Comparison of the performance of an external nitrification

biological nutrient removal activated sludge system with a UCT

biological nutrient removal activated sludge system

Sven W Soétemann, Stephanie M Vermande, Mark C Wentzel and George A Ekama*

Water Research Group, Department of Civil Engineering, University of Cape Town, Private Bag, Rondebosch 7701,

Cape Town, South Africa

Abstract

A laboratory scale external nitrification (EN) biological nutrient removal activated sludge (BNRAS) system and a UCT
BNRAS system with similar design and operating parameters receiving the same influent wastewater were operated in parallel
for 234 d to compare their N and P removal performance and to establish the advantages and disadvantages of the ENBNRAS
configuration.

For both systems, the COD mass balances, COD removals and filtered and unfiltered effluent COD concentrations were
virtually identical, i.e. 78%, 93%, 40 and 50 mgCOD/I respectively. However, the oxygen demand in the ENBNRAS system
was only 23% of that in the UCT system.

The N mass balances and TKN removals also were virtually the same, i.e. 87% and 94% respectively. The filtered and
unfiltered effluent TKN concentrations were somewhat higher for the ENBNRAS system (4.0 and 4.8 mgN/l) than the
UCT system (2.6 and 4.2 mgN/l) due to a dightly higher effluent free and saline ammonia (FSA) concentration (3.5 vs
1.8 mgN/l) because nitrification of FSA from (i) the EN part of the system; (ii) that released in the anoxic reactor; and
(i) the internal settling tank underflow, was not complete in the aerobic reactor. The effluent nitrate concentration was
significantly lower for the ENBNRAS system (4.0 mgN/l) than the UCT system (12.3 mgN/Il) due to (i) the larger anoxic
mass fraction and (ii) nitrification preceding denitrification so that 100% denitrification is possible without nitrate
recycling. Consequently, the overall N removal performance of the ENBNRAS system was significantly better [88%,
effluent total N (TN= TKN + NO)) = 9.3 mgN/l] than the UCT system (78%, effluent TN = 16.7 mgN/I).

The biological excess P removal (BEPR) in the ENBNRAS system was associated with 55-65% anoxic P uptake
throughout the investigation and was around 9.7 mgP/l. In the UCT system, the BEPR was predominantly aerobic (>95%)
for the first half of the investigation and the P removal was 3.6 mgP/I higher (13.5 mgP/l) than in the ENBNRAS system
(9.9 mgP/l). When anoxic P uptake (~20%) BEPR was induced in the UCT system by dosing FSA to the influent, the P
removal declined and was 1.7 mgP/l lower (8.3 mgP/l) than the ENBNRAS system (9.9 mgP/l).

Dosing FSA to both systems caused the nitrate concentration in the outflow from the main anoxic reactors to increase
above 2 mgN/l. This stimulated a deterioration in sludge settleability in the UCT system (DSVI from 120 to 200 ml/g),
while that in the ENBNRAS system remained very good (80 to 100 ml/g).

Anoxic/aerobic P uptake BEPR appears to be stimulated in BNRAS systems with (i) small aerobic and large anoxic mass
fractions and (ii) anoxic reactor nitrate loads greater than the denitrification potential. However, associated with this is
a decrease P removal compared with predominantly aerobic (>90%) P uptake BEPR. While anoxic P uptake BEPR often
occurs in ENBNRAS systems because conditions (i) and (ii) are usually met, the system can be designed for aerobic P uptake
BEPR by countering conditions (i) and (ii) above. However, the more conditions conducive for aerobic P uptake BEPR
are created in the ENBNRAS system, the more sensitive its sludge settleability becomes to the nitrate concentration at

the anoxic-aerobic transition like in conventional (internal nitrification) BNR systems.

Introduction

Theexterna nitrification (EN) biological nutrientremoval activated
sludge (BNRAYS) system has been investigated in the Wastewater
Research Laboratory at theUniversity of Cape Town (UCT). Inthe
ENBNRAS system configuration, thenitrification processis sepa-
rated from the BNRAS mixed liquor and achieved externaly by
means of atrickling filter, thereby significantly intensifying the
BNRAS system because:

« thesludge agecanbesignificantly reduced sinceitisnolonger
governed by nitrification;
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¢ theunaerated massfraction canbeincreasedto 70%toincrease
denitrification;

¢ theoxygendemand of theBNRAS system can be decreased by
about 60to 70%, asthenitrifiersarenow located externally; and

e thesludge settleability is significantly improved.

The reduction in sludge age and improvement in settleability
increase the treatment capacity of an existing works by ~50% or,
alternatively, decreasetherequired biol ogical reactor volumeper Ml
wastewater treated by about '/, without impacting negatively on
either biological N or P removal. An increase in unaerated mass
fraction results in a higher denitrification potential and complete
denitrification can be achieved, depending on the TKN/COD ratio
of the influent wastewater (<0.12 mgN/mgCOD). Furthermore, a
fraction of theadditionally avail ableunaerated massfraction canbe
added to the anaerobic reactor zone, thereby improving BEPR.
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TABLE1
UCT and ENBNRAS systems design and operating
parameters
Parameter UCT ENBNRAS
system system
Influent flow (I/d) 20 20
Sludgeage(d) 10 10
Temperature (°C) 20 20
DO in aerobic zone (mgO/l) 2to5 2to5
Total system volume (1) 20 20
Pre-anoxicreactor (1) N/A 2
Anaerobic reactor (1) 3" 5
Main anoxic reactor (1) 7 9
Main aerobic reactor (I) 10 4
Aerobic massfraction 0.5 0.2
Anoxic massfraction 0.35 0.55
Anaerobic massfraction 0.15 0.25
a- Recycle (w.r.t. influent flow) 1:1 2:1
(sewage
batches 1 to 7)
0:1
(sewage
batches 810 17)
s - Recycle (w.r.t. influent flow) 1:1 1:1
r - Recycle (w.r.t. influent flow) 1:1 N/A
" Actual volume 11, with sludge at double concentration.
“ Actual volume 6 |, with sludge diluted to half the
normal concentration.

Further details on the ENBNRAS system investigations are given
by Moodley et a. (1999), Hu et a. (2000, 2001, 20023, b, 2003),
Sétemann et al. (2000) and Vermande et al. (2000 and 2002).
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Inorder to directly comparethe performance of an ENBNRAS
systemwiththe performanceof a‘ conventional’ (internal nitrifica-
tion) BNRA Ssystemandto confirmtheadvantagesof aENBNRAS
configuration, laboratory scale UCT BNRAS and ENBNRAS
systems, with similar design and operation parameters, wererun at
the same time in the Wastewater Treatment Laboratory at UCT.

Design and operating parameters

TheENBNRASand UCT systemswererunin parallel onthesame
wastewater, thereby enabling a direct quantitative comparison of
the systems' performances. Both systems were operated in a
temperature-controlledlaboratory (20°C) at asludgeageof 10dand
had a total system volume of 20 I. The dissolved oxygen (DO)
concentrationwascontrolled between 2and 5mgO/I (Randall etal .,
1991) and the underflow () recycle was set at 1:1 with respect to
influent flow for both systems. The aerated and unaerated mass
fractions were dictated by the two system configurations. The
ENBNRASsystem alowsfor very large unaerated massfractions,
whilefortheUCT system configurationtheunaerated massfraction
is dependent on the nitrification process. Figures 1aand 1b show
thelayout of thetwo systemsand their design parametersarelisted
in Table 1. The external nitrification (EN) part of the ENBNRAS
system was a suspended medium activated sludge system with its
ownclarifier (Fig. 1b) becausein previouslaboratory investigations
(Huetad.,2000; Moodley etal., 1999) thefixed mediastonecolumn
EN system was plagued with Psychoda fly infestations leading to
poor nitrification.

ThetwosystemswerefedthesameMitchell’ sPlainwastewater
treatment plant influent wastewater, which is the usual source for
the UCT activated sludge research. The wastewater was collected
in1.5m?batches, macerated and stored in400| stainlesssteel tanks
at 4°C. During the 234 d investigation, 17 batches of wastewater
were fed, each batch lasting approximately 14 d. Theinfluent was
prepared daily by drawing the required volume for both systems
from the storage tanks and diluting the raw wastewater with tap
water to the target COD concentration of 750 mgCOD/I. Thedaily
40 | influent required for both systems (20 I/d each) was prepared
in the same container to which was added:

Figure 1la
Schematic layout of the laboratory
- scale UCT system run in parallel
with the laboratory scale
ENBNRAS system

& Figure 1b
Schematic layout of the

laboratory scale external

o ELT S nitrification biological nutrient

Wi ' removal activated sludge

I} Y (ENBNRAS) system run in
parallel with the laboratory

- scale UCT system

T
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TABLE?2
Sampling positions and parameter measurement

= flocfiltered sample

= measurement taken, filtration not applicable

Test UCT ENBNRAS] COD| TKN] FSA| N& | NQ | Tot. P| OUR| DSVI| VSS/TSY pH
Influent v v I A [X) <
Pre Anoxic N/A 4 T T T [
Anaerobic v 4 T T T u
Int. Set. A N/A v o o T T T
Int. Set. B N/A v o Dk T T T
Main Anoxic v v T T T
Main Aerobif v v ¢ L 2 T T T | [ | ] n
Final Effluen v 4 ST | OT| @ T T DALy
© = unfiltered sample
©' = unfiltered supernatant
_

(1 I sample subjected to 10 ml 0.25 M auminium sulphate and allowed to settle for aminimum of 10 min)

T = filtered sample

(filtered through Schleicher & Schuell 0.45 um glassfibrefilter membrane)
® - i Itered, macerated mixed liquor sample
|

e approximately 10 mgP/l potassium di-hydrogen phosphate
(KH,PO,) to avoid P limitation and to ensure an effluent P
concentration of >5 mgP/l;

+ 1to 2teaspoons of sodium hydrogen carbonate (NaHCO,) as
abuffer to control the pH values to between 7.0 and 8.0; and

e if the influent TKN/COD ratio was too low, predetermined
volumesof 20gN/I ammoniumchloride(NH,Cl) stock solution
toachievetherequired TKN/COD ratio (~0.11 mgN/mgCOD).

Before division between the two systems, the influent was thor-
oughly mixed and asamplewastaken for analysis. To monitor the
steady-state performance of both systems, samples were drawn
virtually daily from each of thereactors (and internal settling tanks
for the ENBNRAS system) and final effluent for analysis. The
parameters measured and the analytical procedures followed are
listed in Table 2.

Experimental results
Carbonaceous material removal

Figure 2 showsthe overall COD massbalances achieved for the 17
sewage batches for the UCT and the ENBNRAS systems.
Theoverall average COD massbalancesachieved for theUCT
and ENBNRAS systems were 78.5% and 77.1% respectively.
Theseva uesarewithin 2%, indicatingthat whiletheoverall average
COD mass balance for the UCT system is higher than the overall
average COD mass balance achieved for the ENBNRAS system,
bothareequally low. Thisindicatesthat thesameasyet unidentified
biological process(es) which appear to consume afraction of the
influent COD inthe ENBNRASS system without detection with the
usual analytical procedures, also occur inthe UCT system. Also,
itconfirmsthat low COD balancesarenot characteristicsof internal
nitrification BNRAS systems alone, but are a characteristic of
BNRAS systemsin general. The COD mass balances achieved for
eachsewagebatcharesimilar. It seemsthat thelargest discrepancies
occur at low and very high influent TKN/COD ratios, with the
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Overall COD Balances for UCT and
ENBNRAS Systems
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Figure 2
COD mass balances for the UCT and ENBNRAS systems for
sewage batches 1 to 17

1 2 3 45

ENBNRAS system achieving better COD balances for sewage
batches with a very high influent TKN/COD ratio (e.g. sewage
batches?2, 6, 13, 14 and 15 withinfluent TKN/COD ratiosof 0.124,
0.116, 0.118, 0.111 and 0.123 respectively), and the UCT system
achieving higher COD massbal ancesfor sewagebatcheswithlower
influent TKN/COD ratios (e.g. sewage batches 5, 8, 9 and 12 with
influent TKN/COD ratiosof 0.087, 0.089, 0.107 and 0.085 respec-
tively).

Onaverageoverthe 17 sewagebatches, theUCT andENBNRAS
systems influent COD were 732 mgCOD/| and 728 mgCOD!/I
respectively. Thesearewithin 1% of each other, confirmingthat the
twosystemsdidindeed receivethesamefeed eventhoughtherewere
minor variationsintheinfluent COD valuesfor each of the separate
sewagebatches.
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% COD Removal

Percentage COD Removal for the UCT
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% COD removal by the UCT and ENBNRAS systems for
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Figure 5

N mass balances for the UCT and ENBNRAS systems for
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sewage batches 1 to 17

Figure 3 shows the COD remova performance based on
unfiltered effluent COD for each of thetwo systemsasapercentage
of the influent COD concentration fed to each system. The COD
removal performances of thetwo systemswerevirtually identical.
The UCT and ENBNRAS systemsremoved an overall average of
92.9% and 93.6% of the influent COD respectively. BNRAS
systems generally remove COD virtually completely irrespective
of configuration and thisis clearly demonstrated here.

The overall average unfiltered and filtered final effluent COD
concentrations also were virtually identical for both systems viz.
47.2 and 53.0mgCOD/l and 38.7 and 39.5 mgCOD/| unfiltered and
filtered COD fromthe ENBNRASand UCT systemsrespectively.
Thesmall differencebetweentheunfiltered andfilteredfinal effluent
COD concentrations indicated that the effluent suspended solids
(ESS) wasvery low (~8 mgV SS/).

Thedaily oxygen demand of the main aerobic reactorsfor the
UCT andthe ENBNRAS systemsare shownin Fig. 4. The oxygen
demandisgiveninunitsof mgO/dbecause, beingindependent of the
reactor volume, it gives a more accurate reflection of the oxygen
demandintherespectivesystems. Theadvantageof theENBNRAS
system in terms of oxygen demand is clearly demonstrated. The
UCT system had an average daily oxygen demand of 7 615 mgO/d
over the 17 sewage batches, while the ENBNRAS had an average
daily oxygen demand of only 1 778 mgO/d, 77%less. By nitrifying
externaly, the ENBNRAS system requires only a quarter of the
oxygenthat theUCT systemrequireswithnitrificationtaking place
internally. Theinfluent TKN/COD ratioisincluded in Figure 4 to
illustrate the variation of the daily oxygen demand of the UCT
system with the variation of the influent TKN/COD ratio. As the
influent TKN/COD ratioincreases, morenitrateisproduced andthe
daily oxygen demand of the UCT systemincreases, and viceversa.
Thedaily oxygen demand of the ENBNRA S system does not show
thesamevariation with varyinginfluent TKN/COD ratios because
nitrification occurs externally and is not coupled to the oxygen
demand of the system. In fact, the more nitrate that is generated in
theEN part of thesystem, thehigher thedenitrificationintheanoxic
reactor (provided it is not overloaded) and the lower the oxygen
demand inthe aerobic reactor. Thisresultsinamore constant daily
oxygen demand for the ENBNRAS system, which can be seenin
Fig.4.

Nitrogenremoval

TheN massbalancesfor the 17 sewagebatchesfor theUCT and the
ENBNRASsystemsareshowninFig. 5. Theoverall averageN mass
balances over the 17 sewage batchesfor the UCT and ENBNRAS
systems were 86.0% and 87.1% respectively. Aswas the case for
theCOD balances, theresultsarevery close, but considerably higher
than the respective COD balances, which is usual for NDBEPR
systemsoperated in the Water Research Laboratory. It can be seen
that the N mass balances for the respective sewage batches are
similar, with marked differences in the N mass balances only
occurring for sewage batches 1, 2, 4 and 9.

The overall average unfiltered final effluent TKN concentra-
tionswere4.8 and 4.0 mgN/I for the ENBNRASand UCT systems
respectively; thefiltered valueswere 4.2 and 2.6 mgN/I. Againthe
small differencebetweentheunfilteredandfiltered valuesconfirms
that the ESS concentrationswerevery low from both systems (<10
mgV SS/l). Thefinal effluent FSA concentrationswere3.5and 1.8
mgN/I from the ENBNRAS and UCT systems respectively. The
difference between thefiltered TKN and FSA concentrationsisthe
unbiodegradableorganicN andthiswasvery lowinthefinal effluent
from both systems (0.7 mgN/I).

ISBN 1-86845-946-2 = Water SA Specia Edition: WISA Proceedings 2002 Available on website http://www.wr c.org.za



Figure6 showstheoverall TKN reductionachieved by theUCT
and ENBNRAS systems as a percentage of theinfluent TKN. The
TKN reductionsachieved by thetwo systemsarevirtually identical.
The UCT system achieved an overall average TKN reduction of
94.6% and the ENBNRAS system achieved aslightly lower TKN
reduction of 93.7%. The reason for thelower TKN removal in the
ENBNRAS is the higher FSA concentration in the final effluent
compared with the UCT system. The effluent FSA from the
ENBNRAS system is higher because some FSA bypasses the EN
system in the sludge bypass and because only partia nitrification
occursinthemainaerobicreactor, someof thisFSA flowsoutinthe
effluent without being nitrified. The EN system outflow FSA
concentration was on average over the 17 sewage batches 3.3
mgN/I which is similar to the 3.5 mgN/I FSA in thefina effluent.
Overall, 14%of thenitrategeneratedinthe ENBNRA Ssystemtook
placeintheaerobicreactor. Althoughtheshort sludgeage (10 d) and
small aerobic mass fraction (20%) precluded nitrifiers being sus-
tainedinthe BNRA Spart of the system, nitrifiersfromthe EN part
of the system were seeded into the BNRAS part resulting in partial
nitrification in the aerobic reactor.

The differencein the N removal performance of the UCT and
theENBNRA Ssystemscanbeseenmoreclearly fromFig. 7, which
showsthetotal N (TN=TKN+NO, ) concentrationsin theeffluents
of theUCT andthe ENBNRA Ssystemsfor sewagebatches1to 17.
Whileboth systemsremoved TKN equaly efficiently (Fig. 6), the
ENBNRAS system removed significantly more TN than the UCT
system. TheENBNRA S system therefore produced afinal effluent
withalower nitrateconcentrationthanthe UCT system. Onaverage
over the 17 sewage batches, the UCT system effluent nitrate was
12.3 mgN/I, while that from the ENBNRAS system was only 4.0
mgN/l.

The ENBNRAS system therefore has the potential to produce
effluents with <10 mg/l total N, while the UCT system was not
capable of achieving this. The ENBNRAS system achieved an
effluent TN concentration of <10 mgN/I for 10 of the 17 sewage
batches, whilethe UCT system did not achievethisfor any sewage
batch. Theinfluent TKN/COD ratioisasoincludedin Figure 7 to
illustrate the variationsin the effluent TN concentrations with the
variationsin theinfluent TKN/COD ratio. On average over the 17
sewage batches, the UCT system effluent TN concentration was
16.7 mgN/I, while that for the ENBNRAS system was 9.3 mgN/I.
The main reason for this difference is the high denitrification
potential of the ENBNRAS system due to:

e itslarger anoxic massfraction;

e the fact that denitrification takes place after nitrification so
100% of the nitrate generated in the EN part of the system is
discharged to the main anoxic reactor; and

e thelow nitrification in the aerobic reactor.

TheUCT systemcannot denitrify compl etely because denitrification
takesplacebeforenitrificationand 100% of nitrategeneratedinthe
aerobic reactor cannot be recycled to the anoxic reactor.

The percentage TN removalsfor the UCT and the ENBNRAS
systemsfor sewagebatches1to 17 aregivenin Fig. 8which shows
thattheENBNRA Ssystemremoved agreater percentageN (average
88.4%) from the influent wastewater than the UCT system for all
17 sewage batches (average 78.2%).

Theextent of nitrificationintheagrobicreactor of theENBNRAS
system isgoverned by the FSA load on it and the concentration of
nitrifiersinit, whichareinfluenced by theefficiency of nitrification
inthe EN part of the system and the system sludge age and aerobic
massfraction. If the sludge age and aerobic massfraction are such
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Percentage TKN Removal by the UCT and
ENBNRAS Systems
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Figure 6
% TKN removal for the UCT and ENBNRAS systems for
sewage batches 1 to 17
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Figure 7
Effluent total N concentrations and influent TKN/COD ratios for
the UCT and ENBNRAS systems for sewage batches 1 to 17
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Figure 8
% Total N removal by the UCT and ENBNRAS system for
sewage batches 1 to 17

109



% Anoxic P Uptake for the UCT and
ENBNRAS Systems
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Figure 9
% Anoxic P uptake for the UCT and ENBNRAS systems for
sewage batches 1 to 17
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Figure 10
P release for the UCT and ENBNRAS systems for sewage
batches 1 to 17

that nitrifiers are not sustained in the BNRAS part of the system,
thennitrificationintheaerobicreactor will below becausetheonly
nitrifiers in it are those that are seeded from the EN part of the
system. If the EN part does not nitrify well, then the FSA load on
the aerobic reactor ishigh and the nitrate load on the anoxic reactor
islow. Hencethefinal effluent FSA will be high and nitratelow. If
the aerobic mass fraction is larger (~30%) and/or the sludge age
longer, then nitrifiers may be sustained in the BNRAS part of the
system and the potential for greater nitrification in the aerobic
reactor exists. If the EN system nitrifieswell, then the nitrate |oad
ontheanoxicreactor ishighandthe FSA load ontheaerobicreactor
islow withtheresultthat thefinal effluent FSA and nitratewill both
below. If the EN system does not nitrify well, then the nitrate load
ontheanoxicreactor islow, but the FSA load on the aerobicreactor
ishigh. Nitrificationintheaerobicreactor will besignificantandthe
effluent FSA will below but nitrate high. The high nitrate concen-
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trationresultsin nitratein thereturn sludgeflow. If the nitrateload
inthereturn sludge flow ishigher than the denitrification potential
of thepre-anoxicreactor, nitratewill enter theanaerobicreactor and
reducethe BEPR. In order to counter thiseffect inthe ENBNRAS
system during thefirst two sewage batcheswhenthe EN part of the
systemwasnot nitrifying well, a2:1 mixed liquor (&) recyclefrom
the aerobic reactor to the main anoxic reactor was installed
(Tablel). Thisincreasedthenitrateload onthe main anoxicreactor
and reduced the nitratein thefinal effluent and in thereturn sludge
flow. Althoughnolonger required after thesecond sewagebatch, the
arecycle was maintained until the end of sewage batch 7 to
investigateits effect on the system. It was noted during this period
that the denitrification potential of the main anoxic reactor wasnot
ashigh (~50 mgN/l) asobserved beforein apreviousinvestigation
(Huetal.,2000). Sofrom sewagebatch 8, thea-recyclewasstopped.
Thissignificantly increased thedenitrification potential of themain
anoxicreactor and had abeneficial effect onBEPR also. Ittherefore
seemsthat thea-recyclehad anegativeeffect ontheN and Premoval
performance of the system and should be avoided if possible.

Biological excess phosphorus removal (BEPR)

The ENBNRAS system favours anoxic/aerobic P uptake BEPR,
whilethe UCT system favours aerobic P uptake BEPR. However,
when the UCT system was fed sewage with a high influent TKN/
COD ratio, which resulted in ahigh nitrateload on the main anoxic
reactor, someanoxic Puptake BEPR did occur. For sewagebatches
8 to 14, the influent TKN/COD ratio to both systems was kept
consistently high (>0.100) with FSA addition to the influent to
induce anoxic P uptake in the UCT system, so that the BEPR
performanceof theUCT systemwithanoxic Puptakeaswell aswith
predominantly aerobic P uptake can be compared to the BEPR of
the ENBNRAS system. Figure 9 shows the percentage anoxic P
uptake for both the UCT and the ENBNRAS systems for sewage
batches 1 to 17.

FromFig. 9it can beseenthat considerableanoxic Puptake (40
to 70%) occurred in the ENBNRAS system throughout the 17
sewagebatches, withanoverall averageover the 17 sewagebatches
of ~60%. Inthe UCT system negligibleanoxicPuptakeoccurredfor
sewage batches 1to 8, with the exception of sewagebatch 2, which
had a very high influent TKN/COD ratio of about 0.123. During
sewagebatches8to 14, wheretheinfluent TKN/COD ratiowaskept
consistently above 0.100, appreciable anoxic P uptake took place
inthe UCT system (10 to 30%). However, the anoxic P uptake in
the UCT system never reached the samemagnitude observedinthe
ENBNRAS system, and on overall average over the 6 sewage
batches (9 to 14) only 20% anoxic P uptake occurred in the UCT
system. This shows that the BEPR in the UCT system was
essentially aerobic P uptake BEPR. After sewage batches 8 to 14,
the FSA dosing to the influent was stopped which lowered the
influent TKN/COD ratio and underloaded the anoxic reactor with
nitrate, and the system returned to predominantly aerobic P uptake.
Figures10and 11 show the Preleaseand Puptakerespectively for
the UCT and the ENBNRAS systems over the 17 sewage batches.

Onaverageover all of the 17 sewage batches, the UCT system
released 21.7 mgP/l influent and the ENBNRAS system released
19.2 mgP/l influent. From Fig. 10 it can be seen that for the sewage
batches where there was negligible anoxic P uptake in the UCT
system (sewagebatches1,3to8and 15t0 30) it released on average
~7mgP/linfluent morePthantheENBNRA Ssystem. However, for
the sewage batches where there was anoxic P uptake in the UCT
system (sewage batches 2 and 9 to 14) the ENBNRAS system
released on average ~3 mgP/l influent more Pthanthe UCT system
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did. Thus, when operating with predominantly aerobic Puptake, the
UCT system releases more P than the ENBNRAS system does,
even though it has a lower anaerobic mass fraction than the
ENBNRAS system. However, when anoxic P uptaketook placein
the UCT system, the P release dropped to lower levelsthan in the
ENBNRAS system. This shows that with anoxic P uptake BEPR
inthe UCT system less P isreleased per unit RBCOD than under
aerobicPuptakeBEPR; and Preleasedecreasesal soduetothehigh
nitratel oad ontheanoxicreactor and nitraterecycletotheanaerobic
reactor.

From Fig. 11 it can be seen that the P uptake follows exactly
the same trend of the P release. The P uptake for the UCT system
was 35.0, 26.9 and 50.5 mgP/I influent for sewage batches 1 and 3
to 8 (aerobic P uptake), 9to 14 (anoxic/aerobic P uptake) and 15to
17 (aerobic P uptake) respectively. That of the ENBNRAS system
was 30.1, 35.8 and 41.1 mgP/I influent respectively, with anoxic/
aerobic P uptake throughout. For sewage batches 1 and 2 to 8,
the UCT system P uptake (predominantly aerobic) was about
5 mgP/I influent higher than that of the ENBNRAS system. For
sewagebatches2 and 9to 14, when anoxi c/aerobic Puptakeoccurred
inthe UCT system (20% anoxic P uptake), the P uptake was about
9mgP/linfluentlessthanthat of theENBNRA Ssystem (64% anoxic
P uptake). For sewage batches 15 to 17, when the P uptake in the
UCT system had returned to predominantly aerobic P uptake, the
P uptake was 9 mgP/I influent higher than that of the ENBNRAS
system. On overall average over the 17 sewage batches, the UCT
system Puptakewas 34.4 mgP/l influent and that of the ENBNRAS
system was 33.7 mgP/I.

Figure 12 shows the P removal achieved by the UCT and the
ENBNRAS systems for the 17 sewage batches. In essence the P
removal reflectsthe combination of those tendenciesfound for the
P release and the P uptake. When the UCT system operated with
predominantly aerobic P uptake, on average, it removed 3.6
mgP/I influent more P than the ENBNRAS system. Under condi-
tions where the UCT system did show anoxic P uptake, the
ENBNRAS system removed 1.7 mgP/I more P than the UCT
system. On overall average over the 17 sewage batches, the UCT
system removed 12.7 mgP/l influent, whilethe ENBNRA S system
removed 9.9 mgP/l influent. Thisshowsthat under normal circum-
stances the UCT system with predominantly aerobic P uptake
BEPR removed 22% more P than the ENBNRAS with anoxic P
uptake BEPR. If, however, the UCT system received an influent
that causes a consistently high nitrate load on its anoxic reactor,
anoxic P uptake (to alesser extent than in the ENBNRAS system)
occured, resulting in poorer P remova performance than the
ENBNRAS system.

Sludgesettleabiliy

Figure13showstheDSVI fortheUCT andtheENBNRA Ssystems
for the 17 sewage batches. The percentage anoxic P uptakefor the
UCT system has also been included in the Fig. 13 toillustrate the
increasein DSV of the UCT systemwith anincreasein percentage
anoxicPuptake. Theoverall averageDSV | of theUCT systemover
the 17 sewage batches was 139 ml/g and that for the ENBNRAS
system was 101 ml/g. From Figure 13 it can be seen that the DSV
of theUCT systemincreasesand decreasesasthepercentageanoxic
P uptake increases and decreases.

This behaviour conforms to the anoxic-aerobic (AA or low
F/M) filament bulking hypothesis of Casey et al. (1994, 1999). As
the nitrateload on the anoxic reactor of the UCT system increases
and exceedsthe denitrification potential of thisreactor, thenitrate
concentrationintheanoxicreactor increases. Withnitratenot limited
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P uptake for the UCT and ENBNRAS systems for sewage
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P removal achieved by the UCT and ENBNRAS systems for
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intheanoxic reactor, thedenitrifying polyphosphate accumul ating
organisms(DPAOs) find anichein the system and anoxic P uptake
BEPR commencesinthesystemand denitrificationisnot complete
leaving elevated nitrateand nitriteconcentrations (>2 mgN/l) inthe
anoxic reactor outflow which stimulates AA filament growth and
causestheDSV I toincrease (seeMusvotoet al ., 1994, 1999). From
the DSVI of the ENBNRAS system it can be seen that this
phenomenon did not occur in the ENBNRAS system. During the
period of FSA dosing to the influent (sewage batches 9 to 14), the
anoxic reactor outflow nitrate and nitrite concentration from the
ENBNRASandUCT systemswere4.5mgNO,-N/land 1.9mgNO,-
N/l and 0.9 mgNO,-N/I and 0.4 mgNO,-N/I respectively. Clearly
both systemshad elevated NO, concentrationsintheoutflow of the
anoxic reactor, yet only the DSV of thesludgeinthe UCT system
increased significantly. Cessation of the FSA dosing to theinfluent
from sewage batch 15 resulted in adecrease in nitrate load on the
anoxic reactor of both systems and therefore a decrease in anoxic
reactor nitrateand nitriteconcentrationsviz. 0.8 mgNO,-N/land 1.0
mgNO,-N/I and 0.7 mgNO,-N/I and 0.3 mgNO,-N/I for the
ENBNRASand UCT systemsrespectively. Thedecreaseinanoxic
reactor NO, concentration resulted in a decrease in AA filament
growth and DSV (Fig. 13). The DSVI of the ENBNRAS did not
vary as widely as the DSVI of the UCT system, even though it
received the samefeed asthe UCT system. During sewage batches
8to 14, wheretheinfluent TKN/COD ratio waskept consistently
high, the DSV of the ENBNRAS system increased dlightly from
around 90 ml/g to around 105 ml/g, while the DSV of the UCT
system increased sharply from around 110 ml/g to over 200 ml/g.
During sewage batches 1 and 2 the UCT system showed a consid-
erably lower DSV | thanthat of the ENBNRA Ssystem, but thiswas
aconsequenceof thepreviousexperimental conditionsfor which the
systems were used.

Conclusions

A comparison of the ENBNRAS system with a ‘conventional’
BNRAS system (UCT configuration), both at laboratory scale,
demonstrated that theorganic material (COD) removal performance
of both systems was essentially the same (93%). The filtered and
unfilteredfinal effluent COD concentrationsweresimilar at around
40 and 50 mgCOD/| respectively. With nitrification taking place
externally, and the denitrification reducing the oxygen demand for
COD removal, the oxygen demand in the ENBNRASS system was
only 23% of that in the UCT system. Provided the EN part of the
system nitrifies completely, the higher the influent TKN/COD
ratio, the lower the oxygen demand in the ENBNRAS system
relative to that in the UCT system.

Both systems nitrified almost equally efficiently - TKN
removal was 93.7% and 94.6% for the ENBRASand UCT systems
respectively. The slightly lower TKN removal in the ENBNRAS
system (amounting to 1.8 mgFSA-N/I) isaconseguence of incom-
pletenitrificationintheaerobicreactor of (i) the FSA intheinternal
settling tank underflow which bypassesthe EN part of the system,
(ii) FSA releaseinthemainanoxicreactor during denitrificationand
(iii) residual FSA fromtheEN part of the system. However, the TN
removal performance of the ENBNRAS system (88%) was higher
than that of the UCT system (78%). The ENBNRAS system
produced afinal effluent with about half the TN concentration (9.3
mgN/I) compared with the UCT system (16.7 mgN/l). The main
reasonfor thisdifferenceissignificantly better denitrificationinthe
ENBNRAS system due to its larger anoxic mass fraction; and
potential for completedenitrification becausenitrification precedes
denitrificationsothat nonitraterecyclingisrequired. TheENBNRAS
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is capable of producing effluents with TN concentrations of <10
mgN/I, while thisis not the case for the UCT system.

Whenthe EN part of the system doesnot nitrify efficiently, the
nitrate load on the anoxic reactor islow, and the FSA load on the
aerobicreactorishigh. Sincenitrifierswill beseededintotheBNRAS
part of the system, nitrification of ammonia will generaly be
virtually complete, so the FSA not nitrified in the EN part of the
system will be nitrified in the aerobic reactor. To (i) increase
denitrificationto reduceeffluentand sludgereturnnitrate, (ii) reduce
oxygen demand in the aerobic reactor and (iii) prevent nitrate
entering theanaerobicreactor, ana-recyclebetweentheaerobicand
main anoxic reactors can beinstalled. Whilethisa-recycle had the
abovedesired effects, it wasnoted that the system N and Premoval
performancewasnot asgood aswithout thea-recycle. Itistherefore
recommended to instal an a-recycle facility on an ENBNRAS
system, but to only operate it when the efficiency of nitrification
inthe EN part of the system falls below that when thefirst barrier
of protection against nitrate ingress into the anaerobic reactor
becomesinsufficient, i.e. the nitrate |load in the pre-denitrification
reactor exceedsits denitrification potential.

The UCT system showed higher BEPR than the ENBNRAS
system. TheUCT system, when exhibiting >90% aerobic Puptake,
removed 3.6 mgP/I more (13.5 mgP/1) than the ENBNRAS system
(9.9 mgP/1) which exhibited 55 to 65% anoxic P uptakethroughout
theinvestigation. When anoxic Puptakewasaround 20%intheUCT
system (stimulated by dosing FSA to the influent to increase the
TKN/COD ratio so that the denitrification potential of the main
anoxicreactor waslessthanitsnitratel oad), thePremoval declined
t08.3mgP/l, andwas1.7 mgP/llower than intheENBNRA Ssystem
(9.9 mgP/l). Thisinvestigation confirmsthe observation of Ekama
and Wentzel (1999) that anoxic Puptake BEPRYyieldssignificantly
lower P removal than aerobic uptake BEPR.

The sludge settleability in the UCT system was reasonably
good (DSVI ~120 ml/g) while the anoxic reactor was underl oaded
with nitrate and no nitrate (<1 mgN/l) was present at the anoxic-
aerobictransition (i.e. whileexhibiting aerobic Puptake BEPR) but
deteriorated to 200 ml/g when nitrate (>2 mgN/I) was present at the
anoxic-aerobic transition (i.e. while exhibiting anoxic/aerobic P
uptake BEPR). This behaviour isin conformity with the anoxic-
aerobic(AA)filament bulking hypothesisof Casey etal. (1994,1999)
and has been observed frequently in UCT systems (Musvotoet al.,
1992,1999). Interestingly, while the nitrate concentration at the
main anoxic-aerobic transition of the ENBNRAS system also
showedsimilar changesasintheUCT system, thesludgesettleability
was insensitive to this and remained very good throughout the
investigation (DSV1 80- 100 ml/g). Low sensitivity of DSV at low
aerobic mass fractions was specul ated by Casey et al. (1994) from
zero aerobic mass fraction systems (Hu et al., 2003).

Significant anoxic Puptake (>50%) isacharacteristicfeatureof
ENBNRAS systems. The parametersthat appear to stimulateit are
(i) small aerobicandlargeanoxic massfractionswhich put pressure
ontheaerobicPAOs, and(ii) nitratel oadinexcessof thedenitrification
potential of theanoxicreactor sothereislittlecompetitionfor nitrate
between the denitrifying OHOs and PAOs. These features are not
exclusiveto ENBNRA Ssystemsand henceanoxic Puptakecantake
place in UCT and other ‘interna’ nitrification BNR systems.

With aerobic P uptake BEPR theinfluent RBCOD islost asa
substrate for denitrification becauseit istaken up in the anaerobic
reactor, passes through the anoxic reactor as internally stored
polyhydroxyalkanoates (PHAS) in the PAOs and is utilised with
oxygenintheaerobicreactor. With anoxic/aerobic Puptake BEPR,
part of the influent RBCOD is ‘recaptured’ as substrate for
denitrification-utilisation of PHAs by DPAQOs adds to the
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denitrificationonthes owly biodegradable(SB)COD by theOHOs.
Inanassessment of thecontribution of the DPA Ostodenitrification,
Hu et al. (2002a) found that the specific denitrification rate of
DPAOson'RBCOD’ [K' ., ,=0.051mgNO,-N/(mgPAOV SS.d)]
is only 1/3rd of that of the OHOs on SBCOD [K’,,, = 0.151
mgNO,-N/(mgPAOV SS.d)] and contributed at most 20% to the
denitrification even at high anoxic P uptake (>50%). Where P
removal hasahigher priority than N removal (likein South Africa),
anoxic PuptakeBEPRthereforeisundesirableduetothesignificant
reductioninPremoval withwhichitisassociated. WhenN removal
ispreferred over BEPR, anoxic P uptake is acceptabl e because the
extra P can be removed by chemical precipitation (De Haaset al .,
2001).

So the question is can an ENBNRAS system be designed to
exhibit aerobic PuptakeBEPR?Y es. Todothisrequireslargeaerobic
massfractions(~30to 35%) and amain anoxic reactor underl oaded
with nitrate, and hence influent TKN/COD ratios not greater than
0.11mgN/mgCOD tosuppressthe DPA Osand givesufficient time/
space for the aerobic P uptake process to reach completion.
However, the more onetriesto create aerobic P uptake conditions,
the more one moves back to the ‘problems’ of the conventional
internal nitrification NDBEPR system as the conditions become
conducive to sustaining nitrifiersand AA filamentous organisms.
While the former is not a problem, provided the EN part of the
system nitrifies virtually completely, the latter affects the
settleability of the sludge. At 30% aerobic massfraction, Moodley
et a. (1999,2000) observed an increased sensitivity of sludge
settleability toanoxic-aerobictransitionnitrateconcentration, which
partially undoes someof the advantages of the ENBNRA S system.
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