions imposed by the aerobic selectors does not appear to
control bulking by low F/M filamentous organisms.

* Changingthe aeration pattern fromintermittent (anoxic-aerobic)
to continuous (aercbic) causes amelioration of bulking by low
F/M filaments in a short time (DSVI decreases from >400 to
<100 m¢/g in 15 d). This has been repeatedly observed in the
investigation so far (Still et al., 1996; Ekama et al., 19963;
Gabb et al., 1996).

*  Because aerobic selectors {and anoxic by implication) stimulate
rapid removal of RBCOD by floc formers and this does not
control low F/M filament proliferation, it would appear that the
influent RBCOD does not play an important role in the
proliferation of low F/M filaments.

Closure

The research presented in this series of papers so far provides
strong evidence that the promoted specific control method against
low F/M filament bulking, i e. selector reactors and by implication
alternating feed-starve conditions, is not successful in their control.
This conclusion was disappointing because it eliminated the only
apparently viable specific control measure against low F/M filaments
and provided no further incentive to pursue the selector effect
approach for control of bulking by these filaments. However, not
only in this research programme but also in many others (see Still
et al., 1996) it was established that this approach is appropriate
for control of other filamentous organisms such as Sphaerotilus
natans andThiothrix. Perplexingly S. natans, which is categorised
as a low DO filament is controlled by the selector effect, whereas
the low F/M filaments (e.g. types 0092, 0675, M. parvicella and
0041), which were thought to be controlled by the selector effect
but in fact are not, are controlled by continuous aeration. In the
light of this anomalous sitwation it is necessary to consolidate the
observations and conclusions of the investigation so far and
evaluate these in relation to other published research with the view
of establishing new research directions for specific control of low
F/M filament bulking. This is presented in the next paper of the
series (Ekama et al_, 1996b).
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