
Univ
ers

ity
 of

 C
ap

e T
ow

n

I 

EXTERNAL NITRIFICATION IN BIOLOGICAL 
NUTRIENT REMOVAL ACTIVATED 

SYSTEMS 

Thesis 
for the 

.......... "" ... T of Civil Engineering 
... ,,,,,,,,,.".T" of Cape Town 

Rajan Moodley 
Bsc(Eng)(UCT) 

fulfilment of 
of Science in Engineering at 

Town . 

September 1999 



 

 

 

 

 

 

 

 

 

The copyright of this thesis vests in the author. No 
quotation from it or information derived from it is to be 
published without full acknowledgement of the source. 
The thesis is to be used for private study or non-
commercial research purposes only. 

 

Published by the University of Cape Town (UCT) in terms 
of the non-exclusive license granted to UCT by the author. 
 

Univ
ers

ity
 of

 C
ap

e T
ow

n



Univ
ers

ity
 of

 C
ap

e T
ow

n

Vlll 

ACKNOWLEDGMENTS 

The wish to ","v ... r",,"" his IJ',-'V''-''''VH and to the persons 

contribution to research contained in this report: 

Professor G Ekama C their and 

relentless the writing 

Mr Lakay, Laboratory Manager, for his runmng and 

maintenance analytical laboratory and Immense In 

Mr Percival Wilsnach, \"Uu,,,,,, •. ,up;, willingness to assist in 

tackling any encountered during the 

o 

Charles Nicholas 

maintaining and servicing 

Mr Tapscott, 

Metropolitan Council, 

the 

Botha, for so ably constructing, 

in the laboratory. 

\ .. HU,",'''' at the ....,,,,.,,,1 .. 1.1.1\.< Services Cape 

very T'n"",i'\ri-:.nt contribution of filament H""'''-'U''''' ... H.I'' 

Ms. Rawat support the 

Acknowledgment is 

chairmanship ofMr 

v .......... "'''' under the 

to the Water ,,,,,,:,e."'1 

Commission, Sanitation ''''nll'~p" Ltd; a ---"--J of Lyonnaise 

for International Water 

Foundation (formerly Foundation for 

Environmental Research the National Research 

"''''''''-:'1'(''''' Development) for financial support. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

IX 

r1 ....... J1..JJU OF CONTENTS 

DECLARA TION 

SYNOPSIS 

ACKNOWLEDGMENTS 

TABLE OF CONTENTS 

OF FIGURES 

OF SYMBOLS 

1 INTRODUCTION 

2 LITERATURE REVIEW 

2.1 

MEDIA 

SYSTEM 

OPPORTUNITIES FOR IMPLEMENTATION OF THE 

RESEARCH INTO 

3 EXPERIMENTAL INVESTIGATION 

3.1 AND CONTROL 

DATA ACQUISITION AND 

COD MASS BALANCE AND REMOVAL PERFORMANCE 

3.4.1 The on COD 

Page 

XU 

XIV 

XV 

1.1 

1 

1 

2.7 

10 

11 

3.1 

3.1 

3.6 

3.11 

3.16 



Univ
ers

ity
 of

 C
ap

e T
ow

n

4 

5 

x 

NITROGEN AND REMOVAL 

3.4.1 Concentrations 

3 

The of Different on Mass Balance 

3.4.4 Nitrification 

3 Denitrification 

3.5 PHOSPHORUS REMOVAL 

3.5.1 P and P 

3 P Balance over and Settler 

3.5.3 Comparison of P Removal 

3.5.3.1 fs,up 

,2 on influent RBCOD 

IDENTIFICA nON AND SETTLEABILITY 

1 Filament Identification 

3.6.2 Settleability 

CONCLUSIONS 

4.1 INTRODUCTION AND OF INVESTIGA nON 

4.2 COD AND N REMOVAL PERFORMANCE 

4.3 NITRIFICA nON AND DENITRIFICA nON 

BIOLOGICAL PHOSPHOROUS REMOVAL 

4.5 IDENTIFICA nON AND SETTLEABILITY 

4.6 DISCUSSION 

REFERENCES 

APPENDICES 

1 Appendix 

1.1 Results Nitrification 

1,2 Figures to A28: Graphs Daily 

3.17 

3.17 

3.18 

3.21 
... 
:J 

3.24 

3 

3 

3.30 

3.35 

3 

3.42 

3.45 

3.47 

4.1 

4.1 

4.3 

4,8 

4,9 

R.l 

1 

19 



Univ
ers

ity
 of

 C
ap

e T
ow

n

6.4 

6.4 

Xl 

Appendix B 

1 Nitrogen Mass LlUJlQJ.l\",-, 

COD 

C 

6.3.1 Average Batches of External Nitrification "',,"~"'...., 

.2 Calculation of fs,up and 

Appendix 

for Nitrification 

6.4.1 Daily UCT Control System 

to DIS: of 

"",,.,,no Sewage .1.""'0\."'''' of UCT Control '"'<''''''''''' 

6.4.2 Calculation of and fxbg,p for Control .... ,,,or,,,,,,.,, 

El to E14 of of 

1 Filament identified external nitrification (EXT) and 

systems 

System 

control 

B.1 

C.I 

1 

D.l2 

E.I 

1 

F.l 



Univ
ers

ity
 of

 C
ap

e T
ow

n

Xll 

LIST OF FIGURES 

FIGURE DESCRIPTION 

2.1 biological 
SOnTI et et ai., 1996) 

removal """,r","" (after Kl'"'lr"tl'"'ln 

Conventional integration of trickling filters with biological 
activated removal """T"''''''''' 

et aI., 1 

removal 

... ,.£1' .... ,.,.,"""'n integration of trickling with biological nutrient removal 
activated sludge systems : H.""',"U,VU IS externally on nitrifying 
trickling 

3.1 Schematic system. 

3.2 Details of fixed media stone column flow control measurement. 

Details external Isnemlea media nitrifier. 

3.4 COD mass ""ULU .. ',..., of external 37 

3.5 COD mass balance components of 

3 Average batch UU,J.""''''.L< and effluent concentrations. 

batch influent effluent nitrogen concentrations. 

3.8 Nitrogen mass UGL1<Ul"'- BNRAS batches. 

3.9 Nitrogen mass balance components for 37 batches. 

3.10 Nitrification Denitrification system 

3 .11 Average batch P concentrations. 

3.12 Components P ... .., .. """ .. over all reactors and 
"'LH'~LU''''L nitrification "'I",rp1'T'l for "p',lf<lrrp batches. 

3 .l3 Average Anoxic! Aerobic P uptake for the 37 batches. 

3.14 representation of trhe utilization Total influent COD 
et al. (l 

3.15a P content ofPAOs '-AE'U.r/ calculated each sewage batch the model of 
Wentzel et (1990). 

PAGE 

2.6 

3.1 

3.3 

3.11 

3.12 

3.l3 

3.l3 

3.17 

3.18 

3.19 

3.24 

3 

3.32 

3 

3.37 

3 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.1 calculated for each batch fed to system 
(1990). 3.42 

3.17 '-AC'U.U ofUCT and nitrification 
3 

3.18 dependence on calculated determined the "LV'"''''' 
Wentzel et (1990). 3.45 

3.19 Volume (DSVI) the 
3.50 

Relationship between Sludge Volume (DSVI) and final 
effluent concentration. 3.51 



Univ
ers

ity
 of

 C
ap

e T
ow

n

xiv 

LIST OF TABLES 

TABLE DESCRIPTION 

Principal groups included in models 
functions and zones which functions are ",,,, .. 'trw"\"YI 

3.1 nitrification operating 

3.2 'r",n"'!lO'~'<;! to the BNRAS system. 

........... L ... h position and 'I"I!lt'!lrn,:>tpt' measurement. 

3.4 parameters with corresponding 

lPOJnenIS of COD mass balance and percentage COD removal. 

3 ompOIlents of nitrogen mass v"«"un,,., and peI'ceIlta~~e N removaL 

3.7 Nitrate and mass balance across each reactor and 

batches with> 1 

in this 

3.10 P and net P ,."'.,,,,..,,,-:> for 37 """HI'""",,, batches. 

3.lla Calculated fs,up for 37 model 
et a1 .(1990). 

3.11 b Calculated 

3.11 c Calculated 

3.12 percentage 
nitrification and 

for 37sewage v"",,'Vu',,, with fs.up= 13 in the 
990) 

fs,up for 21 fed to the UCT '''''''Ci'''TlCI 
Wentzel et al ,(1990) 

filaments in the 

PAGE 

2.2 

3.6 

3.7 

3.14 

3.20 

3 

3.27 

3 

3.31 

8 

3.40 

3.41 

3.46 



Univ
ers

ity
 of

 C
ap

e T
ow

n

xv 

LIST OF SYMBOLS 

SYMBOL DESCRIPTION 

)lorn Maximum rate of (/d) 

AVSS volatile suspended solids 

BEPR Biological excess phosphorous .... "'14<'\"'.'" 

Specific Endogenous mass rate for heterotrophic Vl1',alll':>111':> at T (/d) 

cnIJo!:J~en()us respiration rate for heterotrophi~ at TOC (/d) 

Chemical 

CTL control "'"",,"' ...... 

Denitrification 1"\",1"",,,,1",,, of main reactor 

Diluted volume 

Ext(nit) nitrification BNRAS 

fs,up 

K 

N 

Active Tr""~T1".n of with 1"PC.""'('T to the OHOs 

of the influent with .. ",,,,.,,,,,,1" to the 010ae!:l~aa 
concentration 

COD to VSS ratio volatile mass 

COD fraction in the influent 

Unbiodegradable soluble COD in the 11>.1.;''''''''''' 

Fraction PAO active mass 

Modified 
Nitrogen 

aU1'''''''''1 for denitrification rate (mgNO/mgA VSS/d). 
2 respectively to the 1 s! 2nd rates in anoxic reactor 

system configuration 

gas 



Univ
ers

ity
 of

 C
ap

e T
ow

n
OUR 

P 

PAO 

RBCOD 

TKN 

UCT 

WRC 

XVi 

Sodium 

Saline ammonia 

Nitrate 

+ Nitrate 

Ordinary heterotrophic organism 

Oxygen utilization rate (mgO/llh) 

Poly-phosphate 

Readily OlOueJ,:!;IaClaOle COD 

age (days) 

Slowly biodegradable COD 

chain acids 

Total COD conlcerltraltlOn in the <U.u'-,""UL (mgCOD/I) 

Phosphorous 

Total suspended 

University 

Volatile fatty 

Volatile suspended solids 

organism yield COt~rnCle:m 

organism yield 

Water Research Commission 

0.10 

0.45 mgVSS/mgCOD 



Univ
ers

ity
 of

 C
ap

e T
ow

n

XVll 

J ~ IJr£ fuu-U 0/ tJ,u ~ 
<1d11f ~ Ifud a;zJ. ~ 0/ HUt ~~, 

wdIuud wk:un tJ,u ~ H-Oi kwe. ~ ~~. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

/ 

SYNOPSIS 

INTRODUCTION 

In conventional nitrification-denitrification biological excess phosphorous removal (NDBEPR) 

activated sludge systems, such as the UCT system for example, both nitrification and 

phosphorous uptake (P uptake) occur simultaneously in the, usually large, aerobic reactor. In the 

UCT system the nitrate load to the anoxic reactor is limited by the a-recycle (i.e. system 

constraint recycle from the aerobic to the anoxic reactor) and the internal aerobic nitrification 

performance. The latter process, is mediated by the nitrifiers having a slow growth rate of0.45/d, 

governs the sludge age of the biological nutrient removal activated sludge (BNRAS) system and 

thus results in long (20 - 25 day) sludge ages and large aerobic mass fraction requirements to 

nitrify completely. However, if stable nitrification could be achieved outside the BNRAS 

external nitrification (EN) system then nitrification and the suspended solids sludge age become 

uncoupled allowing greater flexibility into the BNRAS system. EN has the benefits of (0 

reducing the sludge age by at least half (i.e.to 8 - 10 days) (ii) reducing the aerobic volume 

requirements by at least a third or alternatively doubling the wastewater that can be treated (iii) 

allowing increase in either or both the anaerobic and anoxic reactor volumes which should 

improve BEPR (Wentzel et al.,1990) and denitrification and thus N removal (WRC, 1984) 

respectively (iv) allowing a constant, higher load of nitrate to the anoxic reactor which is less 

constrained by the systems operating and design parameters (v) making the system more robust 

because the sensitive nitrifiers are not affected by perturbations in the BNRAS system since the 

very long sludge age EN biofilmlsuspended nitrifying biomass is independent of the BNRAS 

systems sludge mass and sludge age (vi) improves the sludge settleability of the system due to 

the absence of the poor floc-forming nitrification biomass and the improved denitrification in the 

larger anoxic mass fraction. 

AIMS AND OBJECTIVES 

Simultaneous external nitrification and anoxic phosphate uptake was studied in a BNR activated 

sludge systems with varying aerobic mass fractions. The aims of the experiments were to; (i) 

establish a stable population of slow-growing nitrifiers on a fixed media external nitrification 

system (later changed to a suspended medium due to Psychoda larvae infestation of the fixed 
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media stone column), (ii) double volume of the wastewater treated to test one claimed 

benefits of the external 

"'I-I""'''v, (iv) 1"v.Lv",-."v 

uptake, and (v) study 

the BNRAS system .. 

mass 

of 

SET-UP AND MONITORING 

promote conditions to achieve 

an attempt to qualifY its on P 

mass on sludge settleability of 

The aims were achieved installing an internal and a 

(and a suspended media) ","vi-"",..,,,, l1l\JClLjLVll """"".""" between 

reactors To and fully utilize aell1U1w:::allOn potential the 

BNRAS 

0.5 

was 

anoxic reactor. 

COfLceIltra,ted solution of 0.5 to 1 mg/I at 

pre-anoxic reactor was also set-up of the 

reactor to ensure a near zero concentration the anaerobic reactor. ---
IT<Hlnn 1, has the 

reducing the competition .... ""T.t11"'< • .., ordinary heterotrophic 

removal, 

5<>.1l1.;>U1 (OHOs) denitrifiers 

F. ...... , ..... ,u .• "" (PAOs) (ii) not exposing 

of the or anoxic conditions as BNR 

(iii) for P constant 

and improved aeIll1:rlIlc:an In anoxic reactor and (v) reducing 

aerobic P the aerobic mass fraction. 

During the first of the external was achieved the stone 

column "",,,r,,,rn which r'r'''''''t''<>" the to day 205. During this 

a number ""u"u.'F.'~'" were made to 1, (a) which resulted in 2 (day 

31 to 154),(b) 

stone column was 

(Configuration 4) 

infestation of the 

day fixed 

aH,u.u.VU pel:tOlt11l.mc:e due to Psychoda 

monitor 

........ ., .• IJ.,~"" were drawn virtually daily internal 

FSA, NO/N03, and the effluent 
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andP 

RESULTS 

Mass balances 

of the 

v .... ,,""".'"'''''' observed 

COD and N performance 

iii 

investigation. 

data, 

investigations on 

of directly to 

influent TKN/COD from around 0.08 to 0.14 

N concentration mgN/L The percentage COD 

""",rpm were 91 % and 72% reS'DeC:!l The main reason 

,,,",,",, .... u,,,,,to 

membrane 

systems eta!.,1995; 

anoxic reactor increased the 

and produced a effluent total 

N removals BNRAS 

the low was poor 

TKN The 

external 

nitrification system was 52 mgCOD/1, an Oat~g:nlOab1e soluble fraction of 0.075. 

The filtered effluent concentration was not measured thus the unbiodegradable soluble 

fraction was not however, TKN 

was 18 

Oxygen utilization and mixed liquor concentrations 

average utilization rate (OUR) for 1 to 20 1 to 154; 

reactorlh mgO/l aerobic for 

OUR was 

11"11"1ArT'~t1 nitrifiers 

"F'UI'" ITF' batches 21 to (days 155 to ; Configurations 3 4). This 

Configuration 3 and 4 which to the increased aerobic mass fraction 

the aerobic reactor of the BNRAS """lr~"" also because Configuration 3 

stone column poorly, "'Fv'ULJ,,,,,,,,,,n the 

media 

reactor. The 
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iv 

mean and VSS "'VLJ''''''llU in the BNRAS ""'''''''''I,"/H C'~/C'T"""'" were 2628 

and 2163 and "~IF'r"'rrp 0.82. 

nitrifier performance 

nitrification and the suspended sl udge age to be uncoupled. due to the limitation 

ImlDo~;ed by the flow rate to nitrification system of about of the flow leaving the 

reactor, with 24% flow bypassing the the maximum 

u.H' ........ ~Hcompletion at concentration was 

zero. the stone column (SC) a low effluent ammonia 

of 3mgN/I which an 88% nitrification (Configuration 1) efficiency. 

"''''l""",>r due to Psychoda infestation the fell below 50% 

produced a wide and 

to re-establish 

1.1",11,.. ... ,,.. medium external 

(Configuration 4). 

and denitrification 

P concentration 

This allowed 

0.015mgP/mgCOD to be 

reactor 

reactors with 15.5 

P place 

a too 

SC ammonia concentration between 8 and 62mgN/L 

nitrification efficiency and ,·wp·"'''"\T Psychoda infestation, a 

replaced the fixed to facilitate the nitrification 

., .... ,,'IJ"j'''-1'',.. medium a low 

BNRAS system were 

P removal capacity of 1 

average P release of 18 

"'1.1""'''''' was facilitated 

5 by dosing P to 

influent or alternatively 

P/I influent took place in 

main 

50% and 

anoxic reactors ... "'''' .... '''',..·T' investigation, 

<lnn,v, .. reactor during (days 63 to 188) 

to have a detrimental on the anoxic P uptake. the P removal was 

to 8.3 mgP/l. mass fraction 3 and 4) improved 

and surprisingly, also P uptake. This is agr'eelnelnt with the literature: 

~-.:~:::=:g:::~:::..::.to::....:::s.:el:::e::c:.t ...:::.:~~~~~~.-::...:.:.:......::..:.::.:::..:::::....:::!,.. .... '''r''''t''''rl an anaerobicl anoxi c 
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(and "''''1.<;...,,,_ 

essential 

v 

reactor (SBR). They found 

was included in the 

was obtained. 

...... V'f"''' P uptake. 

not stimulate BEPR. However, 

BEPR with anoxic P 

an aerobic period 

anOIXIC P .... I-/L<"""' .... D P A Os are ... "'" ........ '''-, 

an aerobic reactor would provide opportunity aerobic L .... UVU,;)U. by 

provides a 

yield may 

addition to the anoxic U''''L''''~'V 

yield for the organism 

the biological niche for 

of the readily bIOde,,(raclabJte 

reactor (determined from the 

taken up by P AOs/S.6 

With approach it was found that 

rate is - only 17% of the 

Biochemically, aerobic 

anOiXlC metabolism, and this higher ... n ... r,n/ 

exist in the system. 

up by 

steady state 

they utilize relatively compared 

') is 0.1379 mgNO)-the 

N/(mgOHOA VSS.d). This 
----~------------------------~----------------------

by Clayton et 

was observed and Musvoto et 

determine the 

appropriate 

of Wentzel et 

biodegradable (RB) 

........... , .. .,.v particulate fraction fs.up influent sewage fed to 

so that the system mass calculated with the 

was equal to that the measured readily 

and the of the sewage 
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VI 

and the parameters as input. An average of 0.11 was the BNRAS 

external nitrification system. active ordinary heterotrophic (OHO) polyphosphate 

accumulating (PAO) organism of the which are required to define the OHO 

nCl,I.tlCm rate (K2') (fXBG,p),are obtained from 

calculation fraction was by fXBG,p 

(mgP/mgP AOA VSS) in until the P removal the measured P 

removal. average fXBG,p of 0.312 mgP/mgPAOAVSS was the EN BNRAS 

system. comparing investigation with those obtained 

m"reS1CH!,UlCInS it was that a value is 

40%) anoxic P uptake this investigation) is observed than 

...... """' ••• identification sludge settleability 

most frequently Aerobic 10wFIM) wasM 

1 and type 0092 were also identified as secondary 021 N 

but a septic ( Jenkins et 1984) this was due to 

021 N, are almost always observed full scale 

tsla'CKb(;:ara et aI., 1998). 

NOx concentrations leaving reactor in BNRAS was 2.8 

mgNOx-N/l. The stone column external nitrification system (Configuration 3) was with 

activated sludge (Configuration which lead to a improved nitrification 

the was of the mass 

1' .. ",,.1"H,\,n (30%), the ..." ... , ..... "" 8 to 10 days 

...... V'L"''"' reactor was installed. All the aerobic to 

a 1: 1 mixed 

"" ...... ,1">''''''' led to 

on the main anoxic reactor and a decreased denitrification potential leading to 

nitrate 

nitrate 

nitrite concentration in the outflow anoxic to the reactor. According to the 

et 994) high 

concentrations will U"'I-I""'" sludge "''''''''''''''VA'''J evident in stage of 
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mean DSVI the EN system was ml/g (standard 

80 and 100 ml/g). The fluctuations in DSVI from 

to 80 the and 

27). 

ml/g at 

'"''''''''1','''' In external nitrification system and 

DSVI IS 

start 

the investigation is a direct 

aerobic mass fraction (Configuration 4). This was also time 

which nitrification was '''!,}BU.,,,,,,", .. which meant that 

""c·,."', .... now supported nitrifiers effluent NOx 

an Increase NO", the reactor with 

mass with simultaneous u.,.".""', ...... "., in the supports 

et ai. (1 

CONCLUSIONS 

Evaluation the ext~rnal nitrification. biological nutrient removal activated 

(BNRASS) at laboratory-scale that the holds considerable 1"\f\t,,,,",,t1 

nitrification 

observation 

aerobic 

of Casey 

system 

a 

system intensification through reductions in age and roV'IfITF'T'I ....... u ........... and 

significant improvement settleability. Because the is not required to nitrify, 

can considerably enlarged at expense aerobic mass fraction 

(i) allow it to achieve removal with domestic wastewaters 

ratios and (ii) promote anoxic P uptake polyphosphate accumulating 

(PAOs). factors are the slightly anoxic P is a 

requirement) and Psychoda larvae of the nitrification system at 

""'1"\'."1',,,-,, scale of the conditions conducive to infestation. 
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1.1 

CHAPTER! 

INTRODUCTION 

biological nutrient removal "''''-1''<1'-''''' sludge 

in wastewater treatment nrL"lCtlCe. This 

become an established 

been facilitated by an 

removal 

a new set of difficulties \ "-'-"' ....... 1" 

""",,"''',VH and denitrification (ND) and biological excess 

However, implementation 

Wentzel, 1997), the ones 

has brought with it 

(i) the long v<_'_ .... _ 

for nitrification, (ii) .......... u"' .... v organism treatment 

two 

generated from the 

age requirement 

achieved 

activated sludge 

parameters, sludge 

(P) removal sets a 

conditions to stimulate P .. """' ... ,.",'" 

the unaerated 

mass Tr"/~Tlr'n to be reduced, 

C (Ilnm2o) 

system sludge 

is unaerated. Such 

wastewater (WW) treated. 

then the selection 

solids handling. 

HH,"'''lVH and 

project focuses on 

which nitrification can 

activated ",u""r",", to reduce the sludge 

,,,,,,,,,"',.,... the requirement to 

aerated mass 

... ","n""~''t for a part of the ->1""""F;'-' 

and anoxic I conditions for 

usually needs to 

governs selection 

for nitrogen (N) 

umien:ueIJ, for 

Nand P removal 

> 40%, causing the aerated 

compensate, to ensure near complete nitrification, 

example, with a 

to guarantee nitrification at 

around 20 to 25 days 

ages result in 

LU~'~"VU can be made 

growth rate of 

temperature 

sludge mass 

L"'I".L_'4L reactors per MI 

UStlen(lea solids 

to but rather by the N .. "' ....... """'> 

will no longer 

aeIlll:rmc:atl<on) and P removal 

requirement 

processes. For 

Nand P removal per processes, a reduction increases respectively 

this research, the tenn anaerobic is applied to a zone in which no nitrate/nitrite and dissolved 
oxygen is present or enters it, and anoxic to one where nitrate/nitrite is or enters, but no DO is 

or enters, 
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1.2 

mass of organic load (WRC, 1984; Wentzel eta!', 1990), the sludge age VB" .... B'''"' L'-"L;:."..,L 

than some lower 

Indications are 

to prevent "wash-out" denitrifying 

then the 

This will 

LL"" .. H'"VB and the sludge can be 

to less than half, to about 8-10 

the biological reactor requirement per Ml treated of 

an increase in the treatment some 50% (provided about 113 rd, or 

secondary area requirements are appropriately accommodated), 

BNRAS systems have found to promote the growth of a of filamentous 

renlarrleo anoxic/aerobic microorganisms, called low F/M (Jenkins et al., 1984) 

(AA) (Casey et al., 1994) of their frequent occurrence systems. 

an increase in the 

of BNR sludges can be 

These filamentous to 

required surface area 

improved, 

alternatively for a 

reduced, both options 

tanks. 

vrU"",UL'"", secondary settling tanks can considerably, 

the secondary settling considerably 

"".uu,",,,,"u economic benefit. (1994) have identified 

two main causes for AA ~u"''''u .. ". proliferation in BNRAS (i) Aerated sludge mass 

fractions in the range 20 to 70 % and (ii) 

incomplete denitrification mgN/I) in the anoxic reactor ore:ce'Olnlg 

The uncoupling will 

configuration should two 

filament growth. 

One method to uncouple solids sludge age from the 

remove nitrification from activated sludge system to an 

attached nitrifier growth. such an external nitrification 

promise of a significant by reducing the 

and improving while retaining BNR. 

treatment. plants in are both old 

there are many the external 

wastewater treatment 

reactor. 

BNRASS 

which promote 

to nitrify is to 

media system for 

therefore holds 

sludge 

wastewater 

new BNRAS 

to realize 
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1.3 

Chapter 4 conclusions the investigation are pre:sellte(j. 
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CHAPTER 2 

REVIEW 

INTRODUCTION 

function of the single-sludge paJlm::a from 

Y"',U""'J''''' (COD) removal to include, nrr,nr ... :":,, 

biologically mediated 

expanslOns 

the number 

compounds involved in 

denitrification and phosphorous 

more stringent effluent legislation. 

system configuration and its 

oro'cesses influencing the effluent quality 

increased. 

function of the activated-sludge ","",1rpn'I by manipulating 

the configuration (through the incorporation reactors, some ayrated 

and not, with various inter-reactor recycles) and the wastewater characteristics (through 

for sedimentation or acid fermentation The objectives of 

... I"U ...... 'JU.:;J is to create environmental 

conducive optimal growth and action of 

to treat the wastewater viz: aerobic zones 

zones for denitrification, and an 

zone, for BEPR. For the 

system that are 

perform the biological 

breakdown and 

of zones, with 

highly diverse 

mass behaviour of the 

6 ..... """' .... fT1r""nc their functions, 

in these activated sludge systems, only 

populations or 6"'-'.""".'''.:1 is considered. The principal 

and the zones in which these functions are performed are sunrnn,ar 

From Table2.1, 

systems, 

of nitrification-denitrification 

their interactions must be 

1. 

account etal., 
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Table 

1. 

2. Poly-P 

3. 

b Short-chain acid. 

1992): (1) 

P, F,"' ...... ' .... 

organisms, or poly-P 

autotrophic 

organism 

2.2 

Nitrification is 

2.2 

included in models for 

Biological Process Zone 

COD removal (organic degradation; dissolved oxygen Aerobic 

uptake) 

Ammonification (organic -N->NH/) Aerobic 

Denitrification (organic degradation; NO)- -> NOz- -l>Nz) Anoxic 

Fel111entation (F-RBCOD' -l> SCF A) Anaerobi 

c 

P (SCFAb uptake; PHAc storage) Anaerobi 

c 

P release uptake; PHA storage) Anoxic 

P uptake (PHA degradation; denitrification?) Anoxic 

P uptake; P (PHA degradation; dissolved oxygen Aerobic 

Nitrification - -+NOJ' ; dissolved oxygen Aerobic 

to accumulate polyphosphate (poly-P), tenned 

(2) heterotrophic organisms able to accumulate poly­

v.o' ...... 'u .. '"' (P AOs ) (and variously phosphotrophs, bio-P 

(3) autotrophic organisms mediating nitrification, TPT'T"nP'r1 

1".""'",;)''''' (ANOs). The main focus of this review is on the autotrophic 

microbial processes, nitritification 

and ammoma is converted to to 
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oxidation by 

to 

requirement to 

systems 

), to ensure 

the sludge mass in 

required as well as 

To uncouple 

can 

bacteria traditionally .... "''-'AU''"' to Nitrosomonas, In 

Vi\,! .•• ,u"Ult; bacteria, traditionally Nitrobacter, but recently 

convert nitrite to nitrate, The ammonia nitrite oxidizers are 

and are characterized by low -.7"''"' .... A.UL'' 

sludge age of biological nutrient r,...nr"",,-, 

rates. Thus the 

sludge 

J.lnm at 20°C specific growth rate of 

age must be between 20 to 

The long sludge 

to 

volume reactors being 

....... , ..... vu' .... cost for the provision "'v."' ... ~, .... to aerate reactors. 

from the rpT'nPTnto 

including (i) internal and (ii) 

nitrifiers grow on the fixed media 

.", .. n.'V" system, These nitrifiers are not 

sludge 

fixed media for 

a population 

nlP'p'F'''''' to either the 

unaerated-aerated reactor interchanges or to the suspended that 

losing the latter can 

nitrification. 

2.3 INTERNAL FIXED HJLLJIJ .. n. 

Randall et al. (l 

plant rope-like 

retention 

construction to 

nitrification rate 

than half, i.e from 20 to 25 to 8 to 10 

zone of a single-sludge 

which were installed in a 

fixed-film media was to 

nominal) for efficient, year round 

volume. The integrated 

to 225%, attaining a value 

linear meter at 15°C. The media also increased 

media section to extent between 30 and 88% of the 

denitrified within 

The results of Randall et (l optimum 

treatment 

a pilot 

hydraulic 

without 

the 

were 

ll",n,\..'" only 
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in the fixed-film when the supply of biodegradable COD to U,,""'U.--LUJlH media 

was sufficient to ensure biofilm growth, when the ammC)nIl supply was 

", .. u."""""" to maintain a substantial nitrifier Ringlace This 

means that the ..:>u,-, ... """..:> ... "u efficiencies are on the 

biodegradable respectively. The also showed 

it is difficult to obtain U!UY!U nitrification rates on Ringlace media the sludge age 

suspended solids is too short and results in washout of nitrifiers fixed film 

at high ''-ULa ''''' ... ''' media. Randall et al. (1996) observed that 

concentrations > due to 

heterotrophic "'''~'r,.n·p''J the nitrifiers their 

the high heterotrophic .... "I"T"',.' was possibly the reason 

rates in aerobic media section; possibly the biofilm was so thick and 

,"""',"'''''''Uf1''I by heterotrophic .... "f'T"',..' that oxygen was ..... ,'."" ........ on the surface 

could not penetrate deep into V~VHU' ... thus 

occurrence 

was 

the nitrates rT",r.",,.,,.T"''' 

efficiency 

aerobic .I.u ...... U" 

aerobic media 

(225%) was 

only 0.047 mgN03-N/1 per linear meter) 

only at low influent ammonia concentrations thus 

it seem internal 

reactor is to accommodate 

COD (2) the influent 

high to denitrification nitrification 

are not too to cause a 

of the internal 

wastewater to be 

fixed media on has not been 

in which nitrification is removed from 

media is proposed. 

Supposedly, the 

it would imply even though the 

not mean that produced 

the nitrification was good 

high denitrification 

would only if: (1) 

fixed-film media without hindering 

concentrations are 

but, that the COD 

nitrification 

as 

low cost/benefit ratio 

resolve these a 

system to an fixed 
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EXTERNAL'MrT'n"..,." TRICKLING 

Trickling filters, in contrast with suspended activated 

biofilm growth. are most suitable ","vl-"" .... ,,,, 

they allow 

filter for long 

nitrifYing 

.... """ ... "" ... ,'" to 

long 

which are employed 

material removal, are common in USA 

with macro fauna (snails, UU"',:Tn'1 larvae, and flies), 

processes provide a medium 

environment nitrification, 

nitrification only 

et at., 1990). While 

In 

negligible 

problems 

reduce nitrification been 

high of ammonia have been eCC)llC,mICal achieved nitrifYing 

1995; 1 

,,,,,uuu .• '" how rock media 

"' .. ,."'1","\"'.. while some full would 

can be adapted to fulfill the done to 

nitrification 

implementing the 

from USA experience 

nitrification scheme. 

is not expected to be a problem 

THE DEPHANOX ... ''''T'''''" 

system I) is one in which Hl\"CU1.Vll takes place to the 

et al., 1996). In 

is to the anaerobic reactor to maximize BEPR. 

mass is sep,aralea from the an internal settling 

u'-.. ~'-u ... '- settling tank is has a 

cOllcentnltlcm and low "V'UU.l" IS 1-'''"''''''''' 

VVU'~L"",U nitrification The nitrified outflow 

""mr",,,.,.., the influent wastewater 

anaerobic reactor, 

to the reactor. 

a fixed medium reactor 

the fixed medium reactor is 

"'''',,",(''ft>rl to the anoxic reactor denitrification. From the uUV''''''''' reactor, the mixed 

last reactor which is aerobic. After the aer'ODIC .... "r< .... "'. the activated 'nu .... !';" IS 

from the treated wastewater in a final secondary tank. The final 

is the final effluent sludge is to reactor. 
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INFLUENT 
INTERNAL 

\1/ SETTLING Y TANK 

Bortone et al., 1996; 

FINAL 
SETI1JNG 

TANK 

MAEROBI~r 1--)-iIIIo!~Y :UENT 
AEROBIC I 

I BYPASS FLOW t 

Itaoo1ears the DEPHANOX """,h,·1"n was developed 

denitrification ;;;,uU.'''UJ''', generally called 

objective of stimulating 

phosphate accumulating 

<una""" that the influent wastewater substrate 

by the therefore implicated in also is used for 

denitrification (and therefore Some laboratory 

done on DEPHANOX system by r\1"Tr\"'" et ai. (1996) and et ai. (1996). 

found considerable P ..... u,,"''''v in the anoxic rea<:tor ....... "' ... " .. that did participate the 

denitrification process. Also, "" ... """',, sludge settleability - 50 have been 

consistently observed in the laboratory scale DEPHANOX of Sonn et al. (1996). Thus, 

it would that the holds considerable promise, producing (N 

and P) and a 

the """'r"' ....... 

investigation into 

system intensification of the 

the system HU'''''U'''.Lu~,a 

a consideration in the development of 

aspects .....".LUV P uptake will examined, the 

nitrification system is main focus this 
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2.6 PROPOSED EXTERNAL NITRIFICATION 

the proposed on DEPHANOX """,et, . ..,... but some 

modifications (discussed detail in nitrification 

suspended sludge a stone 

column). has potential to 

20 - 25 days to 8-10 Further, removing aerobic reactor of 

L 

2. 

3. 

system has a HI.U.HV, .. L of additional ... ",,..,,,,1-11",, 

Minimum aerobic mass fraction nitrification is not required. 

Aerobic reactor (and accordingly mass fraction) does not 

to accommodate internal fixed media. 

Aeration nitrification in the reactor is not required, only 

a consequence 1 and 2 above, aerated mass in the proposed 

to be maintained 

utilization. 

Isno 

controlled nitrification therefore the unaerated mass fraction can be (>60%). This 

would have two benefits: 

1. The mass can which should et 

1990). 

The anoxic mass fraction can be to improve denitrification thus removal 

(WRC, 1984) to the point where complete denitrification be possible. 

possibility of complete denitrification at short sludge holds to AA 

filament bulking 1994). As noted above this will be particularly beneficial as it will 

significantly treatment capacity or reduce secondary settling 

tank surface area for a proposed 

OPPORTUNITIES FOR IMPLEMENTATION OF PROPOSED SYSTEM 

could be at wastewater treatment plants (WWTPs) old 

trickling filter (TF) plants been extended with a BNRAS system. There are many such 

WWTPs, particularly in South Africa. For example East Rand Water (ER W AT) treats in excess 

of 500MlId, more than 50 % (270Ml/d) of which in old trickling filter Some 200 MIld 
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1 Discharged to 

ai., 1990). 

discharged to 

concentrations. 

BNRAS 

effect 

2.8 

for biological N P removal van Hyssteen et 

TKN/COD and P/COD ratios of the WW 

the effluent nitrate and phosphate 

2. to P discharge as final or to 

BNRAS system. This is not only costly, but also the alkalinity the water 

only reduces the P/COD ratio the wastewater on the BNRAS 

returned is not reduced. 

3. on at WWTP. practice is being closely monitored by the Department 

Water and and is to be 

disallowed because it of valuable water. 

If, instead of the ~"'''''''_'''' the nitrification process is from the BNRAS 

and transferred to the all the WW flow can be discharged to the BNRAS "'IClcprn 

side-stream of mixed liquor is taken from the of the anaerobic zone and 

;.1"",,",-. .... through the 'humus' tanks (upgraded to settling ) to remove the 

activated solids. The is discharged to the beginning anoxic zone 

and overflow is onto the for nitrification. nitrified TF is then 

anoxic zone for this way the the BNRASS in its 

area of Le. nitrification, than taking from it's strength, biological N 

and P removal with influent 
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Figure Conventional integration of trickling filters with biological nutrient removal 
activated sludge removal "'H"'TP'''''' 

Figure 2.3: Proposed of trickling filters with biological removal sludge 
systems: nitrification is on nitrifying trickling filters. 

Furthermore, the oxygen demand in the aerobic reactor is markedly reduced because nitrification 

no longer place Indeed, not only is nitrification oxygen demand obtained 

outside the BNRAS system, but also the oxygen equivalent the nitrate CT""""'''''>+'''',-I in the 

helps to reduce the carbonaceous oxygen demand in the BNRAS system, by about 1I3rd. In 

nitrification, the reduction in demand in BNRAS "'He""'''"",, is much greater 

of wastewater is '''''',>LUI<. filter as in TFIBNRAS 
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systems. Therefore, by VAn"A",AH", the treatment of the 

plant is If a TF plant is not 

available, it may be possible to construct an artificial external the cost of 

which may by in WW treatment 

At short sludge and small aerobic mass fractions, nitrifiers would not ordinarily 

supported in the BNRAS system. it will not possible to completely 

from the system because are likely to seeded into system from effluent. 

the potential for nitrification in aerobic reactor will always in the system. 

The potential nitrate concentration in the aerobic reactor will be by ammonia 

concentration that enters it. Provided well, this ammonia concentration will be 

mainly from ammonia which bypasses the via the internal tank underflow, and 

therefore will be relatively low. If does not nitrify well, the ammonia 

concentration it is then, if are present the aerobic ,.p",,,''tr'r 

with the result that a ";H5UUj,,,Q.1,H nitrate concentration will 

n"",,~p'''T in the effluent and underflow 

... "', ... H ..... this potential nitrate 

to "'''''''''1",., 

'I""''''''Tr,r then the "'AHAHV'" 

the result return sludge nitrate COIlCeltltn:ltl 

will be the COrlCeltlinttl 

2.8 PREVIOUS RESEARCH INTO EXTERNAL 

are not .. wpo;::pn 

reactor will only be partially nitrified with 

relatively low, but the ... ""j' .... "'11< 

LA""""'" eUllae:ncy of the 

examme 

undertook a 

aerobic mass 

performance of an nitrification system etal., (1999) 

(1) 

(2) 

day laboratory investigation with a 10 day ..;on ..... ",-" 48% anoxic and 19% 

system and found that :-

Good (-- 90%) and N (--90%) mass balances were obtained over 

Overall COD removal was excellent at 92% including an approximate 15% COD 

removal in the stone column 

(3) Including the nitrate dose to the main reactor, which the pttpl'tn,p 

influent TKN/COD ratio to about 0.14mgN/mgCOD, the produced an effluent 
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2.11 

total N (TKN + NO:.) concentratl of 0 mgN/l. Nitrification was 

stone column and the denitrification the anoxic reactor was 58 mgNIl influent. 

(4) The P removal was 1 0.6mgPIl and considerable P uptake in the half 

(5) 

(6) 

of the investigation) took m main anoxic reactor. The 

of that expected from the aerobic P uptake 

and is probably a consequence of reduced "",,,rn\! 

when nitrate serves as electron acceptor 

Murnleitner et al., 1997). 

by l"1",rl11',., 

with 

was about 2/3rds 

(1990,1992) 

(DPAOs) 

(Payne, 1981 ; 

oxygen rate (OUR) was low- mgO/(l.h) the 19 % mass 

fraction. This is about times lower than that in a conventional nitrification BNRAS 

system and because the <LA', ....... vu OUR was obtained 'free' the 

stone column system as well as high denitrification which reduced heterotrophic 

( -60 was consistently obtained BNRAS settling 

Filamentous !<,'UJll..:>Ul" Microthrix parvicella types 0092,0041 and 0675, 

which are common in conventional BNRAS """to..""" were identified at low levels in the 

mixed liquor. 

2.9 RESEARCH OBJECTIVES 

anoxic P uptake in system and reduction in this to cause, 

led to an evaluation of the importance of the aerobic mass fraction. Inclusion of anoxic 

P uptake m, exclusion of aerobic P uptake P AOs from, biocenosis of the 

mixed liquor are not essential for achieving external nitrification in the scheme. 

fact, inclusion and maximization of aerobic P uptake would desirable to ..... " .. UA."" .... BEPR. 

earlier investigations by et al. (1 an anaerobic lanoxic ........ "."'u,."- batch reactor 

(SBR) was they found that did not simulate 

period was included in the appear that (albeit 

reduced) anoxic phosphate (and P uptake) an 

P Howeyer, 'conditions that promote are also conducive 

to nitrifier growth. Although exclusion from the uu,.,.",,,, liquor of the system 

was originally "'v •• "" ..... essential, this is would not be necessary as as virtual complete 
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nitrification is obtained, to limit nitrification the main aerobic reactor. In 

complete exclusion nitrifiers may not prove possible because, although conditions in the 

BNRAS may not conducive to growth, nitrifiers are to be continually 

""',",u,,,,u, into the system from the external nitrification system. Accepting nitrification the 

BNRAS complete nitrification in nitrification oellm:a media 

<,,,,,,"I!>"" the nitrification the UU.H"'~ by ammonia bypassing the 

with the 

nitrification not 

to reactor. Howev<::r, should complete 

obtained in the external nitrification then the ammonia from the 

external nitrifier will nitrified in the aerobic reactor of the the aerobic 

reactor concentration becomes too due to poor 

nitrification "'~l<'T"""" reactor will become overloaded with m 

such a 

reactor the 

reactor 

inclusion 

as employed 

reduced 

this 

The occurrence 

to 

nitrification were not included the BNRAS system, then the ammonia 

hand, 

leave via 

"'.Ll.l""\.,HL, which is a desirable situation where a low ammonia «1 mgNIl) concentration 

needs to met. 

aerobic P ....... n.' .. "'.'" m (higher per 

11.1 .... "'1 .. RBCOD), 

(provided the external nitrification system completely) and that 

1996), it was an aerobic period is stable anoxic P uptake 

decided to 

P UULUJ"-'" 

of 

nitrification 

media stone column and 

U"'VV.l'" mass 

Initially, the 

mass 

Ul"'ULJ'E. aerobic 

was set up to 

a ua" ... u.!, then the 

nitrification and 

In this manner, 

the BNR uptake was studied 

varymg The aims the were to: 

(i) firstly establish a population of slow-growing 

. nitrification to a to Psychoda larvae 

stone column), 

Oi) double the ofthe wastewater treated thereby one of the 
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(iii) 

(iv) 

(v) 

of external nitrification system due to 

settleabilty, 

Mrr'rnl .... Tp conditions to achieve 

13 

nrH"fP.,p" sludge and improved 

phosphate uptake, 

aerobic mass fraction in an attempt to its effect on anoxic P 

and 

study the 

BNRAS ""<'T~'rn 

increased mass U" .. "U\.IH on the settleability 

The external nitrification experimental laboratory set up and control are discussed 

Chapter 3. 
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3.1 

CHAPTER 3 

EXPERIMENTAL INVESTIGATION 

EXPERIMENTAL SET-UP AND CONTROL 

To the of I.e. a BNRAS system, 

one or a combination of two techniques can employed. by installing a and a 

media external system between anaerobic and reactors, as 

3.1, or secondly by nitrate directly to the reactor. set the 

laboratory system as as possible to application of system, first 

was adopted. However, in order to and ensure anoxic 

reactor was overloaded with M,T?,.,T,o i.e. to maintain u.c ............ load on main anoxic reactor 

in excess potential thus allowing some to enter 

nitrate was dosed directly into the main anoxic reactor as a concentrated solution of to 1.25 

mgN/ml. 

With in the ",u,,,r<>rn shown in 3.1 was set up, the '-I."'''''''''' parameters as 

in Table 3.1. 

initially 1 0 days, 20 

system sludge temperature 

and 0.85 respectively. To avoid 

process a 0.1 mass fraction 

mass were 

interference of nitrate on P 

""-""!.lV.A.!'" reactor was set up 

of the anaerobic reactor to denitrify nitrate in the return sludge. pre:-arlOX1C reactor was 

to ensure a near zero un .......... concentration the flow entering anaerobic reactor 

since (i) mam U.UU'A.!V reactor was nitrate such that its denitrification was 

exceeded «5mgN03-N/l) nitrate of this reactor 

from residual tank 

underflow nitrification "'''''''I"\t''\',i''' reactor. 

Figure 3.1: Schematic layout of Nitrification system 
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Table External Nitrification ",u"'1~ .. rn design operating parameters. 

System Parameter Configuration 1 Configuration 2 1 Configuration 3 I Configuration 4 1 

Changed to AI f:hanp"ec! to A I n toA 
Period: 24/2-16/3 17/3-2717 28/7-16/9 16/9-114/99 
No of Days 30(1-30) 124 (31-154) 51 (155-205) 164 (206-373) 

Sewage Batch 1 to 3 4 to 20 22 to 25 26 to 37 

Operating: 

Sludge age (days) 10 8 10 10 

Waste (lid) 2 2.5 2 2 
ure (OC) 2Id= 20 20 20 

pH of anaerobic reactor i 7.2- 7.2-8.2 7.2-8.2 7.2-8.2 

pH of aerobic reactor 7.2-8.2 7.2-8.2 7.2-8.2 7.2-8. 

00 in aerobic reactor 

I 
2.0 5.0 2.0 - 5.0 2.0 - 5.0 2.0 - 5.0 I 

(mgO/I) 

Influent:Mitchell's Plain (raw) unsettled wastewater 

Influent Feed (lid) 20 40 30 30 

COD \,mgCOD/l} 709 677 646 716 

IRRf:nn (mgCOD/I) 103 91 73 98 

TKN/COD ratio I 0.08 - 0.11 0.07 - 0.12 0.07 - 0.14 0.04 - 0.15 II 
NOJdose/l lnil COD 0.03 -0.04 0.01 - 0.03 0.02 - 0.03 0.02 (batch 28) • 

Total P (mgll Influent) 18.2 - 26.1 15.6 - 32.6 19.4-28.9 20.1 - 29.5 

Total P Removal(mgP/l) 9 8 13 12 

TP Rem! lnf COD 0.013 0.012 0.021 0.017 

i Ext Nitrification System I Stone Column Stone Column Stone Column SI A. rl AS. 

Reactor Volumes Mass Fractions: 

Total System Volume(l) 20 20 20 20 

Anaerobic Vol (I) 5; 0.25 5; 0.25 5; 0.25 5;0.25 

Main Anoxic Vol (I) 10 ; 0.5 9;0.45 6,0.30 t-- 6; 0.30 
Aerobic Vol (1) 3;0.15 3 ; 0.15 6;0.30 6;0.30 

1I~~~~re Pre Ana Vol 
2; 0.10 3 ; 0.15 3;0.15 3;0.1~ 

ated 17; 0.85 17;0.85 i 14; 0.70 14; 0.7 

Recycles flows and Ratios (lid; ratio w.r.t to influent flow) 

s- recycle (lid) 10;0.50 20; 0.50 15 ; 0.50 15;0.50 

a - recycle (lid) none;~ none; 0.00 30; 1.00 30 ; 1.00 

Flow to Ext Nitrifier 30; 1. • 50; 1.25 35; 1.17 JL ; 1.07 

Bypass flow (lid) 10' 0.50 10' 0.25 10' 0.33 13' 0.43 

activated sludge reactors and settling were those In 

eSllganOl1S and were made from clear plastic as described in by Clayton et al 

(1989). The system was a fixed medium reactor. It comprised a 100 mm 

1.5 m tall clear plastic column filled 9 - 13 mm granite and will 
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3.3 

stone (SC). base of the stone column was off placed 

in a 200 mm diameter, 100 mm high plastic settling were 

drilled 20 mm above the base of stone column to allow nitrified effluent to into the 

mini settling tank as well as to allow for the inflow of was set at top 

of stone 15 to renew aIr the 

upflow of air. The 

effluent was passed through a 0.5 mm fine mesh to remove solids, in particular mothfly 

which appeared to affect the laboratory scale stone function and the 

sludge system (discussed in below). 

The to the stone column was the 

as in 3.2 

to the column, a parallel channel in the pump \.,u",,,u,c.u. 

hydraulic head equal to that of stone column. Of the 40 lid 

a 

the flow 

tap water to a tank with an 

through internal 

(20 lid influent plus a 1: 1 underflow s ratio) to 35 lid was 

stone to the anoxic reactor at about 

5 lid. A settling to the """"V'I"',", 

the two The entire experimental was set up on a constructed 

of which was a drip tray, to collect as much as possible sludge lost due to blockages or 

return these to '''f'''''''""., so as to minimize sludge 

Figure 3.2: Detail of stone flow control 

i .... 'J j-,",,:t''-4:: 

'::;t. :.::'·ftc 

j~~;:!C 

7' . .&....a."'"K: 

(, c"cl'::::t:c.:: W 

,:J(..Ii'~? - ~ '11. 

measurement 

."t.'J.7"" ; ... ~'Uj:<~C 
.:t!.A c:' C ;!. 
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3.4 

During first stage the investigation external nitrification was with stone 

column fixed system, which covered a of u .... ',UV''"'L of 

cnamg<;lS were over which 

testing were are in Table 3.2 and 

Table 3.1. 

During the configurations (see Table 3.1 for details), the system comprising 

V~''''L''''"' of sewage. batches were collected approximately every 

and after UU"""''''''e'''' in a cold room at 4°C, and co,.,,,on two 

as until the next was collected. laboratory a of 

se\'lfa!';'e was daily thorough uu,n.u" ... tap water from a 

concentration approximately 1200mg CODII to a influent concentration of 700 

CODIL The diluted influent was by addition of sodium carbonate (NaHC03). 

About 7 as potassium dihydrogen phosphate (KH2PO 4) was dosed to influent to avoid 

P and to ensure that the effluent the """,,,"rn 

remained above 5 mgP II. dilution thorough mixing, a 250ml sample was from 

the diluted influent. A measured volume 20 1 was then placed in the influent 

drums (20 1 each), were a L""""L''''.JL at approximately 8°C. influent flow to 

system was I.J~.UI.J"'U drums by a constant flow pump over a 24 

period. the daily this hr provided 

a that the daily influent was fed to the At the end of 24 hr period, whatever 

,",UL'UULU5 wastewater (usually < 100 ml) was collected with the solids that may settled out, 

and poured into the reactor. nitrate dosed to the main anoxic reactor was 

a constant flow pump delivering 500 mlld. concentration ofthe NaN03 was made 

up daily and varied from to 1 depending on nitrate mass dose required 

daily. 

The nitrification system, i.e. Configuration 1, was over from 

into 

( Hu et al.,1999). 

,,...".,.' ........ '" 2 

nitrification in biologic~l nutrient removal activated sludge systems 

This the form Configuration 1, was changed to 

the design conditions in 1. 

the ",""".vu, a conventional UCT """"a...,.. was .... ,."",..."·TO fed same (and 
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also the same) as the external nitrification system with which to compare the nutrient 

removal. Details of this system, day to day results, and data UH.'UL'lVH are given 

Table 3.2: Changes and to system 

To stone column (SC) nitrification and 

Nitrate dose 215 assess the denitrification potential of main anoxic 

reactor. 

I 23 
Increased influent flow from 20l/d to 40 lid to 

Influent 25 
observe an aim of this 

Sludge age 23 25 
Reduced from 10 days to 8 days in order to 

minimize the likelihood of internal nitrification 

110 119 
batches 14 and 15 toxic. Nitrification very 

140 147 toxic 

Larvae infestation (Psychoda), scoured biofilm 

Stone Column (SC) 110 205 during after periodic flooding to control 

Psychoda. 

I 

Decreased influent flow from 40 lId to 30 lId in 
Influent 148 149 

order to reduce flow rate through the stone column. 

with longer SC (2m) 

Stone Column 155 168 

to 
185 

to anaerobic reactor 

External Nitrifier 205 media stone column to nitrification 

system 

Poor sludge (not bulking) accumulated and 
236 244 

filled up in final 

Samples 284 294 Samples were mistakenly discarded. 

beset with 

Blockages and I 316 348 and loss, poor settling and sludge 

accumulation in final settler 

End ofInvesti ation 373 
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DATA ACQUISITION AND PERFORMANCE MONITORING 

To monitor the systems performance and operation, samples were drawn virtually daily 

of the reactors, the internal "'''''''H,'''' 

for analysis throughout 
. ~'~ 

samples were not from the <;!V'1TP1T! 

stone column nitrified outflow 

day duration of 

first day of a new batch (because 

the 

system at least two days to adjust to the new sewage batch), (ii) on days which the 

i'\",,,OrQ,t,,, properly, on when one or more reactors, especially the 

anoxic, blocked causing sludge losses. In most cases the spilled sludge was collected and 

to system. spillages can be a major contribution to poor 

Table 3.3 shows the parameters that were measured and 

were applied. In to .., ... ., .• LJ .. ~" taken, the diluted 

analytical methods that 

volume index (DSVI) 

was on sludge drawn the reactor and oxygen ~ .... ~~ .. ~. rate (OUR) 

was monitored continuously online with DO controller/OUR meter developed by Randall et 

(1 1). 

3.3: LlUIllUlIU>:: position and parameter measurement 

'" 
'" '" § Measurement taken (filtering not applicable), 

!'} Unfiltered Sample 
¥ Filtered through Schleicher & Schull O.45flm glass fibre membrane. 
I,U Method according to Standard Methods (1985) 
4 According to Technicon Auto Analyser Industrial Method No 33.69W 
5 Sulphuric at IOOcC followed colour 

development for (Standard Methods, 1985- Method424C 
6 With Yellow Springs DO probe and the automated method of Randall el al,(1991) 
7 to Lee el at. (1983) or Ekama and Marias (1984), 

with in a crucible at l05cC and incineration at 600°C. 

Aluminium Sulphate flocculant 
, .... _ •• _'w et ai" 1993 ; Mbewe et al., 1998) 

day to day results measured parameters are listed and are shown In Al 

to A28 in Appendix A. summary these measured n»lr",nn""f<>r" with their corresponding 
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are Table 3.4. 

30 days (day 30), having and obtaining an """'1"<1(''''' 

COD and N mass v .... ...u,,''''' of 90 % 99 % respectively, an P removal 0.013 

............ " .... ",v. to commence with the aim of this investigation, i.e. high 

flow TT",cn",,, per """,r","" volume. 

Table 3.4: Summary of measured OaI'amleters corresponding Figure numbers. 

I 

COD Figure Al to Figure A2 I Total P Figure Al5 to Figure A22 

Figure A3 to Figure A4 Solids Figure A23 to Figure A26 

,...,. L' mgOld Figure A27 - -
Nitrate 

I 
to Figure Al 0 ! mgOld 

change made to system was doubling the influent 20 lid to 40 lid. 

. Consequently, the s-recycle doubled 10 lid to 20 lid and the flow to the stone column 

30 lid to lid. The main anoxic volume was reduced from 10 1 to 9 I and the effective pre-

anoxic was u ..... ........ ,J"" ...... from 2 I to 3 1, thus ...... ~~.b .. ~1"> their corresponding mass fractions. 

It was also to run newly rpt/"""""'rI to as at an 8 day 

~._._,.., .... age. summary the changes 1 can be found Table 3.1. 

Configuration 2 was run a period of 124 which 17 """'""""",,.'> of sewage were 

Although having obtained an COD and N mass balances 97 % T .. ""' .. ,·TH'·P' 

aP of 0.012 mgP/mgCOD, ,,,,,,,,"' ...... required "U"kl.L;<"~'" V'~"'u. ... "", it was ...... uuJ./'S in the 

fundamental aim external nitrification. stone column nitrification efficiency by 

1 minus outflow FSAIinflow FSA concentration ratio) had dropped from a high 

88 completion (Configuration 1) to a low value 44 % (Configuration a 

50 % reduction in nitrification "'J. ... L"'''~U''' poor performance was due to mainly factors. 

factor, which also had a negative impact on the P removal, was due to bad (toxic) 
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fed to system batches 10, 14, 15, 19 21 the ~"""',,"H" which were 

discarded as not 

larvae (Psychoda)2 infestation of the stone 

The a more direct 

subsequently the 

to 

~"" <>.. 'V and aero b i c 

reactors. The larvae 

nitrification "'LJ.L""'~l 

the off the stones severely the 

stone column. The effect of the larvae on suspended sludge 

was not but the denitrification P uptake in the main anoxic reactor 

declined. 

an to control larvae 1"I,!"" • .,t<l,t.I"'I.'" periodic "-.IV,",Hj,,,,- of the stone was out 

(i.e. within a complete from egg to emergence as an adult moth fly) 

In to drown adult flies and thus minimize the possibility 

and thereby hopefully 

flooding 

IH\"ULIVU efficiency. an improvement in 

",n,nr".rnitrification performance to the nitrifying 

the 

being 

off the stones and stone column 

flooding. Poppe Ian (1998), states that at best method is about % effective controlling 

Psychoda infestation. Although 

of the stone vVLLLLLj,U and 

Im-;:SHlHo,n could not 

flooding of 

controlled. 

were inlet 

stone column was out, fly 

an almost habitat for many insect and have a 

outlet 

specialised niche a number ofthem (Poppe lan, The four most quoted nuisance species are 
Sylvicola!enestralis. Metriocnemus hygropetricus. Lymnophyes minimus and Psychoda alternata. Of these 
four Psychoda is of most interest as it is the only one which has so far been implicated as 
potential effects on human health. Psychoda larvae are not and should be described as 
hygropetric wet and This Psychoda has been so successful in 

where wet and The key to success for 
.... nfrvu'"}nn is the presence of a thick biofilm, preferably or but also bacterial, on the filter media, 
which serves as both food and as protection against dehydration. Therefore, outbreaks of Psychoda are 
associated with heavily loaded or overloaded filters. measure between 3 to 5 mm as 
adults. The adults are weak fliers, and do not far from their Adults are of 

and laying eggs when emerge. this sort of behavior is usually seen only under stress 
laboratory) conditions. The adult female between 50 to 140 eggs in a wet environment such as water, 

or biofilm. The eggs hatch after one to two 
known as 'instars'. All four instars are is a norl-H~eOmg 

The. duration of the four ins tar is temperature and, under optimum the first 
and second instars will be two days the third instar two or three days, and the fourth instar between five 
and The pupal is short but can vary from one to three The stone column is a 
better habitat for Psychoda than real full scale TF because (i) temperature is constant and (Ii) light 
"pn,ptr"t",~ into the entire media volume. The problem of Psychoda infestations scavenging the nitrifier biofilm 

a reduced nitrification efficiency is therefore not as serious a problem in full scale TFs as in I~I"I'''I''~I'''I''\! 

ones. 
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"'''''L,',",H,'l<. the Del~rOlm,mc:e of the stone was retention time. It was 

speculated that 

did not allow 

1-'''''''''1'''15 through 1.5 m tall stone was too short 

for U,",'.<LH.'U to 

overcome these problems the stone it was with a 

80 mm dlwnet1er 2 m tall stone new stone column a 

to nn'vpn the stone column. which 

stone 

flow into column. taller stone 

entering the 

was 

improved the air 

LA.".'"'''''''' the retention 

Furthermore, to Oe(;re;ase the flow to the stone column, the influent flow was decreased to 30 lid 

and as a result the s-recycle and stone column flow were to 15 lid and lid 

respectivelY'. Up to this in the investigation the objective of system was to obtain as 

much anoxic P uptake as possible while 

aerobic reactor as low as possible. 

to the aerobic uptake and nitrification the 

of the difficulty of obtaining stable anoxic P 

the objective shifted such that the principal aim, i.e. could be achieved with 

aerobic P reasons this shift focus were (i) the poor phosphorus removal 

2 with anoxic P compared to P 

uptake, external nitrification. Therefore 

an BNR was set aerobicP 

is more stable and thus BEPR 

Accordingly, the main anoxic reactor volume was decreased from 91 to 61 the aerobic reactor 

volume 3 I to 6 1. Also, the sludge was increased to 1 0 to stabilize the 

phosphate uptake and biological excess P removal (BEPR). This increased age increased 

likelihood of in the aerobic thus an was introduced from the 

aerobic reactor to the main anoxic reactor to reduce the nitrate dosed to the anoxic reactor and 

hence nitrate concentration the aerobic reactor to thereby minimize nitrate to 

anaerobic reactor. 

3 It should be noted that the decrease in influent flow was necessitated by the poor stone column 
nitrification and not for the this reduction was not a failure 
of the increased treatment of the external nitrification biological nutrient removal 
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2 can seen in Table 3. L This modified 

1 days over which 5 batches 

were fed to COD nitrogen mass balance 94 % and % 

P removal of 0.021 mgP/mgCOD was attained over this period, 

which is significantly higher than earlier in the and to that from 

aerobic P (Ekama and Wentzel., 1 even though P uptake was 

still significant in anoxic reactor. 

stone column was not pel:101mlJmg as 

This was due to same problem encountered as Configuration 2 Psychoda 

infestation and hydraulic In Configuration stone column nitrification 

CT"~'<lt .... than 50 % that the previous stone column to a very low 

unacceptable 

not achieved " ..... LU'-'l.'-'Ul,ly high .. vi'''' ..... ' '' nitrification 

nitrification """1rpn"I media stone column 

(>70 %) through use 

it was decided to vn"',UF,V the system 

to a suspended medium sludge system. 

sludge nitrification system a 20 cm by 15 cm wide 

rectangular tank with a 5 I volume. The settling was constructed within tank 

by a (300 to the ) baffle small between 

and the bottom comer tank allowed the settled sludge return to reactor 

was supplied by a UVI'V"'''' attached on the reactor of 

the mlxmg the The 

flow "' ..... MUA aeration end downwards at settling 

reactor. No was 

wasted from the ,.P<lI'1" ...... • loss 

with the from the settling cornD:arnnellt <Jnn,V1P reactor with a volume of 6 1, 

the nominal and 'actual' the at 30 lid influent flow : 1 

ratio were 4.8h and 3 respectively. The details of the new operating 

of Configuration 4 are given in Table 3.1. Unfiltered COD samples of the reactor 

inflow and outflow allowed determination of the COD reduction the reactor. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.11 

Figure 3.3: of suspended medium nitrifier. 

An immediate improvement was noticed in 

>t.c----=..:.ct~ 

::.:!!-:':"=':':.J :=..:.; 

of the suspended medium 

external nitrification system and hence it was decided to keep for remainder of 

investigation (1 sewage Va.C"H";;) 26 to nitrification 

increased to 66 % while the ",,,,,'r,,,,", .. P removal T"nn,.,,,,,f'1 slightly to 0.017 

"n/~'r~(Yp COD and Configuration 4 were 81 % and 89 % respectively. 

3.5 

COD REMOVAL AND PERFORMANCE 

of the experimental data, COD mass balances were T\PT"Tn,..,..,.., on the 

batches, of 

were used to rI""t,,,..,..,.., 

(Table 

COD 

TKN and RBCOD 

concentrations varied from 

In the COD balance, the 

leaving 

nitrate 

the the final "' ...... " ... "", .. 

nitrite denitrified (v) COD utilized in 

method for calculating balance is 

the influent flow is compared to the 

sludge wasted (iv) 

external nitrification (EN) system. 

...,"'." ...... ~ B. The reliability 

data is directly proportional to the mass V<J.la.J.L'_,", deviation from 100 %. implies 

reliability that the the COD ...... u'"''''J.'"'''' to 100 % more reliable the data, in particular, 
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of unbiodegradable particulate fraction, and ordinary heterotrophic (OHO) 

polyphosphate accumulating (PAO) fractions of the VSS (i.e 

estimates. 

of the measured paI'am.elers the batches (5 

are in Appendix C. Also given in 

Appendix C are the averages all measured parameters the ",,,,1",:,,,,,,,, configurations 

time periods viz; Configuration 1, sewage batches 1 to 3; Configuration sewage batches 4 to 

Configuration 3, batches to Configuration 4, batches The 

results of the mass balance and components are given and are shown plotted 

In the vu .. " .. .., making up balance are 

as a stacked bar effluent COD (Effluent, 10%), COD in waste (Waste, 31 %), COD 

removal in external nitrification system 12%), COD ( on to '"'V·If .......... 

(Oxygen, 13%), and nitrate (Mod Recov, 14%) as electron acceptors and the COD not 

or unaccounted the v<. ... ,.Ul\.,'"' (Unacc, 20%). percentages m are the 

mean values the 

Figure 3.4: COD mass balance ofBNRAS system for 37 batches. 
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Figure 3.5 : 

3.13 

COD mass balance components ofBNRAS for 37 sewage batches. 
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Figure 3.6 : Average sewage batch Influent and Effluent COD concentrations 
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T bl 35 a e . C omponents 0 [COD mass b I a ance an dOl< COD R 0 emova 
/IAverage Influent Effluent Waste Extnit Oxygene Denit Recov COD Out COD Rem MBCOD 
liof Batch mgCOD mgCOD mgCOD mgCOD meO meO mgCOD % 0/0 

1 16200 1212 3886 2535 2376 2859 12868 93 79 
2 12236 810 4835 1670 633 3035 10983 93 90 
3 14104 414 7155 2513 998 3321 14401 97 102 

Con fig 1 14810 812 5292 2239 1336 3072 12751 94 90 
4 26981 4033 9641 5178 2262 4146 25260 85 I 94 
5 28861 2105 6298 4241 2320 3319 18284 93 63 
6 26009 3021 9730 4523 2513 3323 23108 88 88 
7 27838 3109 5779 4526 2956 4293 20662 89 74 
8 26824 3065 10764 2902 1127 3889 21746 89 81 
9 28288 2557 10608 3182 3774 4761 24882 91 87 
II 26903 2840 8375 3481 2318 6158 23174 89 88 
12 25861 2940 7190 4339 2270 3901 20640 89 80 
13 27285 3942 9541 2760 2356 1458 20056 86 74 
16 29920 3120 10125 5100 2480 1657 22482 90 75 
17 26440 3200 8700 4100 1886 2073 19958 88 75 
18 24800 3480 8750 1800 2028 1511 17569 86 71 
20 19584 1897 8330 1958 1343 3367 16896 90 86 

Config 2 27168 3188 8792 3844 2303 3374 21485 89 79 
22 17640 I 1590 8220 2170 3159 2908 18047 91 102 
23 19557 1572 6697 1011 4978 2280 16537 92 85 
24 23079 2145 6475 2502 4604 2464 18190 91 79 
25 17238 1704 6003 2887 3489 3187 17269 90 100 

Config 3 19379 1753 6849 2142 4057 2710 17511 91 91 
26 21858 1913 4429 2360 5958 2980 17640 91 81 
27 23403 2227 5088 2180 4502 2005 16002 90 68 
28 18360 1971 5173 940 3512 2053 14117 89 77 
29 19619 1819 4715 1996 2672 2522 13255 91 68 
30 21013 1573 5059 2283 4990 2714 16618 93 79 
31 24713 1670 6193 777 2893 4186 16719 93 68 
32 20580 1260 6980 2688 4165 1853 16946 94 82 
33 22029 1603 7497 1847 3218 2995 17160 93 78 
34 25394 1968 5758 1665 2202 2504 14096 92 56 
35 20433 1544 6272 1380 2638 3035 14868 92 73 

36 21128 1580 6113 2634 3986 2809 17124 93 81 
37 19665 1815 6700 1888 I 2089 2972 15464 91 79 

Config 4 21516 1745 5831 1887 3652 2719 15834 92 74 
Overall 22620 2178 7096 2688 2927 3270 18159 91 80 

In Figure 3.6 and Table 3.5 it can be seen that the average COD mass balance over the entire 

investigation period was 80 roo Although lower than 100 %, this value is significantly below the 

COD mass balances in other investigations with nutrient removal systems namely Pilson et al 

(1995) 84 % and 94 %, Sneyders et al (1998) 92 % and 92 % and Hu et al (1999) 91 %. The 

main reason why the COD balance is lower in this investigation than in other investigations is the 

sludge spillages that occurred in the system in particular during Configurations 2 and 4. 
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Looking at Figure 3.5 it can be seen that the largest contribution the COO balance is made by the 

waste sludge (31%) leaving the system. This is followed by the oxygen utilised and 

denitrification both at 13 and 14 % respectively. This result is interesting in that it shows that 

nearly the same amount of COD was utilised with nitrate as electron acceptor as was utilised with 

oxygen as electron acceptor. However, this is in part due to the dosing of nitrate to the anoxic 

reactor which increased the TKN/COO ratio of the wastewater from around 0.09 to 0.14. The 

12% COD utilized in the external nitrification system is surprisingly low in comparison to the 

15 % (with no larvae infestation)observed by Hu et al.,(1999) . 10 % of the COD leaves the 

system via the final effluent, and 20 % is unaccounted for. 

From Table 3.5, the system's COD removal efficiency was very good over the entire 

investigation period with an average COD removal of 91 %. The influent COD concentration 

ranged between 575 and 846 with a mean of 691 mgCOO/l. The unfiltered effluent COD 

concentration ranged between 21 and 101 with a mean of64 mgCOO/l. The filtered effluent 

COD concentration was measured by either filtering the through a 0.45/lm Schleicher & Schull 

membrane filter or first flocculating the unfiltered effluent using 10mlll effluent 0.25M 

aluminum sulphate solution and then filtering the effluent in the same manner as described above . 

The average floc-filtered effluent COD concentration ranged between 20 and 100 with a mean 

of41 mgCOO/l. The 0.45/lm membrane filtered effluent COD (non-flocculated) concentration 

ranged between 26 and 73 with a mean of 50 mgCOO/l. This value was accepted to correspond 

to the unbiodegradable soluble COD in the influent and gives an average unbiodegradable soluble 

COD fraction (fs.us) of 0.073. Figure 3.6 shows the systems mean unfiltered influent and effluent 

concentrations for the 37 sewage batches and shows that the COD removal performance of the 

system was not only good, but also stable throughout the investigation. 

The low oxygen demand in the system is reflected in the low OUR in the aerobic reactor namely 

36 mgO/(l.h) in -20 % of the system volume. This is because the nitrification OUR no longer 

needs to be supplied in the suspended medium system and the nitrate produced " free" in the 

external nitrification system reduces the carbonaceous OUR. Nitrate dosing to the main anoxic 

reactor reduced the carbonaceous OUR further by 1.42 mgO/(l.h) per 1 mgN0 3-N/I influent dosed. 

The OUR in an equivalent internal nitrification BNRAS system with 20 % aerobic mass fraction, 

90% COD balance, 10 day sludge age, complete nitrification, 90 % nitrate denitrification leading 

to a 50 % recovery in nitrification OUR is about 2 times higher at - 75 mgO/(l.h).Thus, not 
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nitrifying in the BNRAS system but rather utilising an external nitrifier to generate nitrate, clearly 

leads to a significant decrease in the OUR in the BNRAS system. 

3.3.1 The Effect of Different Configurations on COD Balance and Removal 

For each Configuration i.e. 1, 2, 3, and 4, the average COD mass balance and removal 

performance shown in Table 3.5 wen~ calculated from the sewage batch means fed to system 

during each configuration The initial BNRAS system (configuration 1 )had a reasonable COD 

mass balance of90 % and aCOD removal of94 %. As can be seen in Table 3.5 and Figure 3.5, 

sewage batches 2 and 3 are characteristic of a high COD concentration in the waste flow which 

accounts for the good COD mass balance and COD removal in Configuration 1. These results 

are similar to the results of Hu et al. (1999), who conducted investigations into external 

nitrification in BNRAS systems with small aerobic mass fractions i.e. Configuration 1. Hu et al. 

(1999) obtained a COD balance of 89% and a COD removal of 92% in the BNRAS system 

shown in Figure 3.1 and design and operating parameters listed in Table 3.1, Configuration 1. 

With a significant number of changes as well as the ongoing problems with Psychoda infestations 

causing poor nitrification and sludge spillages, the Configuration 2 yielded an 80 % COD mass 

balance. Examining the UCT system results (Appendices 0 and E), it can be see in Figure E2 that 

initially a good COD mass balance was obtained in the UCT system but as the investigation 

progressed poorer COD mass balances was obtained due to frequent sludge spillages. The 

average COD mass balance for the UCT system was also 80%. Thus the poor performance ofthe 

external nitrification system at this stage in the investigation was not due to the system 

characteristics but due to general system operational problems perhaps caused by the influent 

wastewater characteristics. 

The Configuration 3 showed some improvement with the COD balance increasing to an average 

of 91 % mainly due to less frequent sludge spillages. However, while the system showed 

improvement in the COD balance, the system was still experiencing the same problem as 

Configuration 2 i.e. low external nitrification, but due to the larger aerobic mass fraction 

Configuration 3 had high internal nitrification (in the main aerobic reactor). However, the impact 

of this on the BEPR was not too large due to the a 1: 1 a-recycle ratio from the aerobic to the 

anoxic reactor and the reduced nitrate dose to the anoxic reactor. 
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Configuration 4 showed a marked decrease in COD balance to 80%, again the result of frequent 

( 2/3 per week) sludge spillages. However, the internal nitrification (in the main aerobic reactor) 

was reduced due to the replacement of the stone column external nitrification system with a 

suspended medium activated sludge system with resultant improved external nitrification 

performance. 

3.4 NITROGEN REMOVAL AND MAss BALANCE PERFORMANCE 

3.4.1 Influent and Effiuent Nitrogen Concentrations 

For the 37 sewage batches, the nitrogen components in the influent and effluent flows are shown 

in Figure 3.7 below. It can be seen that the influent TKN concentration varied between 56 and 

10 1 mgN/I and the dosed nitrate concentration between 0 and 25 mg N03-N/I influent. This 

yielded a range of influent TKN/COD ratios between 0.06 to 0.17 mgN/mgCOD for this 

investigation. This influent TKN/COD range is wide and embraces most raw and settled 

wastewaters and demonstrates that the system is robust and well suited to unfavorable influent 

TKN/COD ratios while still ensuring (i) good BEPR and (ii) a low effluent N concentration. 

Indeed, the system requires high influent TKN/COD ratios to ensure a sufficiently high nitrate 

load on the main anoxic reactor to stimulate anoxic P uptake (see Section 3.5 below). From 

Figure 3.7 it can be seen that the N removal performance varied substantially over the 

investigation period . The effluent nitrogen concentration (TKN + N02 + N03) varied between 

8 and 47 mgN/I with an average of23 mg/l. This translates to a N removal performance which 

varied between 36 and 89 % and an average of72%. The low 36% removal occurred in sewage 

batch 16and is result of the lag in the recovery of the system to the toxic sewage feed in batches 

14 and 15 . The overall low N removal performance was due to the generally poor external 

nitrification performance, discussed in Section 3.4.3 below. 

Figure 3.7: Average sewage batch influent and effluent nitrogen concentrations. 
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Configuration 4 showed a marked decrease in COD balance to 80%, again the result of frequent 

( 213 per week) sludge spillages. However, the internal nitrification (in the main aerobic reactor) 

was reduced due to the replacement of the stone column external nitrification system with a 

suspended medium activated sludge system with resultant improved external nitrification 

performance. 

3.4 NITROGEN REMOVAL AND MAss BALANCE PERFORMANCE 

3.4.1 Influent and Effiuent Nitrogen Concentrations 

For the 37 sewage batches, the nitrogen components in the influent and effluent flows are shown 

in Figure 3.7 below. It can be seen that the influent TKN concentration varied between 56 and 

101 mgNll and the dosed nitrate concentration between 0 and 25 mg NO)-NIl influent. This 

yielded a range of influent TKN/COD ratios between 0.06 to 0.17 mgN/mgCOD for this 

investigation. This influent TKN/COD range is wide and embraces most raw and settled 

wastewaters and demonstrates that the system is robust and well suited to unfavorable influent 

TKNlCOD ratios while still ensuring (i) good BEPR and (ii) a low effluent N concentration. 

Indeed, the system requires high influent TKN/COD ratios to ensure a sufficiently high nitrate 

load on the main anoxic reactor to stimulate anoxic P uptake (see Section 3.5 below) . From 

Figure 3.7 it can be seen that the N removal performance varied substantially over the 

investigation period. The 'effluent nitrogen concentration (TKN + NOz + NO)) varied between' 

8 and 47 mgN/1 with an average of 23 mg/1. This translates to a N removal performance which 

varied between 36 and 89 % and an average of72%. The low 36% removal occurred in sewage 

batch 16and is result of the lag in the recovery of the system to the toxic sewage feed in batches 

14 and 15 . The overall low N removal performance was due to the generally poor external 

nitrification performance, discussed in Section 3.4. 3 below. 

Figure 3.7: Average sewage batch influent and effluent nitrogen concentrations. 
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Configuration 4 showed a marked decrease in COD balance to 80%, again the result of frequent 

(2/3 per week) sludge spillages. However, the internal nitrification (in the main aerobic reactor) 

was reduced due to the replacement of the stone column external nitrification system with a 

suspended medium activated sludge system with resultant improved external nitrification 

performance. 

3.4 NITROGEN REMOVAL AND MASS BALANCE PERFORMANCE 

3.4.1 Influent and Effluent Nitrogen Concentrations 

For the 37 sewage batches, the nitrogen components in the influent and effluent flows are shown 

in Figure 3.7 below. It can be seen that the influent TKN concentration varied between 56 and 

101 mgN/1 and the dosed nitrate concentration between 0 and 25 mg NO]-N/I influent. This 

yielded a range of influent TKN/COD ratios between 0.06 to 0.17 mgN/mgCOD for this 

investigation. This influent TKN/COD range is wide and embraces most raw and settled 

wastewaters and demonstrates that the system is robust and well suited to unfavorable influent 

TKN/COD ratios while still ensuring (1) good BEPR and (ii) a low effluent N concentration. 

Indeed, the system requires high influent TKN/COD ratios to ensure a sufficiently high nitrate 

load on the main anoxic reactor to stimulate anoxic P uptake (see Section 3.5 below). From 

Figure 3.7 it can be seen that the N removal performance varied substantially over the 

investigation period. The effluent nitrogen concentration (TKN + N02 + NO]) varied between 

8 and 47 mgN/1 with an average of23 mg/l. This translates to a N removal performance which 

varied between 36 and 89 % and an average of72%. The low 36% removal occurred in sewage 

batch 16and is result of the lag in the recovery of the system to the toxic sewage feed in batches 

14 and 15. The overall low N removal performance was due to the generally poor external 

nitrification performance, discussed in Section 3.4.3 below. 

Figure 3.7: Average sewage batch influent and effluent nitrogen concentrations. 
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3.4.2 Nitrogen Mass Balance 

Similarly to the COD mass balance, Nitrogen mass balances (for details see Appendix B) were 

performed on the system for the 32 sewage batches analyzed. Again, the averages of the 

measured parameters of each of the sewage batches as well as the averages for the 4 different 

system configurations calculated as averages of the sewage batches are listed in Appendix C. 

In the Nitrogen balance, the Nitrogen entering the system via the influent flow and nitrate dose 

is reconciled with the Nitrogen leaving the system via the (i) the final TKN and NOx (N02 +N0 3) 

in the effluent flow (ii) N in the sludge wasted (iii) nitrate and nitrite denitrified and (iv) N 

removed in the external nitrification system. The N mass balance was calculated by separate 

determination of the net production or reduction of nitrate and nitrite in each reactor and each 

settling tank by means of a reactor nitrite and nitrate mass balance. This was done by subtracting 

the mass of nitrate or nitrite entering the reactor from that leaving the reactor, so that a negati ve 

value indicates a net reduction (i.e . denitrification) and a positive value indicates net production 

(i.e. nitrification). Details of the mass balance calculation procedure are given in Appendix B. 

The reliability of the experimental data is directly proportional to the mass balance deviation 

from 100%. This implies that the closer the N balance to 100 % the more reliable the data. The 

results of the Nitrogen mass balance and its components are given in Table 3.6 and are shown 

plotted in Figures 3.8 and 3.9 respectively. 

Figure 3.8: Nitrogen mass balance for BNRAS system for 37 sewage batches 
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Nitrogen mass balance components of BNRAS for 37 sewage batches 
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In Figure 3.8 (and Table 3.6) it can be seen that the average N mass balance over the entire 

investigation period was 91 %. Although lower than 100 %, this value is similar to N mass 

balances in other investigations with nutrient removal systems namely Pilson et al. (1995) 99 % 

and 94 %, Sneyders et al. (1998) 88 % and 90 % and Hu et al. (1999) 86 %. 

From Figure 3.9 it can be seen that in the investigation overall, the largest contribution the N 

balance is made by the nitrate and nitrite Cenitrified in the main and pre-anoxic reactors on 8%. 

The reason for such a high denitrification N removal is the large main anoxic reactor volume and 

the dosing of nitrate during the investigation in order to realize this reactors full denitrification 

potential. The next largest contribution to the N balance is the N that leaves the system via the 

final effluent (30%) of which 25 % is TKN and 5% nitrate. The high N in the effluent is as a 

result of the poor nitrification performance of the stone column external nitrification system 

because of the 25% TKN, 80% is FSA (20% of influent N) and 20% Organic N (5% of influent). 

Unlike in the COD balance where the largest fraction of COD leaves the system in the wasted 

sludge, the nitrogen in the wasted sludge only accounts for 18% of the N leaving the system. Of 

this, 15% is TKN and 3% nitrate. Finally, 5% of the influent N was removed in the external 

nitrification system leaving 9% unaccounted for. 
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Table 3.6: Components of Nitrogen mass balance 

Average Total N in N in TKN Total TKN Inf Nitrate MB N 

of Batch Den itrifica tion Waste Effluent ExtNit Out TKN dose Removal 
mgN/d mgN/d mgN/d mgN/d mgN/d mgN/d mgN/d 0/0 0/0 

I 1000 279 262 0 1541 1345 500 84 91 
2 1061 361 397 162 1982 1349 500 107 97 
3 1161 408 312 III 1992 1378 500 106 95 

~onfig 1 1074 349 324 91 1838 1357 500 99 95 
4 1450 341 833 214 2837 2704 500 89 72 
5 1160 478 425 385 2448 2356 500 86 85 
6 1162 821 838 448 3268 3237 500 87 76 
7 1501 734 1865 835 4935 3646 500 119 49 
8 1360 642 1050 182 3233 2461 500 109 66 
9 1665 572 714 0 2951 2781 500 90 78 
II 2153 458 1108 0 3720 3058 500 105 67 
12 1364 533 1465 0 3362 3231 250 97 55 
13 510 644 1538 536 3228 3584 250 84 59 
16 579 746 1844 265 3435 2697 250 li7 34 
17 725 714 1358 234 3031 2759 250 101 53 
18 528 518 1499 158 2704 3043 250 82 53 
20 lI77 557 1280 0 30\5 2402 500 104 52 

Con fig 2 1180 600 1212 271 3263 2959 400 97 61 
22 1017 275 1260 75 2628 2528 500 87 61 
23 797 502 641 0 1940 1834 500 83 78 
24 862 325 604 97 1888 1898 500 79 76 
25 \ II 325 778 70 2287 2367 500 80 81 

~onfig 3 947 357 821 61 2185 2157 500 82 57 
26 1042 266 518 0 1825 1929 SOO 75 86 
27 701 335 410 0 1446 2091 - 69 89 --
28 882 882 323 482 1686 2221 - 76 88 
29 718 303 677 754 2452 2876 - 85 91 
30 949 297 272 0 1518 1817 - 84 92 
31 1464 362 300 0 2126 2640 - 81 96 
32 648 478 239 0 1365 1699 - 80 87 
33 1047 665 651 0 2273 2438 - 93 86 
34 875 763 838 180 2657 2851 - 94 89 --
35 1061 467 514 0 2042 2462 - I 83 93 
36 982 439 327 0 1748 1772 - 99 86 
37 \039 450 453 0 1942 1729 - 112 86--

k:onfig 4 951 429 466 78 1923 2208 42 , 86 88 

Overall lOSS 481 802 I 147 2484 2257 I 443 91 75 
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3.4.3 The Effect of Different Configurations on Nitrogen Balance 

Configuration 1 had an excellent average nitrogen mass balance of 99 %. With the significant 

number of changes as well as a number of ongoing pro blems, Configuration 2 yielded a 97 % N 

mass balance. This high value is unusual as the second configuration was beset with sludge 

spillages, as well as Psychoda infestation, which generally had a significant adverse affect on the 

COD mass balance ofthe system. It also should be noted that Configuration 2 was the period in 

which the greatest percentage of nitrogen could not be accounted for, as shown in Figure 3.9. 

The negative values plotted for the unaccounted nitrogen implies a N mass balance of greater 

than 100%, which increased the average value of the nitrogen mass balance over this period. 

From Figure E54
, it can be seen that a good N mass balance was also obtained in the UCT system 

at this stage in the investigation i.e. days 4 to 161. It can also be seen in Figure E5 that sewage 

batches 14,15,16 and 19 had extremely high N mass balances due to the poor influent wastewater 

characteristics and were omitted in the average N mass balance calculation. The average N mass 

balance for the UCT system was 99%. 

Configuration 3 showed a decline in the nitrogen balance to an average of 82 %. This decrease 

in the nitrogen mass balance was due to the system still experiencing sludge spillage problems 

and low external nitrification. The reasons for the poor external nitrification performance were 

the persistent Psych-oda infestation in the stone column and the high flow rate through the stone 

column placing the nitrification process under considerable strain leading to significantly reduced 

nitrification efficiency in the stone column, which in tum reduced the denitrification in the main 

anoxic reactor. The problem of poor external nitrification was overcome by increasing the nitrate 

dose from 8.3 mgN03-N/I to 16.6 mgNOJ-N/I influent to the anoxic reactor. 

The Psychoda infestation and the frequent sludge spillages did not allow the system to reach 

steady state with respect to nitrification and denitrification and this is evident in Figure 3.10, 

where it can be seen that from sewage batches 13 to 25 the nitrification and consequently 

denitrification were the poorest recorded in the investigation. With the change from a fixed 

4 During the same time as this investigation, a control conventional UCT system was operated in 
parallel receiving the same sewage batches (and numbered identically) as the external nitrification system of this 
investigation. The results of the external nitrification system are compared with this UCT system. The day to 
day data of this UCT system are given in Appendix D and the systems operating and design parameters and data 
evaluation in Appendix E. 
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media external nitrification system to a suspended external activated sludge nitrification system 

the problem of Psychoda infestation was overcome and Configuration 4 (sewage batches 26 to 

37) showed an increase in the nitrogen mass balance to 86%. This system also showed a 

significant improvement in external nitrification and improved internal denitrification (Fig 3.10). 

3.4.4 Nitrification 

In this system, nitrification was achieved externally in the external fixed media/suspended 

nitrification system. The BNRAS effluent free and saline ammonia (FSA) was thus controlled 

by (i) the flow to the external nitrifier and (ii) the efficiency of the external nitrification system. 

This can be seen in Table 3.7 and Figure 3.10, which gives the nitrate + nitrite (NOJ mass 

balance results over the aerobic, main and pre-anoxic reactors as well as the external nitrification 

system. In the investigation overall, 73% ofthe nitrate generated was produced by the external 

nitrification system while 27% was produced by nitrification of the residual ammonia in the 

aerobic reactor. Pumping an average of only 76% of the anaerobic overflow to the external 

nitrification system meant that at best nitrification could be 76% complete if the external 

nitrification systems FSA concentration was zero. On the measured results, the average 

nitrification efficiency was 51 % i.e. the 73% nitrate generated in the external nitrification system 

was as a result of a nitrification efficiency of only 51 % by the external nitrification system. An 

average N mass of 147 mgN/d (4.9 mgN/I at 30 lid influent flow) was removed in the external 

nitrifier for 'biofilm' growth. However, this average value may not be representative of the N 

requirement for biofilm growth since it includes Configuration 2 where the average N removed 

is 261 mg/d and coincides with the period when the larvae infestation was at its worst. The N 

removal in the external nitrifier of Configurations 1, 3 and 4 were 91, 61 and 78 mgN/d 

respectively. From this it can be deduced that a far lower N requirement is needed for biofilm 

growth and maintenance than the 147 mgN/I average value, because in only 17 of the 32 sewage 

batches was a N removal observed across the external nitrifier. 
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Table 3.7: Nitrate and Nitrite mass balances across each reactor and settler. 

Average of N itrification (mgNO)-N)/d) Denitrification (mgNOrN)/d) 

Sewage Batch 
Main Aerobic Ext Nitrifier Main Anoxic Pre-Anoxic Anaerobic Final Settler 

I 667 -838 -153 -9 

2 673 -726 -316 -19 

3 738 -869 -212 -21 -60 

Contie 1 0 693 -811 -227 -16 -20 

4 73 860 -1401 -39 

5 652 -1124 -37 

6 61 651 1128 -34 

7 60 1004 -1463 -26 -12 

8 184 803 -1259 -97 -4 

9 52 1133 -1615 i -50 

11 44 1650 -2089 
! 

-43 -21 

12 44 1119 -1351 -8 -5 

I3 24 283 -470 -39 

16 59 i 309 -539 -24 -16 

17 69 452 -868 -3 I -8 

18 34 309 -493 -35 

20 91 748 -1076 -65 I 

Contia 2 66 767 -1135 -39 -7 ._ 

22 222 515 -900 -I 14 -3 

23 268 232 -687 -110 

24 195 116 -773 -71 -18 

25 413 124 -940 -166 -8 

Conti!! 3 275 247 -825 -115 -3 -9 

26 211 414 -883 -115 -44 

27 396 534 -579 -80 -42 

28 356 744 -688 -88 -105 

29 570 479 -521 -196 

30 274 767 -872 -58 -19 

31 550 1090 -1293 -99 -72 

32 16 670 -628 -6 -14 

33 366 825 -936 -III 

34 749 627 -248 

35 901 472 -788 -166 -107 

36 262 833 -896 -42 -44 

37 790 586 -889 -122 -28 

Contie 4 443 680 -800 -111 40 

O\Lerall 244 663 093R 094 -3 22 
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Figure 3.10: Nitrification and Denitrification in the BNRAS system (nitrification is plotted as 
+ve and denitrification as -ve) 
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3.4.5 Denitrification 

The calculation of the denitrification potential for the completely mixed anoxic reactor is not 

possible unless the anoxic reactor receives a nitrate load greater than its denitrification potential 

i.e. only when the anoxic reactor is overloaded and nitrate and/or nitrite ( i.e. > 1 mgN03-N/l) 

flows out of the anoxic reactor. Under this circumstance, the denitrification performance is equal 

to its denitrification potential i.e. the maximum nitrate/nitrite load that can be denitrified. If the 

anoxic reactor is under-loaded (i.e. < 1 mgN03-N/l), then negligible quantities ofN03 will leave 

this reactor and although the denitrification performance can be calculated, this would be less than 

the denitrification potential. The N03 concentrations exiting the anoxic reactors of the external 

nitrification system and UeT control systems were at times greater than ImgN03-N/I and 

therefore allowed the denitrification potential and hence the specific denitrification rate, K2', to 

be calculated. In this investigation the nitrate reduction rate and the nitrate denitrification rate are 

considered to be equal because nitrite was not observed at significantly high concentrations as 

to effect major differences in the two above mentioned rates. The difference between nitrate 

reduction rate and nitrate denitrification rate is that in the former, the product is nitrite i.e. ionic 

and with the latter the product is N2 i.e. gaseous. Nitrate reduction is therefore regarded as the 

rate of disappearance of nitrate from the mixed liquor while accepting only two electrons to form 

nitrite. Nitrate denitrification is the rate of nitrate disappearance from the mixed liquor whilst 

accepting five electrons to form N2 gas. 
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Stem and Marais (1974) found that when the nitrate versus time slopes [mgNOJ-N/(l.d)] were 

divided by the VSS concentration to obtain specific denitrification rates [mgNOJ-N/(mgVSS.d)], 

a decrease in the rate was observed as sludge age increased. When however, the slopes were 

divided by the Active VSS concentration, they were found to be independent of sludge age (i.e. 

mgN0 3-N/(mgA VSS.d)). They concluded that this was because the Active VSS relates the 

biological rate of denitrification to the particular component of the VSS mass that is responsible 

for this rate. This approach has been found to work reasonably well for N removal plants, 

because from a modeling perspective, the active mass (A VSS) comprises only one heterotrophic 

organism group i.e. "ordinary" heterotrophic organisms (OHOs) (Ekama and Wentzel, 1999). 

However, for N and P removal plants, the active heterotrophic organism mass comprises two 

distinct active heterotrophic organism groups namely, (l) the OHOs mentioned above and (2) 

the polyphosphate accumulating organisms (P AOs) which effect the biological excess P removal. 

In earlier research on biological N and P removal systems, the PAO group was observed not to 

contribute significantly to denitrification and most of the P uptake was confined to the aerobic 

reactor (Wentzel et at., 1990; Ekama and Wentzel, 1999). However, over the past 5 years 

significant P uptake has been observed indicating that under these conditions the PAOs may be 

contributing to the denitrification in the anoxic reactor (Kerrn-Jesspersen and Henze, 1993; Kuba 

et at., 1993). Also significant P uptake has been observed in external nitrification systems by 

Sorm et al. (1996) and Hu et at. (1999). Sorm et al. (1996) found from anoxic batch tests of an 

external nitrification BNRAS system that P uptake with simultaneous denitrification occurred 

and they concluded that the observed NOJ-N reduction could also include a contribution by the 

OHO denitrifiers. However, they observed that the phosphate uptake ceased when NOJ-N was 

reduced to zero in the mixed liquor. This behaviour is expected because when nitrate is no 

longer available as an electron acceptor utilization of internally stored PHB by the PAOs can no 

longer continue, resulting in a cessation of P uptake by them. 

For this investigation it was decided that, because the PAOs do participate in the denitrification 

process when anoxic P uptake takes place, the OHO and PAO contribution to the denitrification 

in the anoxic reactor should be separated in the same manner so that, the appropriate nitrate 

removal rates due to the OHO mass could be specified in terms of only the OHO mass i.e. due 

cognizance must be taken of the contribution of the PAOs to the nitrate removal rate. To do this, 

the measured nitrate removal rate (i.e. denitrification potential) was adjusted by an amount which 
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'was speculated to be the contribution by the denitrifying P AOs. The adjustment was made by 

reducing the measured nitrate removal rate by the product of the observed anoxic P uptake 

(expressed as a percentage of the total P uptake) and the nitrate equivalent of the COD 

sequestered5 by the PAOs. This manipulation of the nitrate removal rate assumes that; (1) the 

stoichiometry and metabolic processes of the P AOs are the same under both aerobic and anoxic 

conditions and (2) the percentage anoxic P uptake is directly proportional to the denitrification 

performance of the P AOs i.e. all the P AOs responsible for anoxic P uptake are also responsible 

for the contribution made to the nitrate removal. This adjustment was necessary in order to 

compare previously observed denitrification rates (i.e. K2') in NDBEPR systems in which the P 

uptake took place under aerobic conditions only (i.e. K' zrate due to OHOs only). The adjusted 

denitrification rate (Kz") can therefore be specified in terms of only the active ordinary 

heterotrophic mass [i.e mgN03-N/(mgOHOAVSS.d)]. The denitrification rate (K2') without 

adjustment was also calculated to be able to compare the K2' rates with those reported by Ekama 

and Wentzel (1999), who did not make this adjustment to the nitrate removal rate. The nitrate 

removal rate, adjusted for PAO activity or not, is divided by the mass of VSS (mgVSS) in the 

system divided by the influent flow (Qj, lid) i.e mgVSSIl influent and the OHO active fraction 

of the VSS mass fav,oHO where the fav,oHO is calculated from the BEPR model of Wentzel et aI., 

(1990) viz:-

Dp - /PADs * (0/0 AnoPup * Sseq /8.6) 
K 2' orK 2" = ---"-----'-----------'-

(Xv.Jav, OHO, /xl) 
mgN03-N/(mgAVSS.l inf) (3.1) 

where: Dp = Denitrification potential (measured) mgN/l influent 

fpAos 1 when denitrification by PAOs is considered (K2") and 

fpAos = o when denitrification by P AOs is ignored (Kz') 

%AnoPup = Percentage Anoxic P uptake 

Sseq = COD sequestered by P AOs mgCOD/l influent 

Xv = VSS mass in system per 1 influent 

fav,oHO = OHO fraction ofVSS mass (see Section 3.5.3.1 below for 
calculation method 

fxl = Anoxic sludge mass fraction 

5 The COD sequestered by the poly-P organisms is calculated using the model of Wentzel et al., 
(1990) 
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mgCOD per mgN03-N 

(l-fev Yh)/2.86 where 

equivalent nitrate as electron acceptor 

of the 

measured the denitrification rates were calculated for in which 

Table 3.8 

concentrations leaving the anoxic reactor were "'T"<'"1''''' than 1 

rates are shown In 3.8 below. 

Calculated denitrification rates for 
main anoxic reactor outflow. 

batches with> ImgN03 

is that the of aerobic metabolism is not the same as anoxic metabolism 
because under aerobic conditions the obtain 3 moles A TP per e' whereas under anoxic 
conditions they obtain only 2 A TP per e' equivalent 1981). This changes the Y H from a 

the 

theoretical 0.42 mgVSS/mgCOD for aerobic conditions to 0.35 mgVSS/mgCOD for anoxic conditions i.e. 83% 
of the aerobic value. the Y H 0.45 the CODNSS ratio as 1.48 

and the same reduction in yield makes the COD utilized per mgN03-N denitrified 6.4 under 
anoxic conditions compared to 8.6 mgCOO/mg N03-N under aerobic conditions. 
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Table 3.9 

Clayton (1989) 

Musvoto (1992) 0.517 0.193 0.287 0.130 

Pilson (1995) 0.300 0.111 O.lll 0.327 

Mellin (1995) 0.410 0.150 0.140 2.880 

CTL (1998) 0.071 0.088 0.050 0.062 0.435 

Without adjustment (K2') 0.138 0.274 0.046 0.115 0.497 

0.265 0.035 0.115 0.497 

3.9 shows a 

investigation with 

between 

obtained by other 

denitrification rates (K2') observed this 

also NDBEPR laboratory 

"'T",aT~'1"I sludge ",,,,,t,,,,.... Table 3.9, the denitrification rate without adjustment is 

comparable to the rates obtained in earlier because calculation method is 

same. It can be seen denitrification rates ') obtained 

U"""iU"' .... by Sneyders et (1998) and below obtained by et al. (1989), 

et al. (1992), Pilson et al. (1995) and Mellin et ai., (1995). This is the consequence of the 

fraction of the 

tum is a consequence 

which is 

low fs,up value. 

to calculate the denitrification rate, which in 

in the different Mellin et 

that the rates were directly proportional to the unbiodegradable particulate 

(1995) showed 

fraction (fs,up) 

the calculated and related to the OHO faction of 

fs,up, the fav.oHo the K2'. 

in that and 

Comparing unadjusted (K2') adjusted (K/) 

contribution PAOs to the denitrification rate, it can 

K2' which that the contribution ofPAOs to 

the proportion of biodegradable 

...... ,'''''''' .... by the OROs. 

(favOHO)' 

! rates of this fit this 

is high and , rate is low. 

which gives an indication of the 

seen that K2" is not 

is not 

,., .... r.vo',.. reactor is 

lower than 

because 

compared 
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BIOLOGICAL &:.I"''-'"'~>''' PHOSPHORUS (BEPR) PERFORMANCE 

1 P Removal and P Concentrations 

Another objective investigation was to assess biological excess phosphorus removal 

performance of the external nitrification last in Table 3.1 0 

for each batch, P removal 

effluent P concentration 3.11, the total height ofthe "La .... l\.~U the 

influent P concentration. comparmg the two aerobic 

or anoxic, the P removal was 9.33, 13 and 11.94 third and 

configurations respectively, which P uptake was configuration 2 in 

which P uptake was dominant showed a average P removal of mgP/l. 

However, it should noted that lower P removal was the same period in 

nitrification internal denitrification were 3.4.3, 

recycle to anaerobic reactor. From investigations on 

Ekama for details), it was noted 

anoxic reactor was 

confined/dominant the aerobic reactor, 

uu.,CU\. .... tended to 

M,1">'",1-", load eX(:ee(lea denitrification 

'>LbUU"~~,A. anoxic P uptake potential so nitrate was present in anoxic reactor outflow, 

was Accordingly, nitrate was dosed 

the P 

1 to 26 and 0.5 to 1 

of this 

hence 

hence a nitrate 

P removal the BNRAS """''''" ....... 

anoxic reactor from 

to avoid 

to the reactor "'''''''''''''''''-

The overall P removal of the system was 10.4 influent for average 

COD concentration of 691 mgCOD/l. Although not this compares to 

other investigations nutrient systems, Musvoto et al. (1992) 1 and 11.3 

1000 influent (with significant anoxic P uptake), Pilson et al. ,( 1995) 1 

10.7 mg PII COD/I (with anoxic P uptake), Mellin et al. (1998) 11.4 

mgPIl and mdCOD/l (with significant P uptake), Sneyders et al. (1997) 13.1 and 16.8 

mgP/l 660 and 807 (with no anoxic P all in conventional systems 

( Hu et al. (1999) 8.8 for 717 an nitrification BNR """""",.,... 

significant anoxic P uu.,::IA .... 
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Figure 3.1 Average .... JJ.'CA .... ~U. P concentration and P for 32 

P Removal & Effluent P 

35 r-----------------------~----------~ 

1 3 5 7 9 11 13 15 17 19 21 13 25 17 29 31 3J 35 37 

batches. 

P Balance over Reactor and Settler 

the effluent reactor concentrations the 32 

the net P release or P uptake was calculated by conducting a balance (mass Pin - mass Pout) 

over each reactor and 

a negative 

the the ,. ... T" ......... '" 

A net positive 

The net effect, 

settlers the external 

Table 3.10 and are shown plotted in 

balance indicates P uptake 

uptake or release, each 

<;!,,<;!1rpl"n for the 3 2 "'''',,,''',..,,,. 

The height of the 

or negative the net P uptake or P release respectively of the 

BNRAS nitrification From 3.12 it can seen that the most P 

was obtained in anaerobic (AN) reactor with an value of of the total P 

of the system. is followed by an average P release of 1 In pre-anoxic reactor, 8% and 

in the internal settler and external nitrification system respecti vely. 8% average P 

in the settler is probably due to RBCOD out of the anaerobic reactor 

P in the sludge that fonns at the bottom of the internal """ .. n."" 
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Table 10: P release or uptake for reactor and as well as net P removal 
batches. 

P Rem 

mgP/I 

8.21 

9.11 
24.97 10.68 

-11.54 18.47 -1.56 9.33 
-19.57 35.56 1.63 14.32 
-8.18 -0.11 8.52 

-2.91 6.11 
-3.77 6.54 

-1.35 6.50 

-2.44 1l.82 

-1.29 7.52 

-0.86 5.72 

13 -1.65 5.42 

16 8.95 

7.30 

8.52 

8.28 

-23.14 7.04 0.06 
-35.48 29.49 0.68 
-18.39 26.73 2.38 

-24.50 19.57 
-17.02 
-9.25 

-13.28 11.49 
29 -8.56 9.87 
30 -7.13 9.69 
31 27.49 -2.24 
32 9.66 -5.51 
33 28.29 -6.56 

11.64 

-5.79 10.59 

19.99 2.28 -1.96 11.94 

15.49 0.42 -1.70 10.37 
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Figure 3.12: Components of 

batches 

This P 

BNRAS 

in the internal 

p (-ve) or P (+ve) 

Sewage Batch 

AN02 III AE 

tank is not undesirable but is actually beneficial to the 

P 1 ..... 1'-,<4...,'-' ofthe'system without ...,"'''UI5 the anaerobic 

fraction the """"rpm However, it should noted that were instances where P 

was in both internal nitrification but not necessarily 

occurring simultaneously. 

3.13. shows the anoxic/aerobic percentage P uptake for the sewage batches. 

Although the anoxic P uptake reached around 60 % towards the end of the investigation (batches 

3.1 P had not stabilized and fluctuated between 6.7 to 18.9. 

Figure 3.13 it can be noted that anoxic P uptake was 50% or ""'''''''(11'",,. in 18 of the 

of the time P uptake reactor 

dominated. With to P uptake 3.13), initially (Le. batches 1 to 5) this was achieved 

in the main ...... \.i'A." reactor with an average P uptake of 22 mgP II over this period. 

'Indeed in the DEPHANOX II (Bortone et at., 1997) system the ftrst reactor is a combined anaerobic 
reactor tank to (i) increase the anaerobic mass fraction per unit volume and (ii) reduce the cost of the 
internal tank in the 
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Figure 3.13: Average AnoxiclAerobic P Uptake the sewage ua,,, .. ";) 

sewage batch 

of9.8 mgP/l. 

an 

dependent on 

P uptake was equal in the anOXIC aerobic reactors with a value 

batches 7 to 23, P uptake was predominantly achieved aerobic reactor 

mgP II. batches to P uptake reactor was once 

an 

changes 

variation in 

system at batches 4, and 

orclce~;s IS 

when 

configuration was changed from Configuration 1 to Configuration Configuration 2 

to 3 and finally Configuration 3 to Configuration 4. most significant 

systems were (i) doubling influent flow, reducing the anoxic reactor 

volume by 1 1 reducing sludge from 10 days to 8 days in Configuration 2 (i.e 

further 21 

from 8 

stone 

and (ii) reducing influent flow by 10 lId, reducing anoxic reactor by a 

concomitantly increasing aerobic reactor by 2 1 and 

in '-'Vll.HJ;<. ...... to 

nitrification system Configuration 4 

the ""<.1'"5"';' one U ... ·"'" .. ''- the reactor 

which P uptake place was the ..... 'h·"'!'''' load on the 

to most 

reactor. From 

1 to 5 24 to anoxic P :uptake was whereas 6 to 23, 
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P uptake was dominant. 

tended to be low due to poor 

sewage batches 6 to nitrate load on reactor 

stone ,",V! .... u;,,! external nitrification 

3 above). such as the aerobic mass fractions also 

anoxic uptake but is 

the anoxic reactor n1t1'!'Itp load. It would therefore 

''''''''''''r''T<>n that these are small cOlnpareowith 

that to maximize anoxic P it 

is necessary to have a load on the anoxic reactor exc:eeC1S this reactors n.,. ... "T"'u", .... .,.Vll 

potential. This to have (i) .... ,,,.,, ............. performance 

nitrification system and (ii) a influent 

Up to sewage of the investigation was to maximize anoxic P 

anoxic mass minimize aerobic the small aerobic mass ",,,"',,,uV'U 

BNRAS system. of the kinetics and ideal environmental conditions for u ..... ""u .. 

anoxic P uptake is still UUJl1"'"" .... Bortone et al. (1997) 

included in a anaerobic/anoxicsequencing batch reactor 

P uptake BEPR. Thus, it appear that in order to 

..,,",L.lVumay be essentIal. 

P 

P uptake, 

Configuration 3 

maximize anoxic P uptake lJt;;I..,a.u~)t;; of its (i) instability as a 

than aerobic P to Ekama 

exploiting aerobic P the external 

form 

to 

of the increased aerobic mass on BEPR of the ,,,,,,,,"',..,... ,...n,·",,,,'" it was realized that 

conditions that P uptake BEPR, and more stable and greater 

the system, would internal nitrification, which, the external nitrification 

C""",PTTl did not achieve nitrification (> 80%), would to high nitrate recycle to 

anaerobic reactor and consequently reduced BEPR. Thus 2 was changed to 

Configuration 3 by and aerobic reactors volumes and thus 

mass fractions. total P uptake process. 

a result of the in the external system (see Section 

3 recycled to reactor in Configuration 3 to internal nitrification 
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the ,,, .... '''''.fL aec:reasea the BEPR to 8.8 mgP/l. From sewage batch the fixed 

media stone column was abandoned and "'1./1"''''''',,", with a suspended medium nitrification 

for Configuration 4. This to the external nitrification system an 

improvement in external nitrification a decline in UH\~Ul'U.l nitrification 

to the anaerobic reactor the 

with 60% and P uptake in the anoxic aerobic reactors r"'''T,,,,,...1" 

Comparison of Measured and Calculated P removal 

The perfonnance the system was by comparing observed P 

with that theoretically calculated by steady state BEPR model Wentzel et al. 

(1990) which a sub-set the UCTPHO (Wentzel et al., 1992) IAWQ ASM N22 

(Henze et al., 1995). order to calculate predicted BEPR from model, 

VSS vVl .• ..,"'L .... "JlLL fractions need to be detennined, including two active heterotrophic 

organism u ....... '-.,,' the VSS to be detennined (Le. P AOs, fav,PAD and 

P AO and OHO proportion readily (RB)COD 

that the PAOs obtain in the anaerobic reactor (Sseq) needs to be detennined. To do this, the 

volatile fatty acids (VF A) concentration in the influent needs to be known and proportion 

converted to in the anaerobic reactor by the un .•. ''' ...... heterotrophic 

5 ..... ' .. "''' ... , (OHOs). The that part of the biodegradable 

the RBCOD converted to VF A in the reactor, while OHOs obtain 

the balance of the biodegradable COD that part of the RBCOD not converted to VFA in 

anaerobic reactor all of the SBCOD, except for approximately 13% of the COD that is 

utilized the external nitrification system for sludge production (measured COD 

reduction external nitrification difficulty in detennining substrate that the 

P AO and OHO fractions obtain is compounded by the fact thatthe unbiodegradable 

particulate COD fraction of the influent which also part of the in the system 

is unknown and detennines the proportion of the total influent COD which is biodegradable. As 

a result, detennination and P AO and active fractions is simultaneously 

using measured ML VSS concentrations as benchmarks (for additional details see Mellin et 

al.,1998, Pilson et al.,1995 or Ekama and Wentzel,1999). 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3.36 

approach that is to fav,oHo follows the BEPR state model 

et at. (1990) shown schematically Figure 3.14. model is structured such that 

organism mass is divided into two groups; and PAOs, the 

dlIlerem;e being their stoichiometric kinetic constants, mam ones the P content and 

rate. With influent soluble COD known 

from filtered effluent COD concentration (fs.us effluent COD/total influent 

it involves an iterative process an unbiodegradable 

is from which the influent biodegradable COD is calculated 

fraction (fs,up) 

split of 

the biodegradable COD PAOs OHOs is iteratively from 

un"""".,." RBCOD concentration that govern 

converSIOn, anaerobic mass fraction et al. (1990). 

With of biodegradable VUL,alH~,u by the P AOs 

mass of the and endogenous VSS ",,,, ... ,,,, .. ,,,'t,,,rl by these two organism """"'"'''''' are calculated. 

from ini tial ,.", .. uu .... " inert is calculated. adding 5 calculated 

constituent components of 

system is known. The correct 

VSS mass (shown in 3.14), the total VSS mass of 

mass equal to 

ofthe fs.up is that value 

due account 

nitrification system. OHO PAO active fractions are 

then determined from the masses OHO PAO VSS to total VSS. This 

"'VY.u.A.V assumes a 100% COD the COD balance 

of too low VSS mass in system to (i) steady conditions not or (ii) 

effect sludge latter hatmelned m 

was as as possible ""Y''''''''''' was to the """'T",'." from 

specially designed sludge spillage drip below system. Low VSS mass in the "''''''''''T'Y'I 

leads to low fractions and high and fav,PAo This is the main reason the 

large variation fractions and denitrification rates (see Table 3.9 

'"'ULL ... ' .... 1999). 

VSS has fractionated by reconciling calculated and measured 

masses, P content of the P AOs IS so that calculated sum of the P 

contents the 5 constituent fractions of the yield measured P removal. correct 

value fXBo P is that value for the calculated P removal is the same as the measured P 
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removaL results of the spreadsheet calculations the analyzed batches to 

<""""0"""'" are shown in Appendix C. In the steady state model of Wentzel 

et al. 990), which is 

0.38 mgPfmgPAOVASS. 

on aerobic P 

calculated 

the fraction of 

fraction each 

PAO P content (fXBG.P) is 

batch is listed in Table 

3.11a shown plotted 3.15a." The same oroceoUI was applied to conventional 

""",'1""',.,.... results, of which are In IJlJv> .... .,,,E Table3.l1b). 

Figure 3.14: ......, .. "5 .......... ,L ......... " representation of utilisation ofthe Total LUJ.L .... "'U COD in the model 

mass 

APos 

of Wentzel et (1990). 

Total COD - known 

genous 
polyP 
vss 
mass 

2 

? 

Unknown? 

SBCOD 

Unknown? 

COD obtained by OROs 

Active 
ordinary 

VSS mass 

3 

mass 

Unknown? 

Unknown? 

Inert VSS mass 

5 

contributing to Total Total VSS mass (must equal measured 

0.03 0.03 

P content of VSS constituents 

Determined from 
filtered effluent COD 

concentration 

IVaried until 
calculated VSS 

measured VSS 
masses. 

'Varied until 
calculated BEPR 

=measured BEPR. 
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model. 

Batch 

92 

103 9.114 28415.0 9.112 0.33 
92 10.643 28280.0 10.676 0.43 

1 96 0.06 9.34 9.33 0.44 
4 89 0.09 14.301 0.53 
5 0.05 8.512 0.66 
6 0.38 

0.19 
109 0.08 0.058 0.076 49697.9 0.43 0.18 
73 0.06 0.248 0.104 51522.9 0.44 
92 0.09 0.146 0.122 49202.2 
78 0.10 0.384 0.020 46934.4 10.332 
102 0.184 0.128 47302.0 8.524 

85 0.094 47963.0 8.25 
56868.7 0.19 0.06 
47899.5 0.39 0.13 
43248.7 0.51 0.22 

25 18.829 34989.2 0040 0.14 

i Config3 0.07 44805.9 13.28 0.37 0.14 
26 82 0.08 26970.2 18.249 0.57 .015 
27 70 30554.3 9.876 0.58 
28 58 
29 100 

30 84 
31 123 18.935 0.53 0.20 
32 131 16.783 0.39 0.22 
33 104 12.234 0.53 0.20 
34 115 7.377 0.54 0.18 
35 101 0.05 0.53 0.20 
36 102 0.10 0.39 0.16 
37 0.10 0.42 0.23 

Config 4 0.49 
Overall 

were not 
calculation. 

and effluent 
concentrations. 
3 Not included average. 
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3.15a: 

Figure 

... 
Q 

O,g 

3.39 

or sm(P 0) 

I 

~ ': ~ wJJ~,-'-'-!L ~ 
3 5 7 9 II 13 15 17 19 21 23 25 27 29 31 J] 35 37 

Sewage Batch 

P content 

Polyphosphate 
mgP/mgPAOAVSS) in UeT "U"T"'rn 

(P AO) P content 
batches 2 to 21. 

1,2 -r------..",;;,~=======~====--------__. 

~O,8 
..Q 

~ 
;- 0.6 -

~ 
::: 
e 0.4 
il. 

0.2 _ 

0-, , 
2 :) 4 5 6 7 6 9 10 11 12 13 14 15 16 17 16 19 20 21 

Sewage batch 
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Table 3.l1b: Calculated 
model. 

0.07 

0.08 

0.06 

0.09 
0.10 
0.09 

0.07 
0.05 

0.085 

0.041 

0.235 
0.151 
0.351 
0.189 

0.209 
0.495 

0.405 
0.297 
0.071 
0.155 

3.40 

<;.l .... UVH.;) for fixed 

0.13 

0.13 
0.13 

0.13 48565.87 
0.13 5838934 
0.13 46099.64 

0.13 52020.51 
0.13 40500.54 

48607.33 

0.13 
0.13 44558.11 
0.13 47168.56 
0.13 49383.06 
0.13 65084.42 
0.13 49396.97 
0.13 52924.08 
0.13 62179.61 
0.13 51204.70 
0.13 

of 1 In 

7.301 
1034 10.332 
8.50 8.524 
8.25 8.26 
1034 10.332 

6.66 6.638 
12.04 12.034 
18.91 18.935 
16.78 16.783 
12.22 12.234 
7.38 7.377 
8.29 8.299 

1 The influent RBCOD concentration used for these sewage batches were not 

mgCOD/I was used for the calculation. 

et (1990) 

0.41 

037 

0.35 
033 

0.38 0.13 
037 0.10 

0.35 .013 

0.33 
0.13 

0.13 

0.35 
0.32 0.19 

0.15 

2 Determined from the difference of the floc filtered influent and effluent COD concentrations. 
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Table 3.1 fsup, and fractions sewage batches 2 to 21 of the system 

usmg et (1990) model. 

Sewage Sbs;2 fs,us fXBG/' fs MXv(calc) IlP(calc) IMXv(meas IlP(meas) fav,oHo f,.,PAO 

Batch inf i:!: inf 

21 103 0.08 0.612 0,068 33083.5 18.82 33070.7 18.85 0.43 0.14 

3 92 0,04 0.563 0.04 32945.4 16.58 30212.4 16.58 0.58 0.l3 

4 1 89 0.05 0.563 0,030 27702.2 17.45 27735.5 17,45 0.56 0.l3 

5 40 0.05 1.297 0.053 28044.7 17.65 I 28003.3 17.67 0.57 0,06 

6 I 37 I 0.05 7, 27799.4 5.2 27744.0 17.19 0.65 

7 57 0.03 0.775 0.043 I 28636.0 14.9 28656.3 14.88 0.58 I 0.07 

8 102 0.05 00405 0,04 26452,6 16.37 25082.7 16.37 0,60 0,16 

9 143 0.03 0.340 0.04 I 29532.9 17.00 26746.7 16,96 0.57 0.20 

10 92 0.05 I 0.595 5911.3 15,72 24712.3 15.73 0.63 0,12 

11 0.07 00405 0.04 24525.6 14.55 24041.8 14.55 .0.59 0.17 

121 92 0.04 0.7555 0.044 26,862,9 i 19.49 26835.7 19.51 0.54 0.12 

13 109 0,06 0.502 0.04 24774.0 I 17,62 23654.3 17.60 0.58 0.18 

14 92 0.05 0.756 0.04 25023.3 20.58 23800.0 20.57 0.61 0.14 

15 92 0.09 0.334 0.04 26381.7 11.53 24491.3 11.55 0,62 0.13 

i 16 73 t 0.08 0.235 I 0,04 24545.3 7.33 23358,0 7.34 I 0,65 0.09 

0,08 0.214 26550,6 12,55 21964.0 .... '"', 0.25 

18 78 0.06 0.220 v. v,~v 0.13 

19 23727,9 17.69 23698.0 0.l3 

J 
20 102 0.06 0.048 0.04 38004,7 4.96 26350.0 4.97 0.55 0.17 

I' 21 92 0,08 0,301 0.04 28616.8 9,71 1865 .J 9.71 0.57 0.14 

A· 92 0.08 0.495 0.069 29403.3 15.01 26027.0 15.00 0.56 0.14 

I The influent RBCOD concentration used for these sewage batches were not the average of 

92 was used for the calculation. 
2 Determined from the difference of the floc filtered influent and effluent COD concentrations. 
J.The fraction of the UCT was only determined while the was monitored i.e. up to and 
""""UUll'J4 sewage batch 21. 

value to match the measured VSS mass is due to and low COD mass 
balances - see Appendix E. A minimum value of 0,0 was accleptelQ. 
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and 0.991 

it can be seen 

to the large variation RBCOD 

3.42 

between 

HUll.!."",'VU of 

fraction is directly proportional to influent RBCOD concentration (overall 

"1:','4UU'U was 92 with a standard deviation of of the RBCOD in this 

mgCOD/I). I"V .... I""fl"{'! since the model et al. (1990) uses influent RBCOD 

COD P AOs which in turn determines the P AO 

mass which is the largest nrClnortlcm P removal 

period the fXBG,p fraction with the same 

was monitored (Le. to sewage batch 19) the model of 

Although from 

PAOmass 

the effect (i.e 

state model, a 

is expected with a constant P content 

or low fXBG,p change 

does not manifest but gradually as PAO mass (and 

or down in to the influent RBCOD CDrlCelltnm 

This adjustment can 

RBCOD VV<"_,",U"""LH./U 

decrease UA,VL"' .... J'" 

one or more depending on 

BEPR model assumes 

"'Vl1"''''HU';U1\,/U will result an 

3.15b shows 

UCT """TF'TT! 

et al. (1990). 

concentration 

This is 

P removal) adjusts up 

a new steady state. 

of the 

state conditions a 

( decrease) in 

because now a lower (higher) theoretical mass has to account P 

removal from ---a,---- (lower) influent H .. I.../"-"'"".I...I' concentration prevIOUS 

Despite the variation in reasons given Figs 3.15a and 3.1 it 

can be seen fXSG,p UCT system is greater than for 

external (0.291 

While fxsG,p value in system m 

nitrification because the COp ( and measured 

external system, the of the difference cannot be 

by only the in COD balance. 
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3 

P content of BNRAS external nitrification 
control system 

lere:tore be 

1.2.-------1..l~"---____________ ____, 

2 3 4 5 6 7 6 9 10 11 12 13 14 15 16 17 18· 19· 

Sewage Batch 

that even at 100% COD balance in both QUQlrprn 

UCT 

value 

nitrification system than the UCT system. This is in conformity with 

and Wentzel, 1999)-

significant anoxic P uptake ( > 40%) show ( at about 2/3 rdS) than systems 

aerobic P uptake BEPR. In this investigation the UCT system exhibited 100% aerobic P uptake 

(see mass balance the in Appendix while in the nitrification 

system, the P uptake took place in both main anoxic (56%) and aerobic (42%) reactors 

respectively. lower with anoxic P uptake can explained biochemically. Aerobic 

metabolism provides a higher (3 A TPs per e- pair traJlsrcerr~~d for the and hence 

P removal anoxic metabolism per e- pair transferred). 

For same wastewater source, one \;;>AIJ\;;>\;;>'';:' a relatively constant N 

fed Mitchells Plein wastewater is case- et al. (1997), Mbewe et 

(1995), et (1991) Mellinet (1998) foundfs,up aroundO.lOtoO.13. 

However, this is not the case for NDBEPR systems - Clayton et ai, (1989), Musvoto et ai. (1992), 

Kaschula et ai. (1993), Pilson et ai. (1995), Sneyders et al. (1997) and Mellin et at. (1998) found 

widely varying values from 0.04 to 0.3 5 mgCOD/mgCOD for the Mitchells Plein wastewater 

as is in this investigation. These widely varying fs.up lead to widely varying 

active fractions K z' denitrification rates (Ekama and Marais, 1999). In to establish 
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sensitivity fxsG,p fraction to 

al. 990) ... v ... , ... , the 

UCT 1'/'\"1"1",./,\ 

3.11b). 

3.44 

a constant value 0.13 was 

the fs,up fraction in the Wentzel et 

external 

measured 

for constant and calculated 

system and 

the 

are compared 

graphically for the external nitrification system in .18 showing the 

both the and fs,up fractions. 3.18 and 3 .ISb it seen that a large change 

in the fraction from the initial value to 0.13 is not accompanied by a 

that the 

to the 

IS HL""v",.;" to the 

In'''v ..... <<.''T~U .. u'~"'a ... .,'" the BEPR, P removal 

of the 

are 

theoretically linked at steady state to the influent RBCOD concentration i.e. this concentration 

was not changed with varying 

eXl:lern'a.! nitrification system, both 

relative difference in between the UeT control and 

the same wastewater for 21 batches, is 1-h"'''''T''''''' 

not a consequence the fs,up variation, but rater a consequence of system behaviour. 

3.18: dependence on fsup fraction for the nitrification system. 

300 
~ .. 
.!. .. 
'" 

200 

'" .. ... 
'" .. 

100 Q ... 
'" 'Z" ,. 0 :t:.. .. 
'" '" .. ... ·100 
'" .s 
~ 
" ·200 

Sewage Balch 
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3.6 FILAMENT IDENTIFICATl!ON AND SLUDGE SETTLEABILITY 

3.6.1 Filament Identification 

Approximately every four of mixed were taken the aerobic reactors 

ofthe nitrification UCT control for microscopic analysis and filamentous 

5uu.".u identification Appendix F details). was filaments 

occurnngm 

same type 

During 

systems this investigation 

relative abundance of filaments are similar to that 

or not the 

scale plants. 

{i.e. from day 1 to day "' ....... vu.., were 13 

over 37 sewage va,.,",,,,_,, However, as mentioned 

was tested monitored for the system compounds only a part of this i.e. days 4 to 

P<L.<JLUU;'5 sewage v ...... ", .. ".., 2 to 21 F or the 13 identifications on each c"(!1~"'rn 

% frequency of and occurrence were as the times a particular 

filament was dominant (most abundant and (observed). The results are 

summarized in 12. Comparing the filaments identified in external nitrification and 

those identified Blackbeard et al. (1988) in 

scale nutrient plants in South it occurrence M 

parvicella, 1 at both laboratory and full evidence 

the filament of external nitrification UCT systems are similar to scale 

plants are all of the low FIM et 1984) or (AA Casey 

et al., 1994) types. 

3 .12, the most frequently dominant filament in both the external nitrification (EN) 

and was M pavicella (69 and 85% respectively). From the survey nutrient 

removal in South Africa by Blackbeard et al. (1 M parvicella occurred in 76% 

and was dominant in The next most frequently dominant filaments the EN system 

was type 1851 the of the sampling time; type 1851 

was never (0%) to be the UCT "",,'rpm 

F/M (AA) u .... ,,, ... u .• '" that were nn''',",T1ifPri to present the most 
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Table The .l.JV'uuu .... ,........ and Occurrence of filamentous 5c,uJl1i>U'i> in the 

lU,","'.UVH and VCT 

Filament 0, (%) Occurrence (%) 

Ext VCT Ext UCT 

M. Parvicella 69 85 81 92 

Type 1851 25 0 44 31 

Type 021N 6 8 25 8 

Type 0092 0 0 13 15 

Type 1701 0 8 6 15 

S.Natans 6 0 6 0 

H. hydrosis 0 8 6 23 

Thiothrix 0 0 0 8 

Nocardia sp 0 0 0 8 

In were M parvicella, which occurred in 8 92% of 

Thus type 1851 type 0092 1 and 15 

important IllalII1c:ms in the VCT "'''C'T~'rn were the low 

most 

in 23% of the " .... UIV1\~., analyzed VCT "U"T"''''''' Jenkins et al. (1984) 

associates filament with Dissolved (DO), low and 

cOllcentratl~:ms of nutrients (N P) in the influent fed to the 

deficiency. 

system were 

(i.e N>50mgNIl P> 17mgP/l) therefore deficiency was unlikely to 

Further, in the reactor was 2 and 5 

categorization as a filament H can 

... ",,..,,,t,,,"P reasonably categorized as low F 1M "' ..... , •• u .... et aI., 1984). Casey etal. (l did 

not include hydrosis as an filament and the filament ""F\1"''' of South African plants; 

Hhydrosls occurred in of plants but was dominant in 

Type 021N was dominant in 6% and 8% of.., ..... ","' .. .., .... and occurred in and 8% 
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from EN systems respectively and Thiothrix was never dominant in 

occurred 8% the system. 02lN and Thiothrix are sulphur 

accumulating organisms and are seldomly observed full scale nutrient are 

observed more frequently in lab scale systems. 02 is often with septic 

wastewaters in and presence In biocenosis is probably due to 

of too i.e. up to two albeit at 

nutrient was unlikely and type is not classified as an AA et 

al. (l that the occurrence of filament in both (i.e dominant in 

the during the same sewage was a consequence 

conditions under which the uu. .... "'u was or systems were (Le. 

cleaning of pipes reactors the most likely reason. Although 

type is not listed frequently occurring full plants (Blackbeard et 

1988) it been reported systems to this 

(Musvoto et al., 1 Kaschula et al., 1 Casey et ai., eta!., 1 Sneyders et al., 

1998). 

3.6.2 Sludge Settleability 

The the single-sludge systems 

(COD) removal to include, nitrification, denitrification, phosphorous removal, 

all biologically has with it a new set difficulties. As mentioned 

difficulties is occurrence of filamentous bulking. filaments (named AA by 

et al., 1994) produce a poor sludge which limits treatment capacity 

of nutrient removal plants through decreased In of solids the liquid 

phase in settling 

(1994) proposed an hypothesis for the proliferation of anoxic­

nitrification-denitrification (ND) 

""''''''',,'-'U biological excess phosphorus removal (NDBEPR) "'/101'"'''' IS 

as follows: 

"The majority classified their morphological 
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characteristics as 

are 

{errne{llla[~~sNO and N20. The 

are nitrate reClUcers only; under 

3.48 

utilize oxygen under 

organisms are also aerobic-facultative but 

conditions reduce 

"When sludge is exposed to .... .,,, ...... u.F. anoxic-aerobic conditions (NO; andJor 

",.,."":",,.t~1" throughout ..... L'-J''''- ..... period), nitrite is " "',.."T.,.' 

to ga.s with some nitric oxide (NO) 

the anoxic 

When a 

forming with intracellular NO is subjected to conditions, NO inhibits the 

utilization of r\v'I1,u'n while NO is TWF''!Pt'H under aerobic conditions, the 

with or N02' due to intracellular inhibition by NO 

'7'I't1n",,, mediating the transfer to oxygen. Under anoxic conditions, 

filamentous do not 

accumulate NO intracellularly. these 

utilization of nv.I1fT" .... (and hence substrate) under ""1.1';""'4 

m 

conditions. 

"With intracellular NO inhibition Hl"'U"''"U. floc-formers are placed at a 

........... 8- with ""'''''''''''T to the competition for substrate 

conditions. Consequently, the filamentous F."" ..... "lU'"' utilize a ('f ... "'·"'T~' ... proportion of the 

sutlstrate under conditions than would if the floc-formers were not inhibited. 

With -.LVUU.l" .... organisms inhibited, the filamentous organisms increase their 

mass the sludge each to aerobic conditions, leading to the condition 

referred to as a bulking " 

it is difficult to measure gaseous of (e.g. NO), the ionic 

reactants can be it is the and 

reactor preceding an reactor which the best 

extent of denitrification the 

by is inhibited on to conditions. 



Univ
ers

ity
 of

 C
ap

e T
ow

n

3 

From results of this "'~"""'" the HUl "'Lv plus concentrations (mgNOx-N/I) 

mam reactor of the pvt'pn,,,, nitrification control system were found to be 

2.77 NOx-N/l and 1 NOx-N/I respectively. The high concentration leaving the main 

anoxic reactor external nitrification was intentional maintained dosing 

of nitrate directly to this reactor in order to establish denitrification potential the reactor. 

Although> 1 mgNOx-N/ll~ft anoxic reactors of both the nitrification and UCT 

a reasonably good 1HF.,J1 ..... ' .. F.'"' was observed both systems. 

The mean diluted volume index (DSVI) and the NOx concentrations leaving the main 

anoxic reactor measured during 37 sewage are shown plotted in 

sewage 1, settling sludge (DSVI - 1 

progressively improved batch 6 to 27 at which 

the investigation the DSVI steadily 

to 150 DSVI, although below a 

direct result of change external nitrification "'u"",,: ...... 

3.1 From 

DSVI 

70 mllg. 

from 80 mllg 

150 ml/g), is a 

mass 

fraction and stone column external system was with 

sludge system which to a significant improved nitrification the 

mass to 30% Casey et al., 1994 to be aerobic mass 

fraction at which filament proliferation is at a at the of the mass 

fraction (30%), the sludge was increased from 8 to 10 days a 1: 1 mixed liquor a-recycle 

the anoxic reactor was installed. All led to nitrate 

load on mam reactor and a 

and nitrite concentration the 

is Appendix C which shows 

denitrification potential 

reactor (see 

investigation was 

which the NOx concentration was a"'''''''''T<l > 1 mgN/L This observation i.e. an .,('r'p<H1'" in the 

NOx concentration leaving the anoxic reactor with the in aerobic mass fraction with 

the simultaneous increase in the supports the hypothesis of Casey et al.{ 1994). period 

was also time in which aerobic nitrification was significant which meant 

external nitrification now supported nitrifiers to higher NOx 

concentrations. is evident in 3.20 which DSVI 

and NO,( it can seen that the follows the in effluent 
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NOx corlcelntnltlo 

of an 

sludge, 

and left a 

BNRAS system consistently 

sludge settleability as the 

smaller settling tank 

system, as demonstrated 

nitrification system. 

Figure 3.19: 
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u.,.,."n.,. DSVI of the investigation was 94ml/g 

80 to 100ml/g. 

settled very rapidly in the 

the internal or final settling tanks. 

and did not 

a new sewage batch was fed, was that it did not 

nitrification investigation confirmed that the "v1'",",,,, 

settling sludge. Indeed the system 

g:resse:Q and the improved settling Chllra'cten 

allowed an in the treatment 

4 to this investigation into the BNRAS """'TO ..... 
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3.20: Relationship Dilutes Sludge Volume Index (DSVI) and 
COIlcemr:it1cm for batches 1 to 
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4.1 

CHAPTER 4 

CONCLUSIONS AND DISCUSSION 

4.1 INTRODUCTION AND OBJECTIVES OF INVESTIGATION 

expansion ofthe activated system to progressively include nitrification denitrification 

brought with it a new set of difficulties and 1999; 1999b), ones 

the for organism bulking and 

treatment /disposal of supernatants generated from the sludge and solids handling. 

this investigation was on nitrification and in particular external nitrification. 

focus of 

BNR activated "''''''"''F''.'' (BNRAS) system, the ...... '''' ... ,,''' ... to nitrify "'".'" ..... lvuofthe 

two linked parameters, sludge and the mass fraction. The for nitrogen (N) and 

phosphorus (P) removal sets a requirement for a part of the to be unaerated, for anaerobic 

to stimulate P removal conditions for N removal. In N P 

plants, the unaerated sludge mass fraction usually to be high > 40%, causing the aerated 

mass fraction to be , i.e. <60 %. compensate, to ensure near complete nitrification, 

long to selected 20 to days. Such long m 

biological reactors MI wastewater (WW) tre;ate.l. 

of suspended solids the """"''-'LJlV'' 

governed by the requirement to nitrify, but rather the N 

will no longer 

(denitrification) and P 

removal processes. For both these a reduction in sludge age increases 

respectively Nand P removal per mass load (WRC, 1994; et ai., 1 

provided the sludge age remains longer than some 

removal and organisms. Indications are that, if 

the .., ..... ~.jJ"" ........ '''' uncoupled, sludge 

10 days. This will result a about 

volume ""'""''''"Tper MI 1/3rd, or 

limit to of P 

to than from 

in the biological reactor 

the treatment 

some 50% 

accommodated). 

secondary tank area 

With the above as motivation for BNRAS system intensification, external 
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4.2 

nitrification system was investigated with the ""IJ~'~H,'~ objectives being to: 

1) Establish a stable population of nitrifiers on a fixed media external 

nitrification 

2) Double the volume the wastewater treated thereby one the 

nitrification because of the now shortened 

3) conditions to anoxic phosphate 

4) the mass fraction in an attempt to qualify the effect aerobic 

fraction on anoxic P uptake. 

5) effect increased aerobic mass fraction on the settleability of the 

BNRAS system. 

To achieve alms 

one or a combination 

investigation, i.e. external nitrification in a BNRAS ,",v",rf>TT1 either 

and a fixed two can employed. Firstly, by installing a 

external nitrification system between the anaerobic and anoxic reactors, and/or secondly 

by directly to reactor. set up the laboratory as close as 

possible to the envisioned application the the first approach was adopted. However, 

in order to increase the nitrate load and ensure that the anoxic reactor was overloaded with nitrate 

was dosed directly into the main anoxic reactor as a concentrated solution to 1 mgN/ml, 

to maintain the nitrate load on the main anoxic reactor slightly in excess denitrification 

potential thus some to enter the reactor. system 

Tl"<>,r"nr\" were initially 10 20°C, 0.85 resoe<:tlv'el 

on the P release the a 0.1 mass 

Dn~~anO;KlC reactor was set up ahead the anaerobic to 

return ",-",,uVn.LV reactor was Hv'~v;:);:)'U to ensure a near zero nitrate "VA.''''''''''' 

in the flow ","1-",1"'" reactor. 

During the investigation, which took place over a day continuos period during which time 

37 sewage batches were fed, 4 different configurations were 

1) From day 1 to 30 1 to 3) Configuration 1 as defined 

2) From 31 to 154 (sewage batches 4 to 20) Configuration 2 in which the influent flow 
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3) 

4) 

4.3 

was doubled from lid to 40 and .:>1 .... ' ... "''' 

day 1 

decreased to 30 lid, 

'"'''Xl''''''''' batches 21 to 

aerobic mass fraction 

reduced 10 to 8 

was 

at the ","v.,.,,,,"""," of the 

reactor "', .. ' ..... ,,'''' stone column (l.5m) replaced with a longer stone 

column (2m) to ".""''''"''''' time, an a-recycle of 1 : 1 aerobic to .;.,,u'V.lU'" reactor 

8 to 10 

From to 3 7) '-"'''UH::''.'' which 

stone column UHl'iU'"i was replaced with a 

sludge 

evaluation 

summarized 

results of this investigation, which place over a 373 day period are 

by a '"u,,"' ... ,;,"U)'U in Section 4.6: in Sections 4.2 to 4.5 

SYSTEM COD AND N REMOVAL PERFORMANCE 

1. the 373 investigation 37 batches were to the '''''''',PYTl 

the ';"''''''''C'I'> COD balance in the pvt.,I""t'I!'I nitrification (EN) biological nutrient removal 

activated " ..... , ... l".'" (BNRAS) was 80%, the average balance 91 %. Although 

considerably than 100%, these are not considerably lower COD 

... " .. , ..... ,·v"''' observed in investigations on nutrient removal """1tp",, The low COD 

were of ;:111,.1'.1."'';;; losses due to HU'''''',", 

."'''''HjlUl''. in low VSS masses system. low 

unbiodegradable COD U"'''''''''U al~1:el1TIlnal10n and 

rate, U''''''''"'"''';;:' these (see 9 and 12 below) 

2. cOllce:ntI'att~a solution nitrate (0.5 to 1.25mgNO}-N/ml) at lid 

to the anoxic reactor increased influent TKN/COD from around 0.08 to 

14 mgN/mgCOD. system produced an effluent total N concentration 

3. The per'ceIlta,!e CO D removal in the EN system was 91 %. Of the 100% . , 
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of influent COD, 10% out of the system effluent, 31 % via the waste 

12% the nitrifier, 14% and 13% via oxygen 

........ ..,"' ..... with 20 % unaccounted for. 

average percentage N removal in the EN BNRAS system was 72%. Of the 100% 

influent passed out of the effluent as TKN 

18% via waste 5% the nitrifier and 38% via 

U''',QUVll. with 9% for. reason for such low N removal is 

poor nitrification in the fixed media stone column leading to high effluent TKN 

concentrations (see 11 below). 

5. The overall average 0,451lm membrane filtered effluent COD concentration from the 

system was giving an influent soluble 

0.075. 

6. filtered effluent TKN concentration was not and thus the upbiodegradable .. 

7. 

8. 

soluble TKN fraction (fnll) was not However, the overall unfiltered 

TKN concentration was 18 mgN/I 4 above and 9 below) 

[l1l2:au()n rate (OUR) oatcm::s 1 to was 

mgO/l reactorlh for batches 21 to 37. 

OUR was due to the increased aerobic mass fraction for Configuration 3 and 

4 which and because in 3 the 

media stone column took place the 

reactor, is below (-50%) that a 

conventional BNR system U", ... QU"", (i) most of the nitrification .... "'.u ..... " ..... is obtained 

"free" in the external nitrification system and (ii) 

carbonaceous oxygen demand. 

nitrate so generated reduces the 

The TSS and VSS COIllcerllraUOIlS in EN BNRAS were system 2628 mgTSS/l 

and 2163 mgVSS/l giving an VSS/TSS ratio of 0.82. 
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9. To determine the unbiodegradable particulate 

;':U"'CP'TT'I the appropriate was selected so the 

BEPR model of Wentzel et (1990) was equal to 

readily biodegradable 

Sti) the C'UC1rpTT'l 

found for the EN BNRAS system. The 

the influent sewage to 

VSS mass with 

the 

of 0.1 1 was 

hetel:otronhlC (OHO) 

polyphosphate accumulating (PAO) fractions of VSS which are required 

to define denitrification rate (K2')and P content of P AOs (fXBo,p), were 

also obtained from the procedure 12 and 16 below). 

4.3 NITRIFICATION AND DENITRIFICATION 

10. In this investigation primary aim was to establish a stable nitrifier population on a 

11. 

fixed that nitrification could be to fixed media system 

enabling and the suspended solids However, 

to the by flow rate to this 

investigation about flow bypassing the 

as internal underflow) maximum nitrification completion was if 

the external nitrification system ammonia concentration was zero. 

Initially the media stone column nitrifier produced a low ammonia 

which ret)re~;ented an 88% efficiency in the 

nitrification system. due 

below 50% 

concentration, ... P.T'''''''''" 8 and 62mgN/1. In 

infestation the 

the external 

efficiency and 

replaced 

Psychoda infestation, a medium Pv1·"' .... '''' nitrifier 

suspended media SC to facilitate the nitrification ,... .. r."",,,, 

medium nitrifier produced a ammonia concentration of9mgNIl and 

produced an nitrification of 72%. It was also that the period 

while the continually suspended AU"'·~H".UA nitrifier was employed, was only 
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12. 

period measurable (>=0.01 mgNOz-NIl) nitrite concentrations were In 

the outflow the nitrification .. ",<"r .. TY1 

the EN BNRAS system an ,,"''''(liT''' of 29mgN/1 ... ,ty·"t", was in the 

anoxic reactor so the anoxic reactor there was "',TT·""'''' 

denitrification rates could be calculated from this "''''''''T'''' nitrate 

13. substantial anoxic P uptake (56%) was In BNRAS "v", ... rn 

.... "' .... LA'", .. was by heterotrophic 

(OHOs) and the polyphosphate accumulating organisms 

contribution of PAOs to the denitrification rate was to be 

anoxic uptake the nitrate equivalent readily biodegradable COD taken up by 

the reactor (determined the et a1., 1990 state 

model-see 9 above), Pupt*RBCOD taken up by PAOs/8.6 where 

is the nitrate denitrified. With approach it was the 

contribution P AOs to the rate is quite - only 17% 

the total because they relatively little COD with the OHOs. The 

average OHO and denitrification rates (KZ"OHO and "PAO) were found to be 0.1 

mgN03-N/(mgOHOA VSS.d) and 0.0496 mgNO)-N/(mgPAOA VSS.d). observed 

removal in 

then the 

anoxic reactor (overloaded nitrate) were attributed to the 

<> ..... ,.vu rate (K2') IS 0.1379 mgN03-

N/(mgOHOA VSS.d). This j rate the same bases as the K2' In 

esugauuns by Clayton et al. (1989) and Sneyders et al. (1998) in 

.. U.H'CU"''''' was observed found K2' rate to be 0.255 and 0.0711 

mgN03-N/(mgOHOA VSS.d) respectively. In investigations by Musvoto et ai. (1992), 

et al. (1995) and Mellin et (1995) significant anoxic P uptake was observed 

they K2' rate to be 0.181 and mgN03-

N/(mgOHOA VSS.d) 
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4.4 BIOLOGICAL EXCESS PHOSPHOROUS REMOVAL 

14. effluent P COIlcemniLlcm the EN system were kept 5 mg/l by dosing 

P to the This the "''''''''''' ..... <=I"''''''''''-'p. P removal capacity of I mgP/1 

influent or alternatively 0.015 

average P of 31 

took place both and 

respectively. The latter translates 

and main anoxic reactors reSDectl 

main anoxic reactor 

on the au,;'"-",, P uptake. The low 

in the p.vt'-TTl'" 

"", .. rH,\'£, mass 

to be measured. 

in the reactor and the P uptake 

anoxic reactors with 13 and 21mgP/1 

in the aerobic 

investigation, a too low nitrate load on the 

nn.·"' ..... /1 to a detrimental 

anoxic reactor was by a low 

m1t"~;1l"11nc2 and 3) 

sludge and internal nitrification. This in tum led to a nitrate 

recycle to anaerobic reactor much for pre-anoxic to denitrify), ultimately 

the P removal was reduced to 8.1 mgP/L 

From of Wentzel et ai. (1990) the P content P AOs was· 

the value(mgP/mgPAOAVSS) the LUV .... "'L 

.. ",,.,"''''.,<1 equaled measured P An 

mgP/mgPAOAVSS was for the EN BNRAS In by 

Clayton et at. (1989) and Sneyders et al. (1998) which no P was 

the fraction was found to 0.388 and 0.471 mgP/mgPAOAVSS 

respectively. In investigations by Musvoto et al. (1992), Pilson et (1995) and Mellin 

et (1995) which P uptake was observed, fraction was 

found to and 0.280 mgP/mgPAOAVSS Comparing the 

in this those obtained in earlier investigations 

we see that fXBG,p.is lower when «11'U'./\. ..... P uptake is observed when aerobic P 

uptake is observed. 
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FILAMENT IDENTIFICATION AND SLUDGE SETTLEABILTY 

filament bulking hypothesis of Casey et al . (1994) describes a bulking IS 

the of nitrate and (NOx) from 

aerobic reactor. If these concentrations are high 1 mgN/l) in conjunction 

mass «0.70), then a bulking sludge with > 150 ml/g would prevail. 

analyses were out on EN system approximately 4 weeks 

17. 

18. 

most dominant rUl,VA,1" Aerobic low filament was M 

parvicella, while type 1 1 and 

Type 1 N occurred but 

was probably to aging 

are almost always observed in full 

10e:ntl!leO as secondary filaments. 

filament ( Jenkins et al., 1984) 

storage. type these 

NDBEPR systems (Blackbeard et 1998) 

average 

was 2.8 

BNRAS ",,,,;,rS"1T\ 

stone column external nitrification """,,,,"',..,., (Configuration 3) 

concentrations leaving anoxic reactor in the 

was 

to 30% at 

from 8 to 10 

was 

and a decreased 

the outflow 

activated sludge system which to a 

,..,r{'\,,,,,,{1 nitrification efficiency, the aerobic mass was 

anoxic mass sludge was increased 

and a 1: 1 mixed liquor the aerobic to the ~.V'L"~ reactor 

to increased load on the main reactor 

."' ....... vupotential to high and nitrite concentration 

the anoxic to the aerobic reactor. 

The mean DSVI in the EN system was 94 mllg (standard deviation 27). This 

is ideal (between 80 

at the start the 

to -150 

nitrification c""1r",",, 

,.., .. r.nn was the time which 

fluctuations in the from 

the investigation and 

is a direct result change external 

mass and age. 

aerobic nitrification was significant which 
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meant that the system now supported nitrifiers • ___ .. ,' .... to effluent 

concentrations (see 18 above). This Le. an in NOx concentration 

leaving 

simultaneous 

.. """"roTrW with 

in the 

and the 

supports Caseyet 994). 

4.6 DISCUSSION 

external nitrification biological nutrient removal ''''''-, L'-"U allows 

a step in Evaluation of the at laboratory-scale U1Ucl",aLL"'" 

that scheme holds '"'v.> .. ,., •• ..,H ....... reductions in sludge and 

oxygen demand significant settleability. Because the BNRASS is 

not to nitrify, considerably enlarged at the of 

aerobic mass fraction creating conditions (i) allow it to achieve removal with 

anoxic P uptake wastewaters with TKN/COD ratios (ii) 

to in the 

behaviour observed in external nitrification BNRASS indicates 

(>56%) anoxic P uptake aerobic P uptake. stimulate BEPR 

behaviour, it appears that (i) a high load and anoxic mass fraction are required to 

ensure the denitrifying PAOs are not restricted P and denitrification 

aerobic mass fraction is required to activity. first 

uu." ... "",,. TKN/COD ratio. this is too low «0.14 mgN/mgCOD 

the then the 

the denitrification potential ofthe reactor. From investigation, too Iowa nitrate load 

on the anoxic reactors detrimental to the development of anoxic P uptake. A possible 

solution is to increase TKN/COD ratio of wastewater by including primary 

sedimentation. In enhanced sedimentation essential to 

facilitate acid fermentation to generate additional fatty (VF A) 

readily biodegradable and are required to counter 

the observation that, previous observations on conventional activated 

(Ekama and Wentzel, 1 the P uptake was reduced to P 
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uptake, resulting in a similarly reduced BEPR mass load. Including 

sedimentation and acid U .... l.a ..... lvuofthe primary sludge will reduce overall load on 

system .. " .. "' .... rn volume oxygen 

TKN/COD and ......... 'JU, which stimulate more DP AO 

in the system at OHOs. 

an to ncreasmg the TKN/COD ratio wastewater, it is possible to reduce 

anoxic mass fraction correspondingly aerobic mass fraction. 

mass fraction will favour aerobic P uptake BEPR behaviour. In evaluating the 

performance of the external nitrification ,,,,,;,,,p",, with small aerobic mass et al., 

1999), it that P to be compared to aerobic P 

uptake. Also, m large reactor was complete, with an 

denitrification influent wastewater TKN (nitrate had to dosed to anoxlc 

reactor to fully utilize the denitrification potential); a denitrification point view the 

anoxic reactor was in Further, in attempting to develop anoxic P 

enhanced cultures (Hu et al., in it was not found to develop a and 

anoxic P .... "'''''''." .... process was considered unreliable and unstable reliable implementation 

at scale. 

to a of importance aerobic mass fraction. Inclusion 

of anoxic P uptake PAOs in, and exclusion of aerobic P PAOs the of the 

BNRASS liquor are not essential BNR in external nitrification scheme. 

In fact, inclusion maximization of aerobic P uptake would appear desirable to H .... ''''-uuu ...... 

However, conditions promote aerobic P uptake BEPR, are conducive to 

and internal nitrification. Although exclusion of nitrifiers from mixed liquor 

the was considered this is necessary as long as virtual complete 

nitrification in the external fixed/suspended media nitrification system is obtained to limit 

. nitrification mam complete nitrifiers not prove 

possible not be to their growth, 

are external nitrification ''''''' .... rTl 

complete a." •. "' ...... ,,, nitrification, the nitrification the 
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will be limited the ammonia bypassing the external nitrification system with the internal 

settling tank underflow. if produced the aerobic reactor is prevented 

the anaerobic reactor with the underflow recycle by the Dn~-anO:X1C 

reactor. However, should complete nitrification not obtained the 

.,.,,,:,,,prn then will be reactor of the If the 

aerobic reactor nitrate will become with 

nitrate, resulting in nitrate to the anaerobic reactor and a reduction in 

if nitrification were not included in the ammonia would leave 

the the which is a desirable situation. 

Recognizing the ~'''''''F>'-'' of including aerobic in the system, and in fact that including 

nitrification in the "'\fC''I'"",.,.., is not entirely ..... , ..... ,," emon<:lSlson anoxic mass fractions 

to anoxic P uptake process the system has changed to of increasing 

the reactor mass fraction, to stimulate P research on 

aDt)ea:rs promising, in that the aerobic mass fraction appears to 

surprisingly, also anoxic P uptake. This is in agreement with literature: In an 

et (1 an anaerobic/anoxic 

batch reactor system did not stimulate However, when a 

short , period was stable with anoxic P uptake 

P uptake) was it would that an aerobic period be "''''",.0.1''1'1', 

for stable P uptake. Recognizing that the anoxic P uptake DP ADs are facultative 

v.E, ... U.hH.U ..... , including an aerobic reactor would provide opportunity for aerobic metabolism 

these organisms, addition to anoxic metabolism. Biochemically, aerobic metabolism 

a higher energy yield the organism metabolism, and this higher energy 

yield may provide the biological DP ADs to stably in 
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APPENDIXB 

\I Nitrogen Mass Balance. 
\I COD Mass Balance. 
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In order to test accuracy of the measured system response data, nitrogen COD mass "' ..... ,. .. "',"' ... 

were on are discussed and illustrated by an .... "'UHAVA'" 

data batch of the BNRAS (see Bl B2 

L NITROGEN MASS BALANCE 

daily mass of nitrogen that enters the laboratory system in the of the nuI .... "'u TKN and 

nitrate dose be for as follows: 

i) is denitrified. 

ii) Nitrogen waste sludge. 

iii) Nitrogen utilized in the external nitrification system. 

iv) Nitrogen the effluent i.e. TKN plus nitrate and nitrite. 

1.1 

In the external nitrification BNRAS ",,"1~"'rn 3.1) mass the nitrogen 

denitrified is calculated by carrying out a mass balance around the pre-anoxic, anaerobic and main 

anCIXlC reactors. If significant amounts of nitrite were generated it would have been necessary to 

the nitrate and nitrite in order to produce an accurate calculation particularly for the mass 

balance. as were no large amounts of nitrite produced during this investigation, the 

nitrate and nitrite can be together and is indicated by symbol 

The mass of nitrate and nitrite denitrified 

was calculated in the following way: 

pre-anoxic, anaerobic, main anoxic reactors and final 

Mass of NO x denitrified in pre-anoxic reactor: 

pre-anox = s.Q.(N0z + - (s).Q.(NOz + (mg NOx-N/d) 

of NO" denitrified in the anaerobic reactor: 
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I 

NfNO xd anear 

of NO x denitrified main anoxic reactor: 

NfNO;,:danox q.Q.(N02 + + n.Q(N03)dose + a.Q .(N02 + N03)aer' (1 + 

N03)IntSet- (1+s+n+a).Q.(N02 + N03)ano" NO,,-N/d) 

mass of NO" denitrified in the settler 

MNOxdSet = (1+s).Q.(N02+N03)aer - Q.(N02+NO))eff- s.Q.(N02+N03)eff NO,,-N/d) 

MNOxd 

pre-anox 

anaer 

anox 

aer 

IntSet 

a,s 

q,n 

= 

= 

= 

= 

mass of nitrite and denitrified 

main anoxic reactor respectively per day 

pre-anoxic, anaerobic, or 

NO,,·N/d) 

indicates NO" concentration in pre-anoxic reactor 

H ..... ""' .. ,."'" NO" In reactor 

indicates NO" COIlce:ntr<:!.t1cm CU1\J'Al'" reactor 

indicates NO" concentration in aerobic reactor 

indicates NO;,: concentration in effluent 

indicates NO" concentration external nitrifier 

indicates NO;,: concentration in .n1""·r'n'l tank 

ratios equal to 2 ] r",,,,,,,,,,,,,,"n 

flow ratios of nitrifier and ""t,,'<:It,,, dose 

Substituting the appropriate average values for steady state 36 of the external nitrification BNRAS 

you 

0.5*30.(0.03 + - 0.5 0.(0.05 + 0.08) 

= 42 mgNOx-N/d 

= *30.(0.05 + 0.08) - (1+0.5).30.(0.04 + 0.10) 

(here to zero) mgNOx-N/d . 

= 1 13 + 26.05) + 0 + 1 *30(0.09 + 3.82) + (1 +0.5-1.07).30.(0.03 + 

0.13) - (1 +0.5+0+ 1 ).30.(0.43 + 0.37) 
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B.3 

896 mgNOx-N/d 

MNOxd Set (1 +0.5).30.(0.09 + 3.82) - 30.(0.03 + 2.89) - 0.5*30.(0.03 + 

45 mgNOx-N/d 

Therefore the total mass of nitrate and nitrite (NOJ denitrified 

MNOXd pre·anox + MNOXd anear + 

::::: 42+0+ 

983 

1 Nitrogen in Waste Sludge 

+ 

Set + MNOxdanox 

mgNOx-N/d 

mass ofN in the waste sludge is by product of the ratio (Q and the mass 

of wasted per day. 

~' + 

where: ~ = (215.4)/(2332.75) 0.09 and Qws 20110 = 21/d 

appropriate values 

= 0.09*(2.2332.75) + 2.(0.09 + 3.82) 

::::: 438 N/d) 

1.3 

The mass of nitrogen utilized in the external 

and In and 

is the product of the flow to the ""v1-.>rn<> 

1.4 

The mass 

concentrations .. nT,:>,., .. leaving 

::::: 

q.Q[( N02 + NO) + TKN)Intsel- (N02 + N03 + TKN)Ex!] 

1.07*30[(0.03 +0.13 +32.19) - (0.13 +26.05 1.57)] 

set to (mg N/d) 

in the effluent is the product of the daily flow rate and the sum effluent TKN, 

and nitrite concentrations: 

= Q·(N1e + N02eff + N03 

30.(7.98 + 0.03 + 2.89) 
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327 (mg N/d) 

1.5 

% N mass balance is then by: 

= 100,(.rv1NOxd + + MNExt + I~J 

MNti is the mass of TKN the given by the product of the influent TKN 

concentration the daily flow rate 

Substituting the values calculated 

N 100,(983+ 438 + 0 + (59,06*30) 

= 99% 

2. COD MASS BALANCE 

The daily mass of COD (MSJ that enters the system should be accounted by: 

i) mass demand per day degradation carbonaceous material in 

aerobic reactor. 

ii) The equivalent mass """I OPT> demand day denitrification nitrate and nitrite. 

iii) utilized in the external ",it,,.,fT.:>,. 

COD mass in waste sludge. 

v) The COD mass in effluent 

1 

The total amount in the aerobic reactor is made up of nitrification oxygen 

demand and carbonaceous oxygen demand. Since nitrification, if any, does not consume any of 

nV"'i/UPT1 demand due to nitrification must subtracted from the 

the oxygen 

(by nitrosomonas) to (by both nitrosomonas and nitrobacter) is dlfierelnt 

being slightly (Le. 3,43 mgO/mgN and As already 

stated however, was never ",,,",,,,",03031 nitrite build the system which meant that 
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could be added to the nitrate and called NO". The calculation for the carbonaceous 

is as follows: 

demand 

Provided that the nitrogen mass balance is acceptable, the mass of nitrogen generated in systems 

MSno is found by calculating the mass Ua.1U,U ... ", of NO" around the aerobic reactor. 

= (1 + s + n + a).Q.[(N02 + N03)aer - (N02 + N03)anox] 

Substituting the appropriate values sewage batch 29 of the external nitrification BNRAS '''1<'1r''' ........ 

= 

== 

(1+ 

259 

+ 0 + 1).30[(0.09 + 3.82) - (0.43 + 0.37)] 

mgN/d 

. From the mass of nitrate generated, the nitrification oxygen demand (MOJ is given by: 

MOn = 4. 57.(MSno) 

= 4.57.(259) 

== 1182 

4.57 is 

mgO/d 

From the measured OUR (mgO/lIh) the mass carbonaceous oxygen,demand is given by: 

MOe 

where 

= 

(OUR). V •. (24) - MOn 

Va is the volume of the aerobic reactor (1) 

35.89*24*6 - 1182 

mgO/d 

equivalent ('\"Ir'<JO,::>f"I demand for denitrification Mod is given by: 

= 2. 86 (MNO"d) 

= 2.86.(983) 

2810 mgO/d 
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B.6 

COD utilized the external mtritier is given the product of flow to external 

and difference in the COD concentrations entering and the mtritier: 

MSExt = q.Q(CODInISet - CODExt) 

. 1.07*30(1 - 77.05) 

2634 mgCOD/d 

2.4 

COD the waste sludge mass is given by the CODNSS ratio times the mass VSS 

per day i.e. 

MSws 

where: fev 

MSws 

= 

= 

fcv'(MA,) 

(3056.8)/(2332.75) = 1.31 

1.31 * (2.2332.75) 

= 6113.6 

The mass of COD in effluent MSte is given by: 

MSte Q.Ste 

30.(52.69) 

:::: 1580.8 

2.6 COD Mass Balance 

% mass balance is then given 

% Balance = 100(MOc + MOd + 

where: MSti is total mass fed to system. 

Substituting values calculated above: 

% Balance 100(3986 + 2810 + 

;; 81 % 

mgCOD/d 

mgCOD/d 

+ 6114 + 1 1)/(704*30) 
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It Figures Dl to 18: Graphs of Daily Results. 
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·1 

D1: parameters the laboratory 

Value 

System; 

I Sludge age 8 days 

'emp, 20 

pH of reactor 7.2 - 8.2 

ph of aerobic reactor - 8.2 

aerobic eac!or 5.0 mgll 

Influent: Mitchells (Raw) unsettled wastewater 

COD concentration 755 mgCODIl 

TKl"\TNSS ratio 10 mgN/mg' 

P removalll COD 0.020 mgP/mgO 

Reactor Volumes (I) and lVlass lctions 

Anaerobic 3* 15% 

Anoxic 7 
,., 
.) 

Aerobic 10 50% 

Unaerated mass fraction 10 

i Recycles: 

Anoxic to anaerobic «-recycle) i 1: 1 

to (a-recycl ~) 2: 1 

Underflow (: :yd~) 1:1 

* volume is 61, but r = 1: 1 concentration the reactor is half 
that in of the system; . cG:.H c equivalent at VSS I."VUI"CIlU 

is 31. 
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119 
120 
121 
'22 
123 

12';' 
125 
126 
127 
128 
129 
no 
131 
132 

13' 
135 
136 
137 
ne 
139 
140 
1" 
142 
"3 ,.. 

• 
154 
155 
156 
157 
156 
.59 

, ThUf'$day 
Friday 

Saturday 
SuMa 

Monday 
TUenl;d.1Y 

Wednesday 
Thursday 

Sunday 
Monday 
Tuesday 

Wednesday 
Thursday 

Friday 
Sab.lt'<!ay 
Sunday 
Monda 

J J\Jt'Ie 

24 June 
25 June 
26 June 
27 June 
29 June 

9 June 
30 J\J.t\6 

01 July 
02 JUly 
OJ July 
04 July 
05 July 
08 JUly 
07 Jul 

Y 
09 July 
10 July 
1t Jyly 
12 July 
13 July 
l<4July 
15 July 
16 July 
17 July 
18 July 
'9 July 
20J 

£nda(S»tchll 
1 ul!soay 04 Al.tQ\oIsi 
161 Wedrlesda'l 05~s{ 
H:i2 ~da)' 06 AUQ\lSf 
163 Friday 07 Ai"I(PisC: 
164 Satl.D'tt<lly 08 August 
165 Sunday 09 ~$t 
16S Monday 10 Augy$1 
167 TueSday 11 Avg.u$t 
16a Wednesday 1 2 August 
'89 Thursday 13 August 
170 Friday 14 August 
171 Salrutoa)l 15AuIJU$t 
172 Sunaay 16,,"11"" 
173 Monda 17 Au ust 

ndo(. 22 
,ues 3y 

11:5 Wednasday 
\76 Th<Jrsday 

34.600 
36.000 
37.000 
39.000 

30.200 
~J.200 

19.900 
38.300 
45.400 

49.600 
48.300 
45.400 
43.700 
41.1150 
38.500 

43.017 
34.600 
:la.aoo 
34,800 

30.600 
29.000 
33.150 
31.000 
39.800 
J8.600 
32.600 
Jl.300 
34.300 

41.600 
36.700 
39.200 
39.200 
39.200 
JSA88 
39.200 

28,400 
35.400 

35.840 

·3 
OWly Tests on Control SV1tem (SVsEem 2) 

coo FSA 

Reactor UE 
m 0011 m OOIl m 

FE 
oon 

812 
163 
.40 
829 

2040.00 
1530.00 
1836.00 
2570.40 

35 
2 ., 

49 

183 2529.60 85 
61 824 2407.20 

710 2284.80 57 
37 
53 
69 
28 
45 

n. 
631 

775 
783 

798.393 
665 
787 
aoa 

2488.S0 
3100.60 

'S62.0B 
2550.24 

2671.56 53 
2493.07: 48.767 
2307.36 36 
1902,58 49 
2024.16 53 
2165.68 
2580.00 
1857,50 
'S03.66 
2063.01 I 

238
4

.
96

1 

: 2384.96 I 
1809.28 

2407.20 
2325.60 
2180.69 I 
1917.60 
2040.00 
22'4.00 

34 
60 
78 
56 

52.51' 
58 

5. 
56 

126 
S6 

153.440 2067.20 
677 1876.80 94 
102 2056.32 as 
722 rSS4.72 59 

778 1814.40 89 
879 2479.68 53 

: 751 . .548 2018.38: 79,650 
696 2362.08 50 
12a 2a42.24 54 
BOO 2859.40 62 
SO< 2S6a.30 50 
750 '899.00 37 
767 1678.30 52 

B95 
75, 

173.974 
<00 

3119.6!lll 
aoo 
712 
722 
751 

2154.90 
1591.20 

2232.05 I 
.958.40 I 
1953.40 
2162.40 
2182.80 
'956.<0 
2652.00 

79 
57 

".880 
32 
67 
59 
65 

B 
o 
33 ., 
37 
37 

24 
33 
37 
41 
28 
28 

30.799 
32 
40 
53 
34 
56 
29 
37 

40.219 
37 

37 

65 
57 

4a 
56 

52 
63 

61.186 
45 
41 

62 
25 
29 
39 

44.203 

45 
39 
49 
45 

58.0 
63.3 
78.1 
73.2 

84.0 
69.2 

66,1 
57.1 
48.9 
44," 

-41.3 
57.0 

4S.2 
52.100 

63.6 
75.0 
58.7 

66.9 
74.2 

67.676 
52.1 
".0 
53.2 
53.6 
53.2 
56.3 

50.1 
43.7 

52.033 
34.5 

34.580 

"'.360 51.870 
45 49.6 
41 51.0 
17 51.1 
77 48.2 

2,2 
6.7 

12.7 
2.2 

1.B 
1.5 
2.0 
1.1 
H 
4.3 

2.220 

l.6 
1.. 
1.8 

2.7 
0.0 
1.' 
1.6 
2.8 
6.7 

4.8 
4.2 

3.045 

1.260 
2.9 
5.7 
2.2 
3.2 

3.535 
26.6 
2.2 
1.5 
3.5 

l.9 
1.5 

2.1 
a 

10.1 
2.0 

2.9 
2.1 
2.2 
2.9 
2.0 
4.1 

5.3 
6.6 

3,4'" 
2.7 
0.0 
1.4 
U 
1.7 
1.4 

5.7 
2.0 

2.065 
0.0 

0.000 
2,2 
2.8 
1.7 
3.1 

2,450 
2.2 
2.9 
2.5 
1.5 

7.6 

2.7 
0.0 

'03.0 
73.6 

70.0 
85.7 
68.0 
66.6 
70.1 
14.9 

175.0 
193.2 

194,6 
.n.6 
156.2 
119.0 
130.1 
177.6 

SS.l 145.6 
74,5 155,4 
73.4 156.8 
76.2 134.' 
17.0 99.4 

79.0 133.0 
75.2 120.4 

TKN 

73.975 , 139.300 
51.2 136.6 

51.240 
84.0 
10\.6 
70.0 
73.< 

138.600 
14a.4-
142.8 
124,6 
155.4 

5.3 
2.9 

3.2 
l.2 
2.9 
2.2 
4.3 
5.6 

9.9 

B.' 
4.a 

4.760 

1,SHO 
5.0 
6.3 
4.2 
6.0 

S2.2~O 142.800 5.63$ 
a8.7 156.8 6.7 
70.3 152.6 4.3 
89.3 112.0 3.9 
72.5 112.2 9.3 

86.8 
87.9 

88.5 

81.5 
e6.6 

75.6 

15'.0 
i .... l 

20S.6 

154.0 
131.2 

147.0 

18 
6.3 
6.4 

12.5 

5.3 
2.9 

lul 

3.4 
2.7 

3.4 
3.2 
2.8 
4.5 
4.1 
5.0 

8.l 
3.9 

1.7 

1,158:0 
4.8 
5.6 
3.6 
3.< 

4.140 
5.2 
4.3 
2.5 
4.3 

113 
97 
122 
122 
115 
124 

141 
113 
158 
161 

196 

167 
182 
160 
176 
166 

200 

117 
130 

130 
141 
163 
136 
167 

152 
159 
167 
158 
151 

4.095! 164 
1.7 t43 
5.9 153 

11.J Hi9 

5,6 U8 
0.0 154 

3.\ In 

4.591 145 
4.5 145 
l.9 '00 
2.6 

3.133 .55 

16"" 
1566 
Hl42 ';440 

1740 

1)4.54 

1320 
1096 
1391 I 
1400 

clean 
1400 
1236 

1562 
152. 
1441 
1506 
1302 
1312 

I 1590 J 1374 
1560 

15dQ 1:)10 
1368 1166 

1324 1192 
1706 
1500 
1608 1430 
1920 ,691 
1762 1582 
1148 1528 
1480 1282 
11'''3 aoo 

1190 1102 

1544 1394 

1544 13114 
1842 1628 
1120 1512 
1668 1624 
1574 1438 

1761 
1 ell 
1336 
1710 
I.SO 

1322 
1566 

1774 

16{H 

1685 
1514 

1391 

1550 
.<0 
1134 

,."" 
1510 

1093 
1508 
226 

1533 

1634 
1212 

1281 
1:'104 
1268 

1304 

1.<0 
2.1l 

0.12 
0.10 
0.09 
0.09 
0.10 
0.12 

1.60 0.11 
1.:12 I O.ttl 
1.51 0.10 
ua 0.11 
1.64 0,1] 

1.25 0.10 
1.77 0.11 
1,41 Q,11 
L46 ;:L10 
1.49 0.12 
1./0 0.11 

1,70 0.11 
1.40 Q,11 

U34 
1.53 
1,51 

\.27 
1.51 
1.71 

1.52 

1.57 
1.59 

1.52 
1.I:J5 
1.17 
1.65 
'.74 
1.33 
1.68 
1.35 
Hi? 

1.96 

1.73 

LU 
1.21 
1.85 

1.48 
8.33 
1.37 
1.83 
1.52 

1.57 
0.97 

0.17 

1,91 
1.50 

2.16 

0.02 

O. '4 
0.12 
0.12 
0.10 
0.10 
0.12 

0.11 

0.11 
0.12 

0.11 
0.12 
0,09 
0.12 
0.09 
0.10 
0.10 
0.11 
0.11 

0.12 

0.11 
0.10 

0.09 
0.09 
0.06 
0.11 

0.55 
0.13 
0.06 
0.11 

0.09 
0.11 

0.10 

0.20 
0.12 

0,12 
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Nimte !N031 and Nitrite !NOll Concentrations 

1996 

Thursday 26 February 0,36 0,36 8,60 10,2 0,0 
2 Friday 27 February 0.65 0.66 13.20 13.3 00 
:I Saturday 28 0.46 0.15 10.00 23.4 11.7 
4 Sunday 01 Q,58 0.31 12.70 10.6 0.0 
5 Monday 02 March 0,77 1.01 13.60 12.1 0.8 
6 Tuesday 03 March Q,34 0.50 13.20 1.7 0.8 
7 Wednesday 04 March 0.13 0.65 13.40 27,9 12.3 2.2 1.1 
8 Thursday 05 March 0,26 0.60 15,20 31.5 14.5 4,3 3.3 
9 Friday 06 March 0.31 0.65 16.10 22.4 34,0 16,6 5.1 4.3 
10 Saturday 07 March 0.47 0.74 '16.20 23.5 36,2 17.4 5.1 4.7 
11 Sunday 08 March 048 0,59 16.00 24.2 37,3 18.5 5.8 5.4 
12 Monday 09 March 0.45 0.44 15.20 24.2 38,0 18.5 6.5 6.2 
13 10 March 0.21 1.86 16.20 24.S 38.3 23.5 8,3 5.8 
14 11 March 0,11 1.27 16.60 240 35.3 16.6 5.7 5,7 
15 March 0.22 2.29 16.20 7.8 

58 1 
16 Marcn 0,23 0,56 8.1 
17 Saturday 14 MarCh 0,23 0.86 6,7 
18 Sunday 15 March 0.26 0.75 7.4 7.4 
19 Monday 16 March 0,28 0,60 7.B 7.4 
20 17 March 0.20 0.45 5.5 5.5 

06 6.894 
21 Wednesday lB March 0.11 0.S2 4,8 4.5 
22 Thursday 19 March 0.20 0.70 4.1 3.8 
23 20 March 0.15 1.23 3.4 3.4 
24 21 0.28 0.72 2.8 
25 Sunday 22 0.25 0.65 4.8 
26 Monday 0.15 0,45 5,8 
27 Tuesday 0.19 0.69 5.7 

0.15 0.69 4,7 

0.12 O. 3.6 
0.25 0.56 5,0 5.0 
0,14 0.46 5.7 4.7 
0.10 0.46 4,3 4.3 
0.07 0,42 6.8 S.8 
0.20 0.41 1.8 5.3 
0.13 0.36 2.1 2.1 
0.21 0,50 2.5 2.1 

4.809 4.230 
0.15 0.40 2.5 2.5 

0.25 0.50 7.40 8.30 11,3 2.1 1.8 
0.28 0.34 8,10 7.50 14,1 2,8 2.8 
0.21 0.45 8,10 7.00 12,7 2.1 2,1 

0.25 1.16 lUa 14.80 19,7 6,7 5.3 
0.228 

10 April 040 4,10 17.50 22.0 39,8 18,8 4.9 4.5 
11 April 0.52 S.SO 20.70 22.0 39.8 18.5 5.9 5.6 

41,2 17.1 5.9 5.2 
37,7 16.B 9.1 9.1 
37.3 18.8 8.7 7.7 
34,5 17.8 12.6 11 

311.3112 17.970 
36,5 21.5 10.9 11,3 

52 
53 19 April 0.18 11.80 13.50 26.4 33,9 17.7 7.5 7.5 
54 20 April 0.35 11.00 12.70 24.9 38.4 20.0 7.2 7.2 
55 21 April 0.23 13,10 12.50 27.8 40.3 20.3 6.4 6.4 
56 22 April 0.21 12.20 13.10 25.2 42.2 215 7.5 7,5 
57 23 April 0.22 13.20 13.50 26.0 39,S 22.7 11.4 10.3 
58 24 April 0,29 12.30 14,80 26.0 39.6 231 9.9 
59 25 April 0.22 12.70 16.20 26.0 42.5 23.8 10.3 
60 26 April 0.11 11.10 14.00 36.3 46.2 26.7 12.1 

27 April 
28 April 0.63 
29 Aoril 

41.0 
38.0 

10 May 36.2 14.4 5.9 5.5 
11 May' 31,0 17.7 5.2 4.4 
12 May' 35.0 lB.4 6.3 5,2 
13 May 34,3 19.9 10.0 7.4 

Thursday 14 May 32.6 18.9 7.4 7.0 
ISMay 32.6 18.5 6.3 5.6 
16 May 32.2 18,1 7,4 6,7 
17 May 34.0 20,2 9,6 B,9 
ISMay 32.9 19,6 10.7 10,0 
1 19.6 11.8 10.7 
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Nltrat. (1'403) and Nltrlt. (1'4021 Concentrations 

Nitrates m /I 1'403·1'4 
1996 Ana.robl Anoxic : Aerobic Filtered Ilnlluent Anaerob' 

Effluent 
edneS<lay 20 May 0.62 1.38 22.10 24.30 19.9 33.1 1 11. 

85 Thursday 21 May 0.64 1.26 25.00 26:.30 25.3 36.3 12.1 11.8 
66 Friday 22 May 0.40 0.52 21.60 23.90 27.1 35.6 10.7 10.7 
87 Saturday 23 May 0.50 0.25 20.90 2400 21.9 34.2 11.0 10.3 
88 Sunday 24 May 
69 Monday 25 May 0.22 0.16 18.60 1160 23.5 31.4 19.6 9.3 9.3 
90 Tuesday 26 May 24.2 36.7 21.0 7.1 5.7 
91 Wednesday 27 May 
92 Thursday 28 May 0.30 0.90 19.40 12.60 25.7 40.1 20.8 7.1 
93 Friday 29 May 0.24 2.01 12.60 12.60 24.9 42.3 19.9 5,4 5,4 
94 Sat1.lrday 30 May 0.28 1.09 Il.60 12.60 25.3 42.3 20.3 6.6 6.6 
95 Sunday 31 May 0.25 1.42 12.00 12.80 28.6 44.4 22.8 1.9 3.7 
96 Monday 01 June 0.24 US 11.00 11.60 24.5 43.2 24.9 79 1.5 
97 Tuesday 02 June 0.20 0.14 1100 8.80 25.7 43.6 30.3 8.3 8.1 
9a Wednesday 03 June 
99 Thursday 

Frida 4.2 

3.4 
2.3 

08 June 3.0 
09 June 2.6 
10 June 6.0 
11 June 6.7 
12 June 9.4 

«blJ 1 
108 13 June 0.31 3.3 
109 14 June 
110 15 June 
111 
112 

113 
114 
115 20 June 
116 21 June 
117 22 June 0.24 0.80 

Ead of BatcblS 
118 23 June 0.18 1.46 
119 24 June 0.18 0.60 
120 25 June 0.85 
121 26 June 
122 27 June 
123 28 June 

0 
124 29 June 
125 30 June 
126 01 July 0.13 
121 02 July 
128 03 July 
129 04 July 
130 05 July 
131 06 July 
132 07 Jul 

0.15 0.53 13.40 12.80 26.0 21.4 20.4 15.8 16.4 
0.12 0.12 15.60 13.10 23.7 24.7 22.1 18,0 16.1 
0.13 0.53 16.50 15.00 26.' 224.4 22.4 19.4 18.1 
0.21 0.85 18.10 15.70 24.7 22.7 2U 18.7 18.7 
0.15 0.32 16.10 13.00 24.7 25.4 23.1 21.4 20.0 

0.13 0.12 15,40 14,60 26.0 15.7 16.0 
0.17 0.79 11.50 15.10 24.S 14.5 12.1 

0.888 15.450 
0.38 0.35 16.40 

0.380 0.350 16.400 14.400 23.48a 23.933 19.388 14.033 13.763-
ugust 22.6 24.3 19.8 13.6 13.2 

05 August 21.6 23.3 17.7 lS.0 14.3 
06 August 
07 August 21.2 21 .• 15.6 13.6 13.6 
OS August 
09 August 
10 AuguSI 
11 August 
12 August 20.1 20.0 14.4 12.3 11.9 
13Allgust 20.4 14.0 16.8 14.4 11.9 
14 August 
15 August 19.1 21.4 11 .. 19 14,4 14.0 
16 August 
17 
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Day Nct 1998 

Thursday 
Friday 40.0 

Saturday 46.6 46.8 23.' -208 

• Sunday 47.5 0.0 
5 Monday 02 March 34.0 52.1 3.0 1.5 1.5 0.0 
6 03 March 31.7 55.1 '6.8 3.0 1.5 08 -0.7 
7 04 March 31.8 55.7 49.2 8.7 '.3 2.2 -2.2 
8 as March 365 62.9 57.9 17.4 8.7 6.5 -2.2 
9 06 March 39.1 68.0 66.6 20.2 -46.3 10.1 8.7 ~L4 

10 07 March 40.9 72.3 69,4 20.2 10.1 9.4 -0.7 
11 08 March 42.7 7'.5 73.8 23.2 11.6 10.9 -0.7 
12 09 March 42.7 16.0 13.8 26.0 12.3 -0.7 
13 10 March 48.1 76.1 9'.0 33.3 11.6 
I' 11 March 40.6 10.7 56,4 22.6 
IS 12 March 39.6 68.5 66.4 31.1 

37.236 60 17.032 
16 13 March 43.5 75.6 82.0 32.5 
17 14 March 41.0 71.4 73.5 26.6 
'8 16 March 44.2 72.1 83.4 29.7 
19 16 March 45.5 72.8 80.6 31.1 
20 H March 24.9 66.0 -67.7 7.5 22.0 

J 4.064 
21 Wednesday 18 MarCh 36.8 66.0 29.2 10.3 66.8 19.2 9.6 
22 ThurSday 19 March 36.4 62.6 26.1 3.1 59.1 16.5 -42.6 8.3 7.6 -0.7 -14.1 
23 Friday 20 Mareh 34.7 62.6 27.9 La 56A 13.8 -42.6 6.9 6.9 0.0 -13.7 , 
24 Saturday 21 March 38.2 63.3 25.1 5.8 61.9 16.5 -45 .• 8.3 5.5 -2.6 ·11.2 
25 Sunday 22 Mareh 39.5 64.8 25.2 10.2 68.8 22.0 -46.S 11.0 9.6 -1.4 -\2.1 
26 Monday 23 March 42.3 67.' 25.1 13.7 74.2 23.4 -SO.9 11.7 11.7 0.0 -\2.0 
27 TueSday 24 March 41.2 70.2 29.0 10.4 75.9 28.6 -47.3 14.3 11.5 ·2.9 -10.7 
28 Wednesdav 25 Mareh 394 70,2 30.8 5.0 68.7 21.5 -47.2 10.7 9,3 -1.4 ·12.9 

End oiB.ten 1 " 29 nU.usday 26 MarCh 71.6 82.4 2.1 .9 17.2 .46.7 a.6 -1.4 ·1 1 
30 Friday 27 Mareh 69.5 79.6 0.1 63.7 20.0 -43.6 10.0 10.0 0.0 -14.3 
31 Saturday 28 March 6(1.1 86.0 5.8 68.8 22.9 -45.8 11.5 9.3 ·2.2 -15.4 
32 Sunday 29 March 68.7 82.4 5.0 65.9 17.2 -48.7 8.6 a.6 0.0 -15.0 
33 Monday 30 Mareh 67.3 89.5 8.6 71.6 27.2 -44.4 13.6 13.6 0.0 -a.6 
34 Tuesday 31 Marcil 65.5 89.9 8.8 71.9 31.0 -40.9 15.5 lQ.6 .4.9 -8.8 
35 Wednesday 64.\ 67.0 -1,4 53.6 8.4 ·45.1 4.2 4.2 0.0 -14.5 
36 Thursda 55.0 9.9 ·45.1 4.9 4.2 -0.7 .14.8 

-13.444 , 
55.0 9.9 4.9 4.9 0.0 -15.5 

~16.9 45.1 8.4 -36.6 4.2 3.5 ·0.7 -15.9 
-4.2 56.' 11.3 .45.1 5.6 5.6 0.0 -13.4 

41 -a.5 50.7 8.' -42.3 42 4.2 0.0 ·15.5 
.2 
43 3.5 78.9 26.5 -52.2 13.4 10.6 -2.8 -11.3 I 

-5.850 57.208 12.960 -44.248 6.480 5.776 -0.704 ~14"304 1 

•• 4.9 75.4 19.6 ·55.8 9.8 9.1 -0.7 .12.9 
45 1.0 74.0 23.7 -50.2 11.9 11.2 -0.7 ·10.8 
46 
47 85.5 -S.7 68.' 23.1 -44.7 -11.5 
48 83.S -9.8 67.0 36.3 -30.7 
49 94.2 2.1 75.4 34.9 
50 89.0 -S.2 7i.2 50.2 

·2.613 
51 12.4 3S.S 43.7 
52 
53 44.1 67.8 23.7 82.8 88.5 5.7 70.8 30.1 -40.7 15.1 15.1 0.0 .\1.3 
54 44.8 76.8 32.0 91.1 99.8 8.7 79.8 28.6 ·51.2 14.3 14.3 0.0 .10.5 
55 48.2 80.6 32.' 93.4 101.7 8.3 81.3 25.6 ·55.7 12.8 12.8 0.0 -15.Q 
56 46.7 84.3 37.7 99.4 107.3 7.9 85.8 30.1 ·55.7 15.1 15.1 00 .10.2 
57 '8.7 79.1 30.4 101.8 113.6 11.7 90.8 45.4 -45.4 22.7 20.5 -2.2 -5.5 
58 49.1 79.1 30.0 101.1 115.4 14.3 92.3 44.0 -48.4 22.0 19.8 -2.2 -6.2 
59 49.8 85.0 35.2 105.5 119.1 13.5 952 41.0 -54.2 20.5 20.5 0.0 -5.5 
60 63.0 92.3 29.3 120.1 133.7 13.6 107.0 55.7 -51.3 27.8 24.2 -3.7 ·12.1 
61 
62 33.0 -8.1 3.7 
63 35.2 6.6 10.3 

64 13,4 -0.7 -11.3 I 
65 79.2 26.8 -52.3 12.0 ·1.4 .10.2 
66 72.1 26.8 -45.2 10.6 -2.8 -11.3 

7i.21l 27.320 I -50.893 12.013 ·1.647 -10.953 
77.7 24.0 -53.7 12.0 0.0 -a.s 
82.0 26.8 -55.1 13.4 12.7 -0.7 -11.0 

84.1 74.9 21.2 ·53.7 10.6 10.6 0.0 -13.4 
96.8 9.1 84.8 32.5 -52.2 16.3 14.4 -1.9 -8.9 
99.6 5.3 84.8 35.3 -49.4 17.7 17.0 -0.7 -6.4 
95.9 16.6 90.0 39.8 -50.2 19.9 16.4 -1.5 -3.7 

..0.793 

84.1 no -12.1 57.6 23.6 -34.0 11.8 11.1 -0.7 -10.3 
72.3 88.6 16.3 70.8 20.6 -50.2 10.3 8.9 -1.5 -15.1 

76 82.6 92.2 9.6 73.8 25.1 -48.7 12.5 10.3 -2.2 -9.6 
77 41.3 88.5 99.6 11.1 79.7 39.8 -39.9 19.9 14.8 -5.1 -6.6 
78 '0.7 79.9 94.3 14.4 75.4 29.6 .45.8 14.8 14.1 -OJ -7.8 
79 40.7 65.1 24.4 77.7 92.5 14.8 74.0 25.2 -48.6 12.6 11.1 -1.5 -11.1 
SO 407 64.4 23.7 79.2 90.7 11.5 72.5 29.6 -42.9 14.8 -1.5 -9.2 
81 Sunday 45.3 68.1 22.7 87.3 100.9 13.6 80.7 38.5 ·42.2 19.2 -1.5 -7.' 
82 Monday 36.6 65.8 29.2 87.3 98.0 10.7 78.' 42.9 ·35.5 21.5 ·1.5 3.0 
83 Tuesda 41.1 73.2 32.2 96.9 S8.0 1.1 78.' 41.4 -31.0 -2.2 0.0 

End ,,(Batt: 
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84 
85 
86 
87 
88 
89 
90 
91 

101 
102 
103 
104 
105 
106 
107 

108 
109 
110 
111 
112 

113 
II. 
115 

1 
120 
121 
122 
123 

124 
125 
126 
127 
123 
129 
t30 

174 
175 
176 

Wednesday 
Thursday 

Friday 
Saturday 
Sunaay 
Monday 
Tuesday 

Wednesday 
Thursday 

Thursday 
Frida 

Saturday 
Sunday 
Monday 
Tuesday 

WedneSday 

1998 

ay 
21 May 
22 May 
23 May 
24 May 
25 May 
26 May 
27 May 
28 May 
29 May 
30 May 
31 May 
01 June 
02 June 
OJ June 

Thursday 11 June 
FrIda 12 June 

End of B.tchlJ 
Satu,day 13 June 
Sunday 14 June 
Monday 15 June 
TueSday 16 June 

Thursday 
Friday 

Saturday 
SUMd. 

June 

June 
24 June 
25 June 
26 June 
27 June 

June 

04 August 
05 August 
06 August 
07 August 
08 AugU.t 
09 August 
10 AugU.t 
11 August 
12 August 
13 August 
14 August 
15 August 
16 August 
17 Au ust 

End 0( Batcb 21 
18 August 
19 August 

Thursd. 20 Au ust 

D .7 

Mass Balance for Phosphorous 

43.1 
45.2 

46.5 
44.8 
'5.7 
51.5 
49.4 
56.0 

44.2 
43.8 
41.9 
48.3 
44.8 

45.283 
45.5 

45.480 
45.5 

74.8 
73.3 

81.4 
34.7 
84.7 
88.8 
86.3 
87.2 

88.0 
85.863 

74.9 
83.9 
95.6 
76,4 
65.2 

43.3 59.9 
45.5 5S.5 

44.760 59.440 
43.7 51.2 
48.0 56.3 
49.7 59.0 

47.116 
40.7 
40.0 
45.4 

46.1 
48.6 

44.136 
46.' 
46.4 
46 .• 
4,p 
4S.4 
48.4 

44.0 
42.5 

57. sao 
44.6 
SQ .• 
52.S 

46.1 
&1.2 

50.976 
46.1 
427 
49.4 

448.7 
45.4 
50.7 

38.7 
39.7 

31.7 
28.1 

34.9 
39.9 
39.0 
37.4 
37.0 
31.1 

41.9 
37.310 

8.3 
9.4 

10.3114 
4.0 
10:4 
7.2 

·5.3 
-2.8 

46. H14 95.165 49.061 
37.9 30.5 .7.5 

37.930 
42.2 
40.1 
40.1 
41.1 

40.858 
42.5 
43.5 
42.1 
43.5 

36.8 

35.1 
37.2 

19.7 

35.1 
35.015 
37.6 
41.4 
42.5 

40.470 

30.480 
42.5 
42.5 
75.2 
44.7 

51.225 
48.9 
45.2 
47.9 
48.7 

43.1 

40.0 
28.1 

42.8 

41.5 
41.531 

47.7 
44.9 
53.3 

-7.450 
0.4 

1.7 
5.8 
5.2 

4.790 
6.3 
7.3 

6,3 

4.9 
-9.1 

23.2 

6.5 

10.2 
3.5 
10.9 

9.190 

93.3 
87.6 

95.5 
95.5 
98.0 
104.6 
102.1 
10M 

4 
91.4 

103.1 
62.4 
77.1 
67.S 
87.3 

97.340 
72.2 

97.9 
105.1 

103.8 
99.3 
101.7 
114.2 
124.5 
151.5 

105.9 

101.1 
104.9 
106.7 
106.7 
127.3 
129.2 
126.4 

, 114.500 I 

108.3 

72.180 : 109.300 
81.6 104.7 

91.0 
97.9 

91.1140 
59.8 
68.4 
82.8 

70.1 
68.8 

75.730 
75.8 
76.5 

70.2 

64.6 
56.9 

71.6 

120.770 I 
no 
90.0 
109.8 

108.0 
99.0 

97.560 
109.8 
101.8 
113.4 
111.8 
108,4 

118.5 

96.938 
99.1 
88.7 

78.2 

72.0 
8'.2 

0.0 

ERR 70.3 
89.247 ' 10.:.142 

70.2 89.5 
74,4 105.3 
79.3 110.6 

74.620 101.7&7 

46 
17.5 

8.3 
3.6 
3.7 
9.5 
22.4 
47.7 

7.1 

36.120 
23. I 

Jl.7 

29.130 
21.2 
21.6 
27.0 

25.9 
6.3 

20.808 
299 
27.5 
28.0 

-375.7 
25.7 
25.1 

20.0 
21.6 

21.208 
23.3 
12.2 

8.0 

eta Ie 
Mass In Mass Out 

m PII inll m pn inll 
85.1 48,4 
86.9 48.4 
68.3 42.7 
86.9 44.2 

78.3 37.0 
84.0 28.5 

83.0 28.2 
79.4 21.6 
81.4 26.6 
91.3 31.6 
99.6 31.6 
121.2 33.2 

84.7 
91.509 

BO.9 
83.9 
85.' 
85.4 

96.1140 
83.8 

98.2 
103.7 

96.516 
64.8 
72.0 
873 

86.4 
79.2 

78.048 
878 
81.4 
90.7 
89.4 
66.7 
94.B 

72.0 
12.3 

21.6 
27.760 

15.0 
15.0 
15.0 
12.0 
24.0 
39.0 

17.320 
43.3 

69.3 
77.B 

66.280 
30.2 
36.0 
60.5 

72.0 
59.0 

51.552 
67.7 
63.2 
no 
774 
74.7 
85.4 

62.7 
58.1 

Dill 

-36.6 
-38A 
-45.S 
.42.7 

-41.3 
-55.6 

·54.8 
·51.S 
·54.8 
-59.8 
'68.0 
·88.0 

21.4 
22.1 

18.5 
14.2 

·old 10.8 
-<13.749 , 13.880 
·S5.9 7.5 
-689 7.5 
-70A 7.5 
·73.4 5.0 
-77.9 12.0 
-64.4 19.5 
-52.0 245 

-67.554 12.063 i 
·69.3 8.7 

21.4 
20.7 

18.5 
11.4 

14.1 
10.8 
13.3 
7.5 
14.9 
17.4 

8.3 
12.337 

6.1 
4.5 
6.0 
5.2 
12.0 
13.5 
18.8 

9.529 
6.5 

... 9.320 9.660 I 6.500 

-40.4 I 
-36.1 
-40.0 

-30.2 
·28.8 
-25.9 

-29.336 
-34.6 
·36.0 
-27.4 

~ ~ 4.4 
·20.2 

I -28.496 : 
·202 
·18.2 
·'8.7 
-12.0 
-12.0 
-9.4 

-9.3 
-14.2 

21.7 22.4 

25.3 23.8 
23.8 23.8 

23.580 ! 23.340 
28.9 25.3 
34.7 32.5 
38.9 36.0 

34.140 
15.1 
18.0 
30.2 

36.0 
295 

25.775 
33.8 
31.6 
36.0 
38.7 
37.4 
42.7 

31.4 
29.1 

14.4 
15.1 
23.0 

35.3 
33.1 

24.192 
3U 
32.7 
J3 .. 
37.4 
37.4 
40.0 

32.0 
24.2 

-1.4 

0.0 
.2.8 

0.0 
0.0 
0.0 
-8.3 
-0.8 
0.8 

-2.180 
0.7 

.1.4 
0.0 

.Q.240 
-3.6 
·2.2 
-2.9 

-2.9 
-7.2 

·0.7 
3.6 

.1.564 I 
-2.2 
1.1 

-2.7 
.1.3 
0.0 
-2.7 

0.7 
-49 

64.400 70.155 -14.245 35.078 33.598 -1.490 
49.6 41.5 ·8.2 20.7 15.6 ·5.1 

71.550 
79.2 
70.9 

62.6 54.2 

-8.160 

-8.3 

--8,4 

-9.8 

-0.9 
·10.447 

·26.7 
·25.2 
·36.5 

-29.493 

20.740 

27.1 

24.6 
26.8 

28.8 

27.7 
27.110 

22,4 
29.5 
2G.O 

25.980 

15.500 
31.9 
33.3 
28.4 
28.4 

26.9 
26.4 
29.1 
27.8 

27.1 

23.9 
23.9 

2B.l 

26.3 
28.307 

21.5 
19.7 
21.8 

21.060 

-5.140 
-2.8 
0.0 
·0.7 
2.1 

0.0 
0.0 
-0.6 
-1,4 

0.0 

·0.7 
-4.9 

-0.7 

-1.4 
-1'.403 
-<l.r 
-9.8 
"'.2 

Oill. 

3.6 
-1.8 
-5.7 
.t.J 

·5.0 
-12.8 

·12.0 
-21.2 
-9.5 
·a.3 

.16.S 
-13.339 

·18.7 
·16.8 
-16.8 
-17.2 
-10.5 
-9.0 
-<l.7 

-17.320 
-2.2 

2.2 
0.4 

0.120 
3.6 
9.0 
12.2 

-10.1 
-6.8 
-<l,4 

-2.592 

6.7 
9.7 
11.0 
12.1 
15.4 

6.0 
·0.3 

7.839 
-9.9 

-9.920 
11.7 
14.5 
8.1 
6.7 

10.277 
4.2 
0.4 
7.6 
4.2 

79 
3.8 
7.0 

5.9 

3.2 
3.5 

ERR 
3.895 

2.1 
~O.1 

1.4 
0.943 
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Mass Balance 10r Nitrogen 

Oay No. 
NU;; oeM uen In AN ::>um I N In wast I KN In !:::M NU;l In 1:" Mtl 

1998 mgNld mgNld mgNld mgNld mgNld 

1 Thursday 26 February 4;38.4 0.0 438.4 404.4 417.2 116.0 94.7 
2 Friday 27 February 690.0 0.0 690.0 396.8 258.0 202.0 107.1 
3 Saturday 28 February 629.4 0.0 629.4 377.6 137.2 226.0 100.5 
4 Sunday 01 March 750.2 0.0 750.2 372.8 137.2 250.0 110.5 
5 Monday 02 March 713.8 0.0 713.8 366.8 58.8 240.0 98.1 
6 Tuesday 03 March 751.6 0.0 751.6 398.4 64.4 260.0 109.2 
7 Wednesday 04 March 796.2 7.8 804.0 375.2 89.6 320.0 118.7 
8 Thursday 05 March 862.4 1.6 864.0 282.8 78.4 304.0 105.4 
9 Friday 06 March 911.4 0.6 912.0 380.8 103.6 320.0 107.4 
10 Saturday 07 March 916.8 0.0 916.8 422.8 98.0 324.0 113.2 
11 Sunday 08 March 920.2 0.0 920.2 343.0 72.8 320.0 105.4 
12 Monday 09 March 906.0 0.0 906.0 403.2 67.2 324.0 113.5 
13 Tuesday 10 March 774.4 28.8 803.2 302.4 72.8 304.0 95.9 
14 Wednesday 11 March 961.4 21.0 982.4 366.8 95.2 420.0 122.0 
15 Thursday 12 March 795.8 37.0 832.8 337.4 67.2 368.0 105.2 

End or Batch Z 787.9 0.5 794.3 368.7 121.2' 286.5 107.1 
16 Friday 13 March 893.2 2.0 895.2 352.8 70.0 332.0 116.9 
17 Saturday 14 March 851.2 3.0 859.2 322.0 81.2 288.0 105.7 
18 Sunday 15 March 883.2 4.6 887.8 343.0 61.6 332.0 108.6 
19 Monday 16 March 755.2 0.8 756.0 302.4 81.2 260.0 95.2 

I 20 Tuesday 17 March 767.0 1.0 768.0 369.6 117.6 284.0 100.5 
End or Batch J 830.0 3.31 833.2 338.0 82.3 299.2' 105.4 

21 Wednesday 18 March 730.4 8.0 738.4 352.8 89.6 268.0 101.3 
22 Thursday 19 March 758.0 6.0 764.0 331.8 56.0 252.0 102.1 
23 Friday 20 March 807.0 18.6 825.6 299.6 58.8 300.0 109.1 
24 Saturday 21 March 847.2 32 850.4 305.2 61.6 356.0 105.8 
25 Sunday 22 March 833.0 30 836.0 282.8 58.8 312.0 104.3 
26 Monday 23 March 757.0 3.0 760.0 288.4 72.8 276.0 95.2 
27 Tuesday 24 March 718.6 62 724.8 268.8 72.8 272.0 88.5 
28 Wednesday 25 March 719.0 7.8 726.8 291.2 64.4 234.0 90.8 

End of Battlt 4 171.3 7.0 178.31 302.6 66.9 283.8 99.6 
29 Thursday 26 March 726.8 10.8 737.6 322.0 89.6 260.0 95.7 
30 Friday 27 March 538.0 1.2 539.2 288.4 72.8 200.0 110.4 
31 Saturday 28 March 473.6 3.6 417.2 217.2 420 170.0 81.0 
32 Sunday 29 March 458.0 5.2 463.2 302.4 42.0 160.0 89.3 
33 Monday 30 March 434.8 5.6 440.4 263.2 53,2 154.0 17.1 
34 Tuesday 31 March 445.0 0.2 445.2 289.8 47.6 162.0 84.3 
35 Wednesday 01 April 469.2 2.0 471.2 308.0 44.8 176.0 87,3 
36 Thursdav 02 April 462.4 1.6 464.0 294.0 58.8 180.0 96.5 

End of aatcn 5 501.0 1.81 504.8 293.1 56.4 192.8' 90.2 
37 Friday 03 April 474.0 2.0 476.0 343.0 47.6 168.0 93.8 
38 Saturday 04 April 
39 Sunday 05 Apr;1 422.0 0.0 422.0 309.4 47.6 166.0 81.1 
40 Monday OS April 451.2 0.0 451.2 301.0 58.8 150.0 81.1 
41 Tuesday 07 April 427.4 0.6 428.0 320.6 50.4 140.0 80.2 
42 Wednesday 08 April 1321 1 
43 Thursday 09 April 178.0 791.2 375.2 126.0 296.0 80.0 

End or Batch 6 , 510.5 3.2 513.7 329.8 66.1 184.0 83.3 
44 Friday 10 April 644.0 66.0 710.0 315.0 45.0 350.0 692 
45 Saturday 11 April 582.8 115.2 698.0 341.6 53.2 414.0 92.9 
46 Sunday 12Apr;1 
47 Monday 13 April 623.2 160.8 784.0 347.2 106.4 500.0 95.0 
48 Tuesday 14 April 670.4 143.6 814.0 330.4 61.6 470.0 82.4 
49 Wednesday 15 April 679.8 140.2 820.0 348.6 58.8 480.0 83.3 
50 Thursday 16 Aoril 735.2 116.8 852.0 331.8 95.2 432.0 85.2 

End of Batch 1 655.9 123.8 779.7 335.8 70.0: 441.0 84.7 
51 Friday 17 April 963.0 0.0 963.0 376.6 81.2 394.0 115.5 
52 Saturday 18 April 
53 Sunday 19 April 674.2 7.8 682.0 282.8 64.4 270.0 83.6 
54 Monday 20 April 628.0 2.0 630.0 333.2 70.0 254.0 81.2, 
55 Tuesday 21 April 698.2 7.8 706.0 254.8 47.6 250.0 83.1 ' 
56 Wednesday 22 April 663.4 10.6 674.0 263.2 61.6 262.0 97.0 
57 Thursday 23 April 602.8 32.0 634.8 333.2 89.7 270.0 89.5 
58 Friday 24 April 553.6 37.6 591.2 260.4 81.2 296.0 77.5 
59 Saturday 25 April 671.8 25.0 696.8 294.0 95.2 324.0 108.8 
60 Sunday 26 April 633.4 14.6 6<18.0 288.4 78.4 280.0 87.3 
61 Monday 27 April 
62 Tuesday 28 April 684.2 23.4 707.6 352.8 98.0 306.0 107.4 
63 Wednesday 29 Acril 527.4 4.6 532.0 266.0 56.0 220.0 79.7 

End of Batch S 663.6: 1S.0 678.7 300.5 74.8 284.2 
64 Thursday 30 April 650.0 0.0 650.0 322.0 61.6 210.0 
65 Friday 01 May 441.6 0.0 441.6 302.4 56.0 218.0 
66 Saturday 02 May 543.8 4.2 548.0 254.8 72.8 232.0 

End of Satch 9 545.1 1.4 546.5 293.1 63.5: 220.0 
57 Sunday 03 May 658.8 6.4 665.2 296.8 67.2 210.0 92.6 
68 Monday 04 May 794.0 3.2 797.2 322.0 64.4 210.0 110.1 
69 Tuesday 05 May 654.0 2.4 656.4 271.6 72.8 262.0 911.1 
70 Wednesday 06 May 705.8 6.2 712.0 238.0 0.0 252.0 95.0 
71 Thursday 07 May 638.6 10.2 648.8 0.0 28.0 2<18.0 72.6 
72 Friday OeMay 878.2 15.8 894.0 327.6 86.8 310.0 120.2 

End or B.tenl0 721.6 7.4 728.9 242.7 53.2 248.1 96.9 
73 Saturday 09 May 
74 Sunday 10May 654.2 31.0 685.2 257.6 98.0 282.0 130.5 
75 Monday 11 May 765.0 25.0 790.0 266.0 123.2 350.0 116.2 
76 Tuesday 12 May 711.8 18.2 730.0 196.0 53.2 326.0 86.6 
77 Wednesday 13 May 660.4 21.2 681.6 0.0 126.0 300.0 71.4 
78 Thursday 14 May 1034.4 0.0 1034.4 316.4 170.8 370.0 118.3 
79 Friday 15 May 1089.2 2.4 1091.6 217.2 100.8 374.0 111.4 
80 Saturday 16 May 943.4 36.6 980.0 313.6 70.0 392.0 112.8 
81 Sunday 17 May 886.6 37.4 924.0 352.8 61.6 412.0 99.2 
82 Monday 18 May 178.2 41.8: 820.0 252.0 78.4 384.0 94.8 
83 Tuesday 19May 1113.0 0.6 1113.6 257.6 7.3 400.01 118.5 

End of Satch 11 863.6 21.4L 885.0 248.9 88.9 359.0 106.0 
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End or BatdJ Zl 924.2 0.0 924.2 313,6 134.4 2118,0 120,8 

04 August 
05 August 
05 August 
07 August 
08 August 
09 August 
10 August 
11 August 
12 August 

Thursday 13 August 
14 August 
15 August 
16 August 
17 Au ust 

1% R ERR ERR 
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COD Mass Balance 

MSnoe 
1998 

.4 
Friday 27 February 690.0 892.0 4076.4 3723,6 1973.4 5872.6 2194,6 96.2 

Saturday 28 629.4 855.4 3909,2 3266.8 1800.1 5588,5 1869,4 94,0 
Sunday 01 7502 1000.2 4570.9 3709,1 2145.6 5517.4 1463,0 87.7 

5 Monday 02 March 713.8 953,8 4358.9 4197.1 2041.5 5428.6 2112.0 71.8 
Tuesday 03 March 751.6 1011.6 4623,0 5985.0 2149,6 5896.3 1625.6 120.4 

Wednesday 04 March 804.0 1124.0 5136.7 5063.3 2299.4 5553.0 1422.4 10821 
Thursday 05 March 864.0 1168.0 5337.8 4094.2 2471,0 5283,2 1503,6 

104,01 Friday 06 March 912.0 1232.0 5630,2 4233.8 2608,3 5608.3 1422.4 90.8 
Saturday 07 March 916.8 1240,8 5670,5 3977.5 2622.0 4917.4 1219.2 85.6 
Sunday 08 March 920.2 1240.2 5867,7 4556.3 2631.8 4636.2 894.0 90.8 
Monday 09 March 906.0 1230.0 5821.1 4266.9 2591.2 894.0 93,0 

10 March 803,2 1107,2 5059.9 4972.1 2297.2 827.2 79.8 
1 March 982.4 1<102,4 6409.0 3647.0 28097 1034.0 85.7 

8 5487.7 4496.3 2381.8 1 
2271.8 
2560.3 
2457.3 
2539.2 

16 March 2162,2 
17 March 2196.5 

End of Batch J 2383. 
Wednesday 18 March 2111.8 5128.6 

Thursday 19 March 2185.0 4549.6 
Friday 20 March 2361.2 4333.3 

24 Saturday 21 March 2432.1 4496.8 
25 Sunday 22 March 2391.0 4251.5 
26 Monday 23 March 2173.6 4578.6 
27 Tuesday 24 March 2072.9 4742.1 
28 W h 

29 
30 1542.1 5110,0 1349.0 

1364.8 4756.4 1240.8 
1324,8 4260.1 827.2 
1259.5 4880.5 1199.4 
1273.3 4425.5 992.6 
1347.6 5087,3 1199.4 
1327.0 5128.6 1158.0 
1443.6 4732.4 1128.1 
1361.4 5128,6 1034.0 

1206,9 5045.9 1116.8 
1290,4 4797.8 910.0 
1224.1 4508.2 661.8 

43 4958.1 894.0 71.7 
I 67.11' 

2030,6 4795.5 731.6 106.8 
1996,3 5161.3 812.8 114.6 

682.0 952.0 4350.6 4769.4 1219.2 75,3 
630.0 884.0 4039.9 6180.1 1403,6 89,9 
706.0 956,0 4368.9 5399.1 1073.2 83,2 
674.0 936.0 4277.5 3594.5 990.8 71.9 
634,8 904,8 4134.9 4049.1 990.8 70,3 
591,2 687.2 40545 3649,5 866.8 76,7 
696.8 1020,8 4665,1 2750.9 990.8 69.9 
646.0 928,0 42410 5383.0 908.2 75.6 

743.0 95.8 
9082 91,8 

1013,7 80.5 
1200.0 78.1 
720.0 82,8 
880.0 80.5 

880.0 93.8 
960,0 77.6 
960.0 75.6 
840,0 68.5 

1440.0 85.6 
1680.0 89.0 

73 
74 685,2 282.0 967.2 4420,1 3211.9 4960,0 800,0 74.0 
75 790.0 350.0 1140.0 5209,8 2662.2 4760.6 1149,2 66.7 
76 730.0 326,0 1056.0 4825.9 3238.1 3899,8 1231.2 81.1 
77 681.6 300.0 981.6 4485.9 3626.1 4589.8 1231.2 72.3 
78 1034.4 370.0 1404.4 6418.1 4432.3 1477.4 
79 1091.6 374.0 1465.6 6697.8 2230.2 4514.4 1641.6 78.4 
80 980,0 392.0 1372.0 6270.0 2226.0 4350.2 1477.4 75.2 
81 9240 412.0 1336.0 6105.5 4924.8 1477.4 92.7 
82 820,0 384.0 1204,0 5502.3 4324.8 897.6 89.0 
83 1113,6 400.0 1513.6 6917. 5140.8 1632.0 84.3 
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84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
96 
99 
100 

101 
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APPENDIXE 

• Average Sewage Batch Results ofUCT Control 
System . . 

• 1 to 14: Graphs of Average Sewage 
Batch Results. 
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Figure El: Average sewage batch influent and effluent COD 
concentrations in VCT system. 
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Figure E2: Average sewage batch COD Mass Balance in VCT system. 
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in UCT system. 
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Figure E6: Average sewage batch Nitrogen Mass Balance Components 
in UCT system. 
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in UCT system. 
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Figure E9: Average sewage batch P Removal and Effluent Pin UCT system. 
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Figure EIO: Average sewage batch P Relese and Uptake in UCT system. 
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APPENDIXF 

• Filanlent Identification in the External 
Nitrification and UCT Control Systems. 
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Table F 1: 

Date & 
(Day) 

2~/2/98 

(1) 

23/03/98 
(28) 

22/04/98 
(58) 

20/05/98 
(86) 

F.l 

Filaments identified I in the external nitrification (EXT) and UCT Control (CTL) 
systems 

Sewage DSV1 System EXT System CTL System 
Batch 

EXT CTL 

1 107 - Dominant }v[parvice!!a .'v[parvice!!a 

Secondary type 1701 rype1701; type 0092 

Abundance conunon; conunon conunon; some: few 

Morphology weak, irregular and weak, irregular and 

Floc 100 - 150 !lm < 150 !J.ffi 

3 87 137 Dominant l'v[parvice!!a .'v[parvicella 

Secondary rype 0092 rype0092 ; Norcadia sp; 
H.hydrossis 

Abundance some; few conunon; some; few; few 

Morphology weak, irregular and weak, irregular and 
diffuse diffuse 

Floc < 150 !J.ffi < 150 urn 
Diameter 

8 74 143 Dominant l'v[parvice!!a il/[parvice!!a 

Secondary type 021N; type 0092 type 021N 

Abundance conunon; some; few common: some 

Morphology weak, irregular and weak, irregular and 
diffuse diffuse 

Floc < 150 fLm 150 - 500 fLm 
Diameter 

12 T3 13 I Dominant ivf.parvice!!a M.parvice!!a 

Secondary rype 1851; H. hydrossis rype 1851 ; type 0092; 
H.hydrossis 

Abundance some; few; few conunon; some; few; few 

Morphology weak, irregular and finn 
diffuse 

Floc < 150 fLm ISO - 500 fLm 
Diameter 

IFilament identification according to Eikelboom and van Buissen (1981) and Jenkins et al . ( 1984). 
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F.2 

ll/06/98 l3 7 13 I Dominant iv!.parvicella J'v!.parvicella: Hhydossis 
(l08) 

Secondary type 1851 type 1851 

! 
Abundance corrunon; common common; few; some 

! Morphology \veak. irregular and finn. round and compact 
diffuse 

I Floc < 150 11m 150 - 500 ,um 
Dlameter 

27/07/98 20 83 

I 
152' Dominant jl,fparvicella l'v!.parvicella 

(15.j. ) 
Secondary 

[ Abundance some few I 

Morpllology weak, irregular and finn, round and compact 
diffuse 

floc 150 - 500 iJ.ffi > 500 iJ.ffi 
Diameter 

19/08/98 r _J 105 166 Dominant M.parvicella Mparvicella 
( 177) 

Secondary 

Abundance some few 

Morpllology weak. irregular and finn, round and compact 

I diffuse 

floc < ISO iJ.ffi ISO - 5OO!lm 

I Diameter 

Monitoring of L'CT S\Slem. \\l\tcll was operated for a different project was stopped on day 188 after completing 
sewage batcll n ThiS S\SleIll \\as kept operating for later use and filament identification was continued. 

15/09/98 25 91' - Dominant A!'parvicella M.parvicella 
(204 ) 

Secondary 

Abundance few common 

v[orp 1\0 logy \veak. irregular and finn. round and compact 
diffuse 

floc < 150 !lm 150 - 500 !lm 
Diameter 

20/10/98 28 lIS' - Dominant S Natans type 1701 
(239) 

Secondary M.parvicella; type 170 I /v!.pan;icella 

Abundance some; few; few some; some 
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F.3 

Morphology weak, irregular and finn. round and compact 
diffuse 

Floc < 150 !lm 150 - 500 !lffi 
Diameter 

24/[1/98 29 lOS - Dominant t'v(parviceUa t'vfparviceUa 
(275) 

I 
I 

Secondary rype 1851 rype L851 

I Abundance some: some some; some 

MorplJology weak. irregular and weak. irregular and 
diffuse diffuse 

Floc 150 - 500 iJ.ffi 150 - 500 iJ.ffi 
Diameter 

20/12/98 31 (j·r - Dominant /vfparvice/la ivfparviceUa 
(300) 

Secondary 

Abundance few some 

MorpllOlogy weak, round and compact weak. round and compact 

r 

Floc L50 - 500 )..lm L50 - 500 iJ.ffi 
Diameter 

I 

18/01199 3~ 1·+0' - Dominant /vfparvicella .'v(parvicella 
(329) 

Secondary Thiothrix sp 

Abundance 
: 

some common; few 

I Morphology weak, irregular and weak. round and compact 
I 

diffuse 

Floc 150 - 500 iJ.ffi 150 - :500 iJ.ffi 
Diameter 

22/02/99 37 l)l) - Dominant rype 1851 :'v(parvicella 
(364) 

I Secondary Mparvice/la rype 1851 

Abundance common: some very common: common 

MorplJology weak and rounded 

Floc 150 - 500 )..lm 150 - 500 iJ.ffi 
Diameter 

Monitoring of E:--.: ternaJ nitrificill ion system stopped on day 37J after completing sewage batch 37. The system was 
kept operating for later lise Cllld filament identifications were continued. 
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FA 

EXT S'stem Aerobic Reactor Nitrification Reactor 

2:.1-/03/99 Dominant type 1851 Thiothrix 

I 
Secondary 

Abundance some excessive 

Morphology weak. irregular and irregular: not true floc 
diffuse but clwnps sheered of 

sides of unit 

Floc > 150 ~ > 500)..tm 
I Diameter 

EXT S,stem Aerobic Reactor Nitrification Reactor 

28/04/99 Dominant type 185 1 type 1851 

Secondary :'vfparvice l/a Mparvicel/a: type 021 N 

Abundance common: common some: few; few 

Morphology weak ; irregular and firm, round and compact 
diffuse 

I 
Floc 150 - 500 )..tm 150 - 500 ~ 
Diameter 

EXT S,stem Aerobic Reactor Nitrification Reactor 

27/05/99 I Dominant type 1851 IV. limcola 

I Secondary J'vfparvicel/a 
I 

i Abundance some; few some 

= ylorp llOlogy firm. round and compact firm. round and compact 

Floc 150 - 500 )..tm 150 - 500 )..tm 
Diameter 




