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ABSTRACT

The typical New Zealand meat processing industry wastewater was treated by a
laboratory scale Sequencing Batch Reactor (SBR) to determine an effective operating
cycle for biological carbon, nitrogen and phosphorus removal. The Activated Sludge
Model No. 1 and Model No. 2 with modifications were used to simulate the treatment of

meat processing wastewater using the SBR.

The average values of main pollution parameters of the wastewater were
characterised as 1390 mg total COD L™, 755 mg soluble COD L, 75 mg L' NH; - N,
145 mg L' TKN and 34 mg L' TP. The readily biodegradable COD (RBCOD)
accounts for 15 — 18 % of the total COD, while the inert soluble and particulate portion

were 4 % each.

In order to establish an effective operating cycle for the simultaneous removal of
nutrients and organic carbon, different dissolved oxygen (DO) concentrations in the
mixed liquor, duration of operating phases and hydraulic retention time (HRT) of a 6 h
cycle were tested. The most effective cycle consisted of seven phases. The first two
hours of the anaerobic period was followed by the aerobic and anoxic periods. The first
aerobic period was maintained at a DO concentration of 0.5 + 0.25 mg L™ for 1 h, the
second aerobic period for 1 h at a DO concentration of 3.75 + 0.25 mg L™ and the third
aerobic period for half an hour at 0.5 + 0.25 mg L' DO concentration. A half an hour
anoxic period followed the first aerobic period. A settling period of 0.75 h followed the
third aerobic period. The last quarter of an hour was for decanting and idling. The solids
retention time (SRT) was 15 d, while the HRT was 2.5 d. Greater than 99 % removal of
biodegradable soluble COD, NH; — N and POs — P was achieved in the effective
operating cycle where the TN and TP in the wastewater were reduced to 10 mg L™ and

1.0 mg L™, respectively. In addition the soluble COD was reduced to 98 mg L.

The key kinetic and stoichiometric parameters for ASM 1 and ASM 2 models
were determined using batch tests. The heterotrophic maximum specific growth rate,
yield coefficient and the half saturation constant were 2.0 d”', 0.63 mg cell COD (mg
COD) " and 8 mg L™ respectively. The maximum specific growth rate of autotrophs was

0.65 — 0.80 d”'. The anaerobic phosphorus removal stoichiometric coefficients were also
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determined in batch tests. During the anaerobic period, when 1 g of acetate COD was
initially present, 1.48 g of PHA COD was stored while 0.48 g of P was released. The
batch trials conducted using acetate to assess the influence of Mg®* in P uptake showed
that the Mg®" could limit the P uptake and the uptake rate could be represented by
Monod type kinetics. In the Monod kinetic expression the Mg®" half saturation constant
was found to be 4.7 mg L. The molar ratio of Mg?" with P was 0.21 during the

anaerobic period, and 0.33 during the aerobic period.

The SBR performance was modelled using ASM 1 and ASM 2 models after the
addition of more processes in these models. Ammonification of the soluble organic N
process rate was modified in the ASM 1 model. Similarly it was necessary to add
anoxic P uptake and anoxic growth processes involving PHA of Bio-P bacteria in the
ASM 2 model. Glycogen storage and glycogen lysis processes of Bio-P bacteria were
added in the ASM 2 model to understand the involvement of glycogen in P removal.
Also a modification was performed to the storage process of poly-P in the ASM 2
model to account for potential Mg** limitation in meat processing wastewater treatment
for P removal. During the settling period anoxic hydrolysis was assumed to be
negligible. The calibrated ASM 1 and ASM 2 models in general well simulated the
effluent NH; — N, NOs; — N and PO, — P of SBR cycles carried out in distinctly different

periods of time and in different batch tests.

As the calibrated modified ASM 2 model was able to predict the performance of
an SBR cycle conducted over a time period of three months, it was used to identify the
most promising treatment strategies of the SBR performance. Variation in duration of
feed cycle during the first non-aerated mixed period did not affect the effluent NO; — N,
NH; — N and PO, — P concentrations significantly. DO concentration of 3.75 mg L™
during the third aerobic period instead of 0.5 mg L™ increased the effluent NO; — N and
PO4 — P concentrations. The simulations confirmed that the operating conditions
identified in a 6-h cycle period for the simultaneous organic carbon and nutrient

removal are effective.



v

Acknowledgements

I wish to thank Professor Rao Bhamidimarri for his guidance and supervision over the
past three years. I also thank Mr. Paul Bickers for his helpful discussions and

suggestions.

Many thanks to Professor Bob Chong, Dr. Magnus Christensson and Mr. Ken Butler for

their valuable suggestions.

Thanks to Dr. Manderson and Dr. John Brounland who gave me the fundamentals of

microorganisms and MATLAB programming.

[ am very grateful to Mr. Bruce, Mr. John Syke, and Mr. Andrew for their help in the

reactor set up. Thanks to my fellow postgraduates in the lab. for their friendship.

Thanks to the Massey University for providing me with financial assistance for
presenting papers at the IWA conference held in Melboume and the Biotechnology

conference held in Palmerston North.

Thanks to the Environmental Management Team of Manawatu Beef Packers in Fielding

for allowing me to collect their wastewater.

I also wish to thank Dr. David Scotter and Dr. Tessa Mills for their help in proof-

reading and editing my thesis.

Thanks to my wife, Thabo, and daughter, Varshi, for their patience and encouragement

throughout the study.



Table of Contents

ABSTRACT ....ciiiiiiieiieiesrecesrersrsrstssssssssssssssrsssssssssssssssssssssssssssssrsssssssasasssssssssssssss II
ACKNOWLEDGEMENTS....... creeresecnsanans ceveseeene teeererssersranante ceeeererensens crenssesenss cerencanaene 1Y
TABLE OF CONTENTS. . ciiiiiieiucucacasssssssssrresessssssssssssssesesssssssssssssssssssssssssssssssssssssses v
LIST OF FIGURES......ccoccetvesennnnnes ceerenane veaseseanaces resersereeses rresssrersassentacasansasenns veenee VIIL
LIST OF TABLES........ ceeenne ceeessencanes ceresecrnsasencens evesesesriincasaraerars Ceesessresturestrensnrsasaene X1
ABBREVIATIONS...... veerresesasasanes crereresecesassnsnns Ceessesestettntnsnsnsnsasasasesssnsnsnsnsee creresnns XNI
CHAPTERI  INTRODUCTION......c.ccccevureees rreterescsetesestittttterenetasasasasasasanas ceeeersssncenns 1
1.1 BACKGROUND. 1.ttt titiits eteet s eiete e ettt e ateaaaaseseenaenseseansasaaneetesnsanneesnsensessessesnnennensnns 1
1.2 APPROACH TAKEN IN THIS STUDY....uiviuiininnitiititiint it it ettt ettt rn e s et en e e e eeaeas 3
CHAPTERII LITERATURE REVIEW ., 5
2.1 INTROBUCTION. . .ovttiinitirit e ettt e eeen e ee e et ee e e et e e et e e s et et e e s b s e st et s aaas 5
2.2 SOURCES, TYPES AND CHARACTERISTICS OF MEAT PROCESSING WASTEWATER.......cccvvivuiennnnn. 5
2.2.1 Sources and types Of MEAI-WOTKS WASIE ..........cccccovueverienrieeeeirientetsieieeieseete sttt see s ress e 5
2.2.2 Characteristics 0f meat DroCeSSIiNG WASIEWALET ...................covvrevvecerriricssenseassasesmosesesssessssenens 6

2.3 ENVIRONMENTAL SIGNIFICANCE OF MEAT PROCESSING WASTEWATER DISCHARGE........c.c.c.........8
2.4 TREATMENT TECHNOLOGIES FOR MEAT PROCESSING WASTEWATER.....ccoccviriniiiiiiiinieiienannin 9
2.4.1 PrImiQry IFEAIMENL ........o...oocieurveneeieiieeeeeeeessece e evasess st ess et e sta e sae st esseessassaestessaassssesssanrennnssnensns 9
2.4.2 SeCONAArY Ir@AIMENL ..............cvovevereiierreeesieeeeeeiee ettt be sttt bt sre ettt s ene 11
2.4.2.1 PhySiCOChEMICal treatMENt ... cveusveeeres crrreereres eositesseneetenaseensesiesassasass senraes sesssaseo s renes 12

2.4.2.2 BiolOZICAl trEAMMENT .evvtveuriieiieiieeiertee s eeeesreesieestresteeestrassbesseesessaesassessenssassessnessses 13

2.4.2.2.1 Anerobic biological wastewater treatment...................c.cccerevueeeennc .. 14

2.4.2.2.2 Aerobic biological treatment................c..coveuevvecereniecenecerenienieneeireeneens 18

2.4.2.2.3 Biological processes of nitrogen removal .................cccuvvemuerverecrcnsncnn, 20

2.4.2.2.4 Biological phosphorus removal...................cccceecvencincncvenenieenen. 27

2.5 SEQUENCING BATCHREACTOR (SBR)...uiuiiiirie it e e 31
2.5.1 SBR OPETALION .......ooeeeeres ettt sttt on e et s e se s st e asesaaesannsens 31
2.5.2 SBR vs. Conventional continuous flow activated sludge SyStems................cco.cocemreecencevernecnne. 33
2.5.3 Simultaneous nitrification and denitrification (SND) ..........c...cvvoneiiirieieineeieeneeeseeirsiesenenns 34
2.5.4 Sludge settling in SeqUENCInG DALCK FEACIOFS..........coooovveueueiiriieeeieeiee s st 34
2.5.5 Modelling of Sequencing Batch Reactors treatment .................cceeveeeovsverneriveeseneseeseeneeneens 35

2.0 SUMM ARY L et ittt ettt et et ettt et et raeanaaean s e re e et n et ra et eh e r e e e e taa e 37
CHAPTER III METHODOLOGY......... eereereess ceersrsrratenssesessesessens eerersesasenrorrnsnsses ..39
3.1 SOURCE AND TYPE OF WASTEWATER. ... .. tiuuitieimniniiniiiiii s se it enaaaes cenern e e s an b aaes 39
3.2 START UP OF THE EXPERIMENT . ... .. tu ittt iiieiitiaieinit it e e sa e sravh et aeeaeneanenensanaes 39
3.3 SBR PERFORMANCE AND CHARACTERISATION OF WASTEWATER.. ... cvuviuiiriiinininiiniiniitcnans 41
3.3.1 Determination of chemical 0xygen demand..................coccuceccuvceecnncccnniesriincsssessesrnnn 42
3.3.2 Determination of total and volatile suspended solids (TSS and VSS).......ccocouvceeverveveennerne 42
3.3.3 Determination of ammonia CONCENIYALON ................ccccvurrcerermvivieseesrerieisesseeeessensssns reesessessns 42

3.3.4 Total Kjeldahl nitrogen (TKNJ.........c..covuimeoimeniiieieeireeieieotee ettt et s s nes 43



vi

3.3.5 Total phosphorus (TP) CONCENIIALION.................ccccocueerieir ettt et eeanre s 43
3.3.6 Oxidised nitrogen (NOx — N) and soluble phosphate phosphorus (PO4— P) concentration..... 44
3.3.7 DO, pH, alkalinity and SVI MEASUTEMENLS ..............c.ccucvriiniininrinieinineneeesiesreseesreneeseneene 44
3.4 INFLUENT SOLUBLE AND PARTICULATE INERT COD FRACTION......evutitinteitenteenenneneanennennens 44
3.5 OXYGENUPTAKERATE (OUR) MEASUREMENT . ... ututiuttentnseneeseneeseneeneneeneneenensenensenensenens 45
3.6 ASSESSMENT OF READILY BIODEGRADABLE COD......iiuiiiiiiiiiiiiiiiiiiiiiiceieie i eceenaea 46
3.0.1 A@EODIC DAICRIEST ... ettt e e e e eetae e ee e e aae e essenane e stvesenresereeearesns 46
3.6.2 ANOXIC BALCH LESL........c.covveeueeceeece et cveeeetee e tee ettt aae e evee e s tveesabaesabeesateesentessnseeentseenareens 46
3.7 MAXIMUM SPECIFIC GROWTH RATE OF HETEROTROPHS. ... e .t tutttitinentenenteneeneneenennenennenennenes 47
3.8 HETEROTROPHIC DECAY COEFFICIENT ...\t tuteutttnttntenneeneensenneeneennesnesnseanesnesneennesnesneennenns 48
3.9 MAXIMUM SPECIFIC GROWTH RATE OF AUTOTROPHS. ... ututtutinenteneenenteneenentenenneneeneeneneenens 48
3.10 HETEROTROPHIC YIELD COEFFICIENT ... tututntentrtentenenneneeesneeneneenenneneenenneneenennennnnensnns 48
3.11 SHORT CHAIN FATTY ACIDS (SCFA) MEASUREMENT ...c.ututiutitenteneeneneenenneneeneeneneeneneenenonn 49
3.12 POLY-B-HYDROXYBUTYRATE AND POLY-3-HYDROXYVALERATE IN MICROBIAL BIOMASS........... 49
3.13 CARBOHYDRATE IN THE WASTEWATER. ...ttt tutittentttenteenteaneeneentenneeeeanesneeneeeneeneennenns 50
3.14 GLYCOGEN IN THE SLUDGE. ...t tuttuenttnttteneenenseneeneneenensenesseneesennenenmeneenentenennennenennenenn 51
3.14.1 Measurement conditions for acid hydrolysis method ....................cccovceinennnnienccnieneneenn, 51
3.14.2 Methodology for glycogen measurement in the sludge..................cooceuverevinencvinieneenenenns 52
3.15 SOLUBLE MAGNESIUM, POTASSIUM, CALCIUM ANDIRON MEASUREMENT........ccvuvruirenneneenennnns 53
3.16 MICROSCOPICAL OBSERVATION OF SLUDGE MORPHOLOGY (GRAM STAINING)....cuvuveuenenennnnnnn. 53
CHAPTER1V CHARACTERISTICS OF WASTEWATER 54
T O 0 V120000 1 (0) PP PPN 54
4.2 CONVENTIONAL POLLUTION PARAMETERS OF WASTEWATER.....cctttiutiitinnerneiitennenneennennennennns 54
4.3 SHORT CHAIN FATTY ACID FRACTION OF THE WASTEWATER. ... 0tttrttintiteneenneeneennennerneennennes 57
4.4 ASSESSMENT OF INITIAL SOLUBLE AND PARTICULATE INERT COD IN THE WASTEWATER............. 58
4.5 READILY BIODEGRADABLE COD.....uiiiiitiiiiiiiit ittt e e e e e e e e e eaas 62
4.5.1 CONCEPIUAL DASIS ...ttt et e eas st be e sae e et be et 63
4.5.2 Readily biodegradable COD measurement by batch OUR method.....................cccccveenennennne. 64
4.5.3 Readily biodegradable COD measurement by batch NUR method... ...........c....cc. . cu... .......00
I 0 % 1.8 PP 69
CHAPTERYV  PERFORMANCE OF SEQUENCING BATCH REACTOR.....cccccccecececerenens 70
ST INTRODUCTION. ..t tuttttttnttteteeneenteasenneeneenteaseeneeneenseanesnesneensesnessesnsennesnesseeneenneenanns 70
5.2 PERFORMANCE OF THE SBR DURING RUN L .. .euiiiiii it ee e 70
5.3 PERFORMANCE OF THE SBR DURING RUNIL......cuiuiiiiiiiiii e 77
5.4 PERFORMANCE OF THE SBR DURING RUN III (CENTRIFUGED WASTEWATER).....ccvevvvuenneneenennn 82
5.5 PERFORMANCE OF THE SBR DURING RUN IV . ..ottt 85
5.0 SUMMARY .. utttnttttetentet et eneeteneetetenenteaeesentenensentetentsnenssnensentesensenenseneeseneeseneenensns 92
CHAPTER VI  KINETIC CHARACTERISATION OF WASTEWATER......cccccecttmmerercncnes 94
L0 T 001 200 ) 0160 1 () 94
6.2 KINETIC AND STOICHIOMETRIC CONSTANTS IN BIOLOGICAL ORGANIC CARBON AND NITROGEN
REMOV AL 1t uttttitiettineeeenteneetetet et eneetenaenentenaesentenenseneesenssnenseneenenneneenennenersennennes 95
6.2.1 Heterotrophic yield COfiCIEnt.................co.oviiiiirinuinoieiiiiniinieiieieneeiniestenee s tessn s eesneens 95

6.2.2 Maximum specific growth rate and half saturation constant of heterotrophs ......................... 97



vil

6.2.3 Maximum specific growth rate of QUIOIFOPRS ... ... ... ... e oo e ve et e eee et e e e e 2. 100
6.2.4 Heterotrophic decay coefficient ... ...... ... ... ... oo v ieivsiii vt s et ettt e e e e 101

6.3 STOICHIOMETRIC AND KINETIC CONSTANTS IN BIOLOGICAL PHOSPHORUS REMOVAL................. 103
6.3.1 Kinetic and stoichiometric coefficients for meat processing wastewater..................c.ccoo.oeun.. 103
6.3.1.1 SBR CYCIE SEUAY. .. eeuivtiiiineit et 103

6.3.1.2 Stoichiometric coefficients using batch test................cooooiiiiiiiiiii 110

6.3.1.3 Stoichiometric coefficients with acetate batch tests.................ooooiiviii 112

6.4 INFLUENCE OF CATIONS ON PHOSPHORUS REMOVAL. ... cuuiiiitiiiininiiineiiaiiieeieneeaneenienae 116
6.4.1 Magnesium, potassium and calcium ions in phosphorus removal....................c.ccccccoeein, 116
6.4.2 Magnesium ion influence in phoSphOrUS UDLAKE.................ccocoeiiiiiiiiiieeeeies e e 120

6.5 ANOXIC PHOSPHORUS UPTAKE AND RELEASE. ... .ucututtiniiitinininiiiet ittt eaeeene e 124
6.6 PHOSPHORUS RELEASE DURING THE PH ADJUSTMENT....... .ottt 127
6.7 SUMMARY ....euitititit e e 128
CHAPTER VII APPLICATION OF ACTIVATED SLUDGE MODELS.........ccccccoienenenee 131
2 L1200 0603 0 N 131
7.2 ACTIVATED SLUDGEMODELNO. 1 (ASM 1)...cuiiiiiiiiiii e 132
7.2.1 MOdel deSCTIDHION .................coviiiiiiiiiiii ittt et e e 132
7.2.2 Calibration of the modified ASM 1 model.....................c.....ccoeeiivireeieeiiiieeeee e, 140
7.2.3 Simulation of the SBR cycle described in Section 5.5. ............cccccocvvvvveniininiiniiiiienneee, 143
7.2.4 Sensitivity of the model parameters in ASM 1..............ccoccuiiiiiinnniiiiiiie e 144

7.3 ACTIVATED SLUDGE MODEL NO. 2 (ASM2).....iiiiiiiiiiiiiiiiiiii i, 146
7.3.1. ASM 2 mOdel AeSCTIPION ..............cccoecini ittt ettt s 146
7.3.2 ASM 2 model MOQIfICAIION. ..............c.ccooiiiiiiiii ittt et 148
7.3.3 Calibration of the modified ASM 2 ...............ccccouvmimiiieiiirieientiee st 155
7.3.4 Simulation of batch test results with WaStEWALEr .................ccccccocivieicinioiiiniiinenie e 162
7.3.5 Simulation of the batch test results with acetate (Trial II)..............c..ccccocooviiniiiniivioiininne. 165
7.3.6 Simulation of the batch test results with acetate (Trial [) ...............c....ccccoevvveininicnniviiennne, 166
7.3.7 Simulation of SBR cycle results described in Section 5.5 .............ccccccvivniniionconivcene 168
7.3.8 Sensitivity of parameters in the modified ASM 2 model.................cccccocoovvvivivnninvieierneniins 169

7.4 APPLICATION OF THE MODIFIED ASM 2 MODEL. ... cuiuiiiiiiiiiiiiiiiiiiiie it 170

T S SUMMARY ...cittitiii i 173
CHAPTER VIII SUMMARY AND CONCLUSIONS.....ccctttttererererererececeseresesecncececencnnes 176
REFERENCES. ....ccotitiiiitiiiiiiiiiiiitreretecttttettsttstesasasasassssssssssssssssssssssssssassssssnsnse 181
APPENDIX A..tiuiuiuititiuieieieieieiieieieieieieieseseseescssssssssssssssssssssssssssssssasesascssssssasssssssses 194
PN g 3 D30 D ) 0. G 197
APPENDIX Cuuurnrrrnieiininiururieriinterereeesesesacscscsessssesesssssssssssssssssssssssssssssssssssssssasssssses 198

PN o o I 1) O, G ) TR U 203



viii

List of Figures

Figure 2.1 Schematic diagram of a meat processing wastewater treatment system

(Mikkelson & LOWETY, 1992) .. ..cuiuiiniininitiieieiee et e e e et eae e eneeneneneneaneneanes 10
Figure 2.2 Biological breakdown of organic matters (Henze, 2002) ........ccccoueveveneenenenenenencneeenenennenns 14
Figure 2.3 An outline of the anaerobic process (Manderson, 2000)...........ccoeveverririniieninennrnenenenenss 15
Figure 2.4 Possible microbial nitrogen conversions (Van Loosdrecht & Jetten, 1998).........cccecvvveveruenenee 22
Figure 2.5 SBR operation for each tank for one cycle for the five discrete time periods

(Irvine and Ketchum, 1989) .....ccccociiiiiiiiiiiniieniirenentetet ettt e s s st aea e stessasaasbesae s 32
Figure 3.1 Laboratory scale sequencing batCh reactor SEt-Up........cocveenirnieiiineiinnieieireneeeennnnn. 41
Figure 3.2 Schematic diagram of reactors set-up during wastewater inert COD measurement.............. 45
Figure 3.3 Schematic diagram ofthe OUR measurement Set-Up...........coeeeuvnenininieniniinenenenenenennn 46
Figure 3.4 Schematic diagram of'the respirometer and the chart recorder................c.coevinieieninnen. 47
Figure 4.1 Short chain fatty acid fractions of the WaStEWaLter ..........cevererurueuereurereeeeeieeneeseseserecesnenenns 58
Figure 4.2 SCOD profiles of the filtered wastewater and glucose reactor..........ccccecerveeverceeneerenenrcrerenne, 59
Figure 4.3 COD profiles of the filtered wasteWater TEACTOT .........cevviverrierirrienireeie ettt 60
Figure 4.4 COD profiles of the raw WasteWater TEACIOT. .......coeeueruerterereerereeeertereeseeseesseeeeee e et eeeneeeenes 60
Figure 4.5 Oxygen uptake rate profiles for meat processing WasteWater..........ceceeceereeerrererrerresvererveneerene 64
Figure 4.6 Nitrate uptake rate profile for meat processing WasteWater..........coeevruerrerermrreneresreerrereeeeeens 66
Figure 4.7 Influent COD fraction (average TCOD = 1390mg L) ....uovvrvveveeiereerrereeeessee e, 66
Figure 4.8 OUR profile of a parallel OUR and NUR test in meat processing wastewater .............coeeeeuen. 68
Figure 4.9 NUR profile of a parallel OUR and NUR tests in meat processing wastewater...........c..coceuen.. 68
Figure 5.1 Influent and effluent COD during RunI..........c.cooiiiiiiiiiiiiiiiii e, 72
Figure 5.2 Influent Nand P during RunL...... ... 73
Figure 5.3 Effluent Nand P during Run L........cooiiiiiii e, 74
Figure 5.4 Influent, effluent and sludge solids during RunI...........ccooiuiiiiinininiiiiiiiiiinnnennen, 75
Figure 5.5 SCOD, N and P profiles in a cycle study during Run...........c.cooiiiiiiiiinniniiiiiinnnen.. 76
Figure 5.6 DO and pH profiles in a cycle study during Run L.........cocooiiiiiiiiiiiiiiiiiiinn, 77
Figure 5.7 SCOD, N and P profiles in a cycle study during RunIL............cc.cooooiiiiiiiiiiiiinenne 78
Figure 5.8 pH and DO profiles during a cycle study during Run IL............ccoviieiiiiiiniiiinnininenen 79
Figure 5.9 Influent COD, N and P profiles during Run IL...........c.coooiiiiiiiiiiii e, 81
Figure 5.10 Effluent soluble COD, N and P profiles during RunII............cccoovviviiiiiiiiiiininineninnn, 81
Figure 5.11 Influent centrifuged COD, N and P profiles during Run IIL............ccoviviiiiiininiinininnnn 82
Figure 5.12 Effluent SCOD, N and P profiles during RunIIL...............cooooiiii e, 83
Figure 5.13 Soluble COD, N and P profiles in a cycle study during RunIII..................oooiinn..n. 84
Figure 5.14 DO and pH profiles in a cycle study during Run III...........c.oooiiiiiiiiiiiiiiiiiiee, 85
Figure 5.15 Influent COD, N and P profiles during Run IV........c.coviiiiiiininiiiiiinni e 87
Figure 5.16 Effluent SCOD, N and P profiles during RunIV............cocooiiiiiiiiiiiiiiiiee 87
Figure 5.17 VSS to TSS ratio at the end of the anaerobic and aerobic phases during RunIV................88
Figure 5.18 Soluble COD, N and P profiles in a cycle study during RunIV.............cooeveviniiininen.. 89
Figure 5.19 N balance in a cycle study during Run IV..........oviviiiiiiiininiiiinene e 90
Figure 5.20 Alkalinity and pH profiles in a cycle during RunIV..........c.coooiiiiiiiiin i, 91

Figure 5.21 Typical oxygen uptake rate profile during RunIV..........oooiiiiiiiiiiiiiiniiiiiineenes 92



ix

Figure 6.1 Substrate removal with different Sp/X......ccccerviiiiieriiriiiiere e see e 96
Figure 6.2 Yield coefficient With Sp/Xp =2 ...evciiiiiiieiieseeieeeicre e see st sr e st e s e s seesaeeees 96
Figure 6.3 A typiCal TESPITOZIAIM ..........c.cceeuieriereeieiieteeeeteestesteetaeraetsesbeeteseaesbassessassessseseessarbessessassesaensensas 97
Figure 6.4 Relationship between specific substrate removal rate and substrate
in soluble meat ProcessiNg WaSIEWALET ......c.cc.eervereereerinrerretereessentetcietre sierenessesssresseresnenes 98
Figure 6.5 Linear profile of 1, With Ii/S ....c.oooiiiiiiiiiiec e s 99
Figure 6.6 Maximum specific growthrate of aUtOtrOPhS . ........cceeverereniriririenieiereeeee et 101
Figure 6.7 Heterotrophic decay coefficient. ..............cooiiiiiiiiiiirii e 102
Figure 6.8 Soluble phosphate phosphorus, nitrate nitrogen, SCFA COD, PHA COD and
glycogen COD profiles during an SBR CYCIE .......cccviiiiiiiriiieiecieieceeee e 104
Figure 6.9 Soluble phosphate phosphorus, nitrate nitrogen, SCFA COD, PHA COD and
glycogen COD profiles during a batch test with WasteWater ..........cccceevvevrieeeereniienieneseneennes 111
Figure 6.10 Soluble phosphate phosphorus, nitrate nitrogen, SCFA COD, PHA COD and
glycogen COD profiles during a batch test with acetate (Trial I) .......ccccocevvenenennininnnnee 114
Figure 6.11 Soluble phosphate phosphorus, nitrate nitrogen, SCFA COD, PHA COD and
glycogen COD profiles during a batch test with acetate (Trial IT).......ccccoeveviencieninenenne. 115
Figure 6.12 Mg®*, K* and Ca®*profiles during the SBR cycle and batch tests..............co.oovvevrrerrverrennn. 117
Figure 6.13 Relationships between the molar concentrations of Mg®*, K™ and Ca®* with PO;~P.......... 119
Figure 6.14 Mg”" influence on phosphate Uptake. ...................uuuuuuunniieeeeeeeeeiieiiieeeeeeeeeeeeeen 121

Figure 6.15 Soluble Mg**, K* and Ca®* in mixed liquor in a batch test with 10 mg L Mg?* addition.... 122
Figure 6.16 Relationship between Mg”* concentration at the beginning of the anaerobic period

ANd the P STOTAZE TALE. .....eoiiiiiiieieriereererte e e see st et e et se e s e e ste e e eseesssesbnensesssesnsesanesseesans 124
Figure 6.17 Anoxic — anoxic and anaerobic — aerobic batCh tests ..........ccecvverierieiienieniie e 126
Figure 6.18 N and P profiles in an anoXic batCh test.........ccceeverririrnieneninieeeeneeneeeeee e seens 128
Figure 7.1 Flow diagram for model used by Clifft and Andrews (1981)........ccccocvieiiiienenieniininicnieneene 133
Figure 7.2 Flow diagram for the ASM 1 model (Grady, 1989) .......ccccoivviiriiiiiinieereeeee e 133
Figure 7.3 Distribution of COD fractions in WastEWater ...........cccevueruerererinieneeneneneneeeeneeseesiesreseenees 136
Figure 7.4 Tllustration of death - regeneration and endogenous decay models (Orhon & Artan, 1994)...138
Figure 7.5 Wastewater characterisation for nitrogenous components (Orhon and Artan, 1994) ............ 139
Figure 7.6 Simulated and experimental NH; — N and NO; — N during the SBR cycle
described in Section 60.3.1.1 ..ottt e 143
Figure 7.7 Simulated and experimental NH; — N and NO; — N of the SBR cycle
described in SECHON 5.5. ...ouiiiiieiiiie et sttt s bt et 144
Figure 7.8 Metabolism of polyphosphate accumulating organisms (Mino et al., 1995).........ccccccevuvennenn. 148
Figure 7.9 Simulated and experimental NH; — N, NO; ~ N and PO, — P during the SBR cycle
described in Section 6.3.1. 1. c.ccooiiiiiiiirieeer et b a e 159
Figure 7.10 Simulated and experimental PHA COD and glycogen COD during the SBR cycle
described in SEction 6.3.1.1. ..ottt 161
Figure 7.11 Simulated and experimental PO, ~ P, Mg®* and SCFA COD during the SBR cycle
described in SEction 6.3.1.1. ....coiiiiiiiiieieieeere ettt eneen 162
Figure 7.12 Simulated and experimental NH; — N, NO; — N and PO, — P of batch test
WITH WASTEWALET....c.veveeiieietiirieteeste e ste e sesesee e e s e tesesestese st seese e st asessebesessesenesbesanessesanensene 163
Figure 7.13 Simulated and experimental PO,~ P, Mg”* and SCFA COD batch test
W WaASTEWALET ...\ttt ettt et et e et et et e et et e e e e ee et et e e e eeeaeerenrenaneaeanes 164
Figure 7. 14 Simulated and experiment PHA COD and glycogen COD of batch test
WILH WaASTEWALET......ceutiteitiietertee ettt ettt et b e sa s cat e e sbe et e st e besae et e ben b et eneesaenaens 164
Figure 7.15 Simulated and experimental PO, ~ P and HAc COD of acetate batch test (Trial II). ........... 165

Figure 7.16 Simulated and experimental PHA COD and glycogen COD
of acetate batch test (Trial IT). .....ccoiiiiiiiii e 166



Figure 7.17 Simulated and experimental PO, — P and HAc COD of acetate batch test (Trial I).............. 167
Figure 7.18 Simulated and experimental PHA COD and glycogen COD of acetate batch test (Trial I).. 167
Figure 7.19 Simulated and experimental NH; — N, NO; — N and PO, — P during the SBR cycle

deScribed 1N SECTION 5.5, .iiuiiiiiii ittt ettt besbeesa et e beseeesaesenbeseaesnans 169
Figure 7.20 Simulated NH; — N, NO; — N and PO,— P with varying filling times........c.c..cccecuveennn. 171
Figure 7.21 Simulated NO; — N, NH; — N and PO, - P with third aeration at 3.75 mg L

OFf DO CONCEMMTALION. .....evirveienirierieiirtesteretete ettt st st st st e et e et e s te sttt s b b ntesesbenaenesbeneene 172

Figure 7.22 Simulated NO; — N, NH; — N and PO, - P at TCOD concentrations of
(@) 2050 and (b) 490 MG L. ..ot 173



Xi

List of Tables

Table 2.1 Constituents and sources of meat wastes (Bhamidimarri, 1991) ..........ccoviniiiiiiiiniiennen.n. 6
Table 2.2 Representative characteristics of meat processing plant effluents

(Cooper & RUSSEll, 1991)....uuuiniiieit e ettt et aees eaenens 7
Table 2.3 Performance of an anaerobic lagoon receiving meat processing wastewater

(Russell & Cooper, 1992)......uiuiiritiiitiiiirt ettt ettt et et e e e reneeensenenseneenns 17
Table 3.1 Operating cycle of laboratory scale sequencing batch reactor (6-h cycle)..........ooevvvvninninne. 41
Table 3.2 Percentage of glucose recovery at different digestion conditions............ccccceevvvveieenenennnnn. 52
Table 3.3 The set wavelength and slit width (GBC 933 manual).............coooiiiiiiiiiiiiiiiiie 53
Table 4.1 Characteristics 0f the WaStEWaLET.........c.vuirieieiii et eee e e e 55
Table 4.2 Relationships between major pollution Parameters...........ovuvuveererrereneienenenenrereneeenenen 56
Table 4.3 Wastewater SCFA COD fraction changes ina 22 + 2°C controlled room......................... 58
Table 4.4 COD fractions of meat processing WasteWater...........euererrieeneiireeeineiieieeeeneeieneaenenes 60
Table 4.5 Fraction of biodegradable COD converted into inert microbial products..............c...c..c.eeee 61
Table 4.6 Wastewater COD fTaCtONS. .......covuiiiiiiiiiiiiiiiiii 65
Table 5.1 Operating cycle of Run I (6-h CYCIE).....cuiuiiiiririiiiiiiiiiin e 71
Table 5.2 Operating cycle of RUnII(6-h CYCIE). . .oeuiniriininiiiiiitiiiiir et e e e vrrneeas 77
Table 5.3 Operating cycle of RUNIV (6-h CYCIE)...couvvininiiiiiiiiiii e e 86
Table 6.1 Heterotrophic growth kinetic and stoichiometric constants................ccoveiiiiiiininennninn. 99
Table 6.2 Stoichiometric relationships among HAc, P, PHA and glycogen

during anaerobic P metaboliSm..........oviviininiiitiiiiiei e 103
Table 6.3 TSS, VSS and sludge phosphorus content during the SBR and batch studies.................... 105
Table 6.4 Carbon balance in anaerobic phosphorus metabolism...............coveviiiiiiiiiinnniniene, 108

Table 6.5 COD conversion factors for some components in the P metabolism (Smolder et al., 1995)...109

Table 6.6 Stoichiometric relationships among HAc, P, PHA and glycogen

during anaerobic P metaboliSm...........coeviininiiiiiiiiir e 109

Table 6.7 Sludge P and stored P COMLENT........cuviirirtitiiiirirtitieiiirie e r e e e e eeeneraenenenens 113

Table 6.8 Carbon balancein aerobic P metabolism...........ocvvvuiiiiiiiiniiiiiniiiinieinne e 116

Table 6.9 Molar ratios of cations with phosphate. .............ooeiiiiiiiiiiii e, 118

Table 6.10 Magnesium influence in P uptake and release............ocveviviiiiininniiiiinin e 121
Table 6.11 Relationship between Mg®* concentration at the beginning of the anaerobic period

ANA the P STOTAZE TAE. .. ..eu et et ettt e et e e e e 123

Table 7.1 Activated sludge model No. 1 (Henze et al., 1987a,b)......cccoeviviiniiiiiininiiiiiinnenene 135

Table 7.2 Kinetic and stoichiometric parameter values used after the calibration of ASM 1 model...... 142



Xii

Table 7.3 Sensitive kinetic and stoichiometric parameters of the ASM 1 model............................. 145
Table 7.4 Composition o f the biomass and the relation with MLSSand VSS......................o 147
Table 7.5 Conversion factors i; to be applied in the continuity equations of the

modified ASM 2 model (Henze et al., 1999)........oiiiiiiiiiiiiiiiiiii e 150
Table 7.6 Process rate equations (Henze et al., 1995; Mino et al., 1995).........cccoviviiiiiniiiiiniennnnn 152
Table 7.7 Stoichiometry of hydrolysis PrOCESSES. ... ..cucuiuiriririiiiii e 153
Table 7.8 Stoichiometry of the facultative heterotrophic organisms Xy .......coovvvviviiniiiiniiinennnn 153
Table 7.9 Stoichiometry of the phosphorus accumulating organisms, PAO...................ooiin 154
Table 7.10 Stoichiometry of the growth and decay processes of nitrifying organisms Xayg............... 154
Table 7.11 Stoichiometry of the processes describing simultaneous precipitation of phosphorus.........154
Table 7.12 Parameters definition and values used in the modified ASM 2 model for

INEAt PrOCESSING WASTEWALET. ...t euttettnet et ettt et ettt et ettt et eeten e eneneeneaneneneaaaes 156
Table 7.13 Sensitive parameters in the modified ASM 2 model...............ccooiiiiiiiiiiiiiiinnnn 170
Table A1 Meat processing wastewater and glucose reactor COD withtime...................oooiiiininn. 194

Table B1 COD conversion table (Smolders ez al., 1995 b).......covviiiiiiiiiiiiicce e, 197



3H2MB
3H2MV
3HB
3HV
AA

AO

AS
ASM 1
ASM 2
Bio-P
BNR
BOD
BODg
BPR

ba

by

b’y

C

C a2+
COD
Cn
(Coh, (Cr)s
DAF
DO
EBPR
fes, fex
Je

F/M ratio
H,

HAc
HRT
HMP
IAWPRC
IAWQ
IWA
ixp

Xiii

Abbreviations

3-hydroxy-2-methylbutyrate

3-hydroxy-2-methylvalerate

3-hydroxybutyrate

3-hydroxyvalerate

Anoxic-anoxic

Anaerobic-aerobic

Activated Sludge

Activated Sludge Model No. 1

Activated Sludge Model No. 2

Biological phosphorus removing bacteria

Biological nutrient removal

Biochemical Oxygen Demand (mg L™)

5 d biochemical oxygen demand (mg L™)

Biological phosphorus Removal

Autotrophic decay coefficient (d)

Heterotrophic Task Group model decay coefficient (d™)
Heterotrophic biomass endogenous decay rate (d™)

Carbon

Calcium

Chemical Oxygen Demand (mg L")

Initial total COD in the reactor 1 (mg COD L")

Final total COD in the reactors 1 and 2 (mg COD L)
Dissolved air floatation

Dissolved Oxygen (mg L)

Enhanced Biological Phosphate Removal

Fraction of soluble and particulate inert COD generated in biomass decay
Fraction of biomass yielding to particulate products

Food (substrate) to Mass (Biomass) ratio

Hydrogen

Acetic acid

Hydraulic Retention Time (d)

Hexametaphosphate

International Association on Water Pollution Research and Control
International Association on Water Quality

International Water Association

Mass of nitrogen per mass of COD in biomass

Mass of nitrogen per mass of COD in products from biomass
Potassium

Magnesium half saturation constant (mg L™)

Ammonia half saturation coefficient for autotrophic biomass (mg LY
Nitrate half saturation coefficient for denitrifying heterotrophic biomass (mg L)
Oxygen half saturation constant for autotrophs (mg L)
Oxygen half saturation constant for heterotrophs (mg L™)
Substrate half saturation coefficient (mg L)

Half saturation coefficient for hydrolysis of slowly biodegradable substrate
(g slowly biodegradable COD (g cell COD)™")
Ammonification rate (m® (g COD d)™)

Magnesium

Mixed liquor volatile suspended solid

Nitrogen

Nitrogen gas

Ammonia nitrogen + Ammonium nitrogen

Nitrite nitrogen

Nitrate nitrogen, 0.6 Nitrite nitrogen plus nitrate nitrogen



(S1)1, (S1)2
SVI
TCA
TCOD
TKN
™

TP

TS
TSS
Vi
Vo
VSS
Vww
X

XA
XBH
X
XNp
Xo

Nitrite nitrogen plus nitrate nitrogen
Nitrate Utilisation Rate (g NO; —N m>h™)
Oxygen Uptake Rate (mg O, L™ h')
Phosphorus Accumulating Organisms
Phosphorus

Poly-p-hydroxyalkanoate
Poly-B-hydroxybutyrate
Poly-B-hydroxyvalerate

Polyphosphate

Soluble phosphate phosphorus

Particles per million

Influent flow rate (m® s™)

Phosphorus uptake rate ( mg P (g VSS d)™)
Maximum phosphorus uptake rate ( mg P (g VSS d)")
Readily biodegradable COD

Oxygen reduction equivalent

revolution per minute

Specific substrate removal rate (d )
Substrate utilisation rate, g (m’s)!

Rate of biomass growth, g (m’s)”
Substrate concentration in the reactor (mg L)
Slowly Biodegradable COD

Sequencing Batch Reactor

Short Chain Fatty Acids

Soluble COD (mg L), defined as GFC filterable COD for this study
Initial soluble COD in the glucose reactor (mg COD L)

Rapidly hydrolysable substrate (mg L)

Soluble inert substrate concentration (mg L)
Soluble Microbial Products

Soluble magnesium concentration (mg L)
Simultaneous Nitrification and Denitrification
Soluble biodegradable organic nitrogen (mg N L)
Ammonia nitrogen + Ammonium nitrogen (g N m™)
Concentration of oxidised nitrogen (mg L")
Substrate concentration of the influent/ initial (mg L")
Specific Oxygen Uptake Rate (mg O, (g VSS h)™)
Solids Retention Time (d)

Readily biodegradable substrate concentration (mg COD L)
Initial soluble COD in the reactors 1 and 2 (mg COD L)
Final soluble COD in the reactors 1 and 2 (mg COD L)

Sludge Volume Index (ml g™')

Tricarboxylic acid

Total COD

Total Kjeldahl Nitrogen (mg N L)

Total Nitrogen (mg N L")

Total Phosphorus (mg L")

Total Solids (mg L")

Total Suspended Solids (mg L)

Volume of mixed liquor

Initial reactor volume before feeding, m*

Volatile Suspended Solids (mg L")

Volume of wastewater

Biomass concentration in the reactor (mg L)

Active autotrophic biomass (mg COD L)

Active heterotrophic biomass (mg COD L™)
Particulate inert substrate concentration (mg COD L)
Particulate biodegradable organic nitrogen (mg N L™)
Biomass concentration of the influent/initial (mg L™)

xiv



Xs Slowly biodegradable substrate (mg COD L™)

Xt Final particulate COD of raw wastewater reactor (mg COD L")

Ya Autotrophic yield coefficient (g Cell COD g N oxidised™)

Yy Heterotrophic yield coefficient (g Cell COD g substrate COD™")

Y obs Coefficient of observed biomass yield (g Cell COD g substrate COD™)

Ysp Fraction of biodegradable COD converted into soluble inert microbial products

Yxp Fraction of biodegradable COD converted into particulate inert microbial products
A

Moo Booe Maximum specific growth rate of heterotrophs (d"

A

Hogs B Maximum specific growth rate of autotrophs (d"')

Mg Correction factor for anoxic growth of heterotrophs

7, Correction factor for anoxic hydrolysis

Components in the ASM 2 model

Sa Fermentation products (mg COD L)

Sarx Alkalinity of the wastewater (mol HCO; L™)

Sk Fermentable, readily biodegradable organic substrates (mg COD L)
S Inert soluble organic material (mg COD L)

Sna Dinitrogen (mg N L")

SNH4 Ammonium plus ammonia nitrogen (mg N L)

Sno3 Nitrate + 0.6times the Nitrite nitrogen (mg N L™)

So2 Dissolved oxygen (mg O, L)

Spos Inorganic soluble phosphorus (mg P L)

Xaut Nitrifying organisms (mg COD L")

Xy Heterotrophic organisms (mg COD L)

X Inert particulate organic material (mg COD LY

Xpao Phosphate accumulating organisms (mg COD L")
XpHA A cell internal storage product of Bio-P (mg COD L'l)
Xpp Polyphosphate (mg P L)

Xs Slowly biodegradable substrates (mg COD L)

Xtss Total suspended solids (mg TSS L)

Conversion factors in the ASM 2 model:

insF N content of fermentable substrate Sg, g N(g CcoD)’!

Invst N content of inert soluble COD §;, g N(g COD)"

ing N content of inert particulate COD X;, g N(g COD)"*

inxs N content of slowly biodegradable substrate Xs, g N(g COD)™!
inam N content of biomass Xy, Xpao, Xaut> g N(g COD)”

ipsF P content of fermentable substrate Sg, g P(g coD)*!

ips P content of inert soluble COD S;, g P(g cop)’

ipxt P content of inert particulate COD X, g P(g COD)™*

ipxs P content of slowly biodegradable substrate Xs, g P(g COD)™!
ipgpm P content of biomass Xy, Xpao, Xaut> 8 P(g COD)‘l

irssa TSS to X; ratio, g TSS(g COD)™*

irssxs TSS to X ratio, g TSS(g COD)™

irssam TSS to biomass ratio for Xy, Xpao, Xaut, & TSS(g COD)‘I

fs Fraction of inert COD in particulate substrate, g COD(g COD)’*
fua Fraction of inert COD generated in biomass lysis, g COD(g COD)’!

Stoichiometric parameters in the ASM 2 model:
Hydrolysis

St Production of §; in hydrolysis

XV



xvi

Heterotrophic biomass: Xy

Yy Yield coefficient, g COD (g COD)™
St Fraction of inert COD generated in biomass lysis

Phosphorus accumulating organisms: Xpao

Ypi0 Yield coefficient (biomass/PHA), g COD (g COD)!

Yros PO, release per Xpyy stored, g P (g coD)’

Yera Xpuarequirement for Xpp storage, g COD (g P)"!
fu Fraction of inert COD generated in biomass lysis

Ys4 Sa requirement for Xpya storage, g COD (g CcoD)!
Yrepra Yield of magnesium during Xpy, storage g Mg (g COD)"!
Yugxrp Yield of magnesium during Xpp storage g Mg (g P)™!

Nitrifying organisms: Xy

Y, Yield of autotrophic biomass per NO; — N, g COD (g N)™!
Fr Fraction of inert COD generated in biomass lysis

Kinetic model parameters in the ASM 2 model

Hydrolysis of particulate substrate: Xg

K Hydrolysis rate constant, d”'

Nvos Anoxic hydrolysis reduction factor

e Anaerobic hydrolysis reduction factor

Ko> Saturation/inhibition coefficient for oxygen, g O, m>
Knos Saturation/ inhibition coefficient for nitrate, g N m>

Ky Saturation coefficient for particulate COD, g Xs (g Xu)™

Heterotrophic organisms: Xy

Hy Maximum growth rate on substrate, g Xs(g Xy d)”

9 Maximum rate for fermentation, g Sg (g Xy d)”!

N3 Reduction factor for denitrification

by Rate constant for lysis and decay, d"

Koz Saturation/inhibition coefficient for oxygen, g O, m™

Kr Saturation coefficient for growth on Sy, g COD m™

K Saturation coefficient for fermentation, g COD m>

K, Saturation coefficient for growth on acetate, S,, g COD m?>
Knos Saturation/ inhibition coefficient for nitrate, g N m™

Knna Saturation coefficient for ammonium, g N m>

Kp Saturation coefficient for phosphate (nutrient), g P m”
Kk Saturation coefficient for alkalinity (HCO3), mol HCO; m*

Phosphorus accumulating organisms: Xpao

qpHA Rate constant for storage of Xpy4 (base Xpp), g Xpua (€ Xpao d)!
qpp Rate constant for storage of Xpp, g Xpp (g Xpao d)’l

Hpa0 Maximum growth rate of Xp0, d!

o3 Reduction factor for anoxic activity

brao Rate for lysis of Xpa0, d'

bpp Rate for lysis of Xpp, d!

bpra Rate for lysis of Xpya, d!

Ko> Saturation/inhibition coefficient for oxygen, g O, m™

Knos Saturation/inhibition coefficient for nitrate, g N m>



K4
Kyna
Kps
Kp
Kk
Kpp
Kyax
Kipp
Kpiy
qGly
Kery
KpracLy

bary
Kyg

Xvii

Saturation coefficient for acetate, Sa, g COD m™

Saturation coefficient for ammonium, g N m>

Saturation coefficient for phosphorus in storage of Xpp, g P m™
Saturation coefficient for phosphate, g P m’

Saturation coefficient for alkalinity (HCOs), mol HCOs m>
Saturation coefficient for polyphosphate, g Xpp (g Xpao)'
Maximum ratio of Xpp/Xpao, g Xep (g Xpao) "

Inhibition coefficient for polyphosphate storage, B Xpr (g X;»Ac))’1
Saturation coefficient for PHA, g Xpya (g Xpao)

Rate constant for glycogen storage, g Xgry COD (g Xpao COD d)’
Saturation coefficient for Xry , g XgLy COD (g Xpao COD)™!
Saturation coefficient for Xpya for Xgy storage, g COD (g Xpao COD)’1
Rate of lysis of Xcry , !

Mg2+ saturation constant, g Mg m’

Nitrifying organisms : Xayr

HMaur
baur
Ko:

Knia

Kk
Kp

Maximum growth rate of Xy, d!

Decay rate of Xaur, d°

Saturation coefficient for oxygen, g O, m”

Saturation coefficient for ammonium (substrate), g N m™
Saturation coefficient for alkalinity (HCO;), mol HCO; m>
Saturation coefficient for phosphorus, g P m™



