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Summary

Chapter I firstly presents general information abandfill leachate, focusing on formation
and evolution of substrates in leachate. Then, fihnttachates in Vietham are
characterised, including raw leachates and leashatdiological ponds where they are
normally collected to do experiments, short testdong period experiments. Finally,
general leachates treatment situation in Vietnanreiiewed, showing the pressing
requirements for studies on leachate treatment.

In chapter Il, a careful bibliographical study oilbgical processes of nitrification and
denitrification is done. Firstly, concept of miciology and processes of nitrification and
denitrification are reviewed, focusing on generedgess, microorganisms who directly
participate in the processes, stoichiometry, kimetifluences of the environmental factors
on the processes. Secondly, literatures on panitgification and denitrification are
studied, with recent approaches including normattigda nitrification, SHARON,
ANAMMOX, CANON and SND. Also included in this partstudies on operating
conditions (oxygen, pH, temperature...) for parti#diiication are presented, and based on
that, experiments with real leachate will be impderted, which are given in the next
chapters.

In chapter Ill, existing activated sludge models &riefly reviewed, continuing by a
comparison between ASM 1 (the first model and thenflation of the following models)
and ASM3 (the model that will be modified to thewnemodel for calibration -
ASM3_2step). The ASM3 model then is studied in mdegail with focuses on state
variables, processes; kinetic and stoichiometriampaters of the model.

A careful bibliographical study on sequencing bateactor (SBR) is done in chapter IV.
Firstly, a definition of an SBR is given with geakrinformation of the equipment,
processes occurring and a comparison with conveatiglants. Then, processes in an SBR
(including fill, react, settling, draw and idle)eadescribed. Information about advantages
and disadvantages of the SBR technique are alem gig a reason of choosing it for this
study. Then, the processes in SBR are studied ire ndetail with their operating
characteristics, focusing on equations of hydrapdicameters of an SBR. The literature of
design of activated sludge SBR system is also redub support for setting up an SBR
bench-scale that will be used for the experimeiis. have ideas about the studied
biological processes occurring in the studied tephn (SBR) and how to apply
mathematic models, literatures in SBR applicatiaor hitrogen removal; partial
nitrification/denitrification and mathematical mdiitey nitrification/denitrification in SBR
are reviewed.

Chapter V presents materials and methods that beillapplied in the experiments in
laboratories and modelling processes of this stuflye materials include leachate,
biomass, chemicals, SBR bench-scale, bio-reacams, WEST program, being described
briefly in this chapter and in detail in each rglgtexperiment. The methods include
methodologies to determine the hydrodynamic andobical processes of SBR, data
analysis and experimental planning, modelling aatibration protocols, model based
optimisation and experimental approach.

In chapter VI, a first experimental work is dondlie laboratory in Belgium as first step of
the study, before doing the experiments with tre keachate in Vietham. Based on the
studies on the SBR (Chapter V), an SBR bench-seadet up in the laboratory to study



partial nitrification process, focusing on the SHAR process with a hope that the
products of this process would be input for the AWAOX. This part is presented in the
form of a paper, which was presented in THeAsian-Pacific Landfill Symposium in
Sapporo (APLAS), 2008. This includes objectivestamals, results and discussions, and
conclusions. Two main results that are given arsdudised are mathematical model and
optimization of the partial nitrification. Based amathematical models derived from
generally accepted ASM Model, specific growth ratefs biomass |{(T)) are found.
Concentration of the active part of these four &intibacteria is also estimated and this will be
applied as a method to estimate active biomasseotation in the next experiments.
Optimisation process is done with different oxygencentration and different working cycle
mechanism.

The first part of chapter VII presents the experitaé studies on maximum nitrification

and denitrification capability. The main achieverseof this part are given in “Results and
discussion”. The second part of the study is deataation of kinetic and stoichiometric

parameters that will be used for calibration intiest steps (Chapter IX). The main kinetic
and stoichiometric parameters found from theses iestude maximum growth rate, decay
rate and yield coefficient of ammonium oxidizingchexia, nitrite oxidizing bacteria and

yield coefficient of heterotrophic bacteria.

Chapter VIII presents a study on partial nitrifioat by applying data analysis and
experimental planning method. This work is also tleatent of a paper that has been
presented in the Twelfth International Waste Managygt and Landfill Symposium,
Sardinia, October 2009. It consists of “MaterialsData analysis and planning of
experiments”, “Results and discussions” and “Cosiclos”. The most important parts in
“Results and discussion” are observations and d&ons in “Ammonium uptake rate,
nitrite production rate, nitrate production rat@rbass activity and NS&XNO,+NOs) ratio”
and “Data analysis and establishment of recurrga&ions of influencing factors”.

In chapter IX, the modelisation of the partial ifitation and denitrification in SBR is
presented. Firstly, materials used for the lab erpEnts and modelisation are described.
The materials include SBR bench-scales, leachatieaativated sludge, chemicals and
modelling software - WEST program. Secondly, thepligd calibration protocol is
presented and has been used as a guideline thrautiteo calibration process. Thirdly,
“Implementation of calibration process”, the maiartpof the chapter is presented.
Following step by step the calibration protocole ttalibration process is implemented
through six stages, including stage | “Target d&fin and information”; stage 1l “Plan
survey and data analysis”, stage Il “Model stroetand process characterization”; stage
IV “Calibration and validation”; stage V “Scenaramalysis and optimisation”; and stage
VI “Evaluation”. Each stage is divided into two thiree sub-steps. The main results of the
chapter are found in stage IV and V. In stage I&ljbcation and validation results for
(1)“Nitrification and denitrification without exteal carbon added in Vietham”; (2)
“Nitrification and denitrification with external chon added in Vietham” and (3)
“Nitrification and denitrification with external daon added in Belgium”. In stage V, there
are two steps “Scenario analysis” and “Optimisdtibat are done in Vietnam.

It is hoped that, this study will contribute to theajor issue of leachate treatment in
Vietnam, especially in the North of the country whdeachate characteristics and
variations are very similar to those used duringesyperiments.

Partial nitrification seems to be easily achievedan SBR bench-scale using leachate in
Nam Son landfill site, Hanoi, Vietham. Some impott characteristics of the studied



leachate, are high alkalinity, high pH leading tghhfree ammonia concentration in the
system. This free ammonia is known as a growth maltébitor for nitrite oxidizing
bacteria, thus limiting oxidation of nitrite to rate and accumulating nitrite during the
nitrification period. DO concentration is also kmowas an important influencing factor in
partial nitrification in many previous studies. Birt our case, its influence is just
significant when the nitrification process is ngarbmplete: no more ammonium remains
in the system, alkalinity concentration is reduteatling to a lower buffer capacity, lower
pH, and then nitrite is easily oxidized to nitrafesufficiently high DO concentration in
this case, expresses its importance in bringingiathe best nitrification efficiency, while
saving aeration energy.

The SBR technique has demonstrated its advantagbsistudy, especially the flexibility
in changing the working volume, and the operatingetmechanism. The automatic SBR
bench-scale used in the lab experiments has furedioery well, easy to operate and to
control.

Modelisation of partial nitrification and denitgtation processes for landfill leachate
treatment using the Sequencing Batch Reactor téogwavas the main objective of this
study. The simulation software - WESprogram was a very useful tool to implement this
task. With this program, the available model basattivated sludge model (ASM1, ASM
2, ASM 3 etc,), presented in the Peterson mathe, ariables, kinetic, stoichiometric
parameters, processes can be easily modified tihemactivated sludge model suitable in
the scope of our study. In the present case, basettie ASM3, the ASM3_2step was
developed and applied, in which nitrification arehdrification are divided into two steps
with nitrite as an intermediate product. The m@tifiASM3_2step has shown its high
accuracy during calibration process. It could bedualso for the other techniques using
activated sludge, not only for an activated slu88&. On the other hand it is adding more
equations and consequently more parameters.

Calibration and validation processes were impleeerior two cases: Nitrification and
denitrification with and without carbon addition ietnam and in Belgium. Good results
were obtained where the simulations fit well theperxmental data. The kinetic and
stoichiometric parameters found from the calibratemd validation (at steady state) were
very important for the other simulations, espegiall process optimisation. The process
simulation is also very important in predicting thevelopment of the treatment process.
Based on the simulation profile, one can look biacthe conditions of the experiments to
find out if there is something wrong in the systgmgviding interesting tools to improve
the operating conditions of the system.

It also has been demonstrated that, through seemamalysis and optimisation of the
process, general productivity of the SBR systembmaimcreased. Changing operating time
cycle mechanisms by reducing the aeration timeiacigasing the time for anoxic phase
can improve the total nitrogen removal efficiensgye some energy related to aeration for
nitrification and save also the carbon source @nitiification.

The experiments were implemented in the SBR benaleswhich is small lab equipment.
It is obvious that there will be differences whearking with a real scale SBR plant, with
large climate variations, with big variation of utpleachate (characteristic as well as
flowrate). However, the results of modelisationtims study could be a good start for
simulation and optimization of an existing SBR pldaf the same type) or also for
development of a new one.



As our results are very promising the next steplccdae to implement the anammox
process. As we now control the conditions to reactappropriate NHNO, ratio to start
an anammox process.

Leachate treatment is a major issue in many camind also in Vietham as in other
South East Asia countries where the very largeipiogtry induced very large amounts of
leachates but still at high concentrations.

As everywhere in the world the major issue assedidb leachate treatment is the
treatment of the very high fluxes of the nitrogeontained in those leachates. We
demonstrated that partial nitrification can be ol#d and controlled on a batch scale
system which offers a rather simple and efficieaywo implement leachate treatment.

Obviously the batch mode associated to the SBRegmods very useful to get and to

maintain the partial nitrification process, probalml a more simple and efficient way than
a continuous process.
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Résumeé

Les informations générales disponibles au sujetidietats de CET, se concentrant sur la
formation et I'évolution des substrats dans leviiatisont présentées au chapitre I. Puis, les
lixiviats de CET au Vietnam sont caractérisés, mpos les lixiviats bruts et les lixiviats
stockés dans les étangs biologiques ou ils sonnhalement collectés pour faire des
expériences, des essais courts ou des expérieacEmgue période. En conclusion, la
situation générale de traitement des lixiviats aetnam est passée en revue, confirmant
les pressions croissantes pressantes pour des &wde traitement de lixiviat.

En chapitre I, une étude bibliographique soignesse les processus biologiques de
nitrification et la dénitrification est faite. Prég@gnement, le concept de la microbiologie et
les processus de nitrification et de dénitrificatsmnt passés en revue, se concentrant sur le
processus général, les micro-organismes qui paetiti directement aux processus,
stcechiométrie, cinétique, influences des factemgr@nnementaux sur les processus.
Deuxiemement, la littérature sur la nitrificatieh la dénitrification partielle est étudiée,
avec des approches récentes comprenant la nitigficpartielle normale, le SHARON,
I'ANAMMOX, le CANON et le SND. Est également inckugans la présente partie, I'effet
des conditions opératoires (I'oxygene, pH, la teatpée...) sur la nitrification partielle
gue serviront de base pour les expériences avedviat réel présentées dans les chapitre
suivants.

En chapitre lll, des modéles existants de boue@etsont brievement passés en revue, en
poursuivant par une comparaison entre I'ASM Dif@mier modele et la base des modéles
suivants) et 'ASM3 (le modéle qui sera modifiéosdle nouveau modéle pour le calibrage
- ASM3_2step). Le modéle ASM3 alors est étudié pluant en détaillant variables d'état,
processus ; parametres cinétiques et stcechiomedrapumodele.

Une étude bibliographique soigneuse sur le syst&B& est faite en chapitre IV.
Premierement, une définition d'un SBR est donnéx ales informations générales de
I'équipement, de l'occurrence des processus ek ddamparaison avec les systemes
conventionnels. Puis, les processus dans un SBiRplissage, réaction, arrét, décantation,
repos) sont décrits. Des informations sur les agad et les inconvénients de la technique
SBR sont également donnés justifiant cette étudeés, Pes processus dans SBR sont
étudiés en plus détail avec leurs caractéristigigefonctionnement, se concentrant sur le
brassage du SBR et les transferts de matiérettéaaliure relative a la boue activée SBR
est également utilisée pour concevoir un benclesc8BR qui sera employé pour les
expériences. Pour préciser les processus biologigitadiés se produisant dans la
technigue étudiée (SBR) et comment appliquer ledates mathématiques, la littérature
relative au SBR en traitement de [l'azote; la ndafion/dénitrification et la
nitrification/dénitrification partielles, modélisan mathématique des sont passées en
revue.

Le chapitre V présente les matériaux et les méethagld seront appliqgués dans les
expériences de laboratoires et I'approche de meaté@in de cette étude. Les matériaux
incluent le lixiviat, la biomasse, les produits roiques, le bench-scale SBR, les
bioréacteurs, et le programme WEST, étant décritsvdment en ce chapitre puis en
détail dans chaque expérience. Les méthodes irtatigsnméthodologies pour déterminer
les processus hydrodynamiques et biologiques deR, $Bnalyse de données et la
planification expérimentale, I'optimisation basée & modélisation, puis le protocole de
calibrage et de modélisation, et I'approche expéntale.
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En chapitre VI, le travail est effectué dans leolaboire en Belgique comme premiére
étape de I'étude, avant de faire les expérienaslawixiviat réel au Vietham. Basé sur les
études sur le SBR (chapitre IV), un bench-scale $BRnstallé dans le laboratoire pour
étudier le procédé partiel de nitrification, se @amtrant sur le processus SHARON avec
I'espoir que les produits de ce processus seraigsuite I'objet du procédé 'ANAMMOX.
La présente partie est sous forme darticle, gitéaprésenté au &R sian-Pacific Landfill
Symposium, Sapporo, 2008 (APLAS) ». Ceci inclut adgectifs, des matériaux, des
résultats et des discussions, et des conclusiasx Esultats principaux qui sont discutés:
le modéle mathématique et I'optimisation de laific&tion partielle. Basé sur les modeles
mathématiques on a dérivé du modéle courant AS8/talex de croissance spécifiques de
biomasse|{(T)). La concentration de la fraction active deupquatre genres de bactéries
est également estimée et ceci sera appliqué estamasncentration active de biomasse
dans les prochaines expériences. Le processusindsgtion est fait avec une
concentration d’oxygéne différente et un cycldatetionnement différent.

La premiére partie du chapitre VII présente lesiétuexpérimentales sur des possibilités
maximum de nitrification et de dénitrification. LeSsultats principaux sont donnés dans
«des résultats et discussions ». La deuxieme meti&tude porte sur la détermination des
parameétres cinétiques et stcechiométriques qui tsermployés pour le calibrage dans les
prochaines étapes (chapitre 1X). Les parametragiqines et stoechiométriques principaux
provenant de ces essais incluent le taux de craiesaaximum, le taux de décomposition
et le coefficient de rendement des bactéries anitits et nitratantes, et le coefficient de
rendement de bactéries hétérotrophes.

Le chapitre VIII présente une étude sur la nitafion partielle en appliquant I'analyse de
données et la méthode de planification expérimen@é travail est également le contenu
d'un article présenté au « Twelfth International st¥a Management and Landfill
Symposium, Sardinia, October 2009 ». Il se compiEs¢analyse de « matériaux », « de
données et de la planification des expériencedes résultats et des discussions » et « des
conclusions ». les principaux résultats portent S&mmonium uptake rate, nitrite
production rate, nitrate production rate, 'acévitde biomasse et le rapport de
NO2/(NO2+NO3) » et la « analyse de données ebliésement des équations récurrentes
de l'influence factorise ».

En chapitre IX, la modélisation de la nitrificatigrartielle et la dénitrification dans SBR
est présentée. Premiérement, des matieres emplpgaees expériences de laboratoire et
la modélisation sont décrites. Les matériaux indlugench-scale SBR, lixiviat et boue
activée, produits chimiques et logiciel de modélsa - programme WEST.
Deuxiémement, le protocole de calibrage est présehservira de base tout le procédé de
calibrage. Troisiemement, la mise en ceuvre du peodé calibrage », la partie principale
du chapitre est présentée. Le procédé de calilesigmis en application en six étapes, y
compris I'étape | « définition et information délei» ; étape Il « planning expérimental
et analyse de données », étape Il « structureatleha et caractérisation des processus » ;
étape IV « calibrage et validation » ; étape V &lgse de scénarios et optimisation » ; et
étape VI « évaluation ». Chaque étape est divinédeex ou trois sub-steps. Les résultats
principaux du chapitre sont trouvés dans I'étapetlV. Dans I'étape 1V, il y a calibrage et
validation qui sont faits pour (1) la « nitrificati et la dénitrification sans carbone externe
supplémentaire, au Vietnam » ; (2) la « nitrifioatiet la dénitrification avec le carbone
externe supplémentaire, au Vietnam » et (3) «ficition et dénitrification avec le
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carbone externe supplémentaire, en Belgique ». Dtape V, il y a deux étapes « analyse
de scénario » et « optimisation » qui sont faéesyietnam.

On espeére que, cette étude contribuera au themertamp du traitement de lixiviat au
Vietnam, particulierement dans le nord du paysesuchractéristiques et les variations de
lixiviat sont trés similaires a ce qui a été emplggndant nos expériences.

La nitrification partielle semble étre facilememtenue dans un bench-scale SBR utilisant
le lixiviat du CET de Nam Son, Hanoi, Vietham. Nowsnsidérons cela en raison de
caractéristiques importantes du lixiviat étudidetlque l'alcalinité élevée, le pH élevé
associé a la concentration élevée en ammoniagueddns le systéme. Cette ammoniaque
libre est connu comme inhibiteur du taux de craissades nitratantes. La concentration en
oxygeéene dissous est également connue comme wufaginfluence important dans la
nitrification partielle dans beaucoup d'études @déntes. Mais dans notre cas, son
influence est simplement significative lorsque plecédé de nitrification est presque
complet: I'ammonium ne reste plus dans le systesigglinité est réduite de ce fait le
pouvoir tampon, le pH est bas, alors le nitrite festlement oxydé en nitrate. Une
concentration d’oxygéne suffisante dans ce casgrime son importance en induisant
une meilleure efficacité de nitrification, tout @conomisant I'énergie d'aération.

La technique de SBR a démontré ses avantages @ttes&tude, particulierement: la
flexibilité du volume de travail, et le temps dauail. Le SBR bench-scale automatique
utilisé dans les expériences de laboratoire a immcé trés bien, il est facile a utiliser et
controler.

La modélisation des procédés partiels de nitriiicatet de dénitrification pour le
traitement de lixivias de CET utilisant la techreg8BR était I'objectif principal de cette
étude. Le logiciel de simulation - le programmeWEST® s’est avéré un outil tres utile
pour mettre en application cette tache. Avec cgnarmme, la base modeéle disponible pour
le modéle de boue activée (ASM1, ASM 2, ASM 3 gtprésentée dans la matrice de
Peterson, les variables, les parametres cinétigiestoechiométriques, les processus
peuvent étre modifiés facilement pour un autre rieodeé boue activée dans la portée de
notre étude. Dans le cas actuel, basé sur IASMEM3 2step a été développé et
appliqué, dans lequel la nitrification et la défitation sont divisées en deux étapes avec
le nitrite comme produit intermédiaire. L'ASM3_3stenodifié a montré son grande
précision pendant le procédé de calibrage. Il @oétre utilisé également pour les autres
technigues utilisant la boue activée, non seulerpeuat une boue activée SBR. Par contre
cela ajoute plus d'équations et par conséquestdaparametres.

Des procédés de calibrage et de validation ontmésen application pour deux cas :

Nitrification et dénitrification avec et sans l'ditth de carbone, au Vietnam et en

Belgique. De bons résultats ont été obtenus otsilesilations confirment les données

expérimentales. Les paramétres cinétiques et sbeaéhiques trouvés lors du calibrage et
de la validation (a I'équilibre) sont trés imporsinpour les autres simulations,

particuliérement dans l'optimisation du processua. simulation de processus est

également trés importante en prévoyant les sch@ossbles des processus de traitement.
Basé sur le profil de simulation, on peut examider nouveau aux conditions des

expériences pour découvrir mieux cerner les diltigs) fournissant des outils intéressants
pour améliorer les conditions de fonctionnemensykieme.



On a démontré également que, par l'analyse de rizéid'optimisation du processus, la
productivité générale du systéme de SBR peut égeantée. L'adaptation des cycles de
temps de travail en réduisant le temps d'aératiceneaugmentant la durée de la phase
anoxigue peuvent améliorer toute l'efficacité d¥tiation de I' azote, économisant
I'énergie d’aération pour la nitrification et écanisant également la source de carbone
pour la dénitrification.

Les expériences ont été mises en application dabsrich-scale SBR, qui reste un petit
équipement de laboratoire. Il est évident que,alya des différences en travaillant a taille
réelle SBR, avec de grandes variations climasguassociées aux grandes variations du
lixiviat d'entrée (caractéristiques aussi bien gdeébit). Cependant, les résultats de la
modélisation dans cette étude constituent un bbnotd#our la simulation et I'optimisation
d'une installation existante de SBR (du méme typeggalement pour le développement
de nouvelles unités.

Nos résultats étant trés prometteurs, la proeha@tape pourrait étre de mettre en
application le processus Anammox puisque nousris@ils maintenant les conditions
pour atteindre un rapport NHNO, approprié pour commencer un processus d'anammox.

Le traitement de lixiviat est une problématiqu&stimportante dans beaucoup de pays,
également au Vietham comme dans d'autres paysediisBud-Est ou la pluviométrie trés
grande induit de tres des grands volumes deidibsunais toujours a des concentrations
élevées. Comme partout dans le monde, le thémeipal associé au traitement de lixiviat
est le traitement des flux trés élevés en I'arzomenu dans ces lixiviats. Nous avons
démontré que la nitrification partielle peut étlgemue et commandée sur un systeme de
SBR qui offre une maniere plut6t simple et efficaeemettre en ceuvre le traitement de
lixiviat.

Evidemment I'exploitation par cuvées (discontinst) @&ssociée au processus SBR est trés
utile pour obtenir et maintenir le procédé partie nitrification, probablement d'une
maniere plus simple et plus efficace que par uogssus continu.



Publications

Hoang, V. Y., H. Jupsin, V. C. Le, and J.-L. Vas#)08, Development of a SBR
bench-scale to optimize the partial nitrificatiomgess in landfill leachate treatment
and its possible application in Vietnam, 5th Asiacific Landfill Symposium,
Sapporo, p. 10.

Hoang, V.Y, Vasel J-L., Le V.C., 2009, Applicatioof data analysis and
experimental planning method to study partial fidation in treatment of
ammonium in landfill leachate in Vietnam, Twelfthntérnational Waste
Management and Landfill Symposium, Sardinia, p. 8.

Rodriguez, R. L., Hoang, V. Y., H. Jupsin, and JMasel, 2009, A typology of
leachates based on data from hundreds of sanaadfills, Twelfth International
Waste Management and Landfill Symposium, Sardmi8,

Hoang, V. Y., H. Jupsin, V. C. Le, and J.-L. Vas#&)09, Modeling of the partial
nitrification process in a sequencing batch reac@mwd European Water and
Wastewater Management Conference, Birmingham, .p. 10

Publications sumitted:

5.

Hoang, V. Y., H. Jupsin, V. C. Le, and J.-L. Vas#&]10, Modeling of the partial
nitrification and denitrification process withouarbon addition in a sequencing
batch reactor, 6th Asian Pacific Landfill Symposjuseoul.

Hoang, V. Y., H. Jupsin, V. C. Le, and J.-L. Vag£l10, Modeling and optimization

of the partial nitrification and denitrification geess with carbon addition in a
sequencing batch reactor, IWWG.

Xi






TABLES OF CONTENTS

(08 o TN o I = S 1
BIBLIOGRAPHICAL STUDY: LANFILL LEACHATE AND
CHARACTERISTICS OF LANDFILL LEACHATE IN VIETNAM....  .oiiiiiiiiiiinnns 1
1.1.LANDFILL LEACHATE: FORMATION AND EVOLUTION OF
SUBSTRATESIN LEACHATE ...ttt ettt e e s e e e e e e e e e e eaes 1
1.2.CHARACTERISTICSOFLANDFILL LEACHATE IN VIETNAM ....ccciiiiiiiiiiienns 2
1.2.1.GENERAL CHARACTERISTIC OF RAW LANDFILL LEACHATE ... cuuiieiieiiteiteeieeeeeeaeeaeanas 2
1.2.2.CHARACTERISTIC OF LANDFILL LEACHATE AT BIOLOGICAL PQONDS. ....cvvrinieeneeneenennen. 3
0 T o RPN 5
1.2.2.2 AIKAINILY et ettt e e e e e e et e e e e ennna e e e e e eennes 5
1.2.2.3. SUSPENTEM SOl ....covviiiiiee e 6
1.2.2.4. Volatile fatty acid (VFA) .....oounii e 6
S T O © | B 7
1.2.2.6. Nitrogen COMPOUNG..........uiiiiiiiieeeeeee e et e e e e e et e e e et e e e ereeaeaaanns 7
1.2.2.7. PhosSphorus COMPOUNG...........uuieceemcceii e e e eennns 8
1.3.GENERALOFLEACHATE TREATMENTIN VIETNAM .....coioiiiiiii e, 9
1.3.1. LEACHATE TREATMENT SYSTEMS INNAM SON LANDFILL SITE, HANOI ......cccvveviininnen. 9
1.3.1.1. Biological treatment SYStEM .........coeeuunieeeiiiiieeeiiee e e e eeennes 9
1.3.1.2. The system established by UCE.......ccccccc.ooiiiiiiiiiii e, 9
1.3.1.3. The system established by Mechanic anadtéltire Company.................... 9
1.3.1.4. The system established by SEEN Company..........cccccccovvvieeeeiiinneennennn. 10
1.3.2.LEACHATE TREATMENT SYSTEMS INPHUOC HIEP LANDFILL SITE, HO CHI MINH
O 12 10
1.3.2.1. The system established by Centre for Bnwient (CENTEMA)................. 10
1.3.2.2. The system established by Quoc Viet Compan...........cccccvveeiiieeiiennnnns 10
1.3.2.3. The system established by Duc Lam Ltdp@oyn.............oevviiiiiiniiennnnns 10
[ o N[O T 11
(08 o 1A I = | 13
BIBLIOGRAPHICAL STUDY: BIOLOGICAL PROCESSES OF
NITRIFICATION AND DENITRIFICATION ..ot e 13
2.1.CONCEPTOFMICROBIOLOGY AND PROCESSE®FNITRIFICATION
AND DENITRIFICATION ...ttt e et e e e e e e e e e e e e e eaens 13
2t T A =31 Ty o ) 13
2t O N L 1= =N ) 13
2.1.1.2NITRIFYING MICRO-ORGANISMS .. cueiuiiniteneeiteenettiasaneasenessenseasnsnssnssessessaenes 13
2.1.1.3.STOICHIOMETRY OF NITRIFICATION .. .uuuuiteuttniueniseneeenrenssenssnsseearnnsassnenseneens 14
2.1.1.4KINETICS OF NITRIFICATION. ..t tttuitnetnieneeneet et tetesseasetsessseeasenseassssssnseneenaeens 15
2.1.1.5.THE INFLUENCE OF THE ENVIRONMENTAL FACTORS ON NITRIEATION .......ccuvevvee.. 17
Pt A 1= N[ i =3 = 0 1 ] 26
2t A I 1= =T o ) 26
2.1.2.2DENITRIFYING MICRO-ORGANISMS. ... cuenitiinieienenetieteeietsisssensenesseaensesenrenesaenns 26
2.1.2.3.STOICHIOMETRY OF DENITRIFICATION. ...cuttuitnitienisieneanenenierensenessenssssneanensnsenses 27
2.1.2. 4 KINETICS OF DENITRIFICATION. ...t ututnitenitieneeetteasenesseaseenssnsseneasesnsessarnsenasns 28
2.1.2.5.THE INFLUENCE OF THE ENVIRONMENTAL FACTORS ON DENITIRICATION.............. 30
2.2.PARTIAL NITRIFICATION AND DENITRIFICATION......oiuiiiiieiieee et 32
2.2.1.SOME CONFIGURATIONS OF BIOLOGICAL PROCESSES APPLIER PARTIAL
NITRIFICATION/DENITRIFICATION. ..ttt ttttttetneeaeete et eeesseeseaeeseet s em e es s e s enseaestssseneenns 32



2.2.1.1.CONVENTIONAL NITRIFICATION/DENITRIFICATION PROCESS ... cueueeteeeeaeeeaenaenaenens 32

2.2.1.2 PARTIAL NITRIFICATION .u.tuititnitiitenetitneeieteeetieneeteteenessesaeeseeesieneenesienesieseenns 32
2.2.1.3SHARON(SINGLE REACTORHIGH ACTIVITY AMMONIA REMOVAL OVER
NITRITE) PROCESS. .1t uuettttttieettttt e e ettt e e e st e e e e e aeee e tt e e e e esaa e e ee st e eeseta e eeeesaneaeeennnns 34
2.2.1.4AANAMMOX (ANAEROBIC AMMONIUM OXIDATION) PROCESS......cccvvuveerrrvnneans 35
2.2.1.5CANON (ComMPLETELY AUTOTROPHICNITROGENREMOVAL OVER NITRITE)
P RO CE S S it ittt e a e 37
2.2.1.6 SND (SIMULTANEOUS NITRIFICATION DENITRIFICATION) PROCESS...........c.vuuneeee. 38
2.2.2.OPERATING CONDITIONS FOR PARTIAL NITRIFICATION. .. .uuetititieneiineenirieneeiensenrnnennes 39
2.2.2. 1. DISSOLVED OXYGEN. . .cuiuititiinie it iietiee et iae s e e s s e e e aes e s ta e eatrenresnernsanees 39
2.2.2. 2 TEMPERATURE ....tutttttit ittt et et et e ae et e e e sa e s et anea e et e e sarane s et aasarenesnees 0.4
2.2.2.3HYDRAULIC RETENTION TIME (HRT) AND SOLID RESIDENCE TIME(SRT) .............. 40
2.2.2.4PH, ALKALINITY AND NH3/HNO2Z... .ot 41
L o =t N [ 45
(00 o 1N I = S | 53
ACTIVATED SLUDGE MODELS ...t e 3.5
3.1.ACTIVATED SLUDGEMODELS....... oot e e e 53
3.2.COMPARISONBETWEENASMIAND ASMS3......ctiiiiiee e e 53
B3 ASMIB MODEL ... ——— e 54
3.3.1.STATE VARIABLES IN ASM 3 .o e ettt s mrmmm et e e e e et ra e eneenas 54
3.3, 2. PROCESSES INASIM S .ot 56
3.3.3.ESTIMATION OF KINETIC AND STOICHIOMETRIC PARAMETERS.....cuiviiniiiitiieeieienennnn, 58
L o = N [ 60
(00 o 1N I = S T 61
BIBLIOGRAPHICAL STUDY: SEQUENCING BATCH REACTOR .... ..ccoiveenneee. 61
o I |t 1\ 1 ] TR 61
4.2 PROCESDESCRIPTION. ... it e e e 61
4.3.ADVANTAGES AND DISADVANTAGESOFSBR....ccoiiiiiiiieeeeee, 4.6
4.3, 1. AOVANTAGES ...euuuniieeieieiitii et e e e e et e ee bbb e e e e e e e eeee bbb e e e e eennnnnnns 64
4.3.2. DISAUVANTAGES ... .cciiiviiiiiieeeeeiemeemme e e e ettt e e e et e et e e e e e eeaan e 65
4.4, OPERATINGCHARACTERISTICSIN SBRPROCESS ..., 66
4.5.DESIGNOFACTIVATED SLUDGESBRSYSTEM....coiiiiiiiiiieieeeea 68
4.6.SBRAPPLICATION FORNITROGENREMOVAL ....ccovivviiiiiiiiiiiiiieed 1
4.7.PARTIAL NITRIFICATION/DENITRIFICATION IN SBR.....coviiiivieieeeeeeee, 76
4.8.MATHEMATICALLY MODELLING NITRIFICATION AND
DENITRIFICATION IN SEQUENCINGBATCHREACTOR......coiviiieeeceeee, 77
L o = N [ 80
(00 o 1N I = Y T 85
MATERIALS AND METHODS ...ttt 85
D L M AT ERIALS .o e e et 85
LTt R I I =5 X017 =P 85
LT I = 10 -1 85
LT IR T O = 1T 5N 85
. 4 . SBRBENCH-SCALE ... euitittttititte ittt et ettt raes et ee et e st teaeantaresaaearenraenees 86
5.1.5.BIO-REACTOR FOR DETERMINATION OF MAXIMUM NITRIFICATIONAND
DENITRIFICATION CAPABILITY AND KINETIC AND STOICHIOMETRIC PARAMETERS............... 86
5.1.6.RESPIRATION REACTOR TO QUANTIFY STOICHIOMETRIC PARAMITERS.......cccvvvvvnennen. 86
TR AT AT L RS g I =1 10 L] = 7 Y PPN 86

Xiv



S.2METHODS ... 86
5.2.1. METHODS TO DETERMINE THE HYDRODYNAMIC AND BIOLOGICALPROCESSES OF

ST = 1 ST 86
5.2.1.1. Measurement of mass transfer coefficiastliguid Kla............................. 86
5.2.1.2. Tracer tests: measurements of the mixing based on conductivity.......... 87
5.2.1.3. Respiration and biomass activity testh@reactor with steady state biomass
to fix mixing time and aeration periods in the SBRCtOr ...............coeieeviiiiieennnnn. 88
5.2.1.4. Bioactivity tests to determine maximumifigiation and denitrification
capability and some kinetic and stoichiometric pagders ...............ccceeeeeeviiieeennnnnn. 88
5.2.1.5. Determination of biomass proportion inaativated sludge sample........... 90

FIGURE. 5.3 MNP T ABLE ...ttt ittt ettt e e ettt e e e et b e e et e e e b e eneaeeneens 91

5.2.2.DATA ANALYSIS AND EXPERIMENTAL PLANNING ...vuiuiinitiinitieniietieneeeteeesieneenesns 91

5.2.3.MODELLING AND CALIBRATION PROTOCOLS ....uitititiinitieniinitienesiinssnesienesiesnnenns 91
5.2.3.1. The existing calibration protocol for IW#Hodels ..............ccoeveeiiiiieeeiennnnnn. 91
5.2.3.2. The common structure of calibration protsc..............c..c.ccoiiiiiiiinnn, 94
5.2.3.3. Some main differences between calibrgdfotocols ................cceeeeeeennnnnn. 95

5.2.4 MODEL-BASED OPTIMIZATION. .11 tuttuttttttteneteteentttenettesssnesessassssssnssienesnrseenesiennes 96

5.2, 5. EXPERIMENTAL APPROACH. .. it ittt ite et te e e ettt e e s ea e ea e e et e st s eneaerneens 96

REFERENGCE ... oot s st e e e et e e et e e e et e st e e et e s e ean e et e e neesnns 97

CHAPTER VI oottt e e e e et e e e 99

SETTING UP AN SBR TO STUDY PARTIAL NITRIFICATION ... .oiviiiieiieeennee, 99

B.1.OBIECTIVES ..ottt et et e e e e et et e et r e e ea e ea e eens 99

B.1. 1. THE MAIN OBJECTIVE. 1. tututttnitiinttttienetteteeesanssesesaente et rteseteeneetenesetaresaeseens 99

0.1, 2. SPECIFIC OBJIECTIVE S tuttuttitutttiutttttenet et etestenetarteeaente et rteeeternestenesetarnesaereens 99

B.2. MATERIALS ... .ot e e e ra e eas 99

6.2.1.LEACHATE AND ACTIVATED SLUDGE (BIOMASS) .....uuueeiiiiieeeriiiieeeeesinaeeeesnneessnees 99

6.2.2.CARBON SOURCE FOR DENITRIFICATION. .. cuutuitttititnieetienesnrneeesernsseesennensseeeens 100

G TS =1 = =] = N[0 2 ST Y I =P 100

6.3.RESULTSAND DISCUSSION .. ..ottt eeeeet et et e e e e eens 103

6.3.1. TRACER TESTS TO DETERMINE MIXING CAPACITY. .. cuiuiinitirieietiineriiiienereeneenenens 103

6.3.2.GAS-LIQUID MASS TRANSFER COEFFICIENTELA ...iuiiiiiiee e eaas 103

6.3.3.RESPIRATION AND BIOMASS ACTIVITY .uuitntteineitee et eee e et e ee et ee e e e eneaeeneennes 104

6.3.4.SETTLING CAPACITY OF SLUDGE IN THE SYSTEM. ...uiitiiuiiiienerneeneeneeteeserneeneennens 104

6.3.5.MATHEMATICAL MODEL ...euuiuitnetnetn et e et et aete et e et ee e s aeaetereeeseeneeneeaeeseaneeneens 105

6.3.6.0PTIMIZATION OF THE PARTIAL NITRIFICATION....cuiitiuiiteeieineeneeteeteeeeneeeeaennns 107

6.4. CONCLUSIONOFTHE CHAPTER ... 110

L o AN 111

(O8I e I = Y | 113

TESTS FOR DETERMINATION OF MAXIMUM NITRIFICATION AN D
DENITRIFICATION CAPABILITY AND KINETIC AND STOICHIO  METRIC

PARAME T E RS . ...t e et e et e et aas 113
7.1. TESTFORDETERMINATION OFMAXIMUM NITRIFICATION AND
DENITRIFICATION CAPABILITY e st e s ee e e e 113
0 R 7 = Y1 3 113
7. 1.2 WWORKING CONDITION. ..cuiuititetneeeint et eee et eaeeasesssaeeae et ea st essansenseneresesenennns 114
7.1.3.RESULTS AND DISCUSSIONS . . e uiutuititie et iiaettenseaesseneessenrasenrsressressarrrasaenrens 115
7.1.3.1. TEST TO DETERMINE THE MAXIMUM NITRIFICATION CAPABILITY INB1................ 115
7.1.3.2TESTS TO DETERMINE THE MAXIMUM DENITRIFICATION CAPABLITY IN B2........... 117

XV



7.2.BIOACTIVITY ESSAYSTODETERMINEKINETIC AND

STOICHIOMETRICPARAMETERSOFACTIVATED SLUDGE...........coovviieen, 121
B I Y 1 =YY R 122

7. 2.2 \WWORKING MECHANISM ... eutuittititiineenettetetetseneseenstaessasstesenssasnesstarnesasteenesarneens 122
R T {3 U I 5P 124
7.3.RESPIRATIONTEST(FORDETERMINATION OFHETEROTROPHICYIELD

2 ) PRSPPI 129
L o = N[O 132
(O o 1N e I Y | 1 133
APLICATION OF DATA ANALYSIS AND EXPERIMENTAL PLANNI NG

METHOD TO STUDY PARTIAL NITRIFICATION ....ccciiiit i, 133
B L. MATERIALS .. e 133
8.1.1.LEACHATE AND ACTIVATED SLUDGE ....uittitinititeeietieneeietienesseneeenseaenseeeneeaanrenss 133
T A N AV 1 = 0 JE<T LU 1 = 133
S T IR T O Y 5= 134

T IS N LTI =l ==X @] = 2 134
8. 1. 50NLINE MEASUREMENT .t ututtnittetettusenssensssessenasseassneassenseseassssssnstarsseassresaernsens 134
8.2.DATA ANALYSIS AND PLANNING OFEXPERIMENTS ..., 134
8.3.RESULTSAND DISCUSSIONS ...t e e 135
8.3.1. TRACER TEST TO DETERMINE MIXING CAPABILITY OF THE SBTEM ..cvvvvinivninieninennss 135
8.3.2.GAS-LIQUID MASS TRANSFER COEFFICIENTELA ..ottt ieeeeeeee e a e 136
8.3.3.RESPIRATION RATE OF BIOMASS .. euituititittinetittenittenesitntenetieseserasssenssienrsnrseenees 137

8.3.4. AMMONIUM UPTAKE RATE (AUR), NITRITE PRODUCTION RATE(NPR1),NITRATE
PRODUCTION RATE(NPR2),BIOMASS ACTIVITY (BA) AND NO2-/(NO2-+NO3-)RATIO ... 139
8.3.5.DATA ANALYSIS AND ESTABLISHMENT OF RECURRENT EQUATI®IS OF

INFLUENCING FACTORS .11t ttttuitttutttttenetensessenetessesstatenssensssteessasnesstaresareeasarneens 143
B. 4. CONCLUSIONS ... e e 145
L o = N[O 146
(O o 1N e I S 147
MODELISATION OF PARTIAL NITRIFICATION AND DENITRIFI CATION IN
] ] S 147
0. L. MATERIALS .o et e e 147
0. 1. 1 . SBRBENCH-SCALES. .. euittitititt ittt ittt et e et eet e e et e st e e et eeneeaeneeneens 147
O9.1.2.LEACHATE AND ACTIVATED SLUDGE .. .uitiitiiiitiitetiitieetietieneteeeeieterasnseseneeieneenns 151
L T IR T O = Y 5= 152
9.1.4.SIMULATION SOFTWARE - WESTPROGRAM .. ..ottt iiieeiieieeeeeee e eeenens 153
9.2.APPLICATION OF CALIBRATION PROTOCOL ...uciviiiiiiiiiiece e 153
9.3.IMPLEMENTATION OFCALIBRATION PROCESS.......ccici v, 551
9.3.1.STAGEI: TARGETDEFINITION AND INFORMATION ......ooviiiiiieieieen 155
Step 1. Target definitioN.............oi oot e 155
Step 2. Decision about the information NEEUAEM . .vueeeeeeeiiiiiiiiiii e 155
9.3.2.STAGEIIl: PLAN SURVEY AND DATA ANALYSIS ..., 157
SteP 3. PIANT SUIVEY ...t e 157
Step 4. Data @nalYSIS .......ccoiiiiiiiii e 163
9.3.3.STAGEIIl: MODEL STRUCTUREAND PROCESSHARACTERIZATION ..163
Step 5. Model definitioN ..........coooiiiuiei e e 163
I WY = o (= 1 1S (=] 163
oI TS T=] 11 [ S 164
5.C. MiXing CaPaDIlity ......cuvueiii et e 166

XVi



5.d. Selecting the biological model ... e 166

Step 6. Process characterization............ccccceeeiiiiii e e 175
6.a. Estimation of ASM Parameters .......... .o eeerrieeemiiiieeeeiiineereeiiaeeeeannnns 175
6.b. Determination of sludge concentration and k@emfractionation................... 175
6.c. Influent wastewater characterization ........cc...cooooeviviiiiiiiiieeee, 177
9.3.4.STAGEIV: CALIBRATION AND VALIDATION .....ccotviiiiiiiieeeeieiiiiieen e 181
9.3.4.1NITRIFICATION AND DENITRIFICATION WITHOUT EXTERNAL CARBON ADDITION ... 181
Step 7A. Calibration of the biokinetic model.............cc.ooooiiiiiiiiiic 181
7A.a. Building SBR coONfiguration. ............oomeveeeeeiiieeeeeiieeeeeeee e e e eenas 181
7A.b. Starting Simulation ProCeSS ...........ueiimuiiiieii e e 183
Step 8A. Validation without carbon addition.. .....ccccviiiiiiiiiciiiis 189
8A.a. Validation at steady State ............ccceeeriiiiiiiii e 190
BA.D. Validation iN CYCIE.........ouueeieei e e 190
9.3.4.2 NITRIFICATION AND DENITRIFICATION WITH EXTERNAL CARBON ADDITION ......... 193
Step 7B. Calibration of the biokinetic model.................cooiiiiiiiiiiic, 193
7B.a. Building SBR cONfiguIratioNn. ............commeveneeeeiiieeeeeiiieeee e e e e eenas 193
7B.b. Starting SiImMulation PrOCESS .........iieeeeiii i 195
Step 8B. Validation with carbon addition ......ccccccoooeiiiiiiiiiii e 202
8B.a. Validation at steady State .............coeeeeieiiiiiii e 203
8B.b. Validation for @ CYCle ........ccouuiiiiiiiee e 205
9.3.4.3NITRIFICATION AND DENITRIFICATION WITH EXTERNAL CARBON ADDITION -
EXPERIMENT INBELGIUM ....uuiiiiieii e iet ettt e e e e e e e e e e e e e e eea e 207
Step 7C. Calibration of the biokinetic model................ccccoiiii . 207
7C.a. Building SBR CONfIQUIALION. ..........c et 208
7C.b. Starting SIMUIatioN PrOCESS .......cciiiiiieeiiiie et eeeees 208
Step 8C. Validation with carbon addition ......cccc...eoiiiiiiiiiii 212
8C.a. Validation at Steady STAte ............cceeeeeriiiiiiiiii e 212
8C.b. Validation fOr @ CYCIE .......coouiei e e 214
9.3.5.STAGEV: SCENARIOANALYSIS AND OPTIMIZATION......coccivvieeceee, 215
Step 9A. SCENANO ANAIYSIS......ccciiiiiiiiiaeeeeeee et e eeeeeaaa 215
9A.a. Different working volume and working time heatsm in the cycle with the
same intensity Of DO SUPPIY ....ieviiiie it e e e e eenaa e 216
9A.b. Different working volume and intensity of Bpply with the same working
time mechanism in the cycle (6hDe — 2hNi) ....co.oeiiiiiiiiiiii e, 12
Step 9B. OptMISALION.........ciiiii e e e e 220
9B.a. Optimisation for the process without carbaldigion.................................l 220
9B.b. Optimisation for the process with carbon &iddi............................oeeees 221
9.3.6.STAGEVIL: EVALUATION ...cuuiiiiiiii ittt e e e e e eeaannn s 223
REFERENCES: ...ttt ettt e e e e e e et e e e e e e enaan s 225
CHAPTER X: GENERAL CONCLUSIONS ..ottt 227

XVii



DIAGRAMS

Diagram 5.1. Calibration protocol - BIOMATH ..o, 92
Diagram 5.2. Calibration protocol - STOWA .....ccouiii i 93
Diagram 5.3. Calibration protocol - WERF ... cevvniieiiii e e eeeae 93
Diagram 5.4. Calibration protocol - HSG......comeeeieiiiiie e 94
Diagram 9.1. Calibration protoCol ............ccccemiieiiiiiiiiiiiiie e 154
Diagram 9.2. Characterization of Organic mattectfoanation in the influent wastewater
............................................................................................................................ 178
Diagram 9.3. Characterization of Nitrogen fractibma in the influent wastewater....... 178
Diagram 9.4. Characterization of Oxygen and alkiglifiactionation in the influent
L (= L (] U PSP PPPTUPPRRP 178
Diagram 9.5. Calibration procedure for Partialag&n removal with two — step
nitrification/denitrification without carbon add ..., 184
Diagram 9.6. Calibration procedure for Partialag&n removal with two — step
nitrification/denitrification with carbon addition..............c.oeviiiiiiiin, 196
FIGURES
Figure 1.1. Landfill decomposition process (Judititl Gev, 1994) ............cccuvviiiireeeeinnne 2

Figure 2.1. Nitrification as a function of tempen&. As opposed to other biological
processes in wastewater treatment, thermophilidynitg bacteria are unknown (Henze et

AL, 2002, e 19
Figure 2.2. lllustration of substrate concentrapoofiles within a microbial floc showing
simultaneous nitrification and denitrification (Ba&nd Dick, 1992)............ccccvvininennee. 21
Figure 2.3. The overall nitrification rate as adtion of pH (Henzeet al, 2002). ........... 22
Figure 2.4 a. Inhibition of ammonium oxidation withiH; (0% at 10 g N/m3, 100% at 150
g N/m3) and HN@(0 % at 0.2 g N/m3, 100 % at 2.8 g N/M3). ..cceeeemiiieiiiiiiiiiiiieeeee. 23
Figure 2.4 b. Inhibition of nitrite oxidation witdH3 (0% at 0.1 g N/m3, 100% at 1 g
N/m3) and HNQ (0% at 0.2 g N/m2, 100% at 2.8 g N/M3).....cccmemiiiiiieeeiiiieeeeiiinnen, 23
Figure 2.4 c. Inhibition of the overall nitrificath process as a function of B HHNO, and

[0 PSP PP PPPPPPPPUPPPPRPPPPN 23
Figure 2.5. Reaction sequences for microbiologiabgen conversions (Henet al,,

2002). e et 26
Figure 2.6. The metabolic pathways for conventiantaification and denitrification are 32
Figure 2.7. Partial nitrification (Schmidt al, 2003) ..........ccccvvviiiiiiiiiiiieeececeeee e 32
Figure 2.8. Partial Nitrification.............ccoeei oo i e 33
Figure 2.9. SHARON process (Schmadtal, 2003).........cccoevviiiiiiiiiieeee e ceeeeee e, 34
Figure 2.10 ANAMMOX process (Schmidt al.,2003). ........ccccooveeiiiiiiieiiice e 35
FIGUIE 2.11 NOX PIOCESS ...ceevvtuuuaeeeeetemmmmmms s e e e e aeeeestttiaa e e e e e aeestabae e e e aeeeesan e aaeeeees 38
Figure 3.1. Comparison between ASM 1 and ASM 3. 54
Figure 4.1. Operation phases following each otleind one cycle of the generic SBR
PIOCESS ... eet et ettt ettt e e e e e e 62
Figure 5.1. Liquid-phase principle; flowing gastistliquid (LFS) .............oiiiiiiiiiiiiiiiemaee. 88
Figure 5.2. Description of the substrate transfdionaor the biomass growth and the
DIOMASS FESPINALION. ... e e 89
Figure 5.3. MNP TabIE .......coooiiiiii e e 91
Figure 6.1. Working cycle of SBR bench - SCal€u..ccooovuuiiiiiiiiiiiiiiiiiiiieeceeeee 101
Figure 6.2. The SBR bench Scale...........cooooeeeeiiiiii e 101

Figure 7.1. Test reactors to determine the maximitrification and denitrification

Xviii



capability (B1 and B2) and kinetic and stoichiorterarameters of activated sludge (B3)

............................................................................................................................ 113
Figure 7.2. Description of the substrate transfaionafor the biomass growth and the
biomass respiration (Tabares, 2006). ........ccerrieeiiiiiieeiiiiee e e eaaaeaeans 129
Figure 9.1. The SBR bench -SCale ...........cceemmmiiiiiice e 148
Figure 9.2. Working cycle of the SBR bench - scale.............c.ccoooeeiiiiiiiiiinn e, 149
Figure 9.3. Kla in filling aeration phase in theSBystem with presence of biomass,
working volume of 7 littes, aeration supply 1 (baition). .............cccccoeeeiiiiiiieennnnnnn. 164
Figure 9.4. Kla in filling aeration phase in theFSBystem in presence of biomass,
working volume of 6 litters, aeration supply 1 (dakion). ..............ccooooeiiiiiiiiiiinnn e 164
Figure 9.5. Decision tree for selecting the model.................cooiiiiiiiiiiiee e, 167
Figure 9.6. Configuration of the experimental SBR1...............cccoeiiiiiiiiieiiiiens 181
Figure 9.7. Volume evolution of the SBR1 in théhration period............................. 183
Figure 9.8. Simulated biomass evolution in caliloratl....................c.coevviiieeeiiinns 185
Figure 9.9. Simulated nitrification profile in datation 1..................coiiiiiiiiniiiieee, 185
Figure 9.10. Simulated DO profile in calibration.L.............ccccooeiiiiiiiiiiiin e, 186
Figure 9.11. Simulated biomass evolution duringdedion 1.................ccccoeeiiiiiiieenn, a8
Figure 9.12. Simulated nitrification profile in ¥a@ation 1..................cccooeeiviiieeennnnnn. 190
Figure 9.13. Simulated oxygen profile in validatbn................cccooooviiiiiiiineeeeee, 190
Figure 9.14. Configuration of the experimental SBR2................ccccoevviiiiiieeeeennn. 194
Figure 9.15. Volume evolution of the SBR2 in tladiloration period..............ccccevennnen. 195
Figure 9.16. Simulated biomass evolution in catibra2...............ccccvviiiiniiieiennne. 197
Figure 9.17. Simulated Nitrification profiles inldaation 2..............ccoooviiiiiiiiiii 198
Figure 9.18. Simulated DO profiles in calibration2...............cccccviiiiiiiiiiiiiiiien. 198
Figure 9.19. Simulated external carbon profileafibration2...............ccccceeeineee. 200
Figure 9.20. Simulated biomass evolution in val@@aR ...............ccccceeeeiiiiiiiiiiinnnnnn. 202
Figure 9.21. Simulated Nitrification profile in V@&tion 2................cccviiiiiniiiniees 203
Figure 9.22. Simulated oxygen profile in validat®n................ccccevviiiiiiieiiiiiiiinnn. 204
Figure 9.23. Simulated carbon profile (C(S_S))atidation 2..............ccccvviiiiiineeeen. (072

Figure 9.24. Simulated Nitrification profiles inlidaation 3 .............ccccooiiiiiiiiiiiiiiin 209
Figure 9.25. Simulated DO profiles in calibration3...................cccooeiiiiiii e, 209
Figure 9.26. Simulated carbon profile (C(S_S))ahilration 3 ...............coovviiiiiinnnnnn... @1
Figure 9.27. Simulated Nitrification profile in va&tion 3.................cooiiiiiiiiinn e, 212
Figure 9.28. Simulated oxygen profile in validat®n................cc.ocoovviiiieiiinneeeee, 213
GRAHPS

Graph 6.1. Example of respirometry in the 5/3 hoyie (T° of 18.8C, pH of 7.83,
N_NH," of 85 mg/L, Kla’ of 2.13 1, air flowrate of 10.2 IN/N ........ccevveeeeceeeeenn 104

Graph 6.2.
g/L, Kla’ of
Graph 6.3.
Graph 6.4.
Graph 6.5.
Graph 6.6.
Graph 6.7.
Graph 6.8.
Graph 6.9.
Graph 7.1.
Graph 7.2.
Graph 7.3.

Sludge blanket level of SBR ( cycle B/&f 19.9°C, pH of 8.11, SS of 2.05

2. 104
Nitrogen removal evolution 1, pH = 7797 19C, VSS=1.93 g/L........... 108
Nitrogen removal evolution 2, pH = 804z 19.7C.........cccoeeeeeeciiinenn, 108
Nitrogen removal evolution 3, pH = 7835 19.2, VSS =181 g/L............. 108
Influence of DO on nitrite accumulation...........cooeeeviviiiiiiiieeeee, 108
Nitrogen removal evolution 4, pH = 8145 19.9,VSS=1.95¢g/L........... 109
Nitrogen removal evolution 5, pH = 7825 19.1, VSS=1.92 g/L............ 109

Influence of free NH3 on nitrite ccunti@a.............ooovvvveieeiie i 2109

Nitrification process with [NH4+] ~ TO@MN/L.........ooooiiiiiiiiiiiieeeeees 115
Nitrification process with [NH4+] ~ TBN/L.........ooooiiiiiiiiiiieeeeeee 115
Nitrification process with [NH4+] ~ 28@N/L..........cocoiveeiiiiiieieiie e, 115

XiX



Graph 7.4. Nitrification process with [NH4+] ~ 2B@N/L ..., 115

Graph 7.5. Nitrification process with [NH4+] ~ 38MN/L.........cccoooviiiieiiiiiiiiieieeees 116
Graph 7.6. Nitrification process with [NH4+] ~ 48QN/L...........ccooviiieiiiiiiiieieiieeees 116
Graph 7.7. AUR, NPR1, NPR2 evolution with differ@RH4+].............cooeiiiiniiines 116
Graph 7.8. Biomass activity and NO2/(NO2+NO3) wdifierent [NH4+].................... 116
Graph 7.9. Nitrite denitrification with C/N ~ 6.49..........cccccoeiiiiiiii e, 118
Graph 7.10. Nitrite denitrification with C/N ~4.97..........cccoiiiiiiiii e 118
Graph 7.11. Nitrite denitrification with C/N ~3.92..........cciiiiiiiiii e 118
Graph 7.12. Nitrite denitrification with C/N ~ 3.17........cccooviiiiiiiiiii e 118
Graph 7.13. Nitrite denitrification with C/N ~ 1.88.........cccooviiiiiiiiiiiiiiiiiie e 118
Graph 7.14. Effect of the C/N ration on Nitrite @gfication ( pH= 8.38, t° = 27.%&; VSS

T gL e ——————— ettt e e e e n e e e e e eera s 118
Graph 7.15 Nitrate denitrification with C/N ~ 11.86..........cccccvviiiiiiiiiiiiieeeiee e, 119
Graph 7.16 Nitrate denitrification with C/N ~ 9.64............ccccoiiiiiiiiiieciieeeeee 119
Graph 7.17 Nitrate denitrification With C/N ~ 6.34..........cccovviiiiiiiiiii e, 120
Graph 7.18 Nitrate denitrification with C/N ~ 5.27............cooiiiiiiiiiiiiecie e 120
Graph 7.19 Nitrate denitrification with C/N ~ 3.22..........cccovviiiiiiiiiiii e 120
Graph 7.20 Effect of the C/N ration on Nitrate itiéfication (pH=,t°=; SS=)........ 120
Graph 7.21 Nitrite and nitrate denitrification WitiN ~ 6.23 .............cciiiiiiiiiineeeens 211
Graph 7.22 Nitrite and nitrate denitrification WitiN ~ 6.46 .............ccccooeeiiiiiiieeennn, 211
Graph 7.23 Nitrite and nitrate denitrification WiN ~ 6.47 ............ocooiiiiiiiiinneeennn. 211
Graph 7.24. Recurrent equations of kinetic pararaetbactivated sludge for nitrifying

o= To3 (= = WP 125
Graph 7.25. Recurrent equations of kinetic andcbtometric parameters of activated
sludge for Nitrifying DACIEIIA. .........ccoiii e 125
Graph 7.26. Recurrent equations of kinetic anctbtometric paramters of activated
sludge for ammonium oxidyzing bacteria ... 126
Graph 7.27. Recurrent equations of kinetic anctbtometric parameters of activated
sludge for ammonium oxidyzing bacteria .........ccoceeiiiiiiiiiii 127
Graph 7.28. OUR_COD for various COD CONCENIration..........cuuvuiieeeiiieiiiiineeeennn. 130
Graph 7.29. Y_H determination based on OUR ..cccocccviiiiiiiiiciiiceeee e 131
Graph 8.1. Tracer test to determine the mixing time............cccoooeveiiiiiiiiiiin e, 136
Graph 9.1. Nitrogen evolution in effluent and ieffil in calibration 1 and validation 1 ......... 157
Graph 9.2. COD evolution in effluent and influemtalibration 1 and validation 1 .............. 157
Graph 9.3. SS and VSS evolution in SBR and in disgdd wastewater in calibration 1
=Yg To I Z=1 T F= LT} o N SRR 158
Graph 9.4. Temperature evolution in SBR duringlzation 1 and validation 1............ 158
Graph 9.5. Experimental nitrogen evolution in cyidlealibration 1............................. 159
Graph 9.6. Experimental COD evolution in cycle alileration 1..............ccoooooeeeiie. 159
Graph 9.7. DO, pH, ORP profile in Cycle 1. e, 160
Graph 9.8. DO profile iIN CYCIE 4L.........e e 160
Graph 9.9. DO, pH, ORP profile in CyCle 43 ... 160
Graph 9.10. DO, pH, ORP profile in Cycle 55.....cccooiiiiiiii e 160
Graph 9.11. DO, pH, ORP profile in a cycle (caltfa 2).............ccceiiiiieeiiiiiiiiinnn. ad
Graph 9.12. DO, pH, ORP profile in a cycle with B@ntroller (calibration 1)............. 161
Graph 9.13. Experimental nitrogen evolution in eyicl validation 1............................ 161
Graph 9.14. Experimental COD evolution in cyclevatidation 1................ccceevvvvnnnnnnn. 162
Graph 9.15. DO, pH, ORP profile in cycle 17 (ValidB 1) ...........ccoovriviiiinineeiiiiiiinnnnn. 216
Graph 9.16. DO, pH, ORP profile in a cycle with B@ntroller (validation 1).............. 162
Graph 9.17. DO, pH, ORP profile in a cycle with B@ntroller (validation 2).............. 163
Graph 9.18. SVI Of SBR......coiiiiiiiiiie oottt e e ettt e e e e e e ee e e e e eeenenes 165

XX



Graph 9.19. Settling velocity of Sludge iN SBR............uuiiiiiiiiii e 165

Graph 9.20. Forecast of settling capability..ccceec....vooeeiiiiiiiiii e 165
Graph 9.21. Volume of sludge blanket ... oo, 165
Graph 9.22. Tracer test in mixing aeration PhasE.........c.ccooeeviiiieeiiiiii e, 166
Graph 9.23. Tracer test in mixing phase ONly.....c.......cooviiiiiiii i 166
Graph 9.24. BOD test for influent leachate in qalflon 1.....................c..iiii . 179
Graph 9.25. BOD test for influent leachate in vaflidn 1.....................ccooiiiiiinnnnn.n. 179
Graph 9.26. Simulated versus experimental nitrqgefile in outlet in calibration 1.....187
Graph 9.27. Simulated versus experimental Nitrqgefile in cycles 31, 41 & 55
(o211 o] =1 (o T o I 1 TP TTPRTPURPPPPPTRTIN 187
Graph 9.28. Simulated versus experimental DO mrafilcycles 31, 41, 43 & 55
(o= 1o = U1 o] o 0 1 TR 188
Graph 9.29. Simulated versus experimental Nitrqmefile in outlet in validation 1.....190
Graph 9.30. Simulated versus experimental Nitrquefile in cycles 17 and 19

QT2 11T F= 1 1o o ) PP 191

Graph 9.31. Simulated versus experimental Oxygefil@in the cycle 17 (validation).191
Graph 9.32. Simulated versus experimental Nitrquefile at the beginning of cycle

(o= 1o = U1 o] o 122 R PPPTP 199
Graph 9.33. Simulated versus experimental Nitrqgefile at the end of Nitrification
(=110 = U1 o] o 122 RPN 199
Graph 9.34. Simulated versus experimental carb@8_(§)) profile in calibration 2...... 201
Graph 9.35. Simulated versus experimental Nitrqmefile at the end of denitrification
(o211 o] =1 (o] 12 T TP PTRRTPURPPPPRTTTIN 201
Graph 9.36. Simulated versus experimental Nitrqgefile at the end of cycle (calibration
) e e e e e e e e e e e e e e e e aaa e 201
Graph 9.37. Simulated versus experimental Nitrqmefile in the cycle 40th (calibration
) e e e e e e e e e e e e e e e e e e e e aea s 202
Graph 9.38. Simulated versus experimental DO @ afilthe cycle 24, 34 and 40th
(o211 o] =1 1 o] 102 T TP PTRR T TPURPPPPRTPTIN 202
Graph 9.39. Simulated versus experimental Nitrqgefile at the end of nitrification

QT2 11T = 1o o 2 PP 205
Graph 9.40. Simulated versus experimental Nitrqmefile at the end of denitrification

QT2 11T F= 1 1o o 2 PP 205
Graph 9.41. Simulated versus experimental carb¢8 (§) profile in calibration 2 ....... 205
Graph 9.42. Simulated versus experimental Nitrqgefile in the cycle 18 (validation 2)
............................................................................................................................ 205
Graph 9.43. Simulated versus experimental Oxygefil@in the cycle 18 (validation 2)
............................................................................................................................ 205
Graph 9.44. Simulated versus experimental Nitrquefile at the beginning of cycle
(=1 1o £= 11 To] 10 ) TR PP 210
Graph 9.45. Simulated versus experimental Nitrqgefile at the end of Nitrification
(o211 o] =1 1 o] IS ) T TP TPURPPPPPTRTIN 210
Graph 9.46. Simulated versus experimental carb@8_(§)) profile in calibration 3...... 211
Graph 9.47. Simulated versus experimental Nitrqmefile at the end of denitrification
(o211 o] =1 1 o] IS ) T PP TP TPURPPPPPTPTIN 211
Graph 9.48. Simulated versus experimental Nitrqmefile in the cycle 40th (calibration
) e e e e e e e e e e e e e e e e e e aaa s 211

Graph 9.49. Simulated versus experimental DO @afilthe cycle 40th (calibration 2).211
Graph 9.50. Simulated versus experimental Nitrqgefile at the end of nitrification
(VAIIAALION 3)... ettt ettt e e e e e et ettt e e e e e e aebe e e e e e eeeennnee 213
Graph 9.51. Simulated versus experimental Nitrqmefile at the end of denitrification

XXi



QY2 1o E= 1A To] 4 T ) PP 213
Graph 9.52. Simulated versus experimental Nitrqgefile in the cycle 16th validation 3)

............................................................................................................................ 214
Graph 9.53. Ammonium evolution in SBR with diffet@peration conditions with the
same DO SUPPIY INTENSILY ......uuuiiii e e e e e e e e aaaans 216
Graph 9.54. Nitrite evolution in SBR with differemperation conditions with the same DO
S0 o] o YA L (=10 71 Y/ P 216
Graph 9.55. Nitrate evolution in SBR with differageration conditions with the same
DO SUPPIY INTENSILY .....cieiiiiee et e e e e e e e e e e e e e eeeaes 217
Graph 9.56. Simulated vs. Experimental AUR withedi#nt operating conditions with the
same DO SUPPIY INLENSITY .......uuieei e e e e e e e e aaaans 217
Graph 9.57. Simulated vs. Experimental NPR1 wiffedént operating conditions with the
same DO SUPPIY INLENSILY ......euuniiiii e e e eea e e e 217
Graph 9.58. Simulated vs. Experimental NPR2 wiffedént operating conditions with the
same DO SUPPIY INLENSILY .....ouuuiieii e e e e eea e e e 217
Graph 9.59. Simulated vs. Experimental NO2 Accutiutawith different operating
conditions with the same DO supply iNtENSItY .........coviveiiiiiiieiiii e 217
Graph 9.60. Ammonium evolution in SBR with diffet@peration conditions

and the same DO SUPPIY INENSILY.........uueecee e 219
Graph 9.61. Nitrite evolution in SBR with differemperation conditions and the same DO
SUPPIY INEENSILY ..ttt et e e e e e e neea s 219
Graph 9.62. Nitrate evolution in SBR with differexgeration conditions with the same
DO SUPPIY INTENSILY ...ttt et et e e e e re e e e e eeeees 219
Graph 9.63. Simulated vs. Experimental AUR withedi#nt operating conditions with the
Same DO SUPPIY INTENSITY ..o e e e e s 219
Graph 9.64. Simulated vs. Experimental NPR1 witfedent operating conditions with the
SamMe DO SUPPIY INTENSITY .....oeeeeieiiiiii e e e e e s 219
Graph 9.65. Simulated vs. Experimental NPR2 witfedent operating conditions with the
Same DO SUPPIY INTENSITY ..o e e e e e s 219
Graph 9.66. Simulated vs. Experimental NO2 Accutiutewith different operating
conditions with the same DO supply iNtENSItY ........ccovviveiiiiiiiicii e 220

Graph 9.67. Optimisation (DO controller enabledderxmental versus Non—Optimisation
(DO controller disabled) experimental Nitrogen dein case of no carbon addition. .. 221
Graph 9.68. Optimisation experimental versus Notir@ipation experimental DO profile

............................................................................................................................ 221
Graph 9.69. Optimised versus non optimised nitrqgefile in cycle........................... 222
Graph 9.70. Simulated versus experimental DO @rdfilan optimized cycle. .............. 222
Graph 9.71. Optimization simulated DO vs. non oation simulated DO................. 223
Graph 9.72. Optimization experimental DO vs. notimization experimental DO....... 223
Graphs 8.11 — 8.19. Nitrification evolution in Batt — 8 and Batch Centre....................... 141
Graphs 8.2 - 8.10. Ro and DO evolution in Nitrifioa from Batch 1 - 8 and Central

2 1 o 1P 138
Graphs 8.20 — 8.28. DO, pH, ORP evolution duringfigation process in Batch 1 — 8 and

2 Fo o] o O = T 1 (= PSP 143

XXii



TABLES

Table 1.1. Characteristic of raw landfill leachatdNam Son landfill site in Hanoi (North

RV L= =12 ) I PSPPSR 3
Table 1.2. Characteristic of raw landfill leachatélo Chi Minh City (the South)............ 3
Table 1.3. Leachate in three landfill sites in Na@th of Vietnam.............ccccceeiiiiiiiiiine. 4
Table 2.1. Type and number of nitrifying speciéér@y, 2000). ........ccccceeevviiiiiiiiiineeennns 14
Table 2.2. Typical kinetic coefficients for the paaded growth nitrification process (pure
culture values)a (Metcalf&Eddy, 1991). .......uoummmeunieeeeeiiiiiiiiiaee e ee et eeeeeannns 18
Table 2.3. Nitrification maximum specific growthtea (Randall, 1992). ........................ 19
Table 2.4. Reaction rate constants for nitrificata 200C (Henzet al, 2002). ............. 20
Table 2.5. Ammonium-nitrogen and nitrite-nitrogemcentration range for Nitrobacter
inhibition as function of pH (T = 200C) (Anthonisehal., 1976; Randall, 1992)............ 24
Table 2.6 LC-50 for Nitrosomonas of some compouldEF, 1998)............ccccoeeevenennnn. 24
Table 2.7. Reaction rate and stoichiometric constlom denitrification, 200C (Henze et

AL, 2002). ittt a ettt ar e e e e ataaa e e e aeanrrea 30
Table 2.8 presents some stoichiomestric and kipatiameters of Anammox micro-
organisms in comparation with nitrite nitrifying mio-organisms (nitritant). ................. 36
Table 2.9. Operation condition for partial nitrétton/denitrification in some studies..... 43
Table 3.1. The Biological components in the cat@$oASM3 ..o 54
Table 3.2. The stoichiometric matrix for ASM3 ah8M3Temp (HEMMIS, 2004; Henze
<= | 000 ) PP 56
Table 3.3. The following parameters are used ferefjuation of the several reactions
(HEMMIS, 2004).......eoeieeeeeeeee e eeene et eae e ees s aeesaensaneateenaneaeeennnens 58
Table 3.4. Stoichiometric matrix vij and compositimatrix ik,| of ASM3..................... 59
Table 4.1. Summary of different SBR treatMeNt . ...oooeiviiiiiiiiiieeiiieiie e 74
Table 6.1. The characteristic of leachate in Nam &adl in Montzen ..............ccccoeeeen. 100
Table 6.2. Process description Of the SBR ...coeucaeiiiiiiiiiiiiiie e 102
Table 6.3. Kla 0f the SBR ... e e e e e e e e 103
Table 6.4. Kinetic parameters for nitrification ahehitrification (Henzet d., 2002;
Henzeet al, 2000) .......couuuniiiiiiie e reer e e e e e e e e e e e e e e aea s 106

Table 7.1. The results of AUR, NPR1, NPR2, bionsadvity and NO2-/(NO2-+NO3-).116
Table 7.2. The results of AUR, NPR1, NPR2, bionmei/ity and NQ/(NO, +NO3) with

INFIUENCE OFf COD ... e e s 117
Table 7.3. NUR1 and biomass activity with differ@iN (pH= 8.38, t° = 27%€; VSS = 4g/L
............................................................................................................................ 119
Table 7.4. NUR2 and biomass activity with differ€iN...................ccccooeeiiiiiinnnnn, 201
Table 7.5. NUR1 and NUR2 and biomass activity wifferent C/N ............................ 121
Table 7.6. HRT and SRT corresponding to 5 stagexériment ................c.occevveeeees 123

Table 7.7. Analysis results of the parameters obthirom kinetic and stoichiometric test..124
Table 7.8. Analysed values of nitrogen forms fdabbshment of recurrent equations

based on HRT for nitrifying bacteria ... 124
Table 7.9. Kinetic parameters of activated sludgenitrifying bacteria......................... 125
Table 7.10. Analysed values of nitrogen forms f&ablishment of recurrent equations
based on SRT for nitrifying Dacterial......... oo eeeeiiiiiie e 125
Table 7.11. Kinetic and stoichiometric parametdrsativated sludge for nitrifying

(01 (1 =] - PSPPSR 126
Table 7.12. Analysed values of nitrogen forms f&ablishment of recurrent equations
based on HRT for ammonium oxidyzing bacteria ..cccc........cccovviiiiiiiiiieeiiiiiiinn 126

Table 7.13. Kinetic parameters of activated sludgemmonium oxidyzing bacteria ...126

xXxiii



Table 7.14. Analysed values of nitrogen forms &ablishment of recurrent equations

based on SRT for ammonium oxidizing bacteria ..............cccccoeeeeiiiiinieiiiie e, 127
Table 7.15. Kinetic and stoichiometric parametdraativated sludge for ammonium

(00 [0} V74T g0 T o= Tea (=] £ - W PPPSTORRPPINS 127
Table 7.16. Kinetic and stoichiometric parametdithe studying activated sludge....... 128
Table 7.17. COD addition in the tests for determdmaof YH...........cccoooeviiiiiiiiiiinnnnnn. 130
Table 7.18. Data analysis of the OUR teStS..cmmemmmievviiieiiiiiieciiiie e e, 131
Table 8.1. Leachate characteristics in Nam Sorfilasiie during the study®(from

biological pondS at COlECHON PONAS)...........eveeeeeee e eereeeeeeeeeeeeeeeeeeeeneeeeeeeeeeea, 133
Table 8.2. Matrix of experimental DatChes ....ccccc.vviiii e 135
Table 8.3 Kla and other parameters of the sin@letog..................c..cooeiiieiiiiinneeees 136
Table 8.4. The respiration rate at steady State............ccoeeeveviiieeiiiiiiieeiiii e 137
Table 8.5. Results of Nitrification process of esipental batches ................ccooooeenn. 139
Table 8.6. Fisher values for recurrent @qUatioNS . ........oevvvviiieeiiiiiieeeiie e, 144
Table 9.1. Working parameters of the SBR L........cc..oviiiiiiiiiiiiiiiie e 150
Table 9.2. Working parameters of the SBR 2........c.cooieiiiiiiiiiiiiii e 151
Table 9.3. Characteristic of leachate used for BN ..............cooevviiiiiiiiiiiiiiiiin 152
Table 9.4. Plan of sampling and data collection................ccccoooveiiiiieiie e, 156
Table 9.5. Time schedule for sampling plan and dali@ction....................ccccoeeeeennnn.. 158
Table 9.6. Tracer tests to determine mixing tiMeS...........coooevviiiii i 166
Table 9.7. Processes 0f ASM3_2StEPS ......uiiieeieiiiiiiii e ee e eeeees 168
Table 9.8a. Stoichiometrics parameters of ASM3 @3sfe............cccovvviiiiiiiieeeiiieiiinn, 170
Table 9.8b. Stoichiometrics parameters of ASM3 [BSR..........ccovveiiiiiiiiiiiinieeeeeeenienns 172
Table 9.9. Kinetics parameters 0f ASM3_2StePS o iiieiiieie e 174
Table 9.10. Kinetic and stoichiometric parametérhe studied activated sludge......... 175

Table 9.11. Amount of typical group of biomass nuead by MPN method (MPN/ml) 176
Table 9.12. Experimental biomass concentratioralibation and validation periods

(o @0 ] B I TR 176
Table 9.13. Definition of organic matter and nitOgCoOMPOoUNd............cccevvviiiiiineeeennn. 178
Table 9.14. Characteristics of influent leachate emrresponding parameters for
ASM3_2step in calibration and validation periodwéind without carbon addition in

Vietnam and in BeIGIUM...........iiiiiii e 180
Table 9.15. Description of configuration of the SBR................ccooiiiiiiiiieiiiiieeee, 182
Table 9.16. Concentration of biomass in calibrafidgCODI/L) ...........ccccoeeevvvvieeennnnnn. 184
Table 9.17. Concentration of biomass in validafion.............ccccceeeiieviiiiiiiiiiinneen, 189
Table 9.18. Kinetic, stoichiometric and Kla valwésalibration and validation period. 192
Table 9.19. Description of configuration of the SBR................ccooooeiiiiiiiiiiiiieeeen, 194
Table 9.20. Concentration of biomass in calibraBofgCODI/L)............ccceevvveeiiinnnees 197
Table 9.21. Concentration of biomass in validaofigCODI/L)...........ccccevviviiiiiineees 203
Table 9.22. Kinetic, stoichiometric and Kla valwésalibration and validation period. 206
Table 9.23. Concentration of biomass in calibraBq@CODI/L) ..........ccuvvviiiiiieeiieennnnen 207
Table 9.24. Kinetic, stoichiometric and Kla valwésalibration and validation period. 214
Table 9.25. Evaluation results of calibration aalidation......................ccocooviiivinnnnen. 224

XXV



CHAPTER |

BIBLIOGRAPHICAL STUDY: LANFILL LEACHATE AND
CHARACTERISTICS OF LANDFILL LEACHATE IN
VIETNAM

Summary: This chapter firstly presents general informatamout landfill leachate
focusing on formation and evolution of substrateeachate. Then, landfill leachates|jn
Vietnam is characterised, including raw leachated Eachates in biological ponds
where they are normally collected to do experimestsort tests or long perio
experiments. Finally, general leachate treatmentason in Vietnam is reviewe
showing the pressing requirements for studies achlate treatment.

1.1. LANDFILL LEACHATE: FORMATION AND EVOLUTION OF
SUBSTRATES IN LEACHATE

Leachate (Judith and Gev, 1994) is produced wheterwa another liquid comes into
contact with waste, and is an inevitable consequesfcwastes landfilling, particularly
household wastes. Even if the quantity of leachatebe reduced by good landfill practice,
leachate management is required for all sites.
Sources of water in a landfill include rainfall,osn surface or ground water intrusion,
water in the waste itself (including sludge andiilgwastes which are landfilled), and the
recirculation of leachate or irrigation of the fimaver. As the water percolates through the
deposits it leaches material from the waste. Titisnate contact allows soluble inorganic
components to dissolve. Organic wastes such ag,pegrelboard, and foodstuffs, degrade
by microbial action to simpler compounds many ofickhare soluble. Thus, percolating
water gradually deteriorates in quality, resultinga polluted liquid, which may vary in
colour from light brown to nearly black, usuallysha sweetish and sickly smell, and often
exhibits an iridescent sheen on the surface. lisitprg potential can be 10-100 times that
of raw sewage.
The main components of leachate are:
0] Major ions — i.e. calcium, magnesium, potassiurapn,irsodium, ammonium,
bicarbonate, sulphate and chloride.
(i) Trace metals —e.g. manganese, zinc, copper, chnonmickel, lead, cadmium,
(i) A wide variety of organic compounds — these areallgumeasured as Total
Organic Carbon (TOC) or Chemical Oxygen Demand (CQ BOD.
Individual compounds hazardous at very low conediains may also be of
concern, e.g. pesticides, benzene, phenol.
(iv)  Microbiological components.
Leachate quality and strength is affected by: ttterg of rainfall infiltration into the site;
the nature of the waste, the “water balance” of dhie, the rate and nature of waste
degradation; the method of operation of the sitg, @lso the measures taken for leachate
management. The nature and pattern of landfill ai#ation processes and their effects on
leachate quality are well understood. Figure 1.ésents a summary of the balance
between the acetogenic and methanogenic phasegEdation. The acetogenic leachates
produced during the early stages are of high oogatrength, whereas during the later



methanogenic phase the organic compounds are lgcttomverted to landfill gases,
leaving a residue of poorly degradable humic — tyyagerial.

] o Hydrolysis
Proteins Carbohydrates Lipids
Amino Simple sugars Clycerol &
acids long-chain
fatty acids
NH4+_ |
Acetogenic

Propionare, butyrate
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CH, CH;+ CO, CH,

v

Figure 1.1. Landfill decomposition procesgJudith and Gev, 1994)

1.2. CHARACTERISTICS OF LANDFILL LEACHATE IN VIETNA M

1.2.1. General characteristic of raw landfill leachte

General characteristic of raw landfill leachateNz#m Son landfill site in Hanoi (in the
North) is presented in the Table 1.1. The leackataples were taken from disposal cell
and Biological Pond where leachate comes from tispodal cell (IET, 2005). The
leachate in the Biological Pond went through nadlyitaiological processes and also was
diluted by rain water; the data is just for compan with another study which will be
presented in the item 2.2. The former is undergahmgugh all above decomposition
processes (hydrolysis, acetogenic and also metkaiggsince some of disposal cells are
still in operation, while some was already clos€de later is almost undergoing the last
process since the leachate normally comes fronclibeed cell and was treated but not
efficiently. This also was mentioned in a previpagper (Rodrigueet al, 2009).



Table 1.1. Characteristic of raw landfill leachateof Nam Son landfill site in Hanoi

(North Vietnam)

No Parameters Concentration Disposal cell Biologi¢gond
1 | pH mg/L 6.8-7.8 7.7-8.6
2 | Conductivity i mS/cm 10-22 4.5-10

3 | TSS mg/L 425-2240 134-375
4 | BOD™ mg/L 780-12300 140-500
5 | COD mg/L 2152-22780 330-1400
6 | TN mg/L 485-2150 120-520
7 | N-NH; mg/L 150-1050 95-350

8 | TP mg/L 7-25 5.5-10.4
9 | Alkalinity mgCaCQ/L 1.000-10.000 3.000
10| Ca mg/L 135-650 34-160
11 | Mg mg/L 50-1.500 250

12| CI mg/L 850-1850 650-1600
13 | sQ* mg/L 100-1.500 300

14 | Hg pg/L 0.1-0.9 0.1

15| Cd mg/L 0.01-0.02 0.01
16 | As po/L 1-2 1-2

17 | Pb mg/L 0.05-0.07 0.05-0.06

Characteristic of raw landfill leachate in the Soi#t presented by leachate in Ho Chi Minh

City, which is given in Table 1.2 (CENTENMA, 2003).

Table 1.2. Characteristic of raw landfill leachaten Ho Chi Minh City (the South)

No | Parameters Unit New leachate Old leachate
1 | pH - 4.89-6.41 7.81-7.89

2 | TDS mg/L 7300-16200 6040-14145
3 | Alkalinity mgCaCQ/L 5833-9667 1260-1867
4 | ss mg/L 1760-4311 169-243

5 | coD mgQ/L 38533-65333 1079-2507
6 | BOD mgQ/L 30000-48000 200-735

7 | TP mg/L 55.8-89.6 4.7-10.1

8 | TN mg/L 977-1800 515-1877

9 | N-NH; mg/L 781-1764 512-1874
10 | c&* mg/L 1670-2739 60-80

11 | Mg mg/L 404-687 297-381
12| CI mg/L 3960-4500 1450-2697
13 | sQ* mg/L 1400-1590 7.5-14

14 | Zn mg/L 93-202 -

15 | Cd mg/L 0.02-0.1 -

16 | Cr mg/L 0.04-0.05 -

17 | Pb mg/L 0.32-1.9 -

1.2.2. Characteristic of landfill leachate at biolgical ponds.

The study of(To, 2005)made a survey the characteristic of landfill legeb in some
landfill sites in the North of Vietnam. Samples @@t taken from disposal cells but from
collection ponds or biological ponds where leaclai®es from the disposal cells.



Table 1.3. Leachate in three landfill sites in thé&orth of Vietham
HP: Trang Cat landfill site — Hai Phong; HN: NamrmSandfill site — Hanoi; QN: Dong Ba
Landfill site — Quang Ninh.

NH4* TKN cop Alkalinity VFA
DATE | mg NI mg N/I mg |/ mg CaCQ/l pH mg CH3COOH/I

HP | HN | QN | HP | HN{ QN | HP | HN { QN | HP | HN | QN | HP| HN| QN | HP | HN QN
03/07/03 ¢ 179 | _- 2511 324 | _- 284 1690¢ _- 700 1830 _- 1620 8.6¢ _- 7.4 18 - 13
30/07/03} 213 { 31| 102} 277 61 | 221 1125} 275} 354 2020} _1550! 500 841 89| 79 18 6 72
27/08/03 1 238 i _134i 84 268 2521 96 868 376 | 484 1220 _1830i 250 84 871 73 16 1 227
10/09/03§ 105 ; _95 i 80 139 _109; 101 616 | 238 | 1440 1100; _125G 790 85 88, 74 224 12 115
22/09/03 ¢ 442 | _152! 94 450 270! 103 2140f 235! 275 2100} _1180¢ 370 85¢ 9.0! 79 303 _13 22
06/10/03 ¢ 405 | _166/ 123 | 435 _186! 176 1885! _260 | 439 1900 _1560; 480 851 9.1 79 280 _27 62
22/10/03 ¢ 514 | _269 94 583 282% 113 1685 _317 { 169 2480 _1570: 450 89 9.2! 80 45 22 13
12/11/03 1 520 | _204i 264 i 533 _275} 313 1810! 299 i 439 3100} _2000i 1240 8.8f 8.9! 85 22 20 22
28/11/03 595 | 245 210 670 282} 274 22751 _357 | 439 2360 _2500i 780 7.7 9.3} 84 33 22 20
23/12/03 855 | _230] 332 902 278} 339 2800} _325 | 680 5720 _1625 1360 9.3 9.4} 83 38 33 33
10/02/04 7 955 | 283 602 1015: _305! 655 2185; _308 | 1270 3560! _2460 1500 8.9: 8.4} 8.9 44 38 49
24/02/04 ¢ 1187 _287 600 1234 _327! 622 2740{ _411 | 1905 3800} _2200 1380 7.8} 8.4} 7.8 11 33 11
10/03/04 1340; _201 877 1440 _2467 894 1930 410 1 1110 4500 _2200 1850 8.0 84 78 44 62 44
23/03/04 1238 _217 610 1348 _236i 648 25251 _623 i 1800 5300 _182G 2600 8.3 85} 8.1 60 58 60
12/04/04 1900 123 597 1990 _156{ 637 24801 518 | 1205 4050 920 1000 79! 8.4} 8.0 89 62 89

26/04/04 ¢ 1500{ _177 290 1567 _206{ 319 2460 _1185 962 4600 800 2150 8.2 _7.9{ 7.7 | 13 | 180 13

13/05/04{ 607 | _205 330! 672 | 247! 363 950 181} 703 2500 _2800: 1400 80! 8.0: 73 | 26 | 172 27

18/05/04 | - 299} - - 3181 - - 10821 - - 26001 - - 1801 - - 392 -

03/06/04 | - 228} - - 2481 - - 10401 - - 1600 | - - 17814 - - 527 -

10/06/04 | - 256} - - 3491 - - 780 | - - 1850 | - - 8.1 | - - 248 -

09/07/04{ 405 | 229 537 | 446 | 253} 1691 | 905 | 511 | 3394 | 1640| _234Q 5400 | 8.3| 8.6 8.4 | 31 | 9 866
26/07/04| 188 | _156/ 688 | 206 | 172} 757 | 453 | 421} 22321 700 | _1300{ 2620 7.8 82} 75 | 17 | 9 449
11/08/04| 231 | _168 604 | 278 | 202} 725 | 514 | 233 | 1526 1000/ _1460 2700! 7.6 82} 79 | 33 | 9 56
30/08/04{ 33 | 122! 805 40 | 147} 966 | 51 | 264 | 1632} 200 | _1200, 2750 | 7.3{ 8.2} 83 | 6 | 33 26
16/09/04} 77 | 86| 330| 92 | 95 {396 | 140 | 211 | 434 | 400 | 1250 1400} 7.7 83} 80 | 13 | 9 11
14/10/04| 30 | 199} 680| 36 | 215| 817 | 79 | 253 | 1815| 1600| _192@ 3100| 7.0 8.1} 81 | 30 | 33 25
29/10/04{ 42 | 129/ 618 49 | 155! 695 | 54 | 216 | 1495| 225 | 1450} 2075 7.2{ 8.2} 7.8 | 25 | 19 18
16/11/04| 23 | 202} 358 | 32 | 243} 392 | 68 | 320 | 995 | 298 | 2900, 2000 | 6.9| 8.3{ 8.0 | 18 | 14 74
01/12/04{ 28 | 205\ 503 35 | 247|567 | 20 | 218 | 1455 290 | 2300\ 2450 | 7.1} 8.4} 8.1 | 4 7 52




1.2.2.1. pH

pH is one of important parameters of wastewateat dss a direct influence to efficiency
of biological treatment.

The evolution of pH of the leachate depends onrabau of factors: activity of anaerobic
and aerobic micro-organisms (decreases pH), phatiosgis of algae, aquatic plants
(increases pH), dilution, evaporation and ventiati

Table 1.1 presents the values of pH at differaieissin different time in the landfills (To,
2005).

The data of pH shows that, the pH of leachate tisnofipper the neutral value, leaning to
alkalinity.

At Nam Son landfill site, Hanoi, pH is in the rangie8.2 to 9.2. pH is increasing with the
distance from the cell. In dry season, pH tendgétoease. This is possibly due to the
following reasons: on the one hand, at the fath@ntp from source of discharge, the
weaker anaerobic process due to the exhaustio®af, ©n the other hand due to the long
time of storage of wastewater in the basin, escapémwf carbonic will take place longer,
causing an increase of pH. In dry season (autubeyides evaporation (air escapement),
in sunny days, photosynthesis of algae is fadten making pH increase.

At Trang Cat landfill site, Hai Phong, leachatelectiion ponds are along with basé
landfill site, the distances from sampling poirdssource of discharge are therefore almost
the same. The difference of pH values at the diffeipoints is not much different from
each other, in the range of 8.4 — 9.0. pH tendsd®ase in dry season.

pH of Nam Dinh landfill site is in the range of #=4.0, with a typical value of 8.4 — 8.9.
The variation of pH is familiar to that in Nam Sand Trang Cat landfill sites.

pH of Quang Ninh landfill site is often lower thahl of the others, with a range of 7.2 to
8.2 with a typical value of 7.4 to 7.9. Leachateha Quang Ninh landfill site is stored for

a short time (running in a small canal along theumain side), therefore the variation of

pH at different points is due to dilution of originleachate. Other factors, such as
evaporation, effects of aquatic plants (photosysif)ere not significant.

1.2.2.2 Alkalinity

Alkalinity characterises receiving capacity of mot(acid, H) of water environment.
Proton received will decrease pH of water. Alkalinin water is caused by compounds
such as bicarbonate (HGY hydroxyl ion (OH), phosphates (#0s, HPQ?, PQ®),
radical of silicic acid (HSi@), carbonate (C¢). When pH of water is greater than 8.2,
the components that cause alkalinity mostly are, ®HQ*, CO;*, HSiO;, conversely
when pH is smaller than 8.2, Hg@volved.

In short, alkalinity of water is due to the presemnd salt radicals of weak inorganic acids,
they are carbonic acid ¢B0s), silicic acid (HSiOsz), phosphoric acid (BPOy). The
specific existence (valence) of salts depends onfitHe environment.

In the anaerobic process in solid waste, the weadsanentioned above are formed from
bio-chemical reactions of micro-organism groups.



Alkalinity is related to the buffer capacity of thenvironment. This causes a small
variation (decrease) of pH when acid is receivedhim wastewater. By the way, high
alkalinity limits the growth of aquatic plants (dee high osmosis pressure of water).
Wastewater with high alkalinity and pH causes ppi&iion of calcium carbonate
(CaCQ), then decreasing total hardness of wastewatein@@aerobic treatment process
with presence of autotrophic biomass (oxidizatidnhacmmonia to nitrite and nitrate),
bicarbonate has a role of substrate (carbon sdarall formation of biomass) and also a
buffer capacity.

Evaluation of alkalinity in the landfill sites ovéme (Table 1.2) (To, 2005) shows that:

- There is a big difference from site to site. Alkil is highest in Nam Son, Hanoi
with values varying from 1250 to 3400 mg CaftO Alkalinity varies from 890 to
2580 and 750 to 1540 in Hai Phong and Nam Dinpeetsvely. The leachate at
Quang Ninh is characterised by lowest alkalinityich is in the range of 400 to
700, values of more than 1000 are rare.

- The variation from point to point has no rule ircledandfill site. In Nam Son,
alkalinity trends to decrease with distance from slource. While in other landfill
sites, the variation of alkalinity does not foll@amy tendency.

- Alkalinity trends to decrease in dry season, egpfigcat the storage points of
leachate that has a high area of ventilation sarfac

1.2.2.3. Suspended solid

Generally, concentration of suspended solid inléaehate is not so high, often in the
range of 100 — 200 mg/l. The component of suspersdéid mostly is organic matter,
including dead micro-organisms and algae. Low cotraéion of suspended solids is due
to low mass of organic matters. They however causmgnificant turbidity because of its
dark colour. When such kinds of suspended solid daseharged to the environment
without treatment, they prevent the sun light dmetefore limit photosynthesis process of
aguatic plants.

In activated sludge system (anaerobic, aerobic amukic), the presence of suspended
solids does not have negative effluence on thegssodn fact, they disintegrate into COD
and nitrogen compounds (e.g. ammonia).

The evolution of concentration of suspended salmftime to time and from place to
place at the observed landfill sites do not follamy rule (Table 1.3) (To, 2005).

1.2.2.4. Volatile fatty acid (VFA)

VFAs are intermediate products of anaerobic dedi@u@rocess. They are fatty acids that
have low mass and therefore could partly be stdppéFA are produced during
acidification by acidogenic micro-organisms aftgdiolysis

VFA therefore can be considered as easily-biodegtadOD, not much different from
BOD (bio-chemical Oxygen demand). Analysis of BO@mally takes a long time and the
results are not very stable due to many factonseaally for leachate — an incomplete
degraded wastewater. Value of VFA is convertedcid acetic (1 g VFA = 1.06 g COD).
It is recommended by International Water Assocra{i®wA) that COD (including easily



degraded and slowly degraded COD) instead of BOBngdet al, 2000). VFA are
mainly observed during the acidogenic and acetagamases of the landfill.

In the observed landfill sites, VFAs are signifitgndifferent from each other:
concentration of VFA is lowest at Nam Son, Hanlegrt Nam Dinh; and highest at Quang
Ninh (Table 1.4) (To, 2005).

In Nam Son landfill site, the highest VFA is onl@aLmg/l, values of VFA of less than 10
mg/l are common. This shows that, anaerobic degmadarocess is under the last stage.
VFA is decreasing with the distance from the souEslutions of VFA in Nam Son and
Nam Dinh are somehow similar.

In Hai Phong, VFAs are higher than those in Namhdnd Nam Son, the highest value is
up to 600 mg/l, however low values of 20 — 40 nagd observed.

In Quang Ninh, evolution of VFA variations is large

1.2.2.5. COD

COD characterises concentration of organic that lbanoxidised in given conditions.
Values of COD in the table 1.5 are obtained wita dichromate method: in concentrated
acidic medium, at 15C and during 2 hours. Amount of dichromate consunsed
converted to oxygen (1 mg@& 12.33 mg KCr,0Oy).

Concentration of COD in Hanoi and Nam Dinh is nighh approximately the values of
COD in domestic wastewater (250 — 1000 ngQypically 500 mgQ@/l). COD decrease
with the distance from the source. flows the ppiei at the father points from the source
of discharge, the lower concentration of COD. Tlaiation of COD over time is not
obvious.

COD in Quang Ninh and Hai Phong is higher: up t0@dng/l, typically 1000 — 2000
mg/l. The evolution of COD in Hai Phong does ndlole any rule because of arrangement
of leachate collection ditches.

Generally, pollution of organic matters (COD, VFA) the leachate of the observed
landfill sites is rather low. In the landfill sitéisat have appropriate collection systems such
as Nam Son, Nam Dinh, the value of COD is approtetgahat of domestic wastewater.
No anaerobic degradation does not reduce COD (&xckjpgas is produced) probably it
is due also to dilution.

1.2.2.6. Nitrogen compound

In leachate, nitrogen compounds are in the formsrganic maters (protein, acid amine),
ammonia/ammonium (ratio of NFINH3 depends on pH and temperature of the solution),
nitrate (NQ") and nitrite (NQ) but oxidized compounds are usually close to zerthe
leachates. Besides of those above forms, nitrogempounds in the water can be present
also as NO, N@ N, (soluble) and in some solid matters such as dathioro-organisms
and algae.

The transformation of nitrogen compounds in thehede includes: hydrolysis of large
organic molecules (e.g. protein, lipid, hydratebcer) to amino acid (e.g. alanine, aspartic
acid, y-aminobutyric, glutamine, glycine), ammoniawhich a part of ammonia is used to
synthesize cell of anaerobic micro-organisms. lachate collection ponds, if the
environmental conditions are suitable, there amcgsses of oxidation of ammonia to



nitrite and nitrate, then denitrification of niteaéind nitrite to nitrogen gas can occur. In the
degradation process of dead micro-organisms oealfy@ above processes of nitrification
and denitrification also take place.

Organic nitrogen is determined by the Kjeldahl methThe aqueous sample is first boiled
to strip the ammonia, and then digested. During diyestion, the organic nitrogen is
converted to ammonia. Total Kjeldahl nitrogen igedmined in the same manner as
organic nitrogen, except that the ammonia is notedr off before the digestion step.

Kjeldahl nitrogen s, therefore, the total of theganic and ammonia (Metcalf&Eddy,

1991). The organic nitrogen molecules are not yetad biodegradable. Concentration of
all nitrogen compounds is converted to nitrogenNiig

Concentration of ammonia in the leachate of NarmhDéamdfill site is lowest compared to
other landfill sites, the lowest value is 15 mgalid the highest value is 234 mgN/I. Those
values are 104 and 620 mgN/I in Trang Cat landii# (Hai Phong), 95 and 470 mgN/l in
Nam Son landfill site (Hanoi) and 55 and 355 mgiN/lQuang Ninh, respectively. The
concentration of ammonia tends to decrease acaptdithe distance from the source of
discharge and to increase in the dry season. (Tlab)gTo, 2005).

The evolution of Kjeldalh nitrogen is similar to emnia (Table 1.6). The ratio of
ammonia/Kjeldalh characterises the level of hydslywhich varies obviously. The ratio
of ammonia/Kjeldalh is in the large range of 0.38.94, with typical value of 0.6 — 0.85
and tends to increase in the dry season. This Jalwadtered significantly in the rainy
season, especially when it rains heauvily.

Nitrite and nitrate are also determined to evaldlagenitrification in the natural condition
of leachate collection ponds. However, concentnatibthese parameters is small@.01
mgN/l). This shows that, oxidation process of amiadakes place insignificantly, even in
Pond No 3 of Nam Son landfill site, which is satadain oxygen (12 — 16 mg/l). The main
reason is due to very low concentration of autdtropbiomass in the ponds due to
uncontrolled conditions.

1.2.2.7. Phosphorus compound

Concentration of phosphorus compounds determingteneachate is total phosphorus,
including: ortho phosphate, phosphate and orgahiosphate. Concentration of total
phosphorus is converted into mg £0.

Concentration of phosphorus in the leachate ishigter than in domestic wastewater (4-
15 mg/l) (Crites and Tchobanoglous, 1998) and mtben haft of values are below
accepted value of Viethnamese discharge standardT8245 — 2005 (B)).

Excepted the leachate in Hai Phong landfill sithich is characterised a relatively high
concentration of phosphorus (maximally 21.9 mdgiachate in Nam Dinh, Hanoi, Quang
Ninh landfill sites are characterised by low cortcations (max 8.3; 4.1 and 5.9 mgl/l
respectively). If the leachate is treated with #otivated sludge technology, phosphorus
may be limiting for biomass (according to the opinmatio for biomass activity is
BOD:N:P of 100:5:1). Therefore, it is necessaradd phosphor to the treatment system.



1.3. GENERAL OF LEACHATE TREATMENT IN VIETNAM

Leachate treatment in Vietnam has been considenee $ess than ten years. Therefore,
there are not many studies on treatment technoldggatment systems have been
established mostly due to pressure of the localnconities where there are landfill sites.
Because of that, those leachates treatment tedfiasl@re also depend on their local,
particularly technological capacity and local cdiuatis.

Some treatment systems (e.g. in Thai Nguyen and RNarh) are very simple (there is
separation of suspended solids only). The treatrsgstems in Hanoi and Ho Chi Minh
City are larger and more equipped. Here are soashéde treatment systems in these two
biggest cities (IET, 2006).

1.3.1. Leachate treatment systems in Nam Son lanitiEite, Hanoi

1.3.1.1. Biological treatment system

This system was established by Centre for Reseafdhining and Consultation of
Environment (belongs to Institute of Mechanics) 2000 which had the following
technological process:

Collection pond> Pumping station> Flocculation> UASB - Aerotank-> Settling—>
Biological pond—> Discharge.

The system was focused on treatment of COD. Aftermonths of operation, the system
showed its low efficiency. The system then was redli but its efficiency did not
improve. It was stopped until now to be modifiedd amompleted. The reason is, at the
beginning of operation, COD of inlet leachate wasw 1500-2000 mg/L, the system
worked relative efficiently but after that, wheneihCOD decreased to 700-1000 mg/L, the
system almost did not work.

1.3.1.2. The system established by UCE

The system was established based on chemical/cakpfigsical technology to oxidize
and coagulate pollution substrates in the leachdtes technology was proposed to treat
urgently accumulated leachate in disposal cell .nd@®vever, main parameters (e.g. COD,
nitrogen compounds etc.) of the treated wastewdittmot meet Vietnamese discharge
standard. This system was therefore removed. Tdworeof its failure is the system could
treat only leachate with a certain concentration pafllution compounds. When
concentration was higher, this method was not iefitcany more but still requiring a big
amount of chemicals.

1.3.1.3. The system established by Mechanic andiéujture Company

The system was for urgent treatment of leachatdam Son landfill site, Hanoi, which
had the technology process as follows:

Leachate—> Biological pond-> Pumping station> Coagulation unit> Aerobic and
anoxic tanks> Stabilisation ponds> Discharge.

With this technology, the authors took advantagéiofogical ponds. After these pond
systems, concentration of pollution compounds @& lachate decreased significantly,
COD of 300-1200 mg/L, BOD in the wastewater remdiloev: 30 — 350 mg/L depending
on climate condition and volume of inlet leachaide system therefore focused on
nitrogen treatment and showed its good removalcieficy. Concentration of total



Nitrogen in the discharged wastewater was 60 mgiketing the Vietnamese discharge
standard 5945-1995 — B. However, COD did not meestandard and the wastewater was
still diluted before being discharged to the enviment.

1.3.1.4. The system established by SEEN Company

The system has been operated since 2006, cap&d&Oari/day, consisting of the main
processes:

Nitrogen removal with stripping system and SBR Kwéttivated sludge).

COD removal with biological treatment in combinatiof chemical-physical treatment
(FENTON and adsorption).

Leachate—> Biological ponds> Waste Screerm> Buffer tank 1-> Settling tank 1>
Stripping system 1&2> Buffer tank 2> SBR 1&2 > UASB - Settling tank 2>
Reaction tank> Simultech tank> Sand filter-> Activated carbon filter> Disinfection
tank—> Stabilization pond> Discharge.

Presently, the system is used to treat the leadhaite biological ponds. However, the
quality of treated wastewater has not been stablecentration of ammonium sometimes
exceeded Vietnamese discharge standard.

1.3.2. Leachate treatment systems in Phuoc Hiep ldfill site, Ho Chi Minh City

1.3.2.1. The system established by Centre for Emwnent (CENTEMA)

The system has capacity of 40&day, which has the following technology process:
Leachate> (Temporal) Dilution tank> UASB - Aeration + Settling pond> Buffer
tank > Reaction tank-> Coagulation + Settling tank> Lime Reaction tank->
Coagulation tank> Lime settling tank> Neutralisation tank> Discharge.

1.3.2.2. The system established by Quoc Viet Corgipan

At the end of 2004, due to existing system (of CENMR) with capacity of 400 rday
was overload with a big amount of leachate camm fRhuoc Hiep landfill site, another
treatment system was built by Quoc Viet Companyhviis capacity of 200 fYday.
Treatment technology applies chemical-physical @sedefore biological process.
Leachate> Chemical-Physical treatmen® Aeration pond-> Biological pond -
Discharge.

This technology is focusing on the COD removal. blggest disadvantage of this method
is it needs a large area and is producing muchi&gsiemical sludges.

1.3.2.3. The system established by Duc Lam Ltd. Gany

Duc Lam Company has proposed a leachate treatnystgns with capacity of 1300
m°/day, its technological process is:

Coagulation> Biological treatment> Ultra filter > Activated carbon adsorptio®
Discharge.

Conclusion: Although many companies have studied and estadligeveral leachate
treatment systems with different technologies tgtoout the country, quality of treated
wastewater almost has not met the Vietnamese digetsdandard for leachate. Pollution
caused by leachate is still a pressing issue HgtinrHanoi, Ho Chi Minh City but in the
whole country. Therefore, study on leachate anchia treatment is chosen as the subject
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of this thesis, with efficient and economic apptues; hoping to contribute to leachate
treatment task in Vietnam.
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CHAPTER I

BIBLIOGRAPHICAL STUDY: BIOLOGICAL PROCESSES
OF NITRIFICATION AND DENITRIFICATION

Summary: In this chapter, a careful bibliographical study lmiological processes
nitrification and denitrification is done. Firstlgoncept of microbiology and processgs
of nitrification and denitrification is reviewed,odusing on general procegs,
microorganisms who directly participate in the m®ses, stoichiometry, kinetig,
influences of the environmental factors on the psses. Secondly, literatures on parfal
nitrification and denitrification are studied, witlecent approaches including normjgal
partial nitrification, SHARON, ANAMMOX, CANON and ISD. Also included in this
part, studies on operating conditions (oxygen, peEmperature...) for parti
nitrification are presented, and based on thateexpents with real leachate will
implemented, which are given in the next chapters.

2.1. CONCEPT OF MICROBIOLOGY AND PROCESSES OF NITRIFICATION
AND DENITRIFICATION

2.1.1. Nitrification

2.1.1.1. Definition

The term “nitrification” typically is applied to &hbiological oxidation of ammonia (NH
N, which as used here refers to the total conceotr@f ammonia-nitrogen, including the
dissociated and undissociated forms) to nitrite {N@Q and the further oxidation of nitrite
to nitrate (NQ-N) (Henzeet al, 2002).

2.1.1.2. Nitrifying micro-organisms

The nitrifying micro-organisms are divided into tybysiological groups of bacteria, not
phylogenetically dependent (Watsehal, 1989). In nature, they live in community. In
the case of culture media, they have propensitplonize surfaces and to grow in clusters
called biological aggregates.

The first group that oxidizes ammonium to nitrite the nitritant bacteria group. The
second group that oxidizes nitrite to nitrate ige thitratant bacteria group. Table 2.1
provides the groups of nitritants and nitratantsvalt as various numbers of corresponding
species.
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Table 2.1. Type and number of nitrifying speciesHéray, 2000).

Nitritant bacteria Nitratant bacteria
Name Number of species Name Number of species
Nitrosomonas 10 Nitrobacter 4
Nitrosospira 5 Nitrosopina 1
Nitrosococcus 3 Nitrococcus 1
Nitrosolobus 2 Nitrospira 1
Nitrosovibrio 2

Nitritant species isolated from wastewater envirente most typically belong to the genus
Nitrosomonas. Among the nitratant species isoldteth wastewater, members of the
genus Nitrobacter are the most common.

Both Nitrosomonas and Nitrobacter are autotropirieaning they obtain the carbon for
cell synthesis from inorganic compounds (such ag EC0;). Oxidation of the ammonia

or nitrite provides the energy needed for cell Bgsis. These bacteria are obligate aerobes,
meaning they can grow only in environment in whaissolved oxygen (DO) is present
(WEF, 1998). The absence of DO for prolonged petidsbwever, is not lethal (Painter,
1970).

2.1.1.3. Stoichiometry of nitrification

Thus from an engineering conceptual point of vithw, process can be thought of as a two
step process, with the two above bacterial growjik,a well-know stoichiometry.

The process for the ammonium oxidizing bacteri@glisnzeet al, 2002):

NH; +3/2Q> NOy + O+ 2 H (Eq. 2.1)
AG°(W) = -270 kJ/mol NH-N = 64 kcal/mol NH"-N

The process for nitrite oxidizing bacteria is:

NO; +1/2 G > NOs (Eqg. 2.2)
AG°(W) = -80 kJ/mol N@-N = 19 kcal/mol NH'-N

The overall energy reaction is
NH; +2 Q> NO; + 2H + H,0 (Eq. 2.3)

Based on the stoichiometry of the overall energctien, 2 moles of oxygen are required
to oxidize 1 mole of ammonium-nitrogen to nitraf&is is equivalent to the consumption
of 4.57 g of oxygen per g of NFtN oxidized.

Two equivalents of H (used as shorthand notation for the hydronium kb@") are
produced from the oxidation of 1 mole of ammonidhe H will in turn react with two
equivalents of bicarbonate (HGPDIn the wastewater to form carbonic acid, whiclpheo
buffer the decrease of pH in the media. The rasutat 7.14 g of alkalinity (as CaGO
will be consumed per g ammonium - nitrogen oxidized

Equation (3) will be altered somewhat when biosgsih is considered. Most nitrifying
bacteria are autotrophic and thus use carbon dtoasl the carbon source. The carbon
dioxide should be reduced before the carbon cam fpart of the cell mass, and this
reduction takes place through the oxidation of tiigogen source of the organism
concerned. Then the overall reaction with biosysithevill vary depending on the yield of
bacterial mass. The nitrifying bacteria are cha@méd by a low growth rate due to the
low energy vyield (64 kcal/mol and 19 kcal/mol), wathiare linked to the oxidation of
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ammonium and nitrite, respectively. During nitrét®on, a major part (80%) of the energy
released by the oxidation of the WHind NQ' is used for C@fixing , another part is used
for the cell synthesis (2 to 11 % for Nitrobacter, example) (Boclet al, 1986) and the
remainder is in the form of storage. This explaitg/ the yield constants of nitrification
process are small.

The maximum vyield constant of nitrifying bacter@ the total nitrification process are 0.1
— 0.15 g/g compared with 0.6 - 0.7 g/g of the yietthstant of heterotrophic aerobic
biomass (Henzet al, 1996; WEF, 1998). In practice, the observed yig,s is often
smaller than maximum yield due to maintenance/eedogs respiration.

The equations of ammonium oxidation reaction artdtaioxidation reaction with the
observed yield of ammonium-oxidizerspYnns= 0.1 g VSS/g NB-N (= 0.14 g COD/g
NH4-N) and the observed yield of nitrite-oxidizersp¥no2z= 0.06 g VSS/g N@-N,
respectively, are written (Hene¢ al, 2002):

80.7 NH," + 114.55 @+ 160.4 HCQ@ >
CsH/NO, + 79.7 NQ ™ + 82.7 HO + 155.4 HCO3 (Eq. 2.4)

134.5 NQ + NH;* + 62.25 Q + HCOy + 4H,CO; >
CsH/NO, + 134.5 N@ + 3H,0 (Eq. 2.5)

The overall equation of reaction for nitrificatisfound by combining (Eq. 2.4) and (Eq.
2.5).

NH;" + 1.86 Q + 1.98 HCQ >
0.02 GH,NO, + 0.98 NQ + 1.88 HCO; + 1.04 HO (Eq. 2.6)

Compared to the energy reactions (2-1) — (2-3)thm overall equation (Eq. 2.6), the
oxygen requirement and alkalinity consumption irtrifcation change little when
biosynthesis is considered because of the low yéldacterial mass in the reaction. The
oxygen requirement decreases to 4.25 ggQNH,-N oxidized, whereas alkalinity
consumption decreases to 7.07 g as GATOH, -N used.

These differences are due to the fact that inoogaarbon (CQ@ HCO;), which is
assimilated by the bacteria, also acts as an amgliagent thus reducing somewhat the
oxygen consumption (Henzt al, 2002) and a small part of ammonia used for bi@mas
synthesis does not participate in the reaction weitarbonate. In design, the values
derived from the energy reactions (4.57 gaddnsumed and 7.14 g alkalinity (as CaLO
consumed per g of NF+N oxidized) typically are usually used (WEF, 199B)e amounts
of alkalinity (HCQ) consumed in reactions (Eq. 2.4) and (Eq. 2.6)atteer close.

2.1.1.4. Kinetics of nitrification

Kinetics of microbial growth and decay can be diésct by various models, but the most
popular one is Monod’s kinetic. Based on this matthel Task Group on Mathematical
Modelling for Design and Operation of Biological #ewater Treatment (IWA) has
developed the advanced activated sludge modelsau&8M1, ASM2, ASM2d, ASM3,
etc. However, it should be considered that sucldatsohave certain limitations in stability
and generalization compared with chemical and plysprocesses due to concurrent
interaction of various factors in the system (Hemteal, 2002; Henzeet al, 2000;
Metcalf&Eddy, 1991).
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Kinetic studies typically have demonstrated theaghorate of Nitrosomonas (or first step)
to be lower than that of Nitrobacter (or secong)st&he oxidation of ammonia to nitrite
can be considered usually to be the rate-limititggp $n the overall nitrification process.
Accordingly, nitrification is often modelled asbae-step reaction, carried out by a group
of autotrophic bacteria including both ammonia @eds and nitrite oxidizers (WEF,
1998).

Monod’s equation is typically used to describe #ffect of limiting substrates on
microbial growth. A limiting substrate is one oftkompounds needed for growth that is
present at a concentration low enough to affecgtbesth rate and consequently the rate of
substrate removal. Experimentally, it has been dioimat the effect of a limiting substrate
or nutrient can often be defined adequately usimeg following expression proposed by
Monod (Monod, 1949):

S
Ha = umax{s " KJ (Eq. 2.7)
Where

Ha specific growth rate of (here nitrifying) bioma(sg);

Hmaxa Maximum specific growth rate of (here nitrifyingipmass (d);

S substrate concentration (here in mgN/L);

Ks substrate haft-saturation coefficient (here in mgN
Monod’s expression shows that the constant of aatur Ks can be neglected when the
concentration of the substrate is sufficiently h{gbncentrated industrial wastewater, for
example) (Henzet al, 2002). In such circumstances, the kinetics ofMgnoof the micro-
organisms is described by a zero order exprestfianis, if S >> K:

“A = umaxA (Eq 28)
Both ammonium (as substrate) and DO (as electroephor) are important factors for
nitrification. Either or both can be low enoughcimncentration to limit the specific growth
rate of nitrifying bacteria in wastewater treatmegstems (Metcalf&Eddy, 1991; WEF,
1998). Using this approach, the growth rate ofifgitrg bacteria can be described by
Monod’s expression as shown in (Eq. 2.9).

Sy So
= Eq. 2.9
Ha umax{SNJFKJ{SOJrKSJ (Eq. 2.9)

Where
N ammonium-nitrogen concentration (mgN/L);
Kn ammonia-nitrogen haft-saturation coefficient farification (mgN/L);
S DO concentration of bulk mixed liquor or wastewgtag QJ/L); and
Kso oOxygen haft-saturation coefficient for nitrificati (mg QJ/L).

In the (Eqg. 2.9), there are three kinetic paransgigr Ky and Ks o Values of K and Ks o
obtained from experimental research varies in gelaange. Ko have been reported to
range from 0,15 - 2,0 mg/l (WEF, 1998)y Kave been found to increase with temperature,
(Knowles, 1965) proposed a relationship betwegraid temperature for Nitrosomonas in
river water, which is written:

Kn= 0,4, *&7T2%) (Eq. 2.10)
The (Eg. 2.11) is another one that presents tlegralation between jKand temperature
(Metcalf&Eddy, 1991).

Ky = 1005171156 (Eq. 2.11)
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The growth rate of nitrifying bacterial cells caa teefined by the following relationship.

_ _ p‘maxAxASN
ry =HaA X, = S, K, (Eq. 2.11)
Where
g the rate of nitrifying bacterial growth (g/Lh)
Xa nitrifying biomass concentration (g/L)
Substrate conversions of nitrifying micro-organisoen be described by a first order

reaction in respect to the biomass

ry o = HmaaXaSu_ (Eq. 2.12)
Ya Gy tKy)
Where
rvs the removal rate for substrate (ammonium-nitrogenitrite-nitrogen)
(mgN/Lh);
Ya  the maximum nitrifying yield coefficient (mg/mg)
The endogenous decay of nitrifying can be calcdlatefollows:
rg = - kaXa (Eq. 2.13)
Where
lq the rate of endogenous decay (g/Lh)
Kqg endogenous decay coefficient'jd
Then the net rate of specific growth rate of nyirifj biomass is calculated:

H'a :“maXA|:S+—KS:|_kd (Eq. 2.14)
Where

Wa the net rate of specific growth rate of nitrifyibgpmass (&)

2.1.1.5. The influence of the environmental factoos nitrification

There are a number of environmental factors infbuem the nitrification process. These
includes: substrate concentration, temperaturegexypH and toxic substances (Hepte
al.,, 2002; WEF, 1998). However, apart from certainidogubstances to which the
nitrifying micro-organisms are very sensitive, wenadistinguish mainly physical factors
and biological factors. The influence of these wategories of factors is shown by the
following generalized model (Eq. 2.14) (Hereteal, 2002).

K = tmax(S).f(So2). f(pH).f(T) (Eq. 2.15)

Representative kinetic coefficients for the susgengrowth nitrification process are given
in the following table.
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Table 2.2. Typical kinetic coefficients for the sysended growth nitrification process
(pure culture values)a (Metcalf&Eddy, 1991).

Coefficient Basis Value
Range TypicaP
Nitrosomonas
Hm d* 0.3-2.0 0.7
Ks NH,"-N, mg/L 0.2-2.0 0.6
Nitrobacter
U d* 0.4-3.0 1.0
Ks NO;-N, mg/L 0.2-5.0 14
Overall
U d* 0.3-3.0 1.0
Ks NH,"-N, mg/L 0.2-5.0 1.4
Y NH;"-N, mgvSS/mg| 0.1-0.3 0.2
Ky d’ 0.03-0.06 0.05

& Values for nitrifying organisms in activated sledwill be considered lower than the
values reported in this table.
® Values reported are for 0.

Temperature dependency

The range of the temperatures favorable to ni&ifon is rather broad. The lower limit
would be 5°C (Jones and Hood, 1980; Niquetteal, 1998) whereas the higher limit
would be between 40°C and 45°C (Gay, 1983; Hegtzal, 2002). The results found in
(Focht and Chang, 1975; Painter, 1970) show thafieis can growth in the range of 4-
50°C. Anyway nitrifying processes cannot take placetharmophilic temperature (50-
60°C) (Henzeet al, 2002).

The temperature dependency for nitrifying bacteriasually described by the exponential
modification of van't Hoff equation (Henz# al, 2002):

Hmax (T) = Hipay (20°C).€xp((T - 20)) (Eq. 2.16)

The Expression applies at least in the 18c2&mperature range. At higher temperatures
(30-35C) the growth rate is constant, between 35 artfC4€he growth rate starts to
decline towards zero (see Figure 2.1).The nitriymicro-organisms present an optimal
temperature ranging between 25 and 36°C (Balneglkd, 1992; Focht and Chang, 1975;
Henzeet al, 2002; Painter, 1970). This optimal temperatufeerodiscussed, is justified
by a variety of the conditions of culture, stocksl @f the nature of the substrate.
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Figure 2.1. Nitrification as a function of temperatre. As opposed to other biological
processes in wastewater treatment, thermophilic nifying bacteria are unknown
(Henze et al., 2002).

A number of expressions that describes the relslipnbetween the maximum specific
growth rate of nitrifiers and temperature have beéeneloped. Table 2.3 summarizes
values of the maximum specific growth rate of figrireported in the literature.

Table 2.3. Nitrification maximum specific growth rates (Randall, 1992).

Source Hnmax VS temperature, tnmax (™)

°C 10°C 15C 20°C
(Downing, 1964) (0.47)&°° 1) 0.29 0.47 0.77
(Downing and Hopwood, 1964) (0.18)&-11¢ (20 0.10 0.28 0.32
(Hultman, 1971) (0.50)16-032 (-20) 0.23 0.34 0.50
(Barnard, 1975) 0.33(1.127)%° 0.10 0.28 0.37
(Painter and Loveless, 1983) | (0.18)&°72° (19 0.12 0.18 0.26
(Beccariet al, 1979) 0.27
(Hall and Murphy, 1980) 0.46
(Lawrence and Brown, 1976) 0.50

Reaction rate constant for nitrifying bacteria @i are listed in Table 2.4.
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Table 2.4. Reaction rate constants for nitrificatio at 200C (Henzeet al, 2002).

Parameter Symbol  Unit AmmoniaNitrite Global
oxidation | oxidation | process

Maximum  specific| pumaxa d’ 0.6-0.8 0.6-1.0 0.6-0.8
growth rate
Saturation constant dfHaa | Mg NHi-N/L 0.3-0.70 0.8-1.2 0.3-0.7
Saturation constant do2a | Mg OJL 0.5-1.0 0.5-1.5 0.5-1.0
Maximum yield| Ymaxa | Mg  VSS/mg| 0.1-0.12 0.05-0.07| 0.15-0.20
constant NOs-N formed
Decay constant Fo) d’ 0.03-0.06 | 0.03-0.06] 0.03-0.06
Temperature constank °ct 0.08-0.12 | 0.07-0.10| 0.08-0.12
for Umax.a @nd b

Dissolved oxygen concentration

Nitrifiers are more sensitive to low oxygen concatibns than heterothophs. The oxygen

dependency for nitrification process can be deedrity a Monod expression

_ So
Ha umaA{Sb4_Kso} (Eq. 2.17)

or in combination with Monod’s expression relatedhe effect of substrate on nitrifying
growth rate (Eq. 2.17) we get a double Monod exgioesas presented in (Eq. 2.9).

s

The saturation constantsskwhich have been reported in the range of 0,15 -n2gdl
(WEF, 1998) are rather dispersed values. Nitrifacateactions require DO concentrations
greater than 1 mg/l in situ (Metcalf&Eddy, 1991).the activated sludge process designed
for carbon oxidation and nitrification dissolvedygen concentration is often maintained
in the range 2-3 g/fn If either Kso = 2 mg/l or Ko = 0,15 mg/l are accepted, DO
concentration will be either in excess or deficigaspectively (Le, 2006). The reason of
the phenomenon mentioned above relates mostlyrtotste of the biofloc particle and
diffusion-dispersion process of oxygen inside fbe {Eckenfelder, 2000; Le, 2006; WEF,
1998). The oxygen concentration in the mixed ligisodifferent from that in the particle
(biofloc), where organic matter oxidization and rifitation reactions take place.
Increasing the oxygen concentration in the reautitir speed up diffusion in the floc
particle. However the quantity of oxygen consunrethi floc particle is often higher than
that produced by diffusion. In other words, thestsice of the floc particle to the oxygen
mass transfer into the floc particle can make #te of oxygen diffusion the rate-limiting
step to the overall nitrification process. The camcation of DO within the floc can be
affected by a number of parameters. These areldbheshape and size, mixing intensity,
temperature of reaction system, growth rate of iheteria and bio-chemical reactions
within the floc.

Sk
Sy +Ky

So
So +Kso

Ha :p'maxA|: (Eq 29)

According to (Hanaket al, 1990) , the heterotrophic bacteria in a singlelge system

may assimilate ammonia faster than nitrifiers, theducing the ammonia available for
nitrifiers. The heterotrophs may also impede tl@&sport of ammonia and DO within the
floc. These findings would help to explain why ifitation is slower in combined systems
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for carbon and ammonia oxidation than in two staig&ication processes. This concept is
illustrated in Figure 2.2. Regardless of the speaifechanism, the apparent effect of mass-
transfer limitations is to increase the haft-sataracoefficient and increase the minimum
DO required for nitrification.

Figure 2.2. lllustration of substrate concentration profiles within a microbial floc
showing simultaneous nitrification and denitrification (Bakti and Dick, 1992).
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pH dependency

The nitrification process is pH dependent with atimum in a relative broad range of 8-9
(Henzeet al, 2002) (see Figure 2.3) or 7.5-8.5 (Bock, 1989;RNVE998). At pH below 6
or above 10, the nitrification rate approaches férgF, 1998).
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Figure 2.3. The overall nitrification rate as a furction of pH (Henzeet al., 2002).

The influence of pH in nitrification has been repdrin terms of the ratio of the specific
growth rate or activity of a culture at a partiaybéd to the specific growth rate or activity
of the same culture or a parallel culture at thénmpm pH. Relationships between this
ratio (symbolized as fpH) and pH have been foundaimumber of studies and are
described through expressions as follows:

fpH =1-0.083(7.2 - pH) (Downing and Hopwood, 1964) (Eq. 2.18)
1 )
H= ;pH,,. = 80(Benefield and Randall, 1980 Eqg. 2.19
1+ 00400 -1y " " ( ) (F9. 2.19)
fpH = . 1 —+:b=14x10"";c = 50x10"" (Bailey and Ollis, 1986)  (Eq. 2.20)
1+ , 10
107P" C

(Eq. 2.18) and (Eq. 2.19) are limited to pH rangesthe left side of the optimum.
However, much of the reported data lies above thies, suggesting that the expressions
may be overly conservative, especially considerthgt most of the data are for
unacclimated cultures. (Eqg. 2.20) is the Michaplisfunction for the fraction of enzyme
in the active state (WEF, 1998).

The pH dependency could be linked to the inhibiggdrenomena of gaseous (free or un-
ionized) ammonia (Nk} and un-ionized nitrous acid (HNDas we know that these
substrates can inhibit Nitrosomonas and Nitrobaaiel therefore inhibit both ammonium
and nitrite oxidation (Alleman, 1985; Anthonisehal, 1976; Beccaret al, 1992; Turk
and Mavinic, 1986).
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The uncharged components, NHnd HNQ are also known as substrate for nitrifying
bacteria (Sharma, 1977). Thus we have a situatiberevthe same component is a
substrate whereas, at high concentrations, it ks an inhibitor. Based on studies of
(Anthonisenet al, 1976), (Henzeet al, 2002) illustrates the situation in which the
equilibrium NH/NH,;" and HNGQ/NO, are pH dependent in Figure 2.4 a-c. The pH range
in which there is not or very weak inhibition eff@mn the nitrification process as a function
of NHz and HNQ is around 5.5-7.3.

a) fot. nitrite nitrogen  tot. ammenia nitrogen b) tot, nitrite nitrogen tot. ammoania nitrogen
3
4 gN/m gN/m 1049N/m gN/m
10 g e o
3 Ay
103 10 s
2
2
107] £ , 10 | |
4 5 6 7 B 9pH 4 BB 7 8, SpH
tot. nitrite nitrogen tot. ammonia nitrogen
sgN/m’
C) 10

[ ] Totalinhibition

10" @777 Partial inhibition

Figure 2.4 a. Inhibition of ammonium oxidation with NH3 (0% at 10 g N/m3, 100% at
150 g N/m3) and HNQ (0 % at 0.2 g N/m3, 100 % at 2.8 g N/m3).

Figure 2.4 b. Inhibition of nitrite oxidation with NH3 (0% at 0.1 g N/m3, 100% at 1 g
N/m3) and HNO; (0% at 0.2 g N/m2, 100% at 2.8 g N/m3).

Figure 2.4 c. Inhibition of the overall nitrificati on process as a function of NgJ HNO,
and pH.

At the same time, it is possible that ammonium mitrite could inhibit nitrification. Table
2.5 presents the range where the inhibition mayfjett.
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Table 2.5. Ammonium-nitrogen and nitrite-nitrogen ncentration range for
Nitrobacter inhibition as function of pH (T = 200C) (Anthonisen et al., 1976; Randall,
1992).

pH NH;"-N (mg/l) NO,-N (mg/l)
6.0 210 - 2100 30 — 330
6.5 70— 700 88 — 1050
7.0 20-210 260 — 3320
7.5 7-70 -

8.0 2-20 -

Toxicity dependence

As mentioned above, among the two biomasses gaating in nitrification, Nitrosomonas
has a growth rate which is faster than that ofdWiéicter. Normally, the micro-organisms
that have slow growth rate can suffer from envirental conditions more than the micro-
organisms which growth faster. Compared with th&efdwérophs, the autotrophs has a
lower resistance capacity (dozen to some thoustingss), they are inhibited partly or
completely by a number of toxicants, such as oaratters (phenol compounds, chlorine
containing compounds, nitrogen containing compoungsheavy metals (WEF, 1998).
Lethal dose LC-50 for Nitrosomonas of these compsuis relatively low. Table (2.6)
presents some examples of LC-50 for Nitrosomona®wfe toxic compounds.

Table 2.6 LC-50 for Nitrosomonas of some compoundSVEF, 1998)

Toxicant LC-50 Toxicant LC-50
methylen chloride 1.2 mg/l trichloromethylen 0rad/I
chloroform 0.48 mg/l 1.3 dichloropropen  0.67 mg/l
1.1.2.2.tetrachloroethanl.4 mg/l 5 chloro-1 pentyne| 0.59 mg/l
2-chloropropionic acid| 0.04 mg/I

The effect of some anion on nitrification has beeported in several studies. At

concentration of 100 mg fluoride/l, nitrificationilivbe reduced of 80 %. Sulphate at 50
mg/l has no effect. Chloride influences relativetyong on this process, expressing by
linear decrease of nitrification when concentratdrchloride increases in the range of 40
to 70 mg/l. The rate of nitrification will decreate 60% when the concentration of this
anion reaches some hundred mg/l at pH of 8.

Heavy metals at the concentrations of 0.25 mg/),(Bl25 mg/l (Cr), 0.1 — 0.5 mg/l (Cu)
inhibit completely activity capacity of NitrosomamaCyanide is strongly toxic, the
efficiency of nitrification reduces to 50 % at thganide concentration of 0.1 — 0.2 mg/l
and this process will be inhibited completely aamge concentration of 0.6 — 0.7 mg/l
(WEF, 1998).

Concentration in products of nitrification

When substrate is not limiting, the nitrifying baw& can be inhibited by the products of
their own biological activity (in particular nitatand nitrate). These products can inhibit

24



the Nitrosomonas and Nitrobacter with extremelyhhigncentrations (300 - 4000 miY).|
(Kouakou, 2007).

Hydraulic residence time (HRT)

HRT is defined as the relationship between the melwf the reactor and the flow rate of
wastewater filled to the reactor (Le, 2006). Ic@asequently described by the following
expression:

HRT :% (Eq. 2.21)

Solid retention time (SRT)

SRT is equivalent physically to the existing tineeg( day) of biomass in the system (only
in reaction reactors, but not in other steps suhedtling) (Le, 2006). This corresponds
analytically to the reciprocal of the growth rafetttee micro-organisms, which is presented
in (Eq. 2.22)

SRT= 1 (Eqg. 2.22)
9l

Where
M specific net growth rate of micro-organismg)d

Nitrification can be influenced considerably by gledge age. Indeed, considering the low
growth rate of nitrifying bacteria, a high sludggeamakes it possible to accumulate the
biomass and to support a better nitrification. T&ig/hy this criterion is sometimes used as
strategy of follow-up of process, leading to thenenalization of sludge (and thus a weak
production of sludge). The result of chemostat aivated sludge has showed that, if the
1/SRT is greater than the growth rate of the gitrd micro-organisms, then the population
of nitrifiers will be depleted or flushed from tlsgstem. Complete nitrification is typically
assured in aerobic reactors if the SRT is gredtan t10 days (Kouakou, 2007). But
according to (Duchenet al, 1990), to obtain a nitrification without seasohanitation,
which causes different temperatures, it is necggsarespect an SRT more than or at least
equal to 20 days.

Type of flocs

The size of the flocs is an important parametercivhinfluences the activity of nitrifying
bacteria (Tijhuiset al, 1995). An increase in the size of aggregates staultaneously
generate nitrification and denitrification in thense reactor, as no oxygen will diffuse to the
center of the larger flocs. According to (Borinal, 1997), the specific rate of nitrification
decrease with the size of the flocs and consequentight effect of denitrification could be
observed. However, this should be good base faliestion novel ways in nitrification and
denitrification that will be discussed in a parttos Chapter.
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2.1.2. Denitrification

2.1.2.1. Definition

Denitrification is the process in which nitrate mtrite - products of the nitrification is

reduced to nitrogen gas. This process is termexi@n@spiration as nitrate or nitrite rather
than oxygen is the oxidizing agent (ie the electoneptor). Denitrification is widespread
in nature, it occurs anywhere where nitrate is gmesprovided that no oxygen (or not too
much) is present at the same time (Heeizal, 1995; WEF, 1998).

Micro-organisms require nitrogen for protein syrsisewith ammonium as a preferred
source because this form is used directly in s\wishélowever, if no sufficient ammonium
is available, some micro-organisms can reducetaitt@ ammonium for this use (Gayle,
1989). This process is referred to as assimilatd@rate reduction, indicating that nitrogen
is incorporated into the cell. It is therefore oligtished from dissimilatory nitrate

reduction, which is a respiratory process wherdiy micro-organisms obtain energy
(WEF, 1998). The denitrification process, also knaag dissimilatory nitrate reduction is
shown in Figure 2.5. The assimilatory nitrate reuurcalso presented for the comparison.

+5 +3 0 -3
Oxidation level for nitrogen I | I I I I I >
Assimilation N® > NO, > [NOH]? > NO,OH > R-NH;
Denitrification N@ > NGO, >NO->NO-> N,
Nitrfication NO: < NO: < [NOHJ? < NOWOH ¢ NHy+

Figure 2.5. Reaction sequences for microbiologicaltrogen conversions (Henze et al.,
2002).

In the denitrification process, nitrite (NQ nitric oxide (NO), and nitrous oxide {0) are
intermediates. Each step involves a particular cethe enzyme that catalyzes the transfer
of electrons to nitrogen. The electron originatesf the substrate, that is, the electron
donor. Either inorganic (for example, hydrogen wfws) or organic waste compounds can
serve as substrate for denitrification. As a resiiltlenitrification, the electron donor is
oxidized while nitrate is reduced (WEF, 1998).

2.1.2.2. Denitrifying micro-organisms

Most denitrifying micro-organisms (denitrifiers) eafacultative, meaning they can use
either oxygen or nitrate as the terminal electrocegator in respiration. Many bacteria have
the ability to change their metabolism from usimygen as the final electron acceptor to
use nitrate. The electron transport system in atrifging organism is identical than the
electron transport chain under aerobic conditiovi) the exception of the last steps, the
nitrate (or nitrite) reductase. The “choice” madethe bacteria of the definitive terminal
acceptor depends on the redox potential betweenastecytochrome in the electron
transport system and oxygen or nitrate. The bactmefer oxygen when both oxygen and
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nitrate are present (Heneg al, 2002). This is because denitrification yieldsslesergy
than aerobic respiration (WEF, 1998). Thus, to mtardenitrification, oxygen must be
excluded.

According to studies of (Gayle, 1989), at leastbhtterial genera are known to contain
denitrifying species. They ardacillus, Pseudomonas, Methanomonas, Paracoccus,
Spirillum, and Thiobacillus. Most of the denitrifiers are heterotrophic. It meahat the
carbon source they use for cell synthesis originfitan organic compounds, often the same
molecules that are oxidized for energy. There atatively few species of autotrophic
denitrifying bacteria. They obtain carbon for csjinthesis from inorganic compounds.
Thiobacillus denitrificantis an example. This organism oxidizes elementalusubr
energy and obtains carbon for cell biosynthesignfrdissolved carbon dioxide or
bicarbonate (WEF, 1998).

2.1.2.3. Stoichiometry of denitrification

In the biological denitrification, there are fowontinuous steps occurring with valence (Eq.
2.23) (Grady and Lim, 1980).

NOz =2 NO, = NO (gas)?> N.O (gas)> N, (gas) (Eq. 2.23)

Reaction pathway of denitrification is a rather @bex process. However, it can be
simplified by the following reaction pathway (Kouak 2007).

NOs + 2H' + 26 & NO, + H,0 (Eq. 2.24)
NO, + 4H" + 36 > 0.5N\, + 2 HO (Eq. 2.25)
NOs + 6H + 56 © 0.5 N + 3 B0 (Eq. 2.26)

Nitrate reduction reactions with methanol, acetidand wastewater as organic sources
and nitrate as the terminal electron acceptor carwbtten as in (Eq. 2.27)-(Eq. 2.29)
(WEF, 1998).

6NOs + 5 CHOH > 3N, + 5 CQ + 7H;,0 + 6 OH (Eq. 2.27)
8NOs + 5 CHCOOH > 4N, + 10CQ + 6 HO + 8 OH (Eq. 2.28)
10NOs + CygH160sN = 5N, + 10CQ + 3 HO + NH; + 10 OH (Eq. 2.29)

The hydroxide ion and carbon dioxide in the watdt mact with each other to create
bicarbonate ions, which are shown in the followstgichiometric equation:

OH + CO, > HCOy (Eq. 2.30)

When organic matter in wastewater is formulizedCagH,00sNas suggested , then the
general equation of denitrification can be writtenfollows (Henzet al, 2002):
1 1 I 1 17 1 o1 + 01
— CigH1gON + =NO3 + —H" > — N2+ — CO; + —HCO3 + —NH4 + = H0
70 RN T 5T T g 1002 7g C%2F 7 HOO g NRa g,
(Eqg. 2.31)
AG® (W) = -103 kJ/e-eqv = 24,4 kcal/mol (NEN)

Simultaneously with denitrification, biosynthess taking place, therefore changing the

stoichiometry. The overall result is an increaseéhe electron donor (carbon substrate)
required per unit mass of nitrate reduced. The tmuaf reaction, provided that nitrate is
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assimilated (with maximum vyield constant is 0.36 lkgmass/kg organic matter), is
presented in (Eq. 2.32) (Heneeal, 2002).

0.57 GgH190sN + 3.73 NQ + 3.73 H > CsH/NO, + 1.65 N + 5.26 CQ + 3.80 HO
(Eq. 2.32)

From the (Eq. 2.32), to reduce 1g N®, we need 6.09 g organic matter (COD) compared
with 2.85 g organic matter (COD) consumed/gsN® reduced in (Eq. 2.31). It could be
found that, in denitrificationamount of organic matter used for biosynthesis dsenor
less double than that used for energy production.

Where ammonium is available, the bacteria will 3lsvaise this as nitrogen source. The
reaction of denitrification, provided that ammoniusnassimilated (with yield constant of
the process around 0.40 kg biomass/kg organic mattte result is (Henzet al, 2002)

0.52 GgH100oN + 3.28 NQ + 0.48 NH" + 2.80 H >
CsH/NO, +1.64 N + 4.36 CQ + 3.8 HO (Eq. 2.33)

This equation of reaction does not differ much fr@y. 2.32) since the ratio of g organic
matter (COD) consumed/g NEN reduced is 6.32. But it should be remembered timat t
maximum yield constant is changed. The yield cortsth denitrification is in the range of
0.46 — 0.69 g COD/g NON (Le, 2006).

Alkalinity production

The quantity of alkali produced by denitrificati@an be calculated from the following
balanced (WEF, 1998), when nitrate is used forsgithesis:

NOs + 1.08 CHOH + 0.24 HCO; - 0.056 GH/NO, + 0.47 N + 1.68 HO + HCQ'
(Eq. 2.34)

From (Eg. 2.32), it is found that 4.36 g alkalin(jCQOs) is produced per 1 g NGN
reduced, corresponding to 3.57 g alkalinity (CaC@roduced/g N@-N reduced. In
systems where ammonium is available, the alkalipityduction will be reduced by one
equivalent per mole of ammonium assimilated (Hestza, 2002).

2.1.2.4. Kinetics of denitrification

The rate of denitrification depends on the type aodcentration of compound used as
carbon substrate and can be predicted by sevethlematical models, including Monod
expressions. A higher denitrification can be ackiewhen soluble readily biodegradable
substances are available. Denitrification is esakyntzero-order with respect to nitrate or
organic matter concentration and first-order wiglspect to biomass concentration. The
rate of denitrification is also strongly affecteg the DO concentration, pH, temperature,
and reactor configuration. Others vary with theamig loading or solids retention time
(Henzeet al, 2002; WEF, 1998).

These different expressions for denitrificatioreré no) in units of g N@-N reduced/md

or for denitrification rate (1) in units of g NQ-N reduced/g MLSS.d can be expressed as
follows:
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Monod expression (Henzt al, 1986):

1-Y S, S K
Moo =| ——— NO OH X Eqg. 2.35
v,NO (2.86YH JumaX'H(Ks-i—Ssj(KNo+SN0](SO+KOH Jng b,h ( q )

Where:

rvwno denitrification rate (mg N©-N/L.d)

HmaxH Maximum specific growth rate for heterotrophs)(d

Xph  concentration of heterotrophs (mg/L COD)

Ss concentration of readily degradable organic sabstmg/L COD)

Ks haft-saturation coefficient for readily degradasidstrate (mg/L COD)
So DO concentration (mg £L)

Kon haft-saturation for DO in heterotrophic growth @4-)

Svo  nitrate concentration (mg N/L)

Kno  haft-saturation coefficient for nitrate (mg N/L)

Yn heterotrophic yield (g biomass COD/g substrate COD

Dy fraction heterotrops using nitrate for electronegtor (dimensionless)

Zero — order (in respect of nitrate):
rv.no = kX (WEF, 1998) (Eq. 2.36)

Where:
k empirical rate constant (mg NO© N/mg MLSS.d)
X concentration of heterotrophs (mg MLSS/L)

The empirical rate expression typically is zeroesrdith respect to nitrate and first-order
with respect to biomass concentration accordin@p 2.37)

ry= kX (Eq. 2.37)
Where:

rv rate of denitrification (mg MLSS/mg NON.d)

k empirical rate constant (L/mg NON.d)

X concentration of heterotrophs (mg MLSS/L)

When system is provided with external organic mafteepresented by ratio F/M or
substrates come from endogenous degradation (nernextsubstrate available), the
denitrification rate can be expressed through ewpartal (Eq. 2.37) and (Eg. 2.38)
(Refling and Stensel, 1978):

When external substrate is available:

rvno= 0.03 (F:M) + 0.029 (Eqg. 2.38)
When external substrate is not available

funo= 0.12.6,°7% (Eq. 2.39)

Where:
(F:M) food-to-micro-organisms ratio (g BQRpplied/g MLSS.d)

29



0c solid retention time (§

The values for the biokinetic coefficients for Mahtype expressions are given in Table

2.7.

Table 2.7. Reaction rate and stoichiometric constas for denitrification, 200C (Henze
et al, 2002).

Coefficient Symbol Unit Typical range
Maximum specific growth rate nkx d* 3-6
Haft-saturation coefficient, nitrate sios gN/m3 0.2-0.5
Haft-saturation coefficient, DO 4o gOzlmd 0.1-0.5
Haft-saturation coefficient, COD| d%op gCoD/n? 10-20
Maximum yield constant, COD bp gCOD/gCOD 0.5-0.55
Maximum yield constant, NON | Ynos gCOD/gNQ-N 1.6-1.8

Decay constant b d 0.05-1.0

2.1.2.5. The influence of the environmental factoss denitrification

Energy sources (substrate)

There are a number of factors influencing substratgmsumption
denitrification. Three principal factors are given(WEF, 1998).

in biological

The first one is the concentrations of the electemteptors present. These include
dissolved oxygen (DO), nitrate (NQ) nitrite (NOy) and sulfate (Sg3) which are ranked
in priority order used by denitrifiers. In a systetmere always exits aerobic heterotrophic
as well as denitrifiers who can utilize dissolvedygen. As mentioned above, these
bacteria prefer dissolved oxygen due to high eng@mguction, thus denitrification just
can start when most of DO has been reduced. Nawadenitrite compete on approximately
an equal basis for electrons from substrate. Sulfapresent in varying concentrations in
wastewater. It can be used as electron acceptoboribyafter almost DO, nitrate and nitrite
have been consumed. Thus, denitrification can baimdd nearly completely without
sulfate reduction.

The second factor is the nature of the moleculeleftron donor. Denitrifiers can use a
broad spectrum of energy sources. Organic compoanelaised as electron source for
energy metabolism and as carbon source for cedlybibesis. Inorganic compounds such
as molecular hydrogen and sulfur supply electrols® @an be used but for energy
metabolism only (catabolim). Among the organic mats, the most interesting are those
from organic materials in wastewater and sludgdchvis called internal energy sources.
Methanol and acetic acid are considered the madstesting among the external carbon
and energy sources (Henze et al., 2002). In the chmethanol this is mainly due to the
price of this external carbon source.

In case of shortage of electron donor, denitrifaatvill not be complete; the quantity of
nitrate removed will exceed the quantity of nitrogeroduced. In the studies of (Louzeiro
et al, 2002) on the influence of methanol as extermaban source on the biological
nutrient removal kinetics in a experimental SBR, denitrification rate (Kn; mgNOx-N/g
MLVSS.day) have been reported to increase witheiasing methanol concentration (M,
mg CHOH/L) according to the relationshipok = -0.203M + 3.93M. This increase stops
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when a maximum denitrification rate of ~ 19 mgNOgMLVSS.day isattained,
corresponding to a methanol concentration of ~ .mg

The third factor is the specific growth rate of efiers. The electron donor requirement
for high-growth rate systems will exceed that fmaxdrate system.

Temperature dependency

The temperature dependency of the denitrificatimt@ss is similar to that of the aerobic
processes — see (Eq. 2.16). The denitrificatiorcgss can also take place at 56&50but
this range is not much applied in practice. The dcdtdenitrification is roughly doubled for
every 10C increase in temperature between 5 aff€ JBVEF, 1998) and is approximately
50 % higher than that at 35 (Henze et al., 2002)..

Dissolved oxygen concentration

Oxygen that has a direct influence on biokineticthe oxygen within flocs or biofilms and
not in the liquid phase even if DO has to be ratberto avoid diffusion to the center of
the floc.
In Monod expression, the positive effect of a dartaubstrate on reaction rate is
asymptotic, (S, + Ko). Oxygen has inhibition effect on the denitrificet process, the
higher oxygen concentration, the higher inhibitievel. Therefore we can use the
SOMO%)__ (where Ksonos)is the “saturation constant” for oxygen
S,0(NO3) o
inhibition. & is the oxygen concentration in the liquid phasegdtimate inhibition level
on denitrification with a meaning similar to otheaturation constants (the rate decreases
50 % at that constant). This value varies dependinghe actual condition of the system.
In an activated sludge plantskwill be lower than that in a biofilm. In a well nex -
activated sludge plant, this value will decrease daecreasing floc sizes. The same
saturation value is frequently used for denitrifiea, Ksonosy and for aerobic oxidation,
Ks0(0,1 - 0,5 mg @) (Henze et al., 2002). This “software switch'lgeeto modelize the
progressive inhibition of the denitrification praseby oxygen.

following value:

pH dependency

As other biological processes, the optimal pH fenittification is in a relatively large
range, around 7 to 9 (Henze et al., 2002; WEF, 19®8pH around 10 and pH around 6,
the rate of denitrification decreases drastically denitrifiers can slowly be adapted to the
pH changing if the pH changes are rather slow.

At low pH (< 7), the denitrification is not compéeand there is an increasing amount of
nitric oxides NQ, NO which can poison micro-organism at low concaian (Henze et
al., 2002).
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2.2. PARTIAL NITRIFICATION AND DENITRIFICATION

2.2.1. Some configurations of biological processesapplied in partial
nitrification/denitrification.

2.2.1.1. Conventional nitrification/denitrificatiorprocess

As presented in Part 2.1 of this chapter, the cotimeal nitrogen removal will be a
combination of two biological processes in whichnaomia is aerobically oxidized to
nitrite then to nitrate (nitrification); subsequigntthis nitrate is reduced to nitrite and
finally to gaseous nitrogen (denitrification).

The possible metabolic pathways for nitrificatiamdadenitrification are shown in Figure
2.6

NH4" 2 NHOH = [NOH] = NO; = NO; = NO; > NO, > NO> N,

Figure 2.6. The metabolic pathways for conventionatitrification and denitrification

NHs" + 1.5Q > NO» + H,0 + 2 H (Eq. 2.1)
NO, + 0.5 Q > NOy (Eq. 2.2)
NH4+ +20G>N0Os+2 H + H,O (Eq 23)
NO;s + 2H + 26 > NO, + H,O (Eq 224)
NO, + 4H" + 36 > 0.5\, + H,0 (Eq. 2.25)
NOs + 6H" + 56 > 0.5 Ny + 3H,0 (Eq. 2.26)
6NO; + 5CH,OH > 3N, + 5 CQ + 7H,0O + 60H (Eq. 2.27)

According to overall nitrification (Eq. 2.3), th@mplete nitrification reaction consumes a
large amount of oxygen, requiring 4.57 g of oxy@mneach gram of ammonium oxidized.
During denitrification, the requirement for orgargarbon is significant. For example,
according to (Eq. 2.27), to reduce 1g nitriteequires 2.47 g of C¥DH. This is especially
costly if C/N ratio of wastewater is low since agla amount of external carbon such as
methanol is required to add to the full-scale dditation system (Khin and Annachhatre,
2004; Mosquera-Corrait al, 2005; Schmidet al, 2003).

2.2.1.2. Patrtial nitrification

NH," Partial NO; Denitrification | N2
(100) Nitrification (100) (100)

Figure 2.7. Partial nitrification (Schmidt et al, 2003)

Partial nitrification is the oxidation of ammoniutm nitrite, but not to nitrate (Schmiet
al., 2003), which is based on the fact that nitriteais intermediary compound in both
steps: nitrification up to nitrite is followed bytrite denitrification (Ciudacet al, 2005).

The process diagram is given in Figure 2.7.
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The process is cost-effective since it needs lesstian (for nitrification) and less external
carbon source as electron donor, such as methanaldnitrification) in case of a low C/N
ratio of the wastewater (Jianlong and Ning, 200dhrfidt et al, 2003). This can be
proved theoretically through the stoechiometric.(Bdl)-(Eg. 2.3) and (Eq. 2.24)-(Eq.
2.26).

According to (Eg. 2.1)-(Eq. 2.3), 1.5 moles of oepgis required for the nitritation step
and 0.5 mole of oxygen is further needed for theatition step; equivalent to 75 % and 25
% of oxygen requirement for the complete nitrifioat respectively. Therefore, a good
partial nitrification to nitrite is expected to saaround 25 % of the energy needed for
aeration.

This patrtial nitrification is considered the mosiskt way of partial nitrification since there
are other ways in which ammonium is not convertethetely (100 %) but partly to
nitrite (e.g 50% of N /50% of NG (Schmidtet al, 2003)). The most well-known partial
nitrification for this case can be appied is SHARSingle reactor High activity
Ammonium Removal Over Nitrite) process (Hellingiaal, 1998), which will be discussed
later.

According to (Eq. 2.24)-(Eqg. 2.26), to reduce 1 enof nitrite to gaseous nitrogen, 2
electrons equivalent of electron donors are requivéhile to reduce 1 mole of nitrate to
gaseous nitrogen, we need 5 electrons equivalemtieatron donors. This means that,
direct nitrite denitrification would save 40 % enttal organic carbon. This denitrification
is called “nitrite route” denitrification (Schmiét al, 2003) which is not different from the
conventional denitrification. There are denitritiom processes that can be combined with
partial nitrification processes (e.g SHARON). Thexlude ANAMMOX (Anaerobic
Ammonium Oxidation), CANON (Completely Autotrophidlitrogen removal Over
Nitrite), OLAN (Oxygen Limited Autotrophic Nitrifiation - Denitrification) and SND
(Simultaneous Nitrification Denitrification).

A number of studies on the partial nitrificatioropess have shown similar benefits of this
process: saving 20 — 30% oxygen consumption an@o48f organic carbon requirement
(Ciudad et al, 2005; Jianlong and Ning, 2004; Johansetnal, 2004; Khin and
Annachhatre, 2004; Mosquera-Coretlal, 2005). In addition, this process would save 30
— 40 % reactor volume (Pergg al, 2004). It is also noticed that the denitrificatiof
nitrite is 1.5 to 2 times faster than that carrma starting from nitrate (Abeling and
Seyfried, 1992).

Unneeded
proces

nitritation+Q0, (75% nitratation +Q(25%
NH,* —NOJ NOs

denitratation
+:C:(40%)

(9609) O+
uoleluusp

N>

Figure 2.8. Partial nitrification
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2.2.1.3. SHARON (Single reactor High activity AmmiarRemoval Over Nitrite) process

The SHARON process involves partial nitrificatiohasnmonium to nitrite to get as much
as possible nitrite as the main product of nitafion with some strictly controlled
conditions. SHARON is the first successful processvhich nitrification/denitrification
with nitrite as an intermediate has been achievattustable conditions (van Kempen
al., 2001).The process operated without any biomass retemgicontrolled by hydraulic
residence time of the system, generally about 1(day Dongeret al, 2001) in a single
aerated reactor at a relatively high temperatute®(3 or at least above &) and pH
(above 7) (Brouweet al, 1996; Hellingaet al, 1998). The mechanism of operation of the
SHARON process is based on the difference betwleergtowth kinetics of the nitritant
micro-organisms (e.g Nitrosomonas) and nitrataetg Nitrobacter) (Hellingat al,, 1998;
Schmidt et al, 2003). Under these optimal conditions, it suppdie growth of the
nitritants while washing out the nitratants. TheARON process can be carried out in a
simple continuous stirred tank reactor and isligdesalited to remove nitrogen from waste
stream with a high ammonium concentration (> 019/l (Hellinga et al, 1998; Jetteret
al., 1997; van Dongeret al, 2001). With the SHARON process, a nitrogen rerhova
efficiency of 85 — 90 % can be achieved (Hellirgal, 1998; Mulder and Hellinga, 2001;
van Kemperet al, 2001) and can save 25 % of aeration energy ar?d 40carbon source
addition cost (Hellinga&t al, 1998; van Dongeat al, 2001). The full-scale experience has
recently been obtained during its operation (Mulded Hellinga, 2001; van Kempet
al., 2001). The process requires relatively littlgiaiinvestment because a simple well-
mixed tank reactor of modest dimensions withoutlgéuretention is sufficient (Hellingst
al., 1998). The process does not produce chemicalgsluhd has a relatively low
production of biological sludge (Khin and Annachka®004). In the study of (Schmieit
al., 2003), this process is combined to ANAMMOX prsgetherefore it is modified to
produce a certain ratio of ammonium/nitrite (e @/5D).

NH;" | SHARON | NHs"/ NOy Anammox§

(100) (50/50)

Figure 2.9. SHARON process (Schmidet al, 2003).

The most well-known micro-organisms that carriest edne SHARON process is
Nitrosomonas eutropha (Logemaenal, 1998). This belongs to genera Nitrosomonas of
the beta-ammonia oxidizers (Bateman, 1997).

To obtain a stable partial nitrification, the oxiida of nitrite to nitrate must be prevented,
allowing the accumulation of nitrite in the systefnnumber of operating parameters (e.g.
dissolved oxygen, pH, temperature, hydraulic reside time, solid retention time,
substrate concentration) have been studied in csi@teactors based on influence in the
growth rate of nitrifiers (particularly nitrosomaand nitrobacter) (Beccaet al, 1979;
Hellinga et al, 1998; Mosquera-Corrat al, 2005). For instance, to provide a 50 %
ammonium oxidation, ammonium and bicarbonate shbelgresent in a molar ratio of
1:1(Mulderet al, 1995). The effect of these parameters on theggwill be discussed
later in the part “Working condition for partialtnfication/denitrification”.
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2.2.1.4. ANAMMOX (Anaerobic Ammonium Oxidation) pcess

The ANAMMOX process is the denitrification of nieito produce dinitrogen gas with
ammonium as the electron donor under anoxic or exylgnited conditions (Jetteet al,
1999; Jianlong and Jing, 2005; Kuai and VerstraE383; Mulderet al, 1995; Schmidet
al., 2003) byautotrophic micro-organismswithout addition of external carbon source
(Jetteret al, 2005; Jettert al, 1999). It is suggested that nitrate could alsased as an
electron acceptors in the ANAMMOX reaction but ordfter the exhaustion of nitrite
(Jianlong and Jing, 2005). In other words, nitistehe preferred electron acceptor for the
process (Boclet al, 1995; Van de Graaét al, 1995). This is possibly due to higher
energy production in the reaction with nitrite dsc&on acceptor, as shown in the (Eq.
2.40) and (Eq. 2.41).

According to (Van de Graadt al, 1995), at the beginning of the reaction, amminiu
directly reacts with nitrite to produce dinitroggas, which is given in the (Eq. 2.40).

NHs" + NOy > N, + 2 HO (Eq. 2.40)
G'o = - 358 kd/mol Ni'

(Mulderet al, 1995) suggested that ammonium oxidation canledomitrate reduction in
a smaller fluidized denitrification reactor. Theishiometric reaction can be hypothesized
asin (Eq. 2.41).

5NH +3NO;y > 4Np+ 9 HO + 2 H (Eq. 2.41)
G'o = - 297 kd/mol NH"

In the ANAMMOX process with nitrite as electron aptor, the main product is dinitrogen
gas, but about 10 % of nitrite and ammonium areveded into nitrate (Khin and
Annachhatre, 2004). (Strous et al., 1998) deterchithee stoichiometry based on mass
balance over ANAMMOX enrichment cultures of the d¢mned catabolic and anabolic
reactions as given in (Eq. 2.42).

NH," + 1.32 NQ +0.066 HC@+ 0.13 H >
1.02 N +0.26 NQ + 0.066 CHOg 5Ng 15+ 2.03 HO (Eq. 2.42)

SHARON NH4*/N02‘= ANAMMOX | N2/NOs
(50/50) (90/10)

Figure 2.10 ANAMMOX process (Schmidtet al, 2003).

The ANAMMOX needs a preceding partial nitrificatistep, that converts around 50 % of
the wastewater ammonium to nitrite (Dapena-Metral, 2004; Schmidet al, 2003). The
combination between ANAMMOX and SHARON process witdn appropriate
ammonium/nitrite ratio have been applied succelysfalthe laboratory (van Dongest
al., 2001; Van Loosdrecht and Jetten, 1997; Volkekal, 2005). By simply not supplying
any carbon source (e.g. methanol) and removingxieperiods or by limiting the oxygen
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supply to a nitrification reactor with sludge reien, a SHARON reactor yields the
desired ammonium/nitrite mixture. This is possibézause when 50 % of the ammonium
is oxidized, the decrease in pH (to 6.7) prevemtsaxidation of the remaining ammonium
(Schmidtet al, 2003; Strou®t al, 1997). This process allows over 50 % of the oxyige
be saved and no organic carbon source is needaedd®¥&raakt al, 1996). In addition,
the biomass yield is very low so that little sludggroduced (Jetteet al, 1997; Jianlong
and Jing, 2005).

ANAMMOX process is carried out by a group plianctomycete bacteriéStrouset al,
1999a). The most two common ANAMMOX bacteria thavé been tentatively named
“ CandidatusBrocadia anammoxidans” (Jettest al, 2001; Strouset al, 1999a) and

“ Canidatus Kuenenia stuttgartiensis” (Schmicet al, 2000). The former is a
chemolithoautotrophe, having a doubling time ofdHys and a biomass yield of 0.13 g
VSS/g NH-N (Strouset al, 1998). Like ammonium oxidizers, these bacterieeha very
high affinity for the oxygen, ammonia (as a sulisfrand nitrite (as an inhibitor). It is
irreversibly inhibited by nitrite at concentratiomsexcess of 70 mg N/I for several days
and by phosphate at concentration above 60 mgP4dveral days (Strowt al, 1999b;
Strouset al, 1997; Van de Graadt al, 1996). The later has a higher tolerance to aitrit
(180 mg N/I), is more active in low cell densityitcwes and is less inhibited by phosphate
(600 mg P/l) (Egliet al, 2001). The ANAMMOX process is seven times slowen
aerobic ammonium oxidation (Stroesal, 1998) but ANAMMOX bacterial activity is 25-
fold higher than aerobic ammonium oxidizers undesxéc conditions when using nitrite
as the electron acceptor (Jettdral, 1999). Oxygen concentration as low gs\2 inhibits
the ANAMMOX activity completely but reversibly (et et al, 2001). Together with
ammonia as a substrate, carbon dioxide is the rmoaibon source for the growth of
ANAMMOX bacteria (Van de Graadt al, 1996).

At laboratory scale, ANAMMOX process has been #saad show their suitability in
several kinds of reactor, such as fluidized bedn(\de Graafet al, 1996), fixed bed
(Strouset al, 1997), sequencing batch reactor and gas-lifttoeg®apena-Morzet al,
2004; Strouset al, 1998). Concerning the ANAMMOX process, one of thmin
challenges is long start-up time due to very slowowgh of the ANAMMOX
planctomycetes. It takes from 100 to 150 days leefor ANAMMOX reactor inoculated
with activated sludge reaches full capacity (Schmidl, 2003; van Dongeat al, 2001).

Table 2.8 presents some stoichiomestric and kinetarameters of Anammox micro-
organisms in comparation with nitrite nitrifying mi rcro-organisms (nitritant).

Parameters Unit Nitritant Anammox Note Source

Biomass yield Mol/mol C 0.08 0.07 (Jetten et al,

Y 2001)

Aerobic rate Nmol/min/mg 200-600 0 Parameters of aerobic
protein and _ _angerobi(

Anaerobic rate Nm(_)I/min/m 02 60 E%ng'taagﬂ?f;gg;
protein Ks: affinity constant.

Growth rate H 0.04 0.003

Doubling rate Day 0.73 10.6

KsNH4" UM 5-2600 5

KNOy UM N/A <5

KOs UM 10-50 N/A
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Aerobic ammonium oxidisersyX) (Haoet al, 2002)
L mex hl 0.8 1/K = | Growth rates ang
NH
_ 0.094 endogenous
by h 0.05 respiration rates ang
Aerobic nitrite oxidisers (o) their temperature
max hl 0.79 1/K — | dependency (1/K) fo
Hno ' 0.061 nitritification,
bno ht 0.033 : nitratification and
Anaerobic ammonium oxidisers ANAMMO %X Athp&'\éMox
e h' 0.028 Uk =&
Dan hT 0.001 0.096

2.2.1.5. CANON (Completely Autotrophic Nitrogen Rewal Over Nitrite) Process

CANON process is the combination of partial nit@iion and ANAMMOX in a single,
aerated reactor (Stroes al, 1997; Thirdet al, 2001). This process removes ammonium
from wastewater with high ammonium loading and aonhg low amounts of organic
matters (Dijkman and Strous, 1999; Helmedral, 2001; Kuai and Verstraete, 1998;
Siegristet al, 1998).

According to (Strous, 2000), the process reliestloa interaction of two groups of
autotrophic aerobic and anaerobic ammonium-oxidizbacteria under oxygen-limiting
conditions that perform two sequential reactioimsutaneously. Under oxygen limitation
(< 0.5 % air saturation), ammonium is oxidized tiite by aerobic ammonium oxidizers
such asNitrosomonas and Nitrosospir@hird et al, 2001), which is shown in (Eq. 2.1)
(Hanakiet al, 1990).

NH," + 1.5 @ > NO, + H,0 + 2H' (Eq. 2.1)

Subsequentlyanaerobic ammonium-oxidizing bacteri&e PlanctomycetgThird et al,
2001) convert ammonium with the produced nitriteliimtrogen gas and small amounts of
nitrate, which is given in (Eq. 2.43) (Strous, 200

NHs + 1.3 NQ > 1.02 N + 0.26 NQ + 2 HO (Eq. 2.43)

The overall stoichiometric reaction that combine #bove two reactions (Eg. 2.1) and (Eq.
2.32) can be expressed as in (Eq. 2.44) (Strows))20

NH," +0.85 Q- 0.435 N + 0.13 NQ + 1.3 HO + 1.4 H (Eq. 2.44)

Because the CANON process is completely autotrophiavoids the external carbon
addition often required for heterotrophic denitdfiion step in the conventional systems.

In addition, the entire nitrogen removal can bei@dgd in a single reactor with very low
aeration, greatly reducing space and energy regeine (63 % less oxygen consumption
and 100 % less electron donor than traditionalesys) (Thirdet al, 2001). In studies with

a sequencing batch reactor and a gas lift reactivogen removal rate was up to 0.3 and
1.5 kg N total n? day”, respectively, have been reported for the CANOMNCess
(Sliekerset al, 2002; Sliekerset al, 2003). CANON needs process control to prevent
nitrite build-up by oxygen excess (Schmadtal, 2003).
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2.2.1.6. SND (Simultaneous Nitrification Denitrifigtion) Process

SND, as it names, implies that nitrification anchitigfication occur concurrently in the
same reactor under identical overall operating tmmd (Beunet al, 2001; Munckhet al,
1996). This process has been observed in sevadiést(Ho, 1994; Kokufutat al, 1988;
Masudaet al, 1991). SND offers the potential to save the émst second (anoxic) tank,
or at least reduce its size, if it can be ensuln@tl @ considerable amount of denitrification
takes place together with nitrification in the dematank. (Turk and Mavinic, 1986; Turk
and Mavinic, 1989) reported some advantages of $iiDess such as a 40 % reduction of
COD required for denitrification, 63 % higher deifitation rates. The given explanations
for the phenomenon of SND can be divided into braategories, physically and
biologically (Munchet al, 1996). Physically, SND occurs as a consequenc® @f
concentration gradients within microbial flocs aofiims due to diffusional limitations.
That is, the nitrifiers exist in regions with higlssolved oxygen concentrations, whereas
the denitrifiers will preferentially be active immzes with very low dissolved oxygen
concentrations. Biologically, SND can occur singeré is existence of aerobic denitrifiers
as well as heterotrophic nitrifiers, and nitrificet under fully anaerobic conditions is
possible.

About 65 % of the ammonium load is converted taiteit(Ruiz et al, 2006). The
effectiveness of these reactors requires to takke atcount three principal factors:
dissolved oxygen concentration, size of the flond aoncentration in organic substrate
(Pochana and Keller, 1999). The rate of nitrifioatand elimination of nitrogen reported
by several studies is up to 90 % and 93 %, resmEygt(Ruiz et al, 2006; Yooet al,
1999).

This process should be distinguished fromyN@cess which was proposed by (Schmidt
et al, 2003). The NQis processes in whicln the presence of Ng Nitrosomonas-like
micro-organisms nitrify ammonium and denitrify rigr produced simultaneously even
under fully oxic condition to dinitrogen gas as thain product (Figure. 2.11).

NH;/NO, NO, NHs/NO, ' Denitrification N2
- »
(1000/1*)| Process (60/40) (100)

Figure 2.11 NOx process

* In the presence of oxygen the supplemented NOX/MD;) is the regulatory signal
including the denitrification activity of the ammarpoxidizers and it is only added in trace
amount (NH'/NO, above 1000/1 to 5000/1) (Schméttal, 2003).
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2.2.2. Operating conditions for partial nitrificati on

Resulting from the analysis of the various strasgind configurations mentioned above,
the partial nitrification through the nitrite acculation could be obtained by controlling
principle operating parameters (temperature, pldsalved oxygen concentration, MNH
concentrations and HNOhydraulic residence time, solid retention timed® of aeration
(prolonged and/or intermittent), combination of geeses (e.g SHARON-ANAMMOX)
etc.). Taking into account these strategies makgmssible to eliminate nitrogen at a
reduced cost.

2.2.2.1. Dissolved Oxygen

Working conditions for an optimum partial nitrifiten have been reported in several
studies. The first parameter that must be mentigeedissolved oxygen. The nitratants
have a lower affinity for oxygen than the nitritanThis can be explained by previous
studies showing that the half-saturation coefficitar dissolved oxygen of Nitrobacter
(0.72 — 1.84 mgl/l) is higher than that of Nitroseras (0.25 — 0.5 mg/l) (WEF, 1998).
Therefore, a low dissolved oxygen is restrictive fbe growth of nitratants and then
hinders the nitratation (Alleman, 1985; Hanaial, 1990; Turk and Mavinic, 1989).
Oxygen affinity constant for ammonium oxidizerso(kog) was assessed in two different
systems in the study of (Gadf al, 2007) who showed values which belong to theakno
range of (Henzeet al, 2002): SBR (at 3): 0.34+ 0.07 mgQ/L and SHARON
chemostat reactor (at 35): 0.49+ 0.06 mgQ/L.

(Ruiz et al., 2002) studied the influence of difier DO on nitritation reporting that, DO in
the range of 2.7 — 5.7 mg/l does not influencefitation. At DO of 1.7 mg/l, there is a
temporal nitrite accumulation; and at DO of 1.4stliccumulation increases with an
unchanged ammonium consumption rate. Maximum @iritcumulation is obtained at DO
of 0.7 mg/l At DO of 0.5 mg/l, ammonium accumulation takeacel. Depending on the
aerobic retention time, different ammonium remaeféiciency are achieved in the effluent
(van Kemperet al, 2001). The sensitivity of the Anammox enrichmeulture to oxygen
was investigated under various sub-oxic condititys (Jettenet al, 1999). In four
consecutive experiments, the oxygen tension wasedsed stepwise from 2 to 0 % of air
saturation. No ammonium was oxidized in the presai®.5, 1, or 2 % of air. Only when
all the air was removed from the reactor by vigsigpupushing with argon gas, the
conversion of ammonium and nitrite resumed, thudicating that the ANAMMOX
activity in these enrichment cultures is only pbksunder strict anoxic conditions.

The optimal concentrations of DO for partial nitr#tion/denitrification reported in several
studies on synthetic wastewater are given in tHeeT2.8.

In addition, (Cecen and Goneng, 1994) revealedttieaaccumulation of nitrite is possible
if the ratio dissolved oxygen (DO, in mg0')/free ammonia (FA, in mg N ) satisfies
the relation (Eq. 2.45).

DO
—— <5 Eq. 2.45
A (Eq )

When this relation is respected, the formation ibfate is inhibited. (Bernegt al, 2005)

observed the same phenomenon, suggesting thatisselved oxygen concentration
should not be regarded as being an exclusive \ariafbcontrol of the accumulation of

39



nitrite. Indeed, this one could also depend onatmmonium load applied, by respecting
the relation in (Eq. 2.46)

_ PO o3 (Eq. 2.46)

N -NH;

In addition to the possibility of accumulating it#rin the presence of a low oxygen
concentration, the mode of aeration and sludgeatsye should be considered. The study
on the influence of the aeration and the sludge agepartial nitrification carried out by
(Polliceet al, 2002), shows that this process is realizabl@e esgen oxygen is not limiting
(for example in prolonged aeration). With this mtien, the residence time of the biomass
was tiny kept at 10 days in the system. Howeveemderation was reduced (in particular
in intermittent aeration), the conversion of amnuomiinto nitrite was stabilized and this,
independently of the sludge retention time in th&tesm. One can deduce from the way in
which the strategy of alternative aeration supptrésstability of the partial nitrification
process (Kouakou, 2007).

2.2.2.2. Temperature

As far as we know, there is a difference in actoratenergy between ammonium and
nitrite oxidation processes (64 kcal/mol NHN and 19 kcal/mol NH-N respectively).
The high activation energy of ammonium oxidationkesthe rate of this process more
dependent on temperature (Schmadtal, 2003). In the SHARON process, nitritation
process can be obtained at high temperature (ID°C¥and temperature at 3& was
chosen to maintain stable operation. High tempesats favourable condition for
nitritation. Nitrite oxidizers growth faster thamenonium oxidizers at normal process in
the treatment plant (5 — 2€), but the contrary is observed at high tempeeatiellinga
et al, 1998). The studies of (Hunik, 1993) have repotted the growth rate of nitritants is
higher than that of nitratants at elevated tempegat (15°C) and at 35°C, maximum
specific growth rate of nitritants is approximatélgif that of nitratants (0.5'dand 1 ¢,
respectively). However, only at temperature abo%e’@, the nitritants can effectively
outcompete the nitratants (Brouwedral, 1996).

The ANAMMOX bacteria were found to be active at pamature between 2€ and 43C
(with optimum at 37°C) (Strouset al, 1999b). (Fuxet al, 2002) maintained a constant
temperature at 38C + 0.7 in ANAMMOX process. For the performance of thANON
process, (Haet al, 2002) worked at a temperature of°2D.

2.2.2.3. Hydraulic retention time (HRT) and Soligsidence time (SRT)

The SHARON process works without solid residenceanmng that solid residence time

(SRT) is controlled by hydraulic retention time (HR Thus nitratants are not able to

remain in the SHARON reactor and they are washe@asun the chemostat. A hydraulic

retention time therefore is selected to be highantthe growth rate of nitritants but lower
than that of nitratants (about 1 day) (Hellingiaal, 1998). Because there is no sludge
retention and the hydraulic retention time is fixede volumetric ammonium reactor

loading depends on ammonium concentration (Scheniak, 2003).

40



2.2.2.4. pH, alkalinity and NH3/HNO2

As mentioned above, the influence of pH on nitafion process has been studied in detail.
In the SHARON process, this parameter turned olgetowery important (Hellingat al,
1998). During nitrification, the pH will decreasgmificantly (2 mol H produced/mol
NH,4 oxidized). Approximately 50 % of these®Hvill be compensated by bicarbonate
formed from denitrification with organic carbon soe (e.g methanol) or OHrom base
addition. The 50 % remaining Hill be neutralised by stripping G@ormed from HCG@
that is present in the reactor. Due to this prgtomduction/consumption, the pH varies
about one pH unit in one nitrification/denitrificat cycle (Hellingaet al, 1998).

In the study of (Jetteat al, 2001), it is showed that the ammonium : nitrég&o (1:1) in
the effluent of the SHARON process could be fineeth by adjusting the pH between 6.5
and 7.5. The effluent of this SHARON reactor was te an ANAMMOX SBR and then
this reactor removed all nitrite and left some amm.

The pH influences the formation of free ammonia {Nét “FA”) and consequently
ammonium (NH"). The (Eq. 2.47) presents the balance of couple/NH," in which
NH," is moved towards Niwith at high pH values (Metcalf&Eddy, 1991) (sere in
2.1.1.5, inpH dependenqy

NHs" = NHs+ H (Eq. 2.47)
(pH = 9.3)

The concentration of FA is generally estimatedegithy the (Eq. 2.48) (Anthonisex al,
1976), or by (Eq. 2.49) (Verstraete and van Vaexamhl985).

_ 17N -NH,10™
14*10° +k, /k,,

(Eq. 2.48)

NH, 10"

- Eq. 2.49
S (NH, +NH) ~ 107" -3.398*10° In(0.0241T) (Eq. 2.49)

Where
N-NH3 Total concentration of ammonia, mg NN/I
T Temperature’C

kp/kw = €3*C73*T)  The constant ratio of ionization of the couple KA/NH3 and water
The accumulation of nitrite is strongly influendeyg the pH value or concentration of FA.
(Ruiz et al, 2002) reported that at pH < 6.45 or pH > 8.9%, dlxidation of ammonia is
completely inhibited. In the range 6.45 to 8.95nptete nitrification can be observed with
a temporal accumulation of nitrite at pH of 8.68.95.

Complete nitrification is possibly due to the acwtization of Nitrobacter species to
increased concentrations of FA. Whereas in geresahall quantity of FA (3.5 mg Nd'

Y is enough to inhibit a non acclimatized bioma&g,rk and Mavinic, 1986) reported that
high concentrations (40 mg NHY) do not affect an acclimatized biomass. This
phenomenon makes that the pH remains an operatianable maybe less interesting to
handle in partial nitrification (Ruizet al, 2002) although it is possible to control it to
accumulate nitrite.
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Since the pH variation relates to NHNH; and NQ/HNO, ratios, pH has a great
influence on the growth of nitratants and nitriamespectively, as well as their activity in
nitratation and nitritation.

For nitritants, NH is the actual substrate rather than,Niind HNQ' is the inhibitor,
while HNO, is substrate and NHs the inhibitor for nitratants (Anthonisext al, 1976;
Turk and Mavinic, 1986). (Hellingat al, 1998) suggested an equation to express the
specific growth rate for ammonium oxidizers:

amm
amm CNH?> COZ Kl,HNOZ

max amm amm amm
KNH3 + CNH3 KOZ +C02 KI,HNOZ + CHN02

Iuamm = U (Eq 250)

The nitratants are inhibited by NHven stronger than the inhibition level of HN®br

nitritants since nitritants can better toleratehhigtrite concentration (Jettest al, 1997;
van Dongeret al, 2001; WEF, 1998). Thus, for the growth rate dfit@ oxidizers, the
equation can be expressed in the same way:

nit
nit — it E CHNOZ Coz KI,NH3
’L[ /'Imax Knit +C Knit+C Knit +C
HNO2 HNO2 02 02 1,NH3 NH3

(Eg. 2.51)

K was found close to 7 mgNHN/I equaling 0.5 mg NKi/I at the pH range 6.5-8.5 at
30 °C (Brouweret al, 1996). TheK i, was found 0.2 mg HN&I at pH 7 (Hellingaet

al., 1998). It was observed that at low concentrattbrammonia (1-5 mg NEIN.I™)
(Abeling and Seyfried, 1992) or even much lowebof@ 0.1 — 1 mg NEN.I™)
(Anthonisenet al, 1976; Turk and Mavinic, 1986), the nitratation wakibited. The
nitritation was inhibited at concentrations of 520 mg NH-N.I* (Turk and Mavinic,
1986). This could be an advantage for nitrite aadation. At an extremely high
concentration of ammonia (10 — 150 mg N I™), the total process of the ammonium
oxidation can be completely inhibited and any pufist of accumulation of nitrite
becomes impossible (Anthonisehal, 1976). In contrast, the results obtained durhmg t
study of (Belineet al, 2007) indicated no inhibition of ammonia nitrdeor nitrite
nitrifiers with free [NH;] up to 50 mgN/L.

For the ANAMMOX activity, it is found that the press is detectable for both bacteria in a
pH range between 6.4 and 8.3 (with optimum at 8)i(& al, 2001; Jetteet al, 1999).
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Table 2.9. Operation condition for partial nitrific ation/denitrification in some studies

N

Wastewater Partial DO pH T® Nitrite Ammonia Source
(Reactor) nitrifica- (mall) (°C) | accumu- | /nitrogen/nitrite
tion (PN) lation removal (%)
process (%)

Synthetic PN 15 7.5 30 - 85 (Jianlong

wastewater (SBR) and Ning,
2004)

Synthetic PN 1.4 7.8 25 75 95 (Ciudad et

wastewater  (AS al., 2005)

reactor)

Simulated PN 0.7 —| 6.45- - > 65 98 (Ruiz et al,

industrial 14 8.95 2002)

wastewater (AS

reactor)

Synthetic PN 2-3 7.45- 95 (Pambrun

wastewater (SBR) 7.6 et al, 2004)

Aminoplastic PN 0.76 23.1| 88.6 (Fernande

Resin wastewate et al, 2005)

(AS reactor)

Piggery wastewatef PN <05 8.0-8.7| > 2§ (Beliret

(SBR) al., 2007))

Synthetic PN 1.2 30 71 (Hui-Ping

wastewater Chuangaet

(Biofilm) al., 2007)

Synthetic PN 0.8-1.0| 7.5-8.6| 20 84-88 (Antileet

wastewater al., 2006)

(SBRDR)

membrane PN 2 8.2 30 (Kouakou,

Bioreactor 2007)

Anaerobic sludge | PN >3 6.5-8 |30+ |50 (Gali et al,

reject water (SBR) 0.5 2007)

Domestic WW SHARON >8 30- 90 (Kempen

(Chemostat 34 and Mulder,

reactor) 2001)

Centrifuged sludge] SHARON 7-8 30- 80-85 (Hellinga et

digestion effluent 40 al., 1998)

(CTTR)

Anaerobic sludge | SHARON | >2 6.5-6.7| 35+ | 50 (Galiet al,

reject water 0.5 2007)

(Chemostat

reactor)

Rejection water SHARON 7-8 30 90 (van

from dewatering of 40 Kempen et

digested sludge al., 2001)

(WWTP)

Sludge digestor SHARON 6.5-7.5 53 (Jetten et

effluent (SHARON | /ANAMM al., 2001)

reactor/SBR) OX

Sludge digestion | ANAMM 7.7-8.2 | 30 82 (Strous et

effluent (Fluidized | OX al., 1997)

bed reactor)

Sludge digestor ANAMM 7.0-85 | 30- (Jetten et

effluent (Fluidized | OX 37 al., 2001)

bed reactor)
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Synthetic ANAMM 8.+£0.1 | 30 8899 (Dapena-
wastewater (Gas- | OX Mora et al,
lift) 2004)
Synthetic ANAMM 7.8-8.0| 35 78/99 (Dapena-
wastewater (SBR) | OX Mora et al,
2004)
Sludge digestor ANNAM 7-8 30- (Jetten et
effuent (SBR) OX 37 al., 2005)
Domestic CANON 2.7 7.78 28.7| 58 92 (Fux et al,
wastewater (SBR) 2002)
Synthetic CANON 0.8 30 74 (Hao et al,
wastewater 2002)
(Biofilm)
Synthetic CANON <0.3 7.8 30 85 (Sliekers et
wastewater (SBR) al., 2002)
Synthetic CANON <1 7.8 30 (Third et
wastewater (SBR) al., 2005b)
Domestic SND 0.2 75 (Holman
wastewater (SBR) and
Wareham,
2005)
Industrial SND 1 75 (Holman
wastewater (SBR) and
Wareham,
2005)
Synthetic SND 0.64- 25+ 98.7 (Chiuet al,
wastewater (SBR) 0.68 2 2007)
Synthetic SND 1 25 52 (Third et
wastewater (SBR) al., 2005a)
Synthetic SND 0.3-1.0 22- 90 (Yooetal,
wastewater (IDEA) 27 1999)
Domestic SND 0.5 18- 98 (Munchet
wastewater (SBR) 22 al., 1996)
Acrtificial SND 7.2-8.3| 25- 96 (Dahlet al,
wastewater (AS 30 1997)
pilot)
Slaughterhouse SND <0.8 7-8 18- 95 (Pochana
wastewater (SBR) 22 and Keller,
1999)

Note:

AS: Activated sludge
CSTR: Continuously stirred tank reactor
IDEA: intermittently aerated and decanted singlacter
SBR: Sequencing batch reactor

SBRDR: Sequencing batch rotating ditch reactor
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CHAPTER Il
ACTIVATED SLUDGE MODELS

Summary In chapter Ill, existing activated sludge model® driefly reviewed
continuing by a comparison between ASM 1 (the finsidel and the foundation of tHe
following models) and ASM3 (the model that will lbeodified to the new model fo
calibration of this study - ASM3_2step). The ASM3 debthen is studied in mor
detail with focuses on state variables, proceddastic and stoichiometric parameteffs
of the model.

=

12

3.1. ACTIVATED SLUDGE MODELS

The IAWQ task group on mathematical modeling of \at#d sludge processes has
proposed the Activated Sludge Models to simulate grocesses involved in biological
carbon, nitrogen and phosphorus removal in murlich@stewater treatment plants with
ASM1 in 1987 (Henze, 1987) as the first product.sTmodel has been found very
successful in describing the behavior of activatedge processes for nitrogen and organic
matter removal. In 1995 the IAWQ task group puldisithe Activated Sludge Model No.
2 (ASM2) (Henzeet al, 1995). This model can simulate the enhanced hitdbg
phosphorus removal processes as well as the orgaaiter and nitrogen removal
processes. The revised version, Activated SludgddiiNo. 3 (ASM3), has been recently
completed (Gujeet al, 1999) for biological N removal, with basicallyettsame goals as
ASM1 but it corrects some defects of ASM1 and idels other processes related to the
storage of organic substrates in heterotrophic rosgas, assuming that all readily
biodegradable substrate (SS) is first taken up stoded into an internal cell polymer
component (XSTO) which is then used for growth. didiion, the lysis (decay) process is
exchanged for an endogenous respiration process.

3.2. COMPARISON BETWEEN ASM1 AND ASM3

In ASM1 a single decay process (lysis) was intreduto describe the sum of all decay
processes under all environmental conditions (aeranoxic). The reason was that in
1985, when ASM1 was first published, computing powes still scarce. The simplest
description possible saved computation to the saxtent, a more realistic description of
decay processes is introduced in ASM3: endogeregsration is close to the phenomena
observed (we typically measure a respiration rate) the relevant rate constants can be
obtained directly and independently of stoichioneeparameters (from the slope of
IN(roz2,endog VErsus time.

The flow of COD in ASML1 is rather complex. The de@bcay) regeneration cycle of the
heterotropths and the decay process of nitrifieessérongly interrelated (Figure 3.1). The
two decay processes differ significantly in thegtalls. This results in differing and
confusing meanings of the two decay rates in ASMiL.ASM3 all the conversion
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processes of the two groups of organisms are glesparated and decay processes are
described with identical models (Figure 3.1) (Heetal, 2000).

The complexity of ASM3 is comparable to ASM1. Thesea shift of emphasis from
hydrolysis to storage of organic substrates, a gg®cwhich has been postulated and
observed by many researchers. Characterizationastewater must consider this change.
Readily available organic substrates)(8ust now be estimated based on the storage
rather than the growth process. Differentiatiorsaliible and particulate substrates ¢8d

Xs) remains somewhat arbitrary as in ASM1 and is igdiased on time constants for
degradation. Correct characterization of wastewfatethe use of ASM3 might still rely on
bioassays, which relate to respiration.

Similarly to ASM2, ASM3 includes cell internal stmye compounds. This requires the
biomass to be modelled with cell internal structubecay processes (which include
predation) must include both fractions of the bismadence for decay processes (aerobic
and anoxic loss of X as well as %r0)) and for the kinetics of the growth processes
(aerobic and anoxic) both are required and muatad¢b the ratio of o Xu.

ASM3

Heterotrophs

respiration

Flow of COD in ASM1 and ASM3. In ASMI (left) heterotrophic organisms use COD in a cyclic
reaction scheme: Decay feeds into hydrolysis and triggers additional growth. Nitrifiers decay and
thereby enhance heterotrophic growth. Autotrophie and heterotrophic organisms cannot be entirely
separated. Only two entry points for oxygen exist. In ASM3 (right) nitrifiers and heterotrophs are
clearly separated, no COD flows from une group to the other. Many entry poinis for oxygen exis

Figure 3.1. Comparison between ASM 1 and ASM 3
3.3. ASM3 MODEL

3.3.1. State variables in ASM3

a) The Biological components in the categories ASKFEEMMIS, 2004):

Table 3.1. The Biological components in the categes ASM3

Name Description

H20 Water

S | Inert soluble organic matter

S S Readily biodegradable organic substrate
S O Dissolved oxygen

S NH Ammonia
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Dinitrogen

nitrate

Alkalinity

Inert particulate organic matter

Slowly biodegradable substrates

Heterotrophic organisms

Cell internal storage product of heterotrophic oigas
Nitrifying organisms

Total suspended solids

%.Z

l_
A

—H>W0nIT|nl —|>

0
n

|
O

XX XXX XN W

b) Characteization (HEMMIS, 2004)

ASM3 takes into account carbon removal, nitrifioati and denitrification.
Phosphorus removal has not been modelled in ASMS3.

The components in the model are divided into langrigs, the solubles and the
particulates. A big difference between ASM3 and ASM\SMZ2(d) is that the
soluble components can be separated from the platec components with a
filtration over a 0.45pm membrane. All particulate components must be
electrically neutral but the solubles may carryicarharges.

The readily biodegradable substrate SisSassumed to be stored as a cell internal
storage product othe heterotrophic organisms (X_STefore it is consumed.
The cell internal storage product of the heterotiopgtannot be compared with
analytical measured polyhydroxy-alkanoates or gjgeo It might be recovered
through COD conservation. For stoichiometric coasadions it is assumed to have
the chemical composition of hydroxybutyrategO,),. The slowly biodegradable
organic substrate X_$ assumed to be particulate.

The inert soluble organic matter S_¢annot be further degraded in the treatment
plants considered.he inert particulate organic matter X_is also not degraded in
the system. It may be a fraction of the influenainrend product of biomass decay.
The biomass is considered to exits as heterotrdphtandnitrifiers X_A.
Heterotrophs are organisms that need external @Gagborces for growth and gain
of energy. They can grow as well aerobically as anokhey use the slowly
biodegradable substrate for hydrolysis under ar@eroconditions The
heterotrophs store readily biodegradable substgat® as cell internal storage
products X_STO before further degradation.

Nitrifiers (chemo-litho-autotrophs) are organismattdon’t need external Carbon
sources for growth and gain energy. They are assutmexidize ammonium
S _NHdirectly intonitrate S_NQ

Dinitrogen S_N is assumed to be the only product of denitrificati@noxic
growth) and is subject to gas exchange.

Other components in the model are:

S_0O: Soluble Oxygemay be subject to gas exchange.

S_ALK: Alkalinity is used in the model to approximate the continaitythe
electrical charges. It is assumed to exist onlpiearbonate (HC®). It can give an
early indication of low pH conditions.

X_TSS: Total suspended solids (TS®)low for the inclusion of mineral
particulates and poly-phosphate.
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3.3.2. Processes in ASM3

The process is divided in the different reactidnzd take place as presented in the Table 3.5
For each reaction the Kinetics are written down.yThee kept as simple as possible,
mainly based on Monod Kinetics (HEMMIS, 2004).

Table 3.2. The stoichiometric matrix for ASM3 andASM3Temp (HEMMIS, 2004;

Henzeet al, 2000)

Name (j) Description

Kinetic rate equationp; (p; > 0)

Hydrolysis Hydrolysis

« he_ X_SIX_H
~ K_X+X_SIX_H

Heterotrophic organisms, aerobic and denitrifyintvity

Aerobic Storage Of Aerobic storage o

o) s s

CoD readily k_STO- K 0+S O K _S+S.S —
biodegradable
substrate
Anoxic Storage-Ofi Anoxic storage of K_O S_NO S S
CoD readily k_STO-n_NO- K_0+S O K_NO+S NO K_S+S S X_H
biodegradable
substrate
Aeration Growth Aerobic growth of S O S_NH S_AKL
heterotrophs mu_H= K 0+S O K_NH+S_NH K_AKL +S_AKL .
X_STO/X_H X H
K_STO+X_STO/X_H —
Anoxic Growth Anoxic growth of K_O S_NO S_NH
heterotrophs mu_H NN 555 0 K _NO+S_NO K _NH+S NH
S_AKL X_STO/X_H

. ° H
K_AKL+S _AKL K_STO+X _STO/X H ~—

Aerobic Aerobic endogenous b H O2e S o . H
Endogenous respiration off — '— K_ 0+S O ~~
Respiration Of XH | heterotrophs
Anoxic Anoxic endogenous K_O S_NO
L b_H_NO- = . = .
Endogenous respiration off "= '~ K_O+S O K_NO+S_NO —
Respiration Of XH | heterotrophs
Aeration Aerobic respiration SO
Respiration Of| of storage products b_STO_02: K_O+S_O. X_STO
PHA
Anoxic Respiration| Anoxic respiration K_O S_NO
Of PHA of storage products b_STO_NO K_0+S O K_NO+S_NO X_sTo
Autotrophic organisms, nitrifying activity
Nitrification Aerobic growth of A SO S_NH
XA, Nitrification mu_ K_A_O+S_ O K_A_NH+S_NH
S_AKL X A
K_A_AKL +S_AKL -
Aeration Aerobic endogenous SO
Endogenous respiration of b_A_02: K_A_o+s_o' X_A
Respiration Of XA | autotrophs
Anoxic Anoxic endogenous b A NOs K_A_O | S_NO X H
Endogenous respiration off —"'— K_A_O+S_ O K_A_NO+S_NO ~~
Respiration Of XA | autotrophs
Aeration Aeration d(C(jt_O)) ~Kla(S_0_sat-C(5_0))
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a) Explanation(HEMMIS, 2004):

Hydrolysis process:

Slowly biodegradable substrate X_Ss converted taeadily biodegradable substrate
S_S Due to hydrolysis; also a sméiaction f_S_| of inert soluble organic matter S_lis
released. Hydrolysis is assumed to be independethieoelectron donor. The fraction of
nitrogen in the slowly biodegradable substratessuaned to be constant, so no separate
hydrolysis process for the particulate organicogiém is included. The difference to ASM1
is that hydrolysis is less affecting on the oxyged nitrogen consumption.

Processes of heterotrophic organisms:

Aerobic storage of readily biodegradable substrdéscribes the storage oéadily
biodegradable substrate S_Sascell internal storage products X_STO. The energy
required for this process is obtained from aerobgpiration

Anoxic storage of readily biodegradable substrdescribes the storagef readily
biodegradable substrate S_Sas cell internal storage products X_STO The energy
required for this process is obtained from anoggpiration The reduced speed of storage
under anoxic circumstances is modelled witeduction term n_NO.

Aerobic growth of heterotrophic organisms X dtcurs only on cell internal storage
products.

Anoxic _growth of heterotrophic organisms X étcurs only on cell internal storage
products. Heraitrate S_NO is the electron acceptor. The reduced speed eftgrander
anoxic circumstances is modelled witlegluction term n_NO. The assumption is made
that allnitrate S_NO is reduced talinitrogen S_N2

Aerobic endogenous respiratieoambines all loss of biomass and requirementsnefgy
not used for growth. E.g. decay, endogenous regpirdysis, predation...

Anoxic endogenous respirati@mombines all loss of biomass and requirementsnefgy
not used for growth. E.g. decay, endogenous regpirdi/sis, predation... This process is
slower than the aerobic endogenous respiration.

Aerobic respiration of storage produdtkes care of the fact that cell internal storage
products decay together with the biomass.

Anoxic respiration of storage productaskes care of the fact that cell internal storage
products decay together with the biomass. It izzsfathan the aerobic respiration.

The process of ammonification is ignored in the ASM&M3Temp because of the
assumption that all the organic components comtaionstant fraction of nitrogen.

Processes of autotrophic organisms:

The intermediate component of nitrification, nitrite not included in the AMSS,
ASM3Temp models. It is assumed that ammonium S_Nbixidized directly to nitrate
S_NO.

Nitrification occurs with the growth of autotrophic organismsisTanly occurs under
aerobic conditions. Nitrification results in nitatS_NO and therefore the amount of
alkalinity S_ALK is reduced in order to keep theottieal continuity.

Aerobic endogenous respiratieombines all loss of biomass and requirementsnefgy
not used for growth. E.g. decay, endogenous regpirdysis, predation...

Anoxic endogenous respirati@mombines all loss of biomass and requirementsnefgy
not used for growth. E.g. decay, endogenous regpirdi/sis, predation... This process is
slower than the aerobic endogenous respiration.

Aeration: The change in oxygen concentration by means oftiaer& expressed by the
following formula:
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d(CE_0)
dt

For each reaction the Kinetics are written down.yThee kept as simple as possible,

Kla.(S_O_sat-C(S_0))

mainly based on Monod Kinetics.
For each component the stoichiometry is considpezdeaction.

See below the table The dependency of the oxygenati@in concentration is calculated as

follows:

S O_Sat=14.65—0.41 * Temp + 0.00799 * T8mP.0000778 * Terp

The temperature correction is calcutaed as follevg.(for mu_H):
K_Temp_mu_H = theta_mu ([§mp-Temp_Red

3.3.3. Estimation of kinetic and stoichiometric paameters

(Eq. 3.1)

(Eq. 3.2)

(Eq. 3.3)

Table 3.3. The following parameters are used for # equation of the several reactions
(HEMMIS, 2004)

Name Description Unit

k_h Hydrolysis rate constant gCOD/(gCOD.d)

K_X Hydrolysis saturation constant gCOD/gCOD

k_ STO Storage rate constant 1/d

n_NO Anoxic reduction factor -

K_O Saturation constant for oxygen go,/m*

K_NO Saturation constant for nitrate gNOs-N/m®

K_S Saturation constant for readily biodegradablesgate gCOD/th

K_STO Saturation constant for cell internal storpgeducts gCOD/rh

mu_H Maximum specific growth rate for heterotropbiomass 1/d

K_NH Ammonium saturation as nutrient ghN/m®

K_HCO Bicarbonate saturation constant of heterdtiopiomass gCOD/M

b HO Aerobic endogenous respiration rate for heterotimplomass 1/d

b H NO Anoxic endogenous respiration rate for heterotrojpiomass 1/d

b_STO_Q Aerobic respiration rate for cell internal storggeducts 1/d

b_STO_NO | Anoxic respiration rate for cell internal storagegucts 1/d

mu_A Maximum specific growth rate for nitrifyingdimass 1/d

K_A_NH Ammonium substrate saturation for nitrifyibgpmass gCOD/m

KA O Oxygen saturation for nitrifying biomass gCOD

K_A_HCO Bicarbonate saturation constant of nitrifyibiomass gCOD/M

b AOG Aerobic endogenous respiration rate for nitrifyligmass 1/d

b_A NO Anoxic endogenous respiration rate for fyitnig biomass 1/d

f S| Production of inert soluble matter in hydiiby -

f X Production of inert particulate matter indmglysis -

Y_STO Yield of cell internal storage products pemdy biodegradable gCOD/gCOD
substrate

Y_H Yield of heterotrophic biomass per cell intdratorage products gCOD/gCOD

Y A Yield of nitrifying biomass per nitrate consuche gCOD/gN

i NS_| Nitrogen content of inert soluble inert neatt gN/gCOD

i NS_S Nitrogen content of readily biodegradabldtera gN/gCOD

i NX_I Nitrogen content of inert particulate matter gN/gCOD

i NBM Nitrogen content of biomass gN/gCOD

i TS X_| TSS to COD ratio for particulate inert negt -

i TS X_S TSS to COD ratio for slowly biodegradasidstrate -

i TS_BM TSS to COD ratio for the biomass -

i TS _STO TSS to COD ratio for cell internal storggeducts -

Kla Oxygen transfer coefficient 1/d

S O _Sat Oxygen saturation concentration g/m’
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For each component the stoichiometry is considperdeaction. The complete system is
combined into a matrix. Stoichiometric matrix an@émposition matrix of ASM3
arepresented in the Table 3.4. The values,of,xz and { can be obtained in this sequence
from mass and charge conservation (Equation 3.4)antposition (Equation 3.5) below
(Heng[get al, 2000) (Symbols of the compounds are modifiedttavith the components in
WEST").

Table 3.4. Stoichiometric matrix vij and composition matrix ik, of ASM3

1 2 3 4 5 6 7 8 9 10 11 12 13
> S O| S| SS |SNH|SN2|SNO|SALK|XI XS | XH | XSTO| X_ A | X_TSS
J Process 07} COD | COD | N N N Mole COD | COD | COD | COD COD | SS
| Expressed ag
9
1 Hydrolysis £ X1 ! Z -1 -ixs
Heterotrophic organisms, aerobic and denitrifyiciiyiy
2 Aerobic storage| X» -1 3 z b
of &
3 Anoxic storage Vs -X3 X3 Z3 B
of &
4 Aerobic growth | x4 Va Z A
of Xu
5 Aerobic growth Vs -Xs X5 Zs 13
(denitrific)
6 Anoxic endog. | Xs Yo Z &
respiration
7 Anoxic endog. V7 -X7 X7 Z7 t
respiration
8 Aerobic Xg &
respiration of
Xsto
9 Anoxic Yo -Xg Xg Z9 b
respiration of
XSTO
Autotrophic organisms, nitrifying activity
10 Aerobic X10 Y10 1/YA Z10 to
growth of X,
11 Aerobic X11 Y11 711 1’2
endog.
respiration
12 Anoxic endog. Yi2 -X12 X12 712 to
repiration
Composition matrix;
k Conservatives
1ThOD g | -1 1 1 -1,71| -4,57 1 1 1 1 1
ThOD
2 Nitrogen g in,si inss | 1 1 1 ki inxs | ingm | 1 1
N

Compound |

3 lonic charge 1/14 -1/14 | -1
Mole+
Observables

4SS 9 sx | issxs | issgm | 0,60 bs.em
SS

D Viih =0 fori=1to 12 (Eq. 3.4)

Vi = D Vi, fori=81t012 (Eq. 3.5)
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CHAPTER IV

BIBLIOGRAPHICAL STUDY: SEQUENCING BATCH
REACTOR

Summary: A careful bibliographical study on sequencing hateactor (SBR) is don
in this chapter. Firstly, a definition of an SBRgien with general information of th
equipment, processes occurring and a comparisoh @onventional plants. Ther,

processes in a SBR (including fill, react, settlimyaw and idle) are describefj.
Information about advantages and disadvantagdsedbBR technique are also given|as
a reason of choosing it for this study. Then, thecesses in SBR are studied in mdre
detail with their operating characteristics, fooigson equations of hydraulic paramet(ﬂtrs
of an SBR. The literature of design of activatasdge SBR system is also required|fto
support for setting up an SBR bench-scale that béllused for the experiments. Tlo
have ideas about the studied biological processesarong in the studied techniqye
(SBR) and how to apply mathematic models, liteedun SBR application for nitrogejp
removal; partial nitrification/denitrification ~ and mathematically = modelling
nitrification/denitrification in SBR are reviewed.

4.1. DEFINITION

A sequencing batch reactor is a fill-and-draw typactor system involving a single
complete mix reactor in which all steps of the \atd-sludge occur (Fabregas, 2004,
Metcalf&Eddy, 1991). The unit processes involvedha SBR and conventional activated-
sludge systems are identical. Aeration and sedmtientclarification are carried out in
both systems. However, there is one important idiffee in conventional plants, the
processes are carried out simultaneously in sep#aaks, whereas in SBR operation the
processes are carried out sequentially in the sanle(Metcalf&Eddy, 1991). Therefore,
the distribution of substrate concentration aldmg length (space) of the conventional can
be considered similar to the distribution of sudigtrconcentration over time in the SBR.

4.2. PROCESS DESCRIPTION

The SBR is a static (discontinuous) reaction tegqnai The product (treated wastewater) of
each batch will be received at the end of the baltie SBR process is characterized by
periodicity, in which each period (batch) includeseries of process phases (basically: fill,
react, settle, decant and idle), each lasting folefined period (Wildereet al, 2001).
These phases are briefly described as follows @¢gls; 2004):

- Fill: Raw wastewater flows into the reactor and esixvith the biomass held in the
tank.

- React: The biomass consumes the substrate undeolteoh conditions: anaerobic,
anoxic or aerobic reaction depending on the kintteztment applied.

- Settle: Mixing and aeration are stopped and theb&s is allowed to separate from
the treated water, resulting in a clarified suptana

- Draw: Supernatant (treated water) is withdrawn.
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- Idle: This is the time between cycles (between do&the current cycle and fill of
the next cycle), which reflects the excess capaxithe system. The idle phase can
be eliminated when equalization or holding tanlsome other method of handing
excess inflow is available.

Sludge wasting is another important step in the S&Rration that greatly affects
performance (Metcalf&Eddy, 1991). Wasting is natlied as one of those basic process
phases because there is no set time period witléncycle dedicated to wasting. The
amount and frequency of sludge wasting is deterthibg performance requirements.
Sludge wasting normally takes place after settlsptbut also can take place near the end
react or during settle and can be done every weekery day or even during each cycle.
A specific feature of the SBR system is that thereo need for a return activated-sludge
system ((US.EPA), 1999). The reason is that bothtia® and settling occur in the same
tank; no sludge is lost in the react step, theeefane has to be returned to maintain the
sludge content in the aeration tank. The diffeprdses of SBR operation are represented
in Figure 4.1.

Fill React Settle Draw (op'fill,en al)
|
AV A\¢/d
t v
Vo
lEfquent

Sludge wastin
(AVw)

Figure 4.1. Operation phases following each otheruling one cycle of the generic
SBR procesgWildereret al, 2001).

The conditions applied during the fill and reacagds must be adjusted according to the
treatment objectives (organic matter, nitrogentaygphorus removal) (Fabregas, 2004).
During the fill phase, the wastewater enters tleeta. The kind of fill strategy, which
depends on a number of factors (e.g. nature offab#ity, treatment objectives) will
determine the hydraulic characteristics of thednators.

Regarding to the length of the fill phase, there lboth long and short one. If the fill is
short, the process is characterized by a highniest@ous process loading factor, thereby
making it analogous to a continuous system witlar&k$-in-series configuration. In that
case, the biomass will be exposed initially to ghhtoncentration of organic matter and
other wastewater substrates, but the concentratibrdrop over time. Conversely, if the
fill phase is long, the instantaneous process taaftiictor will be small and the system will
be similar to a completely mixed continuous flovetgyn in its performance. This means
that the biomass will experience only low and re&y constant concentrations of the
wastewater substrates. The long fill can be apptladng the whole operational time
becoming a continuous fill phase (Grastyal, 1999).
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Regarding to the number of filling events, the @pen of SBR can not only execute a
unique filling event during a cycle, but also caplg two or three or more filling events
mainly in nutrient removal, in some cases, a cawtirs filling (Fabregas, 2004).

Fill can have several sub-phases based on theyeimgngt to the system, which results in
various aeration and mixing operating strategieeyT can be labelled as follows
(Fabregas, 2004; Wilderet al, 2001):

- Static fill: Influent wastewater is added to theorbass already present in the
reactor. This is characterized by no energy inmikiQig or aeration) to the system,
allowing the accumulation of substrate (food) ia teactor. A high food to micro-
organisms (F/M) ratio leads to an environment whgcfavourable to floc forming
organisms, thereby avoiding filamentous organisi@.&PA, 1999).

- Mixed fill: This is characterized by mixing withoubrced aeration, minimal
aerobic activity, typically allowing either anoxar anaerobic reactions. During
mixed fill, bacteria biologically degrade the organand use residual oxygen or
alternative electron acceptors, such as nitritdrat@. In this environment,
denitrification can occur under these anoxic coodg. Anaerobic conditions can
also be achieved during the mixed fill when theseno more sulphate as the
electron acceptor (US.EPA, 1999).

- Aerated fill: This is characterized by mixing wittorced aeration, typically
allowing aerobic reactions, often allowing simultanos anoxic and aerobic
reactions.

Because the fill phase is usually only a part eftkcle time, it is therefore necessary
to provide more than one SBR tank to handle a naoaotis influx of wastewater or to
have some temporary influent storage volume avail@ildereret al, 2001). The
number of SBR of a treatment system will deterntime of the fill phase, time of one
cycle as well as fill time ratio. The number of kanchosen depends on the overall
treatment objectives and on the cost analysis.rimciple, it can be stated that the
flexibility to handle variable influent conditionacreases with the number of tanks
available. For maintenance reasons, at least twR &iks should be available at a
SBR plant.

Depending on the aeration and mixing strategiks,flll phase, react phase also have
sub-phases based on the energy input to the sy$teg.are (Wildereet al, 2001):

- Mixed react: mixing without forced aeration, minimaerobic activity, allows
anoxic and possibly anaerobic reactions.

- Aerated react: this is characterized by mixing Wdlcted aeration, allows aerobic
reactions. Nitrification and denitrification cankéa place simultaneously during
aeration (Demoulirt al, 1997; Irvineet al, 1983).

During the react phase, the biomass is allowedtaupon the wastewater substrates. The
biological reactions (the biomass growth and sastutilization), has started at the fill
phase, are completed in the react phase, in whiakrabic, anoxic or aerobic mix phase
are available. So the fill phase should be consiller “fill plus react” phase (Fabregas,
2004) with react continuing after the fill has edd@s a certain total react phase will be
required to achieve the process objectives, iffihg@hase is short, the separated react
phase will be long, whereas if the fill phase isgdhe separated react phase will be short
to nonexistent. The two phases are usually spdcfeparately because of their different
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impact on the operation of the system. During @eratact, the aerobic reactions started in
the aerobic fill phase are completed and nitrif@matan be obtained. If the mixed reaction
is applied, denitrification can be attained (US.ERS99).

(Irvine and Ketchum, 1989) described a SBR systedits operation in detail. During the
fill phase, influent wastewater is introduced te thnk where there exits biomass from the
previous cycle. The residence time of the fill phapends on number and volume of
SBRs, and the characteristic of the flow of the tesater source, which is intermittent or
continuous. The reactor may or may not be mixednduhis phase, then creating “static
fill” or “mixed fill". Filling is stopped when thereactor has reached the maximum water
level or at some parts of that if a multiple - fihase is used during a cycle. The react
phase takes place after every fill phase. In mases the reactor is mixed during this
phase, creating “mixed react”. During the mixed dihd first mixed react (anoxic), any
nitrate/nitrite that is left in the reactor frometiprevious cycle is denitrified. During the
react phase, depending on the treatment’s objectaeration will be included to create
“aerated react”. In addition, the react phase najnterrupted with the sub-fillings and/or
sludge wastage. During the react phase, many haalbgrocesses can take place, typically
nitrification, denitrification, carbon oxidation,hpsphorous removal etc. After aeration
ceases, an anoxic react period may be includedhdamgeon the objectives of the system.
During this stage, the oxidized nitrogen species denitrified by heterotrophs that use
endogenous or slowly degradable COD for the cadsmhenergy source due to the lack of
available biodegradable COD. The total amount ofliagd nitrogen denitrified depends
on the amount of biodegradable COD available. Ugualshort aeration phase is inserted
at the end of the mixed react phase to assist mmoveng nitrogen gas formed during
denitrification. After the react phase, there settle phase when solids, including biomass
and particulate substrate, settle and form two reg@d layers in the reactor. This phase
normally lasts between 0.5 and 1.5 hours to avoédsblids blanket from floating due to
gas buildup. Some studies have reported that dfemation can take place during the
settling time (Kazmi and Fujita, 2001). At the eoidthe settle phase, the supernatant is
drawn off. The decant level should be adjustablenttke the SBR more adaptable to
change. Finally, an idle phase can be included riipg on the necessity. This phase is
most necessary when SBR is used with a continuassewater flow.

4.3. ADVANTAGES AND DISADVANTAGES OF SBR

4.3.1. Advantages

- The first main advantages of the batch reactoms)pesing to other conventional
sludge systems, is flexibility SBR allows a concurrent nitrification and
denitrification within the time frame of one cyctérough simple adjustment
strategies of aeration or mixing. When nutrient ogal is the most important
objective, SBR is especially preferred. This is @aee the growth and the
enrichment in nitrifiers and denitrifiers and phlepus bacteria can take place in
the same reactor only by simply changing the mixamgl aeration strategies and
time schedules (Fabregas, 2004). Moreover, SBRbeaa shown to have many
other important advantages, mainly for carbonacemasphosphorus load removal
(Wildereret al, 2001). They are:
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For the filamentous sludge bulking control: Throuigtast/famine principle, by
establishing the proper substrate to micro-orgasi@ftM) ratio during fill phase,
controlling over aeration intensity, we can allogredogenous metabolic reactions
during react phase that may be followed by an elddrphase of starvation and
production of extra-cellular polymeric substances.

The system configuration (the cycle time (e.g. gshre idle phase), the duration of
each phase or the mixing/aeration pattern duriredp €gcle) and operating policy
(e.g. low/high concentration of substrates) canehbsily adjusted to meet both
short-term diurnal and long-term seasonal variation wastewater composition,
substrate concentration and load. This also rentterssystem to be capable of
maintaining good performance under shock loads.

SBR can “polish” phosphorus removal through thedirddition of sequestering
agents during fill or react phases.

SBR allows decreasing cumulative oxygen demandsarme production by using
carbon-based energy for nutrient removal duringegitenitrification or enhanced
biological phosphorus removal.

By minimizing eddy currents and turbulence durifge tsettle phase, the
concentration of suspended solid (biomass) in ttheemit can be kept low.

Sludge thickening can be extended during settlesghthereby decreasing the
water content of the sludge wasted.

The capacity for adjustment of the energy input taudion of volume depending

on the influent loading can result in a reductionoperational cost. At the same
time, as all the operations are carried out in omhe reactor, less space for
construction will be required (Teichgraber and &th2001).

4.3.2. Disadvantages

(US.EPA, 1999) outlines the main disadvantagesBit §s follows:

In a SBR system, a higher level of sophisticatisnréquired (compared to
conventional systems), especially for larger systeshtiming units and controls.

Higher level of maintenance (compared to conveali@ystems) associated with
more sophisticated controls, automated switchedaatomated valves.

Potential of discharging floating or settled sludiyging the draw or decant phase
with some SBR configurations.

Potential plugging of aeration devices during sel@mperating cycles, depending
on the aeration system used by the manufacturer.

Potential requirement for equalization after theRSBepending on the downstream
processes.
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4.4. OPERATING CHARACTERISTICS IN SBR PROCESS

In a SBR cycle, the reactions initiated during dite completed during the react phase by
initiating the proper mixing and/or aeration stgpteThe settle, draw and idle complete the
cycle. A generic cycle arbitrarily begins with fdhd finishes at the end of the idle phase.

Assuming that, the cycle is defined by five phad#is:react, settle, draw and idle. The
total cycle time @, therefore, is the sum of all the component phathat is:

te=dt=t+t+t+ta+tqg (Eq. 4.1)
Where:

ti: time for the ith phase

tc total cycle time, h it fill time, h

tr react time, h st settle time, h

tq draw time, h id idle time, h

The number of cycle (hper day is determined through the total cycleet{fy), that is:

n. :? (Eq. 4.2)

c

React time can be divided into mixing timgi(f and aeration time . Then we have:
tr = tix + tae (Eq 4-3)

It is important to note that a cycle has an “effectime” that is different from total cycle
time. The reason is that, in the inoperative phasgshysic operation such as settle and
draw, there is no biological conversion is assumeedccur. This “effective time” § can

be defined as in (Eq. 4.4) (Fabregas, 2004):

E=t+tt=t—(6+t+ta) (Eq. 4.4)

According to (Wilderer et al., 2001), the volumewnastewater filled into the reactorA¥/;
(filling volume). It is added to the volume of watnd sludge that remains in the reactor at
the end of the previous cycle {V At the end of the fill phase, the reactor coméaa total
reactor volume Wax

Vmax= Vo + AV (see Figure 4.1) (Eq. 4.5)

Once the react phase has been completed and tlegnemergy has been dissipated, the
activated sludge starts coagulating and settlifterAvasting of excess sludga\{,) and
discharge of the treated supernatd\ ), the reactor is available to receive a new supply
of wastewater. Therefore, a SBR process is bagiadibaracterized by the following
parameters:

FTR: fill time ratio

£

FRT=-
tC

(Eq. 4.6)
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VER volumetric exchange ratio

VER = av

(Eq. 4.7)

max

HRT hydraulic residence time, where n is the nundietanks, \hax is the total liquid
volume of the reactor and Q {uii%) is the volumetric flow rate of the influent to
the treatment plant.

HRT=nV, Q™ (Eq. 4.8)

The flow (Q) in an SBR is defined by the producffiling volume (AV;) and number of
cycles per day @

Therefore, HRT for each tank (HRTan be calculated as in (Eq. 4.10)

HRT = e« 1 (Eq. 4.10)
VER 24

The solid retention time (SRT) reflects the amoohbiomass in reactor. (Fabregas,
2004) gives an expression for SRT, which is preseint (Eq. 4.11).

SRT= VinaeX (Eq. 4.11)
QuX.y
Where
Vmax total reactor volume (f
X biomass concentration inside the reactor withfiiling (mg/l)
Q, waste flow rate (rfd)

Xw waste biomass concentration (kg/l)

(Wildereret al, 2001) provides another expression for the aerslhidge age:

V. X, St
SRT=WViaXe 28 (Eq. 4.12)
WAS t,
Where
n number of reactors

Vmax Working volume (or total reactor volume) of theginSBR reactor (f
XRr MLSS, biomass concentration in the reactor duréagt phase (kg.m
WAS waste activated sludge, excess sludge praxtucdie (kg.d)

67



te time of the cycle (h)

2t cumulative time of the aerated phases (e.g. akfdteplus aerated react)

(h)

4.5. DESIGN OF ACTIVATED SLUDGE SBR SYSTEM

The design of an SBR plant should be based onabalts of pilot studies whenever
possible. For industrial wastewater facilities, d#s should almost always be
performed on bench or pilot scale. For municipalsteaater treatment facilities,
studies are not normally required but should besictared because the potential cost
savings in both capital investment and operatingeages can be significant (Wilderer
et al, 2001).

For either municipal or industrial applications, sadalance considerations should be
used to optimize the preliminary designs of SBRitgajust as is done for conventional
continuous flow constant-volume activated sludgsteays. Such applications can be
facilitated by using any one of a number of treattn@ant simulators including the
IWAQ Activated Sludge Models (Henst al, 2000).

Due to the many different types of fill-and-drawaceors, designing is also very
diversified and difficult to be presented in a gah@rinciple. The guideline of German
Waste and Wastewater Association (ATV) has givedetail designing for SBR,
namely ATV-M210 (Teichgraber and Schrett, 2001).

The Steps for designing a SBR plant according to/A210 can be summarized as
follows:

1. Definition of input data: inflow under dry wéatr and peak flow conditions; loads;
time variations.

2. Process configuration: plant with or withoutiuent holding tank; filling strategy
(continuous, short time).

3. Cycle design (process parameters): sludgeadeime exchange ratio; duration of

a cycle; sequence of phases (filling, aeration,imgix sedimentation, drawing,
excess sludge removal); duration of phases; starstop of single actions.
4, Hydraulic dimensioning: number of SBRs; voluafghe reactors, pre-storage and
post tanks (if necessary).
Dimensioning of machines: aerators; pumpsgnsix
Verification of function: nitrogen balance;rdymic simulation (if necessary); pilot
tests (if necessary).

oo

Like the continuous activated sludge system, thetrimoportant parameter for designing a
SBR is the sludge age (SRT). This parameter isyawaquired to define the biological
process in the system to achieve the particulatrtrent goals. The ATV-M210 defines a
scheme to calculate the specific sludge age of R. SBBe necessary sludge age is derived
from ATV-A131 taking into account the daily BOD- sgectively COD- load, the
suspended solids load, the temperature and the afmseatment (carbon removal,
nitrification, denitrification, phosphorus removand simultaneous sludge stabilization)
(Teichgraber and Schrett, 2001). The calculationSBT according to combination of
ATV-A131 and ATV-M210 is presented in the (Eq. 4.13
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n.Vv.Xt,

t. P(x)

Where:

n number of SBR reactors

V volume of the SBR reactor {n

X concentration of solids (biomass) in the fillegdctor (kg.n)

SRT= (Eq. 4.13)

P(x) excess sludge production (k§.d
t. total cycle time (h)
t: biological reaction time (fill and react timey))(

The calculation of the settling phase is basederstudge volume index (SVI). The test of
sedimentation process is similar to those in a $&#, and can be used for prediction
purposes. The specific sludge surface load is asgum be gsv = 650 L/(fh). The
resulting settling velocity of the sludge blanke§) can be calculated as (Teichgraber and
Schrett, 2001):

065

=— Eq. 4.14
X.SVI (Eq )

S

In most cases, the volumetric removal rate of #tekers is constant. When using constant
cycle times under dry weather situations this neadlto a critical distance of the sludge
blanket to the water level during the decant ph@seavoid discharge of suspended solids
it is requested that during the entire decant ptassludge blanket must be kept 10%, and
0.25 m respectively, below the actual water leakleast (Teichgraber and Schrett, 2001).

The minimal water level and reactor volume whicim ¢# reached with these settling
properties must be compared with those from thienastd volumetric exchange ratio. If
they do not match the volume exchange ratio thegtrne changed resulting in a modified
biomass (X).

Equipment and instrumentation of a SBRNVildereret al, 2001)

« Mixing devices:Mixing is required for the distribution of wastet@a constituents
and biomass evenly throughout the reactor, faciefit mass transfer from the
bulk liquid to the activated bioflocs, and for peening flocs from coagulating and
keeping them in suspension. The mixer systems milyravailable on the market
can be classified in the five types: horizontal ensx fixed in position, vertical
mixers fixed in position, floating mixers, pumps damntermittently operated
aerators. Depending on the configuration and di&Bd&, varying water levels, the
aeration strategy etc., one or more types of nwiktibe applied.

« Aeration devicesTypical of the SBR is intermittent aeration. Innt@st with
continuous flow systems the basin is not constamiyng aerated, but the aerators
are regularly switched on and off. The blowers, psrand diffusers must be able
to withstand these intermittent operation condgioit the beginning of the
aeration phase the oxygen demand of the micromgais typically higher than
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towards the end of the aeration phase. Distindt peaands occur after a static fill
phase or when a low fill time ratio is chosen. Tderation system has to be
designed to cover these peaks in oxygen demancavdm an unnecessary and
economically unjustified increase in the oxygenanration later in the cycle, the
aeration system should permit a decrease in thatiaerrate to meet actual
demand. In large plants, management of the oveladitrical power consumption
(for example activation of a central standby blowearing peak oxygen demand
periods in one tank of multi-tank system) is recamnned to keep basic installation
costs at the lowest possible level. The mechamiddility of the aeration system
also is an important factor. The forces affectihg fphysical structure of the
aeration system can be substantial, and need toobwered by ridged structural
means. Some popular aeration systems are: fineldwdration, coarse bubble
aeration, surface aeration, submersible aeraterggration systems. The primary
components of diffused aeration systems are blowé@ig, valves, and diffusers.

Tanks and coversTanks can be constructed of concrete, of steedsosealed
earthen lagoons, and in any shape or depth. Inrgerdeep tanks are favored
because oxygen transfer is improved and high valiicnexchange rates can be
established. Besides, the land required to buildS&R plant is comparatively
small. However, some decanter mechanisms can tamit depth because of a
limited range of travel, and can limit tank shape @articular length/width ratio is
required.

Devices for withdrawal of the treated watdihe operation of SBR requires the
installation of efficient settling devices. Setfere required to withdraw the treated
water from the SBR after the metabolic processesha reactor have been
completed and a clear supernatant has formed. @uha mixing and aeration
phase activated sludge bioflocs should be kept femtering the settlers pipes.
Scum and foams that has accumulated at the wat&csushould also not be
allowed to enter the decanter but should be rechéwen the reactor by any other
means.

Scum and foam removalhe origin of scum and foam formation is frequgntl
unknown. It is the necessary to remove scum anch fosechanically and on a
regular basis. Floating skimmer equipment is offetwy different suppliers.

However, the problem is that the zone in which skars are effective is limited

and hardly ever covers the surface tank reasomnedily A second option is to suck
scum and foam into the water body during the ammgthase by applying aerators
that provide a vortex at the water surface. Thirdhe foam and scum can be
removed mechanically by surface scrapers. Fourtkhen a front end selector is
applied, scum and foam can typically be accumuldateste and removed with
automated sluice gates.

Sensors (DO, pH, ORP etc.¥he automatic control and monitoring of the
performance of SBR systems requires sensors capabl@roviding rapid
information about the progress of the relevant @sses. Sensors are also employed
in continuous flow activated sludge systems; howeweSBR technology, sensor
engineering has a much more crucial role. The ¢peraf SBR systems requires
automation on the basis of timers and sensor sgim#sides, sensor signals are
required for documentation of the proper operatdrthe plant and compliance
with the effluent standards set by the water autiesr Three categories of sensor
can be distinguished: implicitly required sensamsnsors to facilitate automatic
operation and sensors for general monitoring pwgosn each case, on-line




information is needed about the fill status of eaglgle tank of an SBR plant.
Water level sensors control the fill pump (or vajveettling devices and surplus
sludge withdrawal pumps. To be able to operate BlR 8n a time-variable cycle
plan, sensors are required that provide on-linermétion on the concentration of
dissolved oxygen, ammonia, nitrite, nitrate andgpthate. As soon as a predefined
set point is reached, the react phase is termireteldthe sedimentation phase is
started. To control biological reactions (such #sfication, and denitrification
enhanced by dosing external carbon sources), pHreshak sensors are needed.
Sludge blanket sensors are needed to be ablertdhstadecant process as early as
possible and to ensure that the settler pump doesaome close to the sludge
blanket. Control of water quality of the final effint requires turbidity sensors as
well as on-line measuring devices to detect COEl torganic carbon, and so on.
The minimum equipment for an SBR reactor consistsnty three components: a
water-level sensor, an overflow security switch andxygen probe.

- Computer-aided control deviceShe operation of an SBR plant requires a certain
degree of automation. At the lowest level of softasion, pumps, valves, mixers
and blowers are controlled by water-level sensod switched on and off by
simple timers. To exploit the capacity inherenSBR technology, computer-aided
process control and management systems are required

4.6. SBR APPLICATION FOR NITROGEN REMOVAL

A full-scale “variable-volume system” developed Bgsveer during 1959 - 1969 (Pasveer,
1959, 1969) were installed in Australia in the 14860s. The variable-volume system was
then named SBR first time by Irvine in 1967 (Wildeet al, 2001). He studied this SBR
during more than one decade to complete its chenatits. From 1980 to 1982, a full-
scale SBR was installed at Culver, Indiana havevehte potential of an SBR combining
a periodic input and a periodic discharge with te@eration and/or mixing without
wastewater input) (Irvinet al, 1983). Until the mid of 1980s, periodic processhinology
was applied almost exclusively to activated slusliggtems. There were only few attentions
given to periodically operated systems with norpsasled growth, such as fixed bad
sequencing batch biofilm reactor (SBBR) for treattrlandfill leachate and contaminated
groundwater (Wilderer, 1992) or synthetic wastev@Pambruret al, 2004). Then, other
studies were made with the anaerobic sequencituip beactor (AnSBR) for treatment of
industrial wastewater (Earley and Ketchum, 1997andfill leachate (Kennedy and Lentz,
2000), the periodically operated soil slurry sedueg batch reactor (SS-SBR) and solid
phase reactors (SP-SBR) (Cassidy and Irvine, 13the of the novel application using
SBRs proposed to treat contaminated gas, soilsd sehste and others, but mostly
wastewater treatment (Wilderet al, 2001). Most of these periodically operated system
have names that suggest that they are sub-clais8es $BR. However, like the continuous
wastewater treatment system, two most well knovaugs issued from SBRs are activated
sludge SBR and biofilm SBR.

This part of the chapter is focusing on the appbeain nitrogen removal of the activated
sludge SBR system since this configuration is psepofor experiment and studies in the
next chapters.

The activated sludge SBR technology has been apmiegnaximize concurrent treatment
objectives, including biological selectivity, carbéreatment, phosphorous removal, and
particularly nitrogen removal with separated ordianeous nitrification-denitrification in

treatment of several kinds of wastewater. Leachatesspecial wastewaters with high
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concentration of ammonium. There have been a nuwibstudies on leachates treatment
using (1) the SBR technology alone (Diamadopowetbal, 1997); or (2) combined with
pre-treatment such as Electro Fenton Oxidation @id Chang, 2000), ultrasound (Neczaj
et al, 2005), lagoon (Zaloum and Abbott, 1997), coagmtatlocculation with lime
followed by air stripping of ammonia (Uygur and Kar 2004); or (3) SBR
combined/compared with other technologies, for eplamcontinuous flow upflow
anaerobic sludge blanket (UASB) reactors (focusingCOD removal) (Kennedy and
Lentz, 2000), membrane bioreactors (Laitiretral, 2006; Pambrumt al, 2004); or (4)
SBR using granular sludge (Arrogd al, 2004; Yanget al, 2003).

SBR technology also has been studied to treat m#r kinds of wastewater, especially
wastewaters rich in nitrogen. They include slaadiuse wastewater (Cassidy and Belia,
2005), swine manure (Zharmg al, 2005), piggery wastewater (Berredtal, 2000; Obaja
et al, 2003; Obajaet al, 2005), nightsoil (Choét al, 1997), greywater (produced from an
office building) (Shinet al, 1998), reclamation wastewater (full-scale treatirsystem)
(Rim et al, 1997), industrial wastewater (Kellat al, 1997), domestic wastewater
(Bernardes and Klapwijk, 1996; Bernaradgsal, 1999; Surampalkt al, 1997).

Nitrogen removal efficiency of the SBRs reportedthiese studies varies depending on
each kind of influent wastewater, SBR configuratioperating mechanism of SBRs.
Generally, most of SBRs designed with the goalitwbgen removal have both aerobic and
anoxic periods in a cycle. In a nitrogen removaRSEhe most important parameters that
decide treatment efficiency of the system are hyldraresidence time (HRT), solids
retention time (SRT), anoxic/aerobic time ratio,mer and order of anoxic/aerobic
periods, and filling strategy. Much research hamnbgone in the last decades to determine
the optimum conditions for different kinds of wassder.

(Laitinenet al, 2006) studied efficiency of nitrogen removal fréandfill leachate (from a
composting field of a Finnish municipal waste lalidin a SBR in comparing with a
submerged membrane bioreactor (MBR) fed batchwi$e average concentration of
parameters of the leachate was 475 mg/l SS, 12408, 10 mg/l TP, and 210 mg/|
NHz-N. HRT and SRT in SBR varied from 4 to 9 days d40dto 40 days, respectively.
There was only one aeration period being appligdta cycle time of 20 to 24 hours. The
efficiency of SS, BOR NH4;-N and TP removal was 89 %, 94 %, 95.5 % and 82 %
respectively. In the study of (Uygur and Kargi, 200Onutrient removal from pre-treated
leachates (by coagulation-flocculation with limdldaed by air stripping of ammonia at
pH 12) with influent of 5750 mg/l COD, 185 mg/I MM and 65 mg/l PQP was carried
out using a lab-scale SBR. Three different openatioclude the three-step anaerobic
(An)/anoxic (Ax)/loxic (Ox); the four-step (An/Ox/AQ®x), and the five-step
(An/Ax/Ox/AxIOx) operations with total residenceng of 7 hours each. Total cycle time
is 21 hours and the sludge age is constant at €. ddne lowest effluent nutrient levels
were realized by using the five-step operation Whigsulted in 75 % COD, 44 % NH
and 44 % PQP removals.

In the study of (Diamadopoulos et al., 1997), thiguent of SBR is a mixture of landfill
leachates and municipal sewage which have an av&&d@; 430 mg/l, COD 1090 mgl/l,
and TKN 133 mg/l. The system was operated withtal toycle time of 24 hours with
(anoxic) fill time of 3 hours, following four diffent react modes (mode 1: only aeration
(20 hours); mode 2: anoxic/aeration (3 hours/17rélpumode 3: anoxic/aeration (6
hours/14 hours); and mode 4: anoxic/aeration/an@ibours/11 hours/3 hours). It was
concluded that the SBR system provided excellenD8@moval (over 98%); almost
complete denitrification was achieved during (aedill period, so an additional anoxic
period was not necessary, however the overallgemmaemoval efficiency ranged from 35-
50 % (modes 1-3). The nitrogen removal efficienogréased to 63.2% (mode 4) with
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addition of external carbon source (methanol), thetsystem became difficult to control
and efficiency of BOD/COD removal drop significantl

Study on biological treatment of a piggery wast&wdor organic carbon and nitrogen
removal in a combined anaerobic/aerobic systemdeas using two lab scale SBRs. The
cycle length was 24 hours. Average performancethefoverall process, in the different
conditions tested, were a TOC removal of 81 to 9ar®d TKN removal of 85 to 91 %
(Bernetet al, 2000). Also with piggery wastewater (Andreottetaal, 1997) used a SBR
cycle to experimentally validate a nitrogen remowaddel. The HRT and SRT were
maintained in 10 days and 30 days, respectivelg. ciicle was a series of three sub-cycles
of 7.5 hours each. Each sub-cycle contained aniamivase (3.25 hours) and an aerobic
phase (4.25 hours). At the beginning of each sultecyhere was also a fill phase. The use
of sub-cycles including fill at the beginning ofckaincrease of the amount of the carbon
(available in wastewater) consumed for denitrifmat compared to when it is just
oxidized during the aerobic period. This strategynpoted nitrogen removal efficiency in
piggery wastewaters, which had a low COD/N ratio.

One of the first published researches on using &@Rnitrogen removal was done by
Alleman and Irvine (1980). The input of the SBR wadigh-strength influent waste
stream. The system had a 10-day SRT and a tot# t¢yoe of 10 hours. Their cycle
consisted of a 2 hour - mixed fill, 3 hour - mixaerated react, 3 hour - mixed anoxic react,
0.33 hour - mixed aerated react, 1 hour - setthel @ 0.17 hour - decant. The study
reported that carbon was stored in the cells asogln during the aerobic period and
consumed to fuel denitrification as an electron atosource during the anoxic period.
About 92% of the nitrogen was removed (Fabrega34 0

Summary of different SBR treatment is presentettiénTable 4.1.
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Table 4.1. Summary of different SBR treatment

Operating condition Efficiency (%) Reference
Wastewat EC BOD/ ™ NH4 TP t h fillreact HRT | SRT IZ?)AD / MLSS c | TN NH,- T
astewater cob NITKN o | W avaon | @ | @ é%/"_ss) @ NITKN
Slaugherhouse N | 7685 1057 217 | 43| 4 AXx fill/Ox 3 20 8 98 | 97| 98 (Cassidy and
wastewater - Belia, 2005)
5.3
Domestic Y 443 |71 7 4 | 1.4 | AxfilllAx 2.53 83 86 | (Bernardes and
®) 1'3.33] Ax 4.04 Klapwijk, 1996)
fill/ AX/Ox/Ax
Domestic N | 140 17 4 6| 4 An fill/Ox 25- | 0.01- 3.6 96 95 76| (Surampabt
fill/Ox 30 |0.02 al., 1997)
Industrial 360" | 185 | 145 50 | 6| 55 An 0.75 | 20 74.4 90 79 | (Keller et al,
N filllOX/An/Ox 1997)
465" | 190 | 145 50 | 6| 55 An 1 20 82.5 92 90
filllOX/An/Ox
Landfill 430 133 49 | 24| 23 | Ax{ill/Ox 3.5 98.7 48.8 (Diamadopoulog
leachates + N | 430 133 49 24| 23 | Axfill/Ax/Ox 3.5 98.6 47.7 et al, 1997)
domestic 430 133 49 | 24| 23 | Ax{ill/Ax/Ox 3.5 98.3 35.0
Y |430 133 49 | 24| 23 | Ax 35 70.8 63.2
fill/ AX/Ox/Ax
Landfill Y | 1400 107 65 21 An 10 75 44 44 (Uygur and
leachates filll An/Ax/ Kargi, 2004)
Ox/AX/Ox
Landfill 1240 210 10 24 21.BAn fill/Ox 49 | 10- 6.6-10| 94 99.5 82 (Laitinest al,
leachates N - 40 2006)
(compared 175
with MBR)
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Landfill 805 35 0.12 | 23 4.6 15 0.2-0.3 154 98.6 99.4 (Zaloum and
leachates (prer N | 1010 35 0.12 | 23 4.6 30 0.2-0.3] 2.86 99.5 99.4 Abbott, 1997)
treated with 805 35 0.12 | 23 4.6 50 0.2-0.3] 3.72 99 99.7
lagoon) 1010 35 0.12 | 23 32| 50| 0.2-03 524 995 [99.7
Raw leachates N| 4995 179 0.05 | 23 20 50 0.55 9.15 99.7 99.9
Landfill N | 3500 800 4 | 3.15 Ox fill/lOx/Ax 90 70 (Neczagt al,
leachates (prer 2005)
treated with
ultrasound)
Landfill N | 2500 6 | 45 18- 05 71- (Kennedy and
leachates 24 91 Lentz, 2000)
(combined
with USAB)
Nightsoil N | 48000 4800 1000 24| 23.8An 30.4 97 | 99| 78 (Chett al,
Fill/An/Ox/Ax 1997)
Nightsoil N | 45000 4500 800 | 24| 24| An/Ox/Ax 30 30 12-18 36 (Oa adi,
1997)
Piggery N 300 4 0.5 99.6 (Obajaet al,
500 8 1 99.7 2003)
Piggery Y 300 7 0.84| 11 97.8 (Obatnal,
2005)
Piggery N | 5860” 3690 24 | 22 | Ox/Ax 81- 85-95 (Bernetet al,
wastewater 91 2000)
Reclamation N | 139 4556 - 3.9 6 4.67| An fill/An/Ox 95.2| 63 | 90.5 67| (Rimetal,
8 6.83| An fill/An/Ox 94.2| 65 | 90.1 73| 1997)
12 | 10 | Anfill/An/Ox 93.356 | 92.1 61
Synthetic N | 200- | 32- |- 48- |12 | 105 0.1- 15— [ 92.4|90 | 88.5 (Yuet al, 1998)
330 49 7.4 0.4 3
) Soluble COD
@T0C

® for a system including 2 tanks

EC: External carbon (added); Y/N: Yes/No; An/Ox/Axnaerobic/Aerobic/Anoxic
t.: cycle time; t: reaction time in a cycle
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4.7. PARTIAL NITRIFICATION/DENITRIFICATION IN SBR

As discussed in the previous chapter, several peesecan be considered as partial
nitrification/denitrification. However, there aresd main different tendencies that can be
applied to complete nitrogen removal though panigification/denitrification. The first
one is to separate nitrification and denitrificatimto two succeeding processes, which
mostly take place in different reactors. These @sses are known as “basic” partial
nitrification, SHARON, anaerobic ammonium oxidatighNAMMOX), and completely
autotrophic nitrogen removal over nitrite (CANON)uch consideration has been paid for
studies on the single process or combination of divthose processes in several kinds of
reactor configurations, but not much in SBR systéhe studies done in SBR with a single
process mostly belong to partial nitrificati@hntileo et al., 2006; Changyong et al., 2007,
Fux et al, 2002; Ganigueét al, 2007) and ANAMMOX (Dapena-Morat al, 2004) or
the combination between partial nitrification andNAMMOX (Gali et al, 2007),
ANAMMOX and CANON (Jetteret al, 2001; Sliekergt al, 2002).

The other tendency is to create conditions in whidhfication and denitrification can
concurrently take place under the same conditiortkeé same reactor (for example SBR).
One well-know process included in this tendency isimultaneous
nitrification/denitrification (SND) (Chiuet al, 2007; Munchet al, 1996; Thirdet al,
2005).

(Fux et al, 2002) studied a SHARON reactor and a SBR to cauly basic partial
nitrification/denitrification in the same tank. Thesult is that both reactors worked well
but SHARON reactor was a slightly cheaper proc&hs. study of (Gali et al., 2007) on
comparison between partial SBR nitrification andAR®ON process in producing the
correct influent for ANAMMOX process reported thike a SHARON chemostat, SBR
could be effectively used to produce a 50/50 amomomnitrite mixture suitable for a
subsequent ANAMMOX process. Biomass retention en 3BR results in smaller reactor
volume for the given influent ammonium concentnagsido be converted. However, the
SHARON process showed a better stability towardsvation periods or changing loads.
Thus the question could be relevant if SHARON pssosould be effectively carried out in
an SBR to get the both benefits?

SBR was found as a powerful experimental setup ANAMMOX process in which
ANAMMOX biomass could be retained very efficien{lyp to 90%)(Jetten et al., 1999;
Sliekers et a). 2002). Alternatively, nitrifiers and anammox imebry would be able to
coexist under oxygen-limiting conditions (Jetteh al, 2001). The nitrifiers oxidise
ammonium to nitrite and keep the oxygen concemmatbw, creating favorable condition
for anammox biomass to convert the nitrite and ra@aining ammonium to gaseous
dinitrogen. Lindsay, (2001) and Strous, (2000) ssggd that it has been possible to
establish such a system by gradually supplying naoigk more air into an anammox SBR
reactor (Jetteet al, 2001).

As can be seen from the literature presented, trereseveral ways to set up a cycle in an
SBR for nitrogen removal through separate nitrifma and denitrification periods. Most
of the differences in the setups involve the typecarbon and energy source used for
denitrification (Fabregas, 2004).

It is reported that, the standard method for thétivation and study of anammox
organisms is the sequencing batch reactor (Stedusl, 1998). This system has very
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efficient biomass retention and thus provides faltg conditions for organisms growing
slowly. Furthermore, a homogeneous distributionsabstrates and biomass over the
reactor is possible under stable substrate (rjitiiteéted conditions.

In simultaneous nitrification-denitrification (SNDpoth nitrification and denitrification
take place under the same macroscopic conditiaslly at an average DO concentration
between 0.5 and 1.0 mg/L (Fabregas, 2004). Onengalya in using SND in SBRs rather
than other partial nitrification/denitrification tpns is that SND could decrease the time
necessary for a complete nitrification and dendaifion, instead of reducing the space
required in a conventional continuous system (Muethal, 1996). This study also
reported a DO concentration that would lead to detepSND was around 0.5 mg/l. The
relationship between nitrification rates and DO camtration in the SBR systems could be
described by a Monod kinetic and showed a highesigeity to low DO levels than
expected. The Ko value for autotrophic nitrification was found te laround 4.5 mgl/l.
Another study on control of carbon and ammonium PAH,4 -N) ratio for simultaneous
nitrification and denitrification in a SBR (Chit al, 2007) reported that, at COD/IYHN
ratio of 11.1, the SBR was operated as an effic@D-based SBR, resulting in nearly
complete removal of both organic matter and ;NN with no accumulation of
intermediate byproducts (NGN).

Daigger and Littleton, (2000) reported that, thare three mechanisms that are possibly
responsible for SND. They are: anoxic and aeroloices developing within the same
reactor as a result of mixing patterns; anoxic aatbbic zones developing at different
positions inside a floc, and novel microorganismsluding aerobic denitrifiers and
heterotrophic nitrifiers participating in SND (Falgas, 2004).

4.8. MATHEMATICALLY MODELLING NITRIFICATION AND
DENITRIFICATION IN SEQUENCING BATCH REACTOR

The SBR process offers a great flexibility and esriof operation. The abundance of
possible operation alternatives with SBR makes itnaportant task to develop a rational
and scientifically sound design approach. Thisifigity of operation, if well understood
and interpreted in terms of governing biochemiagalcpsses, may prove very useful. The
past experience however has developed mainly asgineering exercise of trial and error
where different operation options have been expamtaily tested without much emphasis
on process kinetics and stoichiometry. The perfogeaof the SBR is now fully
interpreted in terms of basic principles incorpedatnto recent activated sludge models.
For such evaluation, the process offers the adgantaf observing and modelling
concentration transients for selected key parammetach as COD, N forms etc. It also
provides the necessary flexibility of operatiortremsmit the outputs of kinetics evaluation
into application, by appropriate adjustment of egchnd manipulation of aerated and non
aerated phases (Artan and Orhon, 2005).

(Bernardes et al.,, 1999) studied respiration ratd mitrate removal in a nitrifying-
denitrifying SBR. The model is based on the resparfsrespiration rate measured during
nitrification and carbon oxidation and the nitratemoval rate during the post-
denitrification period. An SBR pilot plant 1 *meceiving domestic wastewater was
operated for three months to validate the moded fHspiration rate was used to calibrate
several parameters of the model. The model was @bleredict respiration rate and
denitrification in one cycle with parameters tafem previous cycle. It can be concluded
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that respiration rate is a good parameter for na-fhonitoring of an activated sludge SBR
with nitrification-denitrification processes.

Optimization of an SBR for biological nitrogen rewabd was studied by (Coelho et al.,
2000). In this work, IWAQ No.1 Model was adapted3SBR, and batch scheduling and
filling strategy was sought with a constrained ®ssive quadratic programming (SQP)
algorithm. Productivity results favoured a discrétestrategy, consisting of symmetric
pulses for wastewater and oxygen supply to theesysOptimal conditions were imposed
on an instrumented bench scale SBR and a significeguction in batch time was
achieved, using a symmetric pulse strategy for evester and oxygen addition.

In another research, dynamic mathematical modelhihgequencing batch reactors with
aerated and mixed filling period was studied (Noealal, 1997). A mathematical model
that describes volume changes and simultaneoushbittdegradation kinetics has been
developed. The model describes theoretical behawdbselected parameters of volume,
suspended solids concentration, OUR (oxygen uptatied, ammonia and nitrate nitrogen
in the selector compartment and the main aeratsith iiaideally mixed and filled reactors
of the cyclic system during the phase of mixed{Bklector) and aerated and non-aerated
fill (main aeration reactor basin).

The study of (Moussa et al., 2005) on modellingifitation, heterotrophic growth and
predation in activated sludge developed a mathealatiodel to describe the interaction
between nitrifiers, heterotrophes and predatorsvastewater treatment. The developed
model considered multi-substrate consumption anldi4species growth, maintenance and
decay in a culture where nitrifiers, heterotrophd predators (protozoa and metazoan) are
coexisting. Two laboratory-scale sequencing bagdctors (SBRs) operated at different
sludge retention time (SRT) of 30 and 100 daysd&aqperiod of 4 years were used to
calibrate and validate the model. The model su¢akgslescribed the performance of two
SBRs systems. The fraction of active biomass (anmemnoridisers, nitrite oxidisers and
heterotrophs) predicted by the proposed model wés 38% and 14% at SRT of 30 and
100 days, respectively. The presented model wasl tgeinvestigate the effect of
increasing sludge age and the role of predatortherbiomass composition of the tested
SBR system. (Pochana et al., 1999) developed a Infimdsimultaneous nitrification and
denitrification. The aim of this study is to simtdahe behaviour of nitrogen and carbon
compounds in an SBR by incorporating a dynamic oatial floc model, in which reaction
rates are determined as a function of internall@@otoncentrations. This enables the
evaluation of the phenomena that occur due tonatditoc effects such as simultaneous
nitrification and denitrification (SND). The ressilhave shown that both floc diameter and
liquid phase concentration are important factofeiémcing the internal floc reaction rate.
Results support the hypothesis that SND is a phygbenomenon, and occurs due to
oxygen diffusion limitations within bioflocs.

The studies above, on one hand, established a t®at®nship between modelling and
design based on overall process stoichiomestryitabgen profiles; on the other hand
evaluated the effect of major operating parametersystem performance. According to
Artan and Orhon, (2005), these studies highlighkedfact that model simulation of SBR
performance provides useful and reliable infornmatior a selected set of different
operating conditions. However, interpretation c¢ $imulation results for process design
and operation is only meaningful when support Bvigled in terms of relevant process
stoichiometry and mass balance relationships fateghocomponents.
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A mathematical model simulating piggery wastewdteatment for process optimisation
was developed by (Belinet al, 2007). The effect of temperature and free ammoni
concentration on the nitrification rate were expemtally studied using respirometry. By
using experimental data obtained from a pilot-scadetor to treat piggery wastewater, a
model based on a modified version of the ASM1 wagetbped and calibrated. In order to
model the nitrite accumulation observed, the ASMddel was extended with a two-step
nitrification and denitrification with nitrite asiermediate. The produced model called
PiwaTl demonstrated a good fit with the experimerdata. Together with the
temperature, free ammonia, DO concentration playe@nportant influencing factor. The
nitrite was accumulated during nitrification in thaptimal condition. Even if some
improvements of the model are still necessary, iislel can already be used for process
optimisation.

79



REFERENCE

1. (US.EPA), U. S. E. P. A, 1999, Wastewater TechgplBact Sheet: Sequencing
Batch Reactors, EPA 832-F-99-073, Office of WatexsWington, D.C.

2. Andreottola, G., G. Bortone, and A. Tilche, 199%p&rimental validation of a
simulation and design model for nitrogen removakéguencing batch reactors:
Water Science and Technology, v. 35, p. 113-120.

3. Antileo, C., A. Werner, G. Ciudad, C. Mu™noz, C.rBleardt, D. Jeison, and H.
Urrutia, 2006, Novel operational strategy for mrthitrification to nitrite in a
sequencing batch rotating disk reactor: Biochemigagineering Journal, v. 32, p.
69-78.

4. Arrojo, B., A. Mosquera-Corral, J. M. Garrido, aiRd Mendez, 2004, Aerobic
granulation with industrial wastewater in sequegcibatch reactors: Water
Research, v. 38, p. 3389-3399.

5. Artan, N., and D. Orhon, 2005, Mechanism and desfgequencing batch reactors
for nutrient removalin IWA, ed., Scientific and Technical Report No. L®&ndon.

6. Beline, F., H. Boursier, F. Guiziou, and E. PaWl02, Modelling of biological
nitrogen removal during treatment of piggery wasttn Water Science &
Technology Q IWA Publishing, v. 55 p. 11-19.

7. Bernardes, R. S., and A. Klapwijk, 1996, Biologicalitrient removal in a
sequencing batch reactor treating domestic wastewalater Science and
Technology, v. 33, p. 29-38.

8. Bernardes, R. S., H. Spanjers, and A. Klapwijk, 4990delling respiration rate
and nitrate removal in a nitrifying-denitrifying $Btreating domestic wastewater:
Bioresource Technology, v. 67, p. 177-189.

9. Bernet, N., N. Delgenes, J. C. Akunna, J. P. Dagerand R. Moletta, 2000,
Combined anaerobic-aerobic SBR for the treatmergigdery wastewater: Water
Research, v. 34, p. 611-619.

10.Cassidy, D. P., and E. Belia, 2005, Nitrogen andsphorus removal from an
abattoir wastewater in a SBR with aerobic gransliadge: Water Research, v. 39, p.
4817-4823.

11.Cassidy, D. P., and R. L. Irvine, 1997, Biologitrelatment of a soil contanminated
with diesel fuel using periodically operated sluemd solid phase reactors: War.
Sci.Tech., v. 35, p. 185-192.

12.Changyong, W., C. Zhigiang, L. Xiuhong, and P. Yomgn 2007, Nitrification—
denitrification via nitrite in SBR using real-timeontrol strategy when treating
domestic wastewater: Biochemical Engineering JdwnArticle in press.

13.Chiu, Y.-C., L.-L. Leeb, C.-N. Chang, and A. C. ©ha007, Control of carbon and
ammonium ratio for simultaneous nitrification anendrification in a sequencing
batch bioreactor: International BiodeterioratioB&degradation, v. 59, p. 1-7.

14.Choi, E., S. W. Oa, and J. J. Lee, 1997, Nightsedtment plant converted into a
sequencing batch reactor to improve removal ofupatits and nutrients: Water
Science and Technology, v. 35, p. 233-240.

80



15.Coelho, M. A. Z., C. Russo, and O. Q. F. Araujo0@0Optimization of a
sequencing batch reactor for biological nitrogemaeal: Water Research, v. 34, p.
2809-2817.

16.Dapena-Mora, A., J. L. Campos, A. Mosquera-Corkal,S. M. Jetten, and R.
Mendez, 2004, Stability of the ANAMMOX process ingas-lift reactor and a
SBR: Journal of Biotechnology, v. 110, p. 159-170.

17.Demoulin, G., M. C. Goronszy, K. Wutscher, and Brsthuber, 1997, Co-current
nitrification/ denitrification and biological P-remmal in cyclic activated sludge
plants by redox controlled cycle operation: WatereSce and Technology, v. 35,
p. 215-224.

18.Diamadopoulos, E., P. Samaras, X. Dabou, and GSd&Rellaropoulos, 1997,
Combined treatment of landfill leachate and dongestivage in a sequencing batch
reactor: Water Science and Technology, v. 36, f6&1

19.Earley, J. P., and L. H. J. Ketchum, 1997, Develepimof the anaerobic
sequencing batch reactor: Bioremdiation: principled practice.

20.Fabregas, T. V., 2004, SBR Technology for wastewatatment: Sustanable
operational conditions for a nutrient removal Umsr@at de Girona.

21.Fux, C., M. Boehler, P. Huber, I. Brunner, and HegBst, 2002, Biological
treatment of ammonium-rich wastewater by partiakitation and subsequent
anaerobic ammonium oxidation (anammox) in a pildanp Journal of
Biotechnology, v. 99, p. 295-306.

22.Gali, A., J. Dosta, M. C. M. van Loosdrecht, antMata-Alvarez, 2007, Two ways
to achieve an anammox influent from real rejectewateatment at lab-scale:
Partial SBR nitrification and SHARON process: Paxdiochemistry, v. 42, p.
715-720.

23.Ganigue’, R., H. Lo'peza, M. D. Balaguera, and dlp@ma, 2007, Partial
ammonium oxidation to nitrite of high ammonium camtturban landfill leachates:
Water Research v. 41, p. 3317-3326.

24.Grady, C. P. L. J., G. T. Daigger, and L. C. Herir999, Biological wastewater
treatment Marcel Dekker, Inc., New York.

25.Henze, M., W. Guijer, T. Mino, and M. van Loosdrec2®00, Activated Sludge
Models ASM1, ASM2, ASM2d and ASMB I. T. G. 0. M. M. F. D. a. O. 0. B. W.
Treatment, ed., Scientific and Technical Report BlolWA publishing, London,
UK.

26.Irvine, R. L., and L. H. J. Ketchum, 1989, Sequegddatch reactors for biological
wastewater treatment: CRC Crit. Rev. Envir. Contvoll8, p. 255-294.

27.Irvine, R. L., L. H. J. Ketchum, R. Breyfogle, aid F. Barth, 1983, Municipal
application of sequencing batch treatment at Culhediana: J. Water Pollut.
Control Fed., v. 55, p. 484.

28.Jetten, M. S. M., M. Strous, K. T. van de Pas-SaeopJ. Schalk, U. G. J. M. van
Dongen, A. A. van de Graaf, S. Logemann, G. Muykk&rC. M. van Loosdrecht,
and J. G. Kuenen, 1999, The anaerobic oxidation anfmonium: FEMS
Microbiology Reviews, v. 22, p. 421-437.

81



29.Jetten, M. S. M., M. Wagner, J. Fuerst, M. van ldvesht, G. Kuenen, and M.
Strous, 2001, Microbiology and application of th@earobic ammonium oxidation
(ANAMMOX) process: Environmental Biotechnology, 12, p. 283-288.

30.Kazmi, A. A., and M. Fujita, 2001, Modelling effedf remaining nitrate on
phosphorus removal in SBR: Water Science and Tdogyov. 43, p. 175-182.

31.Keller, J., K. Subramaniam, J. Gosswein, and PGreenfield, 1997, Nutrient
removal from industrial wastewater using singlekt@aequencing batch reactors:
Water Science and Technology, v. 35, p. 137-144.

32.Kennedy, K. J., and E. M. Lentz, 2000, Treatmentlasfdfill leachate using
sequencing batch and continuous flow upflow anderstudge blanket (UASB)
reactors: Water Research, v. 34, p. 3640-3656.

33.Laitinen, N., A. Luonsi, and J. Vilen, 2006, Lardfieachate treatment with
sequencing batch reactor and membrane bioreactor

34.Desalination, v. 191, p. 86-91.

35.Lin, S. H., and C. C. Chang, 2000, Treatment ofiféinleachate by combined
electro-Fenton oxidation and sequencing batch oeawcéethod: Water Research, v.
34, p. 4243-4249.

36.Metcalf&Eddy, 1991, Wastewater Engineering. Treatmd®isposal and Reuse:
New York, Mc Graw - Hill Book Company. , 1771 p.

37.Moussa, M. S., C. M. Hooijmans, H. J. Lubberding JHGijzen, and M. C. M. van
Loosdrecht, 2005, Modelling nitrification, hetethic growth and predation in
activated sludge: Water Research, v. 39, p. 508850

38.Munch, E. V., P. Lant, and J. Keller, 1996, Simu#taus nitrification and
denitrification in bench-scale sequencing batclttara: Water Research, v. 30, p.
277-284.

39.Neczaj, E., E. Okoniewska, and M. Kacprzak, 200®aiment of landfill leachate
by sequencing batch reactor: Desalination, v. f8357-362.

40.Novak, L., M. C. Goronszy, and J. Wanner, 1997, &yt mathematical
modelling of sequencing batch reactors with aerated mixed filling period:
Water Science and Technology, v. 35, p. 105-112.

41.0a, S. W., and E. Choi, 1997, Phosphorus remowat fnightsoil with sequencing
batch reactor (SBR): Water Science and Technolgys, p. 55-60.

42.0baja, D., S. Mace, J. Costa, C. Sans, and J. Mataez, 2003, Nitrification,
denitrification and biological phosphorus removalpiggery wastewater using a
sequencing batch reactor: Bioresource Technolagd7vp. 103-111.

43.0baja, D., S. Mace, and J. Mata-Alvarez, 2005, ®&jmal nutrient removal by a
sequencing batch reactor (SBR) using an interrgaroc carbon source in digested
piggery wastewater: Bioresource Technology, v.[06,-14.

44.Pambrun, V., E. Paul, and M. Spérandio, 2004, Tweat of nitrogen and
phosphorus in highly concentrated effluent in SBRI &BBR processes: Water
Science and Technology, v. 50, p. 269-276.

45.Pasveer, A., 1959, Contribution to developmentciivated sludge system: J. Proc.
Inst. Sewage Purif., v. 4, p. 4.

82



46.Pasveer, A., 1969, A case of filamentous activatedge: Wat. Pollut. Control
Fed., v. 41, p. 1340-1352.

47.Pochana, K., J. Keller, and P. Lant, 1999, Modelettgpment for simultaneous
nitrification and denitrification: Water Sciencedaechnology, v. 39, p. 235-243.

48.Rim, Y. T., H. J. Yang, C. H. Yoon, Y. S. Kim, J. Beo, J. K. Ryu, and E. B. Shin,
1997, A full-scale test of a biological nutrientsmoval system using the sequencing
batch reactor activated sludge process: Water &eiend Technology, v. 35, p. 241-
247.

49.Shin, H.-S., S.-M. Lee, S. In, Seo, O. Goo, KimyHK.Lim, and J.-S. Songt, 1998,
Pilot-scale sbr and mf operation for the removal awfjanic and nitrogen
compounds from greywater: Water Science and Tecdgyol. 38, p. 79-88.

50. Sliekers, A. O., N. Derwort, J. L. C. Gomez, M.dbis, J. G. Kuenen, and M. S. M.
Jetten, 2002, Completely autotrophic nitrogen remhawer nitrite in one single
reactor: Water Research, v. 36, p. 2475-2482.

51.Surampalli, R. Y., R. D. Tyagi, O. K. Scheible, add A. Heidman, 1997,
Nitrification, denitrification and phosphorus renabvun sequential batch reactors:
Bioresource Technology, v. 61, p. 151-157.

52.Teichgraber, B., and D. Schrett, 2001, SBR techgwlo Germany - an overview:
Wat. Sci. Technol., v. 43, p. 323-330.

53.Third, K. A., B. Gibbs, M. Newland, and R. Cord-Rseh, 2005, Long-term
aeration management for improved N-removal via SiINDa sequencing batch
reactor: Water Research, v. 39, p. 3523-3530.

54.US.EPA, U. S. E. P. A, 1999, Wastewater Technolbggt Sheet: Sequencing
Batch Reactors, EPA 832-F-99-073, Office of WatersWington, D.C.

55.Uygur, A., and F. Kargi, 2004, Biological nutrieletmoval from pre-treated landfill
leachate in a sequencing batch reactor: Journghefronmental Management, v.
71, p. 9-14.

56.Wilderer, P. A., 1992, Sequencing batch biofilmatea technology: In Harnessing
biotechnology for the 21st century, p. 475-479.

57.Wilderer, P. A., R. L. Irvine, M. C. Goronszy, NrtAn, G. Demoulin, J. Keller, E.
Morgenroth, G. Nyhuis, K. Tanaka, and M. Torrijd¥)01, Sequencing bacth
reactor technologyin I. 3, ed., Scientific and Technical Report No. 1WA
Scientific and Technical Report Series. IWA Pubhsh p. 96.

58.Yang, S.-F., J.-H. Tay, and Y. Liu, 2003, A novedmular sludge sequencing batch
reactor for removal of organic and nitrogen from steavater: Journal of
Biotechnology, v. 106, p. 77-86.

59.Yu, R.-F., S.-L. Liaw, C.-N. Chang, and W.-Y. Ched®98, Applying real-time
control to enhance the performance of nitrogen rexhan the continuous-flow
SBR system: Water Science and Technology, v. 387 p-280.

60.Zaloum, R., and M. Abbott, 1997, Anaerobic pretmt improves single
sequencing batch reactor treatment of landfill heaes: Water Science and
Technology, v. 35, p. 207-214.

61.Zhang, Z., J. Zhu, J. King, and W. Li, 2005, A tatep fed SBR for treating swine
manure: Process Biochemistry, v. In Press, Comlgeteof.

83



84



CHAPTER YV
MATERIALS AND METHODS

Summary: This chapter presents materials and methods thatbeiapplied in the
experiments in laboratories and modelling proceséésis study. The materials inclu
leachate, biomass, chemicals, SBR bench-scalerebiors, and WEST progran,
being described briefly in this chapter and in detaeach relating experiment. T
methods include methods to determine the hydrodicmamd biological processes gf
SBR, data analysis and experimental planning, niadehnd calibration protocol
model based optimisation and experimental approach.

5.1. MATERIALS

The materials used for the whole study will be preeed in detail in each period of
experiment.

5.1.1. Leachate

In_Belgium: Leachate used for the study is collected from alflirsite in Montzen
(4850). This leachate has been selected after gpaason with leachates from some
landfill sites in the Nord of Vietnam (especiallyaid Son landfill site in Hanoi whose
leachates will be used in Vietnam in a further step

In Vietnam:

For the experiments in the single batch react@gcHate used for experimental batches
were collected at Nam Son landfill site, Hanoi. eneral characteristic of this leachate
was already presented in Chapter .

5.1.2. Biomass

In Belgium: Sludge is collected from a domestic wastewatettnent plant in Montzen,
Belgium.
In Vietnam: Sludge was collected at Domestic WWTP Kim Liefrac Bach, Hanoi.

5.1.3. Chemicals:

In Belgium: Potassium acetate, sodium acetate as the carbareso
In Vietnam: NH,Cl and NaHCQ, KHPQO,, sugar as a carbon source.
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5.1.4. SBR bench-scale

The SBR bench-scale is a set of experimental ecgripmncluding the following
components:

Buffer tank, collection tank, SBR tank, electron@ntrolling box, pump and pipes, mixer,
online measurement devices. It will be presentedktail in the next chapter.

5.1.5. Bio-reactor for determination of maximum nitification and denitrification
capability and kinetic and stoichiometric parametes

5.1.6. Respiration reactor to quantify stoichiometic parameters

5.1.7. WEST program

5.2. METHODS

5.2.1. Methods to determine the hydrodynamic and blogical processes of SBR

5.2.1.1. Measurement of mass transfer coefficieasgiquid Kla

The gas-liquid mass transfer coefficient, indicabydthe Kla term, was estimated in the
SBR pilot for different aeration intensities. Meesments are made in clean water and then
repeated in presence of biomass. The Kla is estinfllowing the standard method of
measurement of the transfer of oxygen in clean m@atblished by the American Society
of Civil Engineering (ASCE, 1992). This method isskbd on deoxygenation of the
medium in the presence of sodium sulphite,®@) and ion cobalt (Go) (1.5 mg/L) (as
catalysis).

In the medium with presence of biomass,®& and (Ca") are replaced by NA. When
the dissolved oxygen concentration is sufficiewtlyse to zero, air is immediately injected
in to the reactor until an “apparent” DO saturatisnreached. During the phase of
reaeration where the concentration of DO increapeslually in the reactor (positive
level), Kla is calculated by using the Aer_factelpha (version 3.0) software developed
in the laboratory. Based on the value of Kla, ip@ssible to calculate the oxygenation
capacity OC (g@L.h) or the oxygenation capacity of the whole syst(gQ/h). Based on
the values of Kla determined in the system with aittiout biomass, we can calculate the
a factor which indicates the influence of the biomé&sr with the presence of suspended
solids) on transfer. Kla is also used to calcullgerespiration rate in the system.

The procedure to calculate is as follows to cateukda:

a) Indication of the concentration of oxygen in mgfidadime in hour.

b) Plot the graph “Evolution of [O2] versus Time”

c) Determination of Cs with Graphic Metho®n the graph “Evolution of [O2] versus
Time”, we determine Cs = Cs corresponding to tlaepl
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- Tabular Cs is read in the tables of Benson and $&au function of the temperature of
water and the atmospheric pressure. We take thraga/éemperature during the test.

d) Determination of Cs according to Direct Method:

- CalculateAC/At (mg/L.h)

- Plot a graph “VC/Vt versus [02]", we withdraws tpeints apart from the curve of
reaeration and we determine a line of tendency, = y. Then, Cs = b/aand Kla = a

e) Determination of Cs according to Three point Method
- On the graph “Evolution of [02] versus Time”, cheos point in the elbow part, a

second point on the plate and the thirgds % (Eq. 5.1)

- D, =Cstab-C, ; D,, =Cstab-C,, ; D,; =Cstab-C,, (Eq. 5.2)
(Dtl [th) B ths

- 0= (Eq. 5.3)

Dy *+ Dy, — (2 [DtS)
- New Cs 3pts = Cs tabd (usually no or few iterations are needed) (Eq. 5.4)
f) Determination of Kla according to Directe Meth#da = slope a.

g) Determination of Kla with Semi-log Method
- Plot a graph « In (Cs 3pts - C) versus time » agtdrthine a line of tendency: y = ax +

- The Kla is absolute value of a.

h) Determination of Kla with Non linear Method

- Itis necessary to minimize the sum of the squaféise residues
{Z[C-(Cs-(Cs-Co).E?))2 (Eq. 5.5)

- Use the Solver command Solver of the Excell whalartg as starting values: Co = 0,
Cs 3pts and Kla semi-log. Then we have Cs noniiaed Kla non linear.

This Kla coefficient has to be determined reguldrgcause it depends on environmental
conditions such as temperature, barometric pressulethe properties of the liquid. The

simplest approach is to determine these by usipgraée re-aeration tests and look-up
tables. Another approach is to estimate the coeffis from the dynamics of the DO

concentration response (for example after changdbhe aeration intensity) by applying

parameter estimation techniques. The advantageeofatter method is that the values of
the aeration coefficients can be updated relatigakily (Spanjerst al, 1996).

5.2.1.2. Tracer tests: measurements of the miximget based on conductivity

The tests are carried out in the liquid medium watid without aeration during filling
process. In both cases, time for filling is fixadlaemperature is stable.

For each test, a quantity of 60 ml of a solutiotussted with sodium chloride (NaCl, 100
g.I") is injected and mixed in the reactor.

The detection of the tracer concentration by cotiditg probe makes it possible to
determine of mixing times during the aeration phabké&h will be defined by the time of
mixing needed by the system to reach a well-mixtdes(in our case 95% of the
conductivity step signal).
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5.2.1.3. Respiration and biomass activity testshia reactor with steady state biomass to
fix mixing time and aeration periods in the SBR retor

Respirometry is the measurement apd
interpretation of the biological oxygen
consumption rate under well-defined @
experimental conditions. Because oxygen

consumption is directly associated with both
biomass growth and substrate removal,
respirometry is a useful technique for modelling
and operating the activated sludge process. The——» —>
rate at which activated sludge consumes oxyden,

the respiration rate, is an important indicator |of |
the process condition. l

Figure 5.1. Liquid-phase principle; flowing gas,
static liquid (LFS)

Measuring principles of respiration rate IS
applied in an SBR will be based on measurementssbt/ed oxygen concentration in the
liquid phase, with “flowing gas, static liquid (LF8/pe respirometer. The DO mass
balance for this case is:

dSo/dt = Kla(So— ) — o (Eq. 5.6)
ro = Kla (S*o-So) — dSo/dt (Eq. 5.7)
where:

So DO concentration in the liquid phase (mg/L)

So saturation DO concentration in the liquid phasg/{th

Kla  oxygen mass transfer coefficient (based oridigwlume) (¢")
o respiration rate of the biomass in the liquid (imd)

To obtain p both the differential term and the mass transdemtmust be determined. To
calculate the latter, the mass transfer coeffic{gid) and the DO saturation concentration
(S'o) must be known. This respirometric principle cam implemented in a separate
respirometer of directly in a batch aeration taBggnjerset al, 1996).

5.2.1.4. Bioactivity tests to determine maximum rifitation and denitrification
capability and some kinetic and stoichiometric panaters

a) Maximum nitrification and denitrification capéty: In the SBR bench - scale reactor,

nitrification and denitrification capacity of théomass (mg N/gVSS.cycle) are determined
on different inlet ammonium and dissolved oxygemaamtrations. From these biomass
activities measurements, it is possible to deciol long the aeration and anoxic phases
should be.

b) Kinetic and stoichiometric parameters of nitirify bacteria: A test was done in a small
100 mL bench - scale reactor to determine prackicadtics parameters of the SBR system,
including maximum special growth ratgm, decay coefficient b, maximum yield

coefficient, maximum rate of substrate utilizatiper unit mass of microorganism Kk, haft-
saturation constant for substrate (here is ammonim
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This test was done with various values of hydraxdtention time (HRT) and solid resident
time (SRT), the last one being modified from Me&altidy’s, (1991) method. Kinetic and
stoichiometric parameters determined wWeke:Ua, Yu, Ya, by, ba Ks, Kn.

Concentration of substrate is kept stable. SRTaisutated as total sludge in system
divided by the amount wasted out the system

Hypothesis:

rus = dS/dt = -(So-9)/= -k.XS/(Ks+S) where rus is rate of substrataaatlon,6 is HRT
(d), S is substrate (mg/L), k is substrate consiongtoefficient, Ks is haft-coefficient of
substrate (mg/L), X is concentration of biomass/{thg

0X/(So-S) = 1/k + Ks/kS (Eq. 5.8)
y = 1/k + x.Ks/k (Eqg. 5.9)
> 1/k-> Ks

1/6c=-Y.rsu/X — kd wher@c is SRT (d), Y is yield coefficient, kd is endogeis decay
coefficient (d")

1/6c=Y.(So-S)HX — kd (Eq. 5.10)
y =x.Y —kd (Eqg. 5.11)
2> kd > Y 2 um (= k*Y) (Eqg. 5.12)

c) Heterotrophic yield (¥): The ratio of the amount of biomass produced taatheunt of
substrate consumed (mg biomass/mg substrate) isede&s the biomass vyield, and is
typically defined in relation to the electron donmed (Metcalf&Eddy, 1991). In the case
of heterotrophic microorganisms, their yield.j¥is the amount of heterotrophic biomass
produced to the amount of biodegradable organidem@®) consumed. As presented in
Figure 5.2 from a unit of substrate consumed ther#ction is used for biomass growth
and the remaining (1+) is used for respiration. Thus, the yield coeéfiti can also be
related to the DO consumption of the DO consumpitdrthe microorganism under
particular condition and this consumed DO can basueed using a respirometer.

T Biomassgrath =Y, mg_biomass_produced (COD) (Eq. 5.13)
Yy f‘> mg _substrate consumed (COD)

S +
1-Y
H Respiration= (1-Y},) mg_O, _consumed (Eq. 5.14)
mg_ substrate consumed (COD)

Figure. 5.2. Description of the substrate transforration for the biomass growth and
the biomass respiration.

The respirometer is an instrument used to measwr@®©kygen Uptake rate (OUR) as the
decrease in the DO concentration due to the biometdgty. The integration over time of
the OUR measurements during an experiment repgedsbat DO consumed. Thus, the
heterotrophic yield coefficient can be calculatdéthviequation 5.13 and 5.14.

mg_0O, _consumed_ JOURdt

mg_S_ consumed S

A-Yy,) = > jOUR.dt: @-Yy,)S (Eq. 5.15)

89



Eq. 5.15 describes a substrate addition to thegsluaind the corresponding oxygen
consumption. The slope of the function correspotmisthe factor (1-¥). In these
respirtometric essays, the quantity of DO consunsedheasured for each quantity of
substrate added to a sludge sample, then we fiffdratit values of the consumed
DO/substrate relation. The graphical representatiothe pairs of values obtained in the
different additions has a linear adjustment andstbpe is (1-Y)).

5.2.1.5. Determination of biomass proportion in amctivated sludge sample
(implemented by Institute of Biology - VAST)

Nitrosomonas, nitrobacter and nitrosospira, thresctdria concerning to a 2_step
nitrification were determined their proportion tiidl biomass in activated sludge samples.
From that, the concentration of these bacteria determined for input of calibration
process.

The method applied is Most Probable Number (MPN)

Preparation of media for biomass cultivation

Media MPA(total biomass)(g/l) Media for Nitrobacter (g/l)
- Meat glue: 3 - NaNG: 1 - KHPO,: 0,5
- Pepton: 10 - NaCOs: 1 - MgSQ7H,0: 0,3
- Distilated water: 1000ml - NaCl: 0,5 - N6 cat: 1000ml
Media for Nitrosomonas (g/l) Media for Nitrosospira (g/l)
- (NH4)2S0Oy: 2 - MgSQ.7H,0: 0,5 - (NHy)2SOs: 2 - FeSQ7H;0: 0,4
-KoHPO:: 1 - FeSQ@Q7H,0O: 0,01 - KoHPO,: 1 - NaCl: 2
- NaCl: 2 - CaCvét - MgSQ,.7H,O: 0,5
- Distilated water: 1000ml

Determination of groups bacteria by method MPN ([r2003)

Groups of total bacteridyitrobacter, Nitromonas, Nitrosospira are determiney MPN
method as follows:

The activated sample is diluted into different camtcation, then is cultivated to the
appropriate media with a ratio of 10% and repead ¢imes for each concentration. For
total bacteria, after cultivation, it is placed am incubator 3T in 24 hours, then is
determined the appearance by measurement meth@®.ofForNitrobacter, Nitromonas,
Nitrosospira, after cultivation, they are placedthe incubato28-30°C during two weeks,
then are determined their appearance of nitiNér¢gmonas, Nitrosospira) anchitrat
(Nitrobacter) with reagent Griess and diphenylamin dissolveddncentrated pSQu. In
media where there is nitrite, Griess will becomd, rim media where there is nitrate,
dipheylamin will become blue

Then, quantity of bacteria in the activated sluggaetermined by looking up Table MPN.
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5 ce intervals
TUBE (+) Conf.lim,
To1T001 [0001| N8 Tow | Hien
0 2 21| 68| 40
Lookingup T 4] 0] 3 25 98| 70 Result
table MNP i 4 2 47| 15| 120 _
2 — 4 3 0 a1 141 100 Bacteria: 70 MPN/g
s 1 1 36| 14| 120
5|1 2 63| 22| 150
s 1 3 84| 34| 220
51 2 0 49| 15| 150
s 2 1 70| 22| 170
5T 2 2 o4 | 34| 230

Figure. 5.3. MNP Table

5.2.2. Data analysis and experimental planning

Planning of experiments is a procedure of selecimymber of experiment, by selecting
necessary and sufficient experimental conditionadhieve objectives with a necessary
precision; it is also a selection of mathematicathods to treat experimental results and to
concede those results (Pham and Ngo, 2007; HimengltaB70).

A matrix of experimental planning between the prddwf the nitrification process and
nitrite accumulation, which are influenced by ingactors, will be established. Because
the number of experimental batches will be 8, thesfble number of coefficients in the
recurrent equation can be equal or less than 7,thed we remove the third order
interactive coefficient (ip,bs). The general recurrent equation can be writtefiolésys:

y = bo + bixg = pXa + baxz + buoXaxz + buaXaxz + boaxoxs (Eq. 5.16)
From calculations, values of coefficients and ttségnification according to the Student
standard will be given. The recurrent equation Wl established based on removal of
insignificant coefficients. Finally, experimentalibility of this equation will be verified
in accordance with Fisher standard (Pham and N@07;2Akhnazarova and Kafarov,
1978; Himmelblau, 1970).

5.2.3. Modelling and calibration protocols

5.2.3.1. The existing calibration protocol for IWfodels

The use of models in the field of wastewater treathrequires a calibration procedure
where the parameters of the chosen model are adjaste by one, until the experimental
values are correctly fitted. This calibration prdeee is rather complex and normally
conducted according to the experience of the mededisulting in different approaches
followed during the recent years, what makes diffito compare the modelling studies.
Therefore, a general guideline is needed to undykimg procedures and also to assess the
quality of the calibrated models obtained.

Up to now, four systematic protocols from differeasearch groups have been proposed
(Tabares, 2006):
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i) BIOMATH — Department of Applied Mathematics, Bietrics and Process control,
Ghent University, Belgium (http://biomath.ugent.be)

1. Target definitions

STAGE |
A 4
2. Decision on information needed
STAGE | 3. Plant survey and 4. Data analysis
A 4 vV Vv vV V
STAGE I 5. Mass transfer hydraulic 6. Settling < 7. Biological and
model and mixing capability characterization influent
| 8. Calibration of hydraulic 9. Calibration of J _| 10. Simple steady state
model and mixing capability settling model [ ”| calibration of ASM
A
Y
L | 11. Sensitivity analysis and steady statel¢
STAGE I model of ASM
A 4
12. Dynamic calibration of model and
\ sensitivity analysis
- A 4
13. Target reached
STAGE W l
14. Evaluation

Diagram 5.1. Calibration protocol - BIOMATH
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i) STOWA — The Dutch Foundation of Applied Watergsdurce, The Netherlands
(http://www.stowa.nl)

STAGE | { 1. Fomulation of objectives
. v
N 2. Process description
STAGE Il l
»| 3. Data collection and data
~ verification
~ y
4. Model structure
STAGE IIl < i
5. Characterization of flows
-
6 > 6. Calibration
STAGEIV < | 7. Detailed characterization
A\ 4
~ I 8. Validation |
STAGE V { 9. Study |<7

Diagram 5.2. Calibration protocol - STOWA

i) WERF - Water Environment Research Foundatiomorth America
(http://www.werf.org)

STAGE | Categories of Datf
Calibration level :
—»{Defaults and Assumption Only
v
STAGE Il Objective of .
{ calibratior Data conditioning
) Calibration level 2:
Y Historical Data Only Parameters estimation
STAGE Il { Plant type from historical data
\ 4
STAGE IV Generalized procedure Additional sampling
Calibration level 3:

On-site, Full-scale Testing

Stress tests

Full wastewate

L3 Calibration level - Direct characterization
Parameter Measurements

. . . Parameters estimation
Diagram 5.3. Calibration protocol - WERF
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iv) HSG — The Hochschulgruppe guidelines (Langdygrat al, 2004)

1) Definition| | Definition of objectives | } STAGE |
of objectives v
Collection of plant routine data \
A A
2) Data | Operational data| | Plant layout | | Performance dat%
collection an(
model | Definition of model boundaries and model selectiFn
selection
v
| Definition of preliminary model| > STAGE Il
v

| Data evaluation |

3) Data qualit

control | Closing gaps in routine dat+
v
| Data quality assurance | )
v
. | Evaluation of hydraulic model | \
4) Evaluatior] v
of model -
structure and | Pre-sumulation |
experimenta v
design | Setting up monitoring campaigri|
v v >
- - - - - STAGE Il
Monitorning campaig | | Experiments for parameter evaluat|or1
5) Data | ; [
collection for - -
simulation | Data quality evaluat|on|
study
| Definition of final model| )
* 3\
| Initial condition |
v
6) | Calibration | > STAGE
Calibration/ v
Validatior P
| Validation | )
v
| Scenario simulation |
7) Study anc v
evaluation of | Objectives reached ? | STAGE V
succes v

| Documentation |

Diagram 5.4. Calibration protocol - HSG

5.2.3.2. The common structure of calibration protds

The existing systematic calibration protocols haveimilar structure: they all begin by
defining the calibration goal(s) which will influee the rest of the procedure, then the data
is collected and its quality evaluated. After thilie mechanistic model is selected and
then, a steady state calibration is performed Wl by a dynamic calibration and finally,
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the results are evaluated. Some feed back loopsestablished in order to obtain a
dynamic step wise procedure.

A common structure can be defined by analyzingekisting protocols. The calibration
procedure can be structured into five main stagabdres, 2006):

Stage |: Defining the objectives

All the steps of the calibration are conducted atiog to the goal defined at the
beginning. The objective can be more or less amistimainly depending on time, the
budget and the level of human expertise. It hdsetalear which processes are going to be
modelled and what the model is going to be used for

Stage II: Plant survey / Data analysis

Available data from the plant is collected, e.gsige information, operating conditions,
off-line and on-line measurements. An accurate yaimlof the data has to be performed
because errors in the data would propagate in th#ehparameters and would affect the
entire model structure. The quality of the data hdlkience on the whole calibration
procedure. One has to make sure that errors idateedo not propagate to the model.
Stage Ill: Model structure/process charaterization

This stage includes defining the model structuteis Taccounts for the hydraulics of the
plant, the aeration, the settling and the bioldgieactions of the process. Once the model
is defined the process characterization is perfdimehich includes the influent
wastewater fractionation and the experimental edton of some of the activated sludge
parameters.

Stage IV: Calibration and Validation

The calibration consists in determining the valokthe model parameters to fit a certain
set of measurements obtained from the wastewataintent plant. Since activated sludge
models have a lot of parameters this procedurevimally systematized into sub-steps.
The parameters are tuned until the simulated aedrteasured values are close to each
other (visual inspection or numerical error quacdition), and the trends of the variables
are well described. The validation consists in gsine model with parameter values
obtained during the calibration and applying themanother independent data set, if
possible obtained in other operating conditiong, #ow rate, temperature, influent load
etc.

Stage V: Evaluation of success.

The success of the calibration depends on whether abjective of the study is
accomplished or not. It is important to take intocc@unt that an error made in the
beginning stages may be detected at stages IV afdha&fefore it is necessary to use the
loops established within the process which permét tw go back to earlier steps.

5.2.3.3. Some main differences between calibrafprotocols

Although this general structure is very similar tine existing protocols, there are
differences that can be observed when the stagdsa@ked at in detail. The main structure
of the calibration protocol itself is an indicatiaf the particularities of the procedure.
Moreover, some key points can be indentified the distinguish one protocol from
others. For instance, the wastewater charactesizagind fitting of the kinetic and
stoichiometric parameters. More particular aspklogsthe importance given to sensitivity
analysis or to the settling characterization caordase the differences between the
protocols.

It has to be stated that the development of thibredion protocols is the result of a lot of
previous work. Therefore, the procedures obtairreddapendent on the trajectory of the
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department/institution and the particular reseatbley have conducted. The four
calibration procedures mentioned above were deeeélogifferently. For instance, the
BIOMATH protocol originated from a scientific baakgind and this is the reason it gives
importance to the Stage Ill and especially to tlodolgical characterization and the model
structure. Alternatively, the STOWA protocol appeghrafter interviewing practitioners
with extensive experience, under the influence @it&/ Boards and consultants. For this
reason, practical methods were preferred aboventfaieexactness, and therefore more
importance is given to the Stage Il and Ill focgsion the data analysis, the influent
wastewater characterization and the model strucitime HSG guidelines appeared later
with the purpose of systematizing the documentatibthe overall calibration study, and
referring to the BIOMATH and STOWA protocols forettStages Il and Il considering
that they have described these aspects intensikaiglly, the WERF protocol appeared
also under a scientific background but giving aerothoint of view to the calibration
procedure establishing different calibration lewedgending on the amount and quality of
the available data.

Thus, these differences between the protocols iyt the percent time for each stage in
relation to the whole study is different for eaaiotpcol. In the BIOMATH protocol the
most time consuming step would be Stage Il whenedbe STOWA protocol it is Stage
Il. For HSG, more time should be spent for dataitgjueheck and for documentation, and
finally, in the WERF protocol, the priority will bgiven to check the quality if the data.
Moreover, the most time consuming stages would e dne where more expert
knowledge is required. However, the stage 1V, wheadjustment of the parameters is
conducted, is achieved easier and faster accotditite experience of the modeller.

5.2.4. Model-based optimization

In our case the optimum operational condition waarched through an optimization
algorithm that sought to obtain a maximum nitric@mulation and the best nitrogen
removal efficiency while saving aeration energy y@en supply) in nitrification and
carbon source during denitrification. Optimal vauef conditional parameters includes
DO (intensity of oxygen supply), HRT (working volejn working time mechanism of the
SBR’s cycle (time of nitrification/time of denitidation) while considering others factors
such as temperature, SRT, pH, influent leachate st&ble/constant. These values are
studied using the WEST Manager 3.7.2.

5.2.5. Experimental approach

All off-line measurements followed Standard Methdoisthe Examination of Water and
Wastewater (APHA, 1992). Compounds analyzed inclTidll, NH;", NO,", NOsy, COD,
BOD, Alkalinity, SS, VSS, settling volume index (§Vand settling velocities of the
sludge.
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CHAPTER VI

SETTING UP AN SBR TO STUDY PARTIAL
NITRIFICATION

Summary This work is done in the laboratory in Belgi as first step of the stuc
before doing the experiments with the real leachmtietnam. Based on the studies fn
the SBR (Chapter IV), an SBR bench-scale is senupe laboratory to study partigl
nitrification process, focusing on the SHARON prexeavith a hope that the products |pf
this process would be input for the ANAMMOX. Thiarpis presented in the form of
paper, which was participated in TH& Asian-Pacific Landfill Symposium in Sapporf,
2008. This includes objectives, materials, resutid discussions, and conclusions. T{vo
main results that are given and discussed are matieal model and optimization
the partial nitrification. Based on mathematicaldels derived from generally acceptgd
ASM Model, specific growth rates of biomaggT)) are found. Concentration of the actiye
part of these four kinds of bacteria is also edthand this will be applied as a metho Eo
estimate active biomass concentration in the ngpéraments. Optimisation process is d
with different oxygen concentration and differemtriing cycle mechanism.

6.1. OBJECTIVES

6.1.1. The main objective

The main objective of this study is to optimize gzetial nitrification process (SHARON) in a
SBR bench-scale under controlled conditions fodfiinleachate treatment aiming at its
possible application in Vietnam.

6.1.2. Specific objectives

Specific objectives are (1) to study and set upwbeking mechanisms for an SBR bench-
scale to conduct the nitrogen removal process a)dta study kinetics of the partial
nitrification process (SHARON) from ammonium (MMto nitrite (NQ), including (2.1) the
effect of factors such as: DO, influent concertratof NH;"-N, and (2.2) to determine the
optimum conditions to reach an ammonium/nitriteorat 50/50.

6.2. MATERIALS

6.2.1. Leachate and activated sludge (biomass)

Leachate used for the study is collected from alfidrsite in Montzen, Belgium. This
leachate has been selected after a comparisorieasithates from some landfill sites in the
Nord of Vietnam (especially Nam Son landfill site Hlanoi whose leachates will be used
in Vietnam in a further step). Concentrations @& thain parameters (COD, NONOs',
NH.", TKN, PQ>, Alkalinity, pH) of the leachates in Montzen, Bielqn are shown in
Table 4.1. This leachate is diluted to getJNN concentrations around 80 mg/L.cycle The
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COD load is 310 — 410 mgf.cycle (including inert COD in inlet wastewatandaCOD
injected at the beginning of denitrification pragescorresponding with C/N ratio of 3.6 — 4.8.
Biomass was collected from the MBR treating leaehdéitom the Montzen sanitary landfill.
The sludge was known for its good nitrifying andhitiifying activities. After some weeks
in SBR, it has shown its suitability for the SBRstgm. Concentration of biomass in the pilot
is kept around 1.6 - 2.1 gVSSI/L.

Table 6.1. The characteristic of leachate in Nam $oand in Montzen

Parameter unit Concentration
Nam Son (Vietnam) Montzen, Belgium
(Variation) (11 Jan 2008)
pH 8.43 8.3

COD mgO2/l 250 - 2800 2005
NOs mgN/I 1.6 <0.01
NO, mgN/I <0.01 <0.01
NH4" mgN/I 15 - 2000 825
TKN mgN/I 18-2500 982

Alkalinity mgHCG;] 740-6900 6560
PO~ mgP/l 3.4 11.2

6.2.2. Carbon source for denitrification

Potassium acetate as external carbon source isl @dgleninutes after the beginning of
anoxic phase to avoid aerobic OM consumption byrémaining DO. According to the
reaction stoichiometry of denitrification, the qtian(expressed as COD) of acetate used
in the denitrifying process is estimated by théofwing equation:

CCOD= 2.86[NOs] + 1.71[NG;] + 1.07[DC]

whereCCOD is the [CHCOQO] quantity added, mgCODI/L; [N§} the nitrate concentration,
mg NGs-N /L; [NO;] the nitrite concentration, mg NEON/L; DO is the dissolved oxygen
concentration, mg/L.

The DO concentration during anoxic phase is vewy (60.05 mg/L) compared with the
concentration of [N@] + [NOs ], so the part of 1.07[DO] in the equation can dpeored.
[NO2] and [NG;] concentrations produced during a cycle are usedlitulate the next one.

6.2.3. SBR bench-scale

The SBR bench-scale is a set of experimental ecenpenincluding the following
components:

- Tank: (20 cm x 15 cm x 40 cm), volume of 12 trenaximum working volume of 8.6
litres, air diffusion device at the bottom of thalk.

- Electronic controller (Logo 230RC — Siemens) oalstautomatically water and/or sludge
pumping in and out of the whole cycle through wégeel controlling devices.

- Pump and pipes: the pump (TOTTON Pumps (AD 55@)sed to pump wastewater into
the tank and treated water and extra sludge frartahk; it is also used to mix liquor by
circulation during the anoxic mixing phase.

- DO, pH sensors

A complete working cycle of the SBR includes 5 mwasfilling, reaction (aeration,
mixing), settling, wasting (with/without sludge wimg) and idle, which are shown in
Figure 61. Total time of the cycle is 12 hours.tid first stage, time for both oxic reaction
and anoxic reaction were set at 4 hours, but irsdtnd stage, the duration for each has
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been changed into 5 hours and 3 hours, then intm@s and 2 hours respectively

Hydraulic Residence Time (HRT) during those thréfeisknt working cycles is always set.
at 0.77 (d), Solid Retention Time (SRT) is keptuana 21 (d).

Filling Reaction Reaction  settling .

! ) Settling- Idle
Oxic Oxic Anoxic 1h50 Wastin% 1h
~ 5min 4-6h 2-4h

~10min

v

)

Sludge wasting ¢ Effluent

Figure: 6.1. Working cycle of SBR bench - scale
- Electronic
Tank with controlling
probes DO, pH,
ORP, diffuser
installed

leration
device

Pump, valves
and pipes
connected

Computer is with
used to

program the
logocontrollin

Figure 6.2.

The SBR bench scale
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Table 6.2. Process description of the SBR

Definition Formula Unit Value
Parame- 4hNi 5hNi 6hNi
ters 4hDe 3hDe 2hDe
tf Filling time Installed min 10 10 10
tr
aeration Aerate reaction time Installed min | __ 230 | 290 350
tr mixing | Mixing reaction time Installed min | _ 240 180 120
ts Settling time Installed min 110 110 110
td Draw time Installed min 10 10 10
tid Idle time Installed min 60 60 60
tc Total time tf+tr+ts+td+tid min 720 720 720
te Effective time tf+tr min 540 540 540
nc Number of cycle/day 24/tc cycle 2 2 2
Vo Volume before fill Installed L 35 35 35
DVf Volume filled Installed L 55 55 55
Vmax Volume after fill Vo+DVf L 9 9 9
FTR Fill time ratio tfitc 0.014 0.014 0.014
Q Flow rate DVf*nc L/d 11 11 11
VER Volumetric exchange ratio DVf/Vmax 0.61 0.61 0.61
n Number of tank Installed tank 1 1 1
HRT Hydraulic residence time nVmax/Q d 0.82 0.82 0.82
Hydraulic residence time far
HRTi each tank tc/VER.24 d 0.82 0.82 0.82
X (Xr) Concentration of biomass Experimental g/L 81. 1.8 1.8
Qw Flow rate of wasted sludge Experimental L/d 0 0 0
Concentration of biomass
Xw wasted Experimental g/L 0 0 0
Qe Flow rate of the effluent DVf*nc L/d 11 11 11
Concentration of biomass in
Xe effluent Experimental g/L 0.07 0.07 0.07
WAS Amount of biomass wasted = Qw*Xw+Qe*Xge ¢ 0.77 0.7 0.77
i Acumulated time tf+tr aeration min | _ 240 300 360
Solid retention time
SRT1 (Fabregas, 2004) Vmax. X/IWAS d 21.0 21.0 21.0
(NVmaxXr/WAS)
Aerobic SRT (Wildereret | *(Xti/tc)
SRT2 al., 2001) d 7.0 8.8 10.5
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6.3. RESULTS AND DISCUSSION

6.3.1. Tracer tests to determine mixing capacity

The tests were carried out in the liquid mediumirdpfilling process with aeration and
during the mixing process. In both cases, thedig@mperature is 20°C.

For each test 60 ml of a saturated sodium chlq@eC!, 350 g:f) solution is injected and
mixed in the reactor. Conductivity was recorded #raltime needed to get 95 % of the
final conductivity was obtained after data procegsi

During the filling phase with aeration, time needdthe system to get the well-mixed state
is 10 seconds, which is very small compared todilm@tion of the filling + aeration phase
(e.g. 4-5 hours). In the mixing phase with no aenatthis value reached 52 seconds, which
is also much smaller than the 2-3 hours duratiothefmixing phase. This means that the
system can be considered as well-mixed.

6.3.2. Gas-liquid mass transfer coefficients Kla

The gas-liquid mass transfer coefficient, indicabgdthe Kla term, was estimated in the
SBR pilot at different settings of the aerationteys Measurements are taken in clean
water and then repeated with biomass. With theevafkla determined in the system with
(Kla") and without biomass (Kla), we can calcul#ite a factor which is used to correct
parameters of the aeration device. Thisfactor varies with the type of aeration device,
tank geometry, degree of mixing and charactergftiwastewaters. The average valueof
factors of the SBR bench-scale is found to be (TabBle 6.3), which is in the range of 0.4-
0.8 for diffused aeration equipment reported by t®dE&Eddy, 1991).

The Kla is estimated according to the standard atktif measurement of the transfer of
oxygen in clean water published by the Americani@goof Civil Engineering (ASCE,
1992) during the phase of reaeration where theartration of DO increases gradually in
the reactor (positive level). Based on the valueKt, it is possible to calculate the
oxygenation capacity (OC’) or the standard oxygemdgfer rate (SOTR’). The values
obtained are presented in Table 6.3, in which, withflow rate from 6.1 to 10.2 IN/h,
concentration of dissolved oxygen is controlledgartial nitrification.

Table 6.3. Kla of the SBR

Air flow Kla Kla’ o Cs’ oC SOTR’
(ﬁ}ﬁ) ht hl | =Kla/Kla | mgo2/L | mgo2iLh | mgo2/h
452 | 13.75 9.35 0.68 6.93 64.8 557
206 | 12.35 8.96 0.73 6.23 55.8 480
317 | 8176 6.12 0.75 574 35.1 302
102 | 2.997 213 0.71 4.99 10.6 o1

6.1 2.73 2.09 0.77 4.2 8.8 75
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6.3.3. Respiration and biomass activity

Taking into account the value Kla’, we can calcaildite respiration rate (Ro) or the oxygen
uptake rate (OUR) of biomass in the system thrabhghiformula:

Ro = Kla’ (S*0-So) — dSo/d{Spanjers and Vanrolleghem, 1995).

Where S*o and So are concentrations of saturatesblied oxygen (DO) (according to
temperature and atmospheric pressure in experiineotalitions) and DO in the liquid
phase respectively. At steady state for biomagh, DO controlled for partial nitrification
(0.8-2.2 mg/L), the average value of Ro was fourmbiad 10.06 mg@lgVSS.h or 17.1
mgQ,/L.h with VSS at 1.7 g/L (Graph 6.1). The cureR®D in the graph was smoothed
by Savitsky - Golay Filters method (Savitsky andlayp 1964). A detail calculation is
found in Annex 6.1.

Comparing with the value of oxygen capacity (O@bdricentration of dissolved oxygen
presents in the liquid media) shown above (10.6 gig®), the speed of aeration for
partial nitrification is not high enough. The demse of DO concentration during
nitrification process (and to 0.5 mg/L) at the exidorocess could be a good explanation.
This also explains why Simultaneous Nitrificatioeritrification (SND) phenomena could
take place during Nitrification process. Therefdie speed of aeration or Kla should be
increased to provide enough oxygen for the process.

Respiration rate during Nitrification Level of sludge blanket during settling phase

Cycle: 5 hours Nitrification - 3 hours Denitrificat  ion Cycle: 5 hours Nitrification - 3 hours Denitrificat ~ ion
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Graph 6.1. Example of respirometry in Graph 6.2. Sludge blanket level of SBR
the 5/3 hour cycle (T of 18.8C, pH of (cycle 5/3, t° of 19.9C, pH of 8.11, SS of
7.83, N_NH" of 85 mg/L, Kla’ of 2.13 K,  2.05 g/L, Kla’ of 2.13)

air flowrate of 10.2 IN/h)

6.3.4. Settling capacity of sludge in the system

At steady state, SVI (sludge volume index) of thstem is 250 (mL/g). This value is still
high for a system known for the good settling prtipe of the sludge. However, the
measured settling velocity of sludge at the begigmif the settling phase is 12.2 cm/h. 1.5
hours of settling is just enough for the sludgenkda layer to get below the minimum water
level at which the supernatant is discharged. Higevof SVI, however, needs to improve or
the minimum volume needs to be increased so thagytsiem starts the wasting phase without
risk of sludge wastage.
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6.3.5. Mathematical model

The mathematical model of the process is derivesgdan generally accepted ASM Model
(Henzeet al, 2000). According to the tracer test mentionedvapd was assumed that the
reactor was completely stirred and kinetic pararsetere kept constant along batch cycle. In
this study, at the first step, the model includesdbmental phenomena which were modified
from ASM1 and ASM3 as follows:

a/ Growth of autotrophic microorganisms:
- Maximum specific growth rate of autotrophic bass

i (T.pH) = 1, (20°C).exp((T - 20)) (Eq. 6.1)
Kk : Temperature constant fpg andb,
fon 1 (Benefield and Randall, 1980) (EQ)6

" 1+004* 0P -1
- Aerobic growth of nitrosomonas-like bacteria:

n S O S_NH S_AKL
fons = Mns® = . = . = «fpHeX A NS
GNs NS T S 0 K A _NH+S_NH K_A_AKL+S_AKL P - =

(Eq. 6.3)

- Aerobic growth of nitrobacter-like bacteria:
; -ﬂ . S O . S_NO2 . S_AKL cfpHe X _A-NB
GNBTFNB K A _O+S_O K_A_NO2+S_NH K_A _AKL +S_AKL -

(Eq. 6.4)

b/ Growth of heterotrophic microorganisms:
- Maximum specific growth rate heterotrophic biomas

Hy, (T.PH) = 1,y (20°C).exp((T - 20))[1- 0.083(7.2— pH)] (Eq. 6.5)
Kk : Temperature constant fpp andby,
- Anoxic growth rate of nitrite denitrifiers:

eH_NO2 = EIH no2* Mnox KO . S_NOZ * >N y
- - K_O+S_O K_NO2+S_NO2 K_NH+S_NH (Eq. 6.6)
S_COD X _STO/X _H
K_COD+S_COD K _STO+X _STO/X _H
- Anoxic growth rate of nitrate denitrifiers:

'pr'X_HN02

0 . K_O | S_.NO3 . S NH
fa.n_nos ZHH_nos r]NOXK_o+s_o K _NO3+S_NO3 K_NH+S_NH (Eq. 6.7)
S_CoD X _STO/X _H
K_COD+S_COD K_STO+X _STO/X _H

ofpHe X _Hyos

c/ Decay rate of autotrophs and heterotrophs:
- Decay rate of autotrophic microorganisms

oA =D X 4 (Eq. 6.8)

- Decay rate of heterotrophic microorganisms
loy = bH XH (Eq 69)
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d/Organic nitrogen mineralization (ammonification)(soluble organic nitrogen is
converted to ammonium):
S_O

r —_—
K_0+S_O

=k _aS_ND.X _H* (Eq. 6.10)

ammonificaion

From the defined rates, it is possible to proposeespiration rate for substrate utilization
processes in SBR:

e) Nitrification rate (aerobic condition)

- Oxidation of ammonium to nitrite;

. 1
'NH-NO2 = ‘(' XB +Y_]'(rG,NS_rD,A) (Eq. 6.11)
NS
- Oxidation of nitrite to nitrate:
) 1
M'No2-NO3 = {' XB +Y_J-(rG,NB ~ba) (Eq. 6.12)
NB

f) Denitrification rate (anoxic condition)

- Nitrate denitrification
_dNO3 _ -(1-Y_H_NO3)

fnos =~ 286Y H_NO3 Ng(feH_nos ~ToH) (Eq. 6.13)
- Nitrite denitrification

dNO2 -(-Y _H_NO2
M'noz = -—4-Y_H_Nog Ng-(le.H_Nno2 ~Tom) (Eq. 6.14)

dt 171Y _H_NO2 -

The experimental variables (temperature, DO, Atiiigli pH, COD, NH', NOs, NO,, TKN,
VSS) were measured and analyzed during experimengtic and stoichiometric parameters
are taken from literature (Table 5.2). The unibioimass (VSS) was converted to mg of COD,
X_STO/X_H ratio (with X_STO is cell internal stomgroduct of heterotrophic organisms) is
assumed to be equal to X_PHA/X_H ratio. This vdtweSBR system reported in (Hanaela
al., 2002) is 2.2.

Table 6.4. Kinetic parameters for nitrification and denitrification (Henzeet d., 2002;
Henzeet al, 2000)

Value (at 20C)
Para- NO, NOs;
meters Definition Unit AOB | NOB | Deni- | Deni-
trifier | trifier
K Temperature constant famax b °ct 0.1 0.085| 0.08 0.08
n Maximum specific growth rate of 1
H nitrifying biomass at 20 oC d 0.6 0.7 4.5 45
b Decay constant d 0.06 | 0.06| 0.075/ 0.075
Fraction heterotrops using nitrate as -
Dy electron acceptor 08 038
k a Maximum specific ammonification rate I/mgCOD.d 0.06 0.06
s Mass of nltro%?crjlrﬁaesrsmass of CODin mgN/mgCOD 0.086| 0.086
Dnox Anoxic reduction factor - 0.6 0.6
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. . - mgCOD/mgNQ@’
Ya Maximum yield coefficient produced 0.11 0.06
Yy Maximum yield coefficient mgCOD/mgNO 1.7 1.7
Ky Saturation Conr?ittﬁ?; for ammonium o mgN/L 05 1
Kno Saturation constant for nitrite or nitrate mgN/L 0.35 0.35
Kpo Saturation constant for oxygen mgO 0.75 1 0.3 0.3
KakL Saturation constant for alkalinity mgHGQ 30.5 30.5
Kcob Saturation constant for COD mgD 15 15
i mgCOD(Xsto)/
KsTo Saturation constant forgfo mgCOD(%,) 1 1

Specific growth rates of ammonium and nitrite fiyirig bacteria at given temperature
(21.2°C) are 0.42 and 0.39 B respectively. Average nitrification rates (mgNf)Lin the
total experimental time are compared to nitrifioatirates calculated with Monod
equations EQ.6.1-6.4; Eq.6.8, Eq.6.11 and Eq.6u$ithg parameters mentioned in Table
5.2). By fitting value of concentration of Ammoniuoxidizing bacteria (AOB) and Nitrite
oxidizing bacteria (NOB) to fit the two values oftrification rate (using parameters
mentioned in Table 5.2) (for more detail see AnBeX), we can estimate the proportion of
(AOB) and (NOB).

Estimated proportion of active AOB and NOB in thg@erimental day 29 February 2007 is
about 1.13 % and 0.63 % of VSS (22 and 12.4 mgdspectively, corresponding to biomass
activity around 1.54 mgN/gVSS.h. The concentratbb™NOB is smaller compared to AOB
due to limitation of oxygen during partial nitriiton. Minimum SRT (calculated i =
1/(p-b)) should be kept around 2.8 (d) for AOB and@for NOB so that the system does not
lose biomass.

For the denitrification process, specific growthesat given temperature of nitrite and
nitrate denitrifying bacteria are 1.56 and 0.82)(despectively. Average denitrification
rates (mgN/L.h) during denitrification time are @lfit together by using Eq. 6.5-6.7, EQ.
6.9, Eq. 613-6.14 to calculate denitrifying baieter(using parameters mentioned in Table
5.2) (for more detail see Annex 6.2) .

Proportion of activeNitrite denitrifying bacteria and Nitrate denitrifig bacteria is
evaluated around 23.8% and 2.17 % of VSS (461 an®i #g/L), respectively. However,
the concentration of the later could be higher drennitrates were produced during the
nitrification process. Minimum SRT should be kepteast 1.77 d for denitritant and 2.30
(d) for denitratant. However, when the ANAMMOX pess is considered, this SRT will
have to be increased.

6.3.6. Optimization of the partial nitrification

Observations of the influence of working conditiams nitrite accumulation (necessary for
partial nitrification) as well as nitrification andenitrification efficiency were done with
concentration of dissolved oxygen (DO) and free amact (free NH) in the first step of the
study, which is presented in this part.

The influence of DO on nitrite accumulation in fitation process is significant. The nitrite
accumulation increases when DO decreases, thisssbapability to get partial nitrification
in SBR. Graph 5.2, 5.3 and 5.4 present nitrogerovafevolution when average DO during
the period of nitrification is controlled aroun73.8 and 1.5 mg/L.
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N removal evolution
Cycle: 4h Nitrification - 4h Denitrification

N removal evolution
Cycle: 4h Nitrification - 4h Denitrification

01 2 3 456 7 8
Time (h)

Graph 6.3. Nitrogen removal evolution
1,pH=7.79, P=19C,VSS =1.93 g/L

1000 DO ~7.5mglL 50 100 DO ~3.8mglL ”

‘ Nitrification | Denitrfication - ’\lel\mfation Denitification o

~ 80.01 \ t200 2 = 80 — 0 2
= Pa SN = > 7AY—0—0 = [—e—NHasN

E 60.0 /./. 150 =z |—$=NHAN £ 601 115 =
= 3 X o —a—NO2-N

< w0 \ wo o | NOAN R 10 S
I / < NO3N I D NO3N

= 200 t50 2 = 201 75 2

= ) =

0.0 ; 00 S 0 +—— —— =0 3

= =2

01 2 3 45 6 7 8
Time (h)

Graph 6.4. Nitrogen removal evolution
2, pH=8.04, T=19.7C

N removal evolution
Cycle: 4h Nitrification - 4h Denitrification
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Graph 6.5. Nitrogen removal evolution
3,pH=7.84, P=19.2, VSS =1.81 g/L

Graph 6.6. Influence of DO on nitrite
accumulation

Concentration of DO that is suitable for the pamidrification process is around 0.8-2.2
mg/L. Among the three values of DO used to corttrelprocess (1 mg/L, 1.5 mg/L and 2
mg/L) it is found that with DO ~ 1mg/L the systemelgs the best nitrite accumulation and
not with DO ~ 2mg/L (Graph 5.5). But the resulbsposite when N removal efficiency is
concerned. With DO of 1.5 mg/L, the system obtansntermediate result. It is obvious
that, with a DO of 1.5 mg/L, nitrate is almost pobduced; there is a nitrite accumulation
of 88 %. However, ammonium removal efficiency iisthase is still limited (17 %), and
as a result the nitrite produced is fully consurbetbre the end of denitrification period.
Working time therefore was modified to improve thgification efficiency, to get a 50/50
ratio of ammonium (remaining)/nitrite (produced)eanwhile avoiding to waste time and
energy in the denitrification process.

Time of aeration phase (nitrification) was chandexn 4 hours to 5 hours and then 6
hours. As a result, time of mixing phase (dentgfion) was changed from 4 hours to 3
hours and then 2 hours, respectively. Graph 5@& 27 present nitrogen removal
evolution of those time cycles. DO concentratiostif controlled around 1.5 mg/L. It is
found that, the cycle of 6 hours-nitrification a&dhours — denitrification (Graph 5.7) got a
better nitrite accumulation, which is up to 89 %daan improved ammonium removal
efficiency of 24 %. The nitrification process, hoxge has not yet reached a 50/50
ammonium/nitrite ratio. Other factors such as terapge, HRT, SRT and also DO will be
modified in the next step in SHARON process. Tatamonium oxidized is always higher
than total nitrite and nitrate produced in nitidfion (about 57%), suggesting that
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Simultaneous Nitrification Denitrification (SND) phonmena could take place. It is
expected to get a higher value of nitrogen rem@ffitiency and an expected ratio of
ammonium/nitrite when these working conditions @xsally temperature and also
dissolved oxygen) are controlled more strictlylie SHARON process.

N removal evolution
Cycle: 6h Nitrification - 2h Denitrification

N removal evolution
Cycle: 5h Nitrification - 3h Denitrification

- DO~15mglL
DO ~15mglL 100 — g s
100 12 ~ Nitrification enitrification =
- - <
§1 80 o+ Nitrification Denitrification . ?é, % 80 '\o\‘jr{ .& 12 g
E . 79 = NH4+N +—e NH4+N
£ '\'\¢>}< . —— E 60 9 i ——
% 60 o —=—NO2-N = O |—=—NO2-N
x /./I/' \ +6 O + 40 6 =
I 014 = NO3-N 3 / \ 5 NO3-N
= \ ls 5 =z 3 2
20 = > N
\' N 0 — T =0 9
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Graph 6.7. Nitrogen removal evolution 4, Graph 6.8. Nitrogen removal evolution
pH=8.11, P=19.9,VSS=1.95¢g/L 5 pH=792 P=19.1,VSS=192g/L
Free NHwas calculated according to the Eq. 5.14 (Verstraatl van Vaerenberg, 1985),

NH, _ 10°"
Z(NH3 +NH}) 10°" -3.398+10° In(0.024 )

(Eq. 6.14)

Influence of free NH on NQ-N/(NO,-N+NOs-N) and NH' removal efficiency is also
obvious. With a free Nk concentration of 1.6 mgN/L, the system alreadyaioist an
accumulation of 75% of N©O(Graph 5.8). But Nif removal efficiency is lower when free
NH; increases. According to the results presente@Abghonisenet al, 1976), a partial
inhibition of the ammonium nitrifiers is observewrmh 10 mgN-NH/L and the inhibition is
complete at 150 mgN/L. For nitrite nitrifiers, tipartial and total inhibition levels were
estimated at 0.1 and 1 mgN/L, respectively. In i@zt} the results obtained by (Belliae
al., 2007) indicated no inhibition of ammonium ni&i§ or nitrite nitrifiers by free N{Hup

to 50 mgN/L. As mentioned by Villaverdg al. (2000), acclimatisation of the bacteria could
explain the different inhibition levels reportedtire literature (Tabares, 2006).

NO2-N/(NO2-N+NO3-N) and NH4+ removal

efficiency versus free NH3 Graph 6.9. Influence of free

NH3 on nitrite ccumulation
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6. 4. CONCLUSION OF THE CHAPTER

The system is well-mixed for both nitrification addnitrification processes.

It is necessary to increase the aeration rate Kéagvalue) to supply enough oxygen for the
nitrification process and possibly to avoid Simné#taus Nitrification Denitrification
(SND) phenomena in partial nitrification.

Although time for settling phase is just enough thet latest value of SVI measured is still
high (250 mL/g). This value needs to be improvecelminating suspended solid in inlet
leachate or even increasing the minimum workingine of SBR.

Mathematical model based on modified ASM1 and ASM3ped to determine some
kinetic parameters of the process (e.g. speciaMtijoate at given temperatuggT)) of
AOB, NOB, Nitrite denitrifers and Nitrate denitefis. The concentrations of those main
micro-organisms were also estimated by fitting ealof nitrification rate (mgN/L.h)
obtained directly from experiment and calculationthwMonod equations of the model.
These values have to be confirmed by other testiathods (e.g. FISH) to estimate the
accuracy of other kinetic or stoichiometric paraengt

The nitrite accumulation increases when DO decsasmfirming the SBR capability for
partial nitrification. Concentration of DO thatssitable for this process is around 0.8-2.2
mg/L with the best value of 1.5 mg/L. The workingcle of 6 hours Nitrification/2 hours
Denitrification has shown the best nitrite accurtiafa of the SBR but not yet yielding a
50/50 ratio of ammonium/nitrite at the end of fitation process. A well managed
SHARON process will be processed in the next stepe study to obtain higher nitrogen
removal efficiency and the expected ratio of ammorinitrite. Influence of free Non
NO,-N/(NO,-N+NOs-N) was also obvious. With concentration of free sNitound 1.6
mgN/L, the system already obtained an accumulafi@®% NQ-N.
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CHAPTER VI

TESTS FOR DETERMINATION OF MAXIMUM
NITRIFICATION AND DENITRIFICATION CAPABILITY
AND KINETIC AND STOICHIOMETRIC PARAMETERS

Summary: The first part of this chapter presents the expenital studies on maximu
nitrification and denitrification capability. Theaim achivements of this part are givgn
in “Results and discussion”. The second part ofstiiely is determination of kinetic a
stoichiometric parameters that will be used foibration in the next steps (Chaptfr
IX). The main kinetic and stoichiometric parametars found from these tests inclugle
maximum growth rate, decay rate and yield coeffici®f ammonium oxidizin
bacteria, nitrite oxidizing bacteria and yield dasént of heterotrophic bacteria.

7.1. TEST FOR DETERMINATION OF MAXIMUM NITRIFICATIO N AND
DENITRIFICATION CAPABILITY

7.1.1. Materials

This part of the research has been done in Vietrnianthe Vietnamiese Academy of
Science and Technology,

Single reactor. 4.5L (45 cm x 20 cm x 10 cm), working volume 2hstalled with aerator
(nitrification reactor _ B1) and mixer (denitrifigan reactor B2) (Figure 7.1).

Figure 7.1. Test reactors to determine the maximumnitrification and denitrification
capability (B1 and B2) and kinetic and stoichiometic parameters of activated sludge (B3)

113



Activated sludge

Sludge was collected at Domestic WWTP Kim Lien &#cTBach, Hanoi. This sludge, was
kept in a container, continuously aerated and féith veachate, NECI and alkalinity
NaHCG; during one month, and has shown a good activitaformonium removal. A part
of this sludge was used for the experiments.

Leachate:

Leachates were collected at the biological pondNam Son landfill site. They were
characterized by an ammonium concentration of 24dgN/L, COD of 303 mg@L
(considered as inert COD), Cag@f 210 mg/L and pH of 8.13. This leachate was wed
a background environment for the experiments.

Chemicals:

NH4CIl, NaHCQ were injected at the beginning of nitrificatioropess. When working at
the influence of COD on nitrification process, &l sugar (as carbon source) was added.

NaNQO,, KNO;3; and sugar (as COD) were injected at the beginwhglenitrification
process. Together with sugar, only NaNf KNO; was added when NUR1 or NUR2 was
observed alone. Two chemicals, NaN@nd KNQ, were added when total NUR was
observed.

7.1.2. Working condition

For both B1 and B2, the working time was 6 houesmperature during experiments time
was around 26.7 — 28%. Sludge age was kept stable during experimeintegst at 10
days. Sludge concentration was kept in B1 arouBdy2MILSS/L (~ 2 gMLVSS/L) and in
B2 around 4.5 g MLSS/L (4 g MLVSS/L) respectively.

In B1, at the first step, ammonium uptake rate RAUnitrite production rate (NPR1) and
nitrate production rate (NPR2) together with biomastivity and N@/(NO2 +NOs) were
observed when ammonium concentration was modifietirses: 100 mgN/L, 150 mgN/L,
200 mgN/L, 250 mgN/L, 300 mgN/L and 400 mgN/L.

Then, with the above ammonium concentrations (eixoéphe concentration of 100 and
150 mgN/L), carbon source was added at the beginofithe process with a same amount
so that biodegradable COD was around 300 sfigOAUR, NPR1 and NPR2 were
observed with influence of COD.

In B2, nitrite uptake rate (NUR1), nitrate uptakg¢er(NUR2) and total of nitrate and nitrite
uptake rate (NPR) together with biomass activityreavebserved. Firstly, NUR1 was
observed alone, and then secondly was NUR2. Finadllgh NUR1 and NUR2 were
observed together with NUR.

All experiments with different conditions were careted at least three times; the values of
experiments are average values of repeated tests.
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7.1.3. Results and discussions

7.1.3.1. Test to determine the maximum nitrificaticapability in B1

a) AUR, NPR1 and NPR2, biomass activity aN®,/(NO, +NO3") without the influence
of COD.

Graphs 7.1 to 7.6 show nitrification profile of &jnents with ammonium concentration
of 100 to 400 mgN/L. Temperature during experimeattanged from 26.7 to 286G. SS
was kept in the same value during the batch exmatisn of around 2.5 g/L, corresponding
to VSS of 2 g/L. pH at the beginning of each testriound 8.12 - 8.33. Alkalinity is added
together with ammonium with a ratio of CagiH," ~ 7.14. DO was not recorded during
the tests, but intensity of DO supply was keptshme during all the tests with a Kla of
18.35 K (this Kla will be used as the highest value in tiest experiment). The evolution
of alkalinity also fits well with the evolution @mmonium.

Nitrification: NH4 ~ 100mgN/L - P -
Nitrification: NH4 ~ 150mgN/L
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o MRS ‘ ‘ 0 = 0+—r— ‘ — 1o 3z
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y =2.3804x - 2.3286 "N y =3.046x - 11786 " “8%
RZ=0.9313 x  Alkalinity Re=09075 x Alkalinity
Graph 7.1. Nitrification process with Graph 7.2. Nitrification process with
[NH4+] ~ 100 mgN/L [NH4+] ~ 150 mgN/L
Nitrification: NH4 ~ 200mgN/L - Nitrification: NH4 ~ 250mgN/L -
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S ~¥ 2= S I 200 S X R
> 150 X " 1500 3 = * % = 1150 §
€ 100 RS- Laf 100 £ g 150 e £
= e N x = £ 0 s "o X pl000 =
50 —w - 50 = % LI S lso E
o T — 1o £ 0 e o £
0 2 4 6 8 < 0 2 4 6 8 <
Time (hour) Time (hour)
¢ NH4 s NH4
y =3.325x - 3.2429 . Ngg y =3.6536x - 6.1429 . Ng%
R? =0.9265 % Alkalinity R0y % Alkalinity
Graph 7.3. Nitrification process with Graph 7.4. Nitrification process with
[NH4+] ~ 200 mgN/L [NH4+] ~ 250 mgN/L
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Nitrification: NH4 ~ 300mgN/L -
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Graph 7.5. Nitrification process with

[NH4+] ~ 300 mgN/L
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Graph 7.6. Nitrification process with

[NH4+] ~ 400 mgN/L

The Table 7.1 gives the results of AUR, NPR1, NPB2mass activity and also NO
/(NO2,+NO3) of experiments with 6 different concentrations ammonium at the

beginning of the tests.

Table 7.1. The results of AUR, NPR1, NPR2, biomass&tivity and NO2-/(NO2-+NO3-)

[NH4] (mgN/L)
100 150 200 250 300 400
Biomass activity | mgN/gVSS.h 8.8 12.84 15.61 16.70 18.48 19.20
NO2/(NO2+NO3) 0.865 0.884 0.898 0.892 0.903 0.94
AUR mgN/L.h 17.9 26.3 31.2 334 37.0 38.39
NPR1 mgN/L.h 15.2 23.1 29.2 30.1 34.7 35.73
NPR2 mgN/L.h 2.38 3.04 3.33 3.65 3.71 2.47

And Graphs 7.7 and 7.8 present values in the Tallén curves.

NH4 versus AUR, NPR1, NPR2 NH4 versus Biomass activity and NO2/(NO2+NO3)
4 50 25.0 0.94 y =0.0002x + 0.8479
—~ P ——d — 2 _
£ 4 a ~ »m 22200 3 R?=0.9129
g 3 =5 092 2
&; i 31 L4 [30 | ¢ NPR2 @ 215'0 ] 0.90 & | e Bomass activity
az=?2 AUR Py 90 o
z2, e 120 | x NPRL ¢=100 =
L] L Poly. (AUR) Egso0 08 & | = no2i(N02:NO3)
2 P10 —poy (neRY || @ =
ol |, | —PywR) 0.0 ‘ ' . . 0.86 —Poly. (Biomass
0 50 100 150 200 250 300 350 400 450 500 0 100 200 300 400 500 activity)
y=-0.0003¢ +0.202x - 1.628 NHa (mgNIL) y=-5E-05x + 0.028x+0.0775 NH4 (MN/L) Y = -0.0001x% + 0.1028x + 0.1914 | __ inear
R®=0.9809 R%=0.9652 R? = 0.9912 (NO2/(NO2+NO3))
Graph 7.7. AUR, NPR1, NPR2 evolution Graph 7.8. Biomass activity and

with different [NH4+]

NO2/(NO2+NO3) with different [NH4+]
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b) AUR, NPR1, NPR2, biomass activity and BIINO, +NQOg3) with the influence of
COD.

An exact amount of yellow sugar (as source of CQOf & chemical fomula of GH2,011)
was added to each test 4 different concentratiéresxomonium (200, 250, 300 and 400
mgN/L) at the beginning of the tests. The ratio(lmbdegradable) C/N (C expressed as
biodegradable COD, N expressed as NoN&Ehd N-NQ") at the beginning of each test was
around 1. AUR, NPR1, NPR2, biomass activity andu,M{M{0D,+NQOs) obtained from these
tests were compared with those in the tests wit@@iD addition with their corresponding
ratio, which are presented in Table 7.2. below

It is showed that, with COD, which is an oxygen @eititor in nitrification process, the
ammonium uptake rate decreased of 32% to 40%, thfirpcoportional to decrease of
concentration of ammonium. NPRL1 is affected by phesence of COD in nitrification,
even a little bit more than AUR; the decreaseasifi35% to 47%. On the contrary, NPR2
increased a little bit, making the ratio of MMIO,+NQO3) decrease. However this decrease
is not significant, only 3% to 6%. While sludge centration was kept stable for all tests,
the evolution of biomass activity is the same \thitat of AUR.

Table 7.2. The results of AUR, NPR1, NPR2, biomasstivity and NO,/(NO2+NO3)
with influence of COD

No COD added COD added
NH4 mgN/L 200 250 300 400 | 200 250 300 400
AUR mgN/L.h 312 [334 |370 [384]189 [208 |241 |26.0
NPR1 mgN/L.h 29.2 |30.1 |347 |357]|155 |[193 |20.2 |232
NPR2 mgN/L.h 333 [365 |371 |247|311 |347 |371 |268
Biomass activity | mgN/gVSS.h | 15.6 16.7 | 185 |19.2 |94 104 |12.0 |104
NO2/(NO2+NO3) 0.898 | 0.892 | 0.903 | 0.9 | 0.842 | 0.857 | 0.854 | 0.906
% (CODadded/noCODadded)
NH4 mgN/L 200 250 300 400
AUR mgN/L.h 0.60 0.62 0.65 0.68
NPR1 mgN/L.h 0.53 0.64 0.58 0.65
NPR2 mgN/L.h 0.94 0.95 1.00 1.08
Biomass activity | mgN/gVSS.h | 0.60 0.62 0.65 0.54
NO2/(NO2+NO3) 0.94 0.96 0.95 0.97

7.1.3.2. Tests to determine the maximum denitritioa capability in B2

a) Nitrite denitrification with [NO,] at 150 mgN/L and different C/N

Five different tests were done with various C/Namtwhen different amounts of yellow
sugar as the carbon source were added.

Concentration of biomass in the tank was kept stalobund of 5g SS/L (or 4gVSS/L).
Temperature during the experimental period did eiftinged much, between 27.5 and
27.7C. Results of nitrite denitrification with differei©/N ratio are presented in Graphs
7.9 — 7.14 and Table 7.4 bellow:

Curves of COD presented in the Graphs are total G@iuding inert COD from the
background leachate (around 300
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Nitrite Denitrification with [NO2-] ~ 150mgN/L
CIN ~6.49
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Graph 7.9. Nitrite denitrification with
C/IN ~ 6.49

Nitrite Denitrification with [NO2-] ~ 150mgN/L
CIN~4.97
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Graph 7.10. Nitrite denitrification with
C/IN ~4.97

Nitrite Denitrification with [NO2-] ~ 150mgN/L Nitrite Denitrification with [NO2-] ~ 150mgN/L
CIN~3.92 CIN~3.17
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Graph 7.11. Nitrite denitrification with
C/IN ~3.92

Nitrite Denitrification with [NO2-] ~ 150mgN/L Nitrite denitrification with different C/N
CIN~1.88
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Graph 7.12. Nitrite denitrification with
C/N ~ 3.17

Graph 7.13. Nitrite denitrification with
C/N ~ 1.88

Graph 7.14. Effect of the C/N ration on
Nitrite denitrification ( pH= 8.38, t° =
27.6C; VSS = 4g/L)
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Table 7.3. NUR1 and biomass activity with differentC/N (pH= 8.38, t° = 27.6C; VSS =

4g/L
COD/NO2 mgCOD/mgN 6.49 4.97 3.92 3.17 1.88
NUR1 mgN/L.h 149.3 135.7 76.5 36.0 24.6
Biomass activity | mg/gVSS.h 41.5 37.7 20.3 10.5 6.8

Obviously the C/N ratio has an important effecttloa kinetic of denitrification. Above 5,
a theoretical threshold value is reached, as therdteoph are not limited by the carbon
source anymore. Below the kinetic of denitrificatidepends on the C/N ratio.

b) Nitrate denitrification with [NG;] at 150 mgN/L and different C/N

Also five tests were done with various C/N ratidsew different amounts of yellow sugar
as the carbon source were added.

Concentration of biomass in the tank was kept stasbund 5g SS/L (or 4gVSSI/L).
Temperature during the experimental period was &éetv27 and 27°6. Results of nitrite
denitrification with different C/N ratio are preded in Graph 7.15 — 7.20 and Table 7.6
bellows:

Curves of COD presented in the Figures are includsal inert COD from the background
leachate (around 300 mgD).

Graph 7.15 Nitrate denitrification with

C/N ~11.86

Nitrate denitriication with [NO3] ~ 150mgN/L Nitrate denitification with [NO3] ~ 150mgN/L
CIN~11.86 CIN~9.64
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2 1o \‘\‘ 11500 < = 10 R0 | 50 5
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Graph 7.16 Nitrate denitrification with
C/N ~9.64
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Nitrate denitrification with [NO3] ~ 150mgN/L Nitrate denitrification with [NO3] ~ 150mgN/L
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Graph 7.17 Nitrate denitrification with Graph 7.18 Nitrate denitrification

C/N ~6.34 with C/N ~ 5.27
Nitrate denitrification with [NO3] ~ 150mgN/L NO3 denitrification with different C/N
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Graph 7.19 Nitrate denitrification with  Graph 7.20 Effect of the C/N ration on
C/N ~ 3.22 Nitrate denitrification ( pH=, t° =; SS =)

Table 7.4. NUR2 and biomass activity with differentC/N

COD/NO3 mgCOD/mgN | 11.86 9.64 6.34 5.27 3.22
NUR?2 mgN/L.h 51.5 48.9 38.1 23.92 15.5
Biomass activity mg/gVSS.h 14.1 13.4 10.5 6.43 3.6

c¢) Nitrite and nitrate denitrification with differat [NO3] and [NO,] and the same C/N

Three different tests were done with the same @t when different amounts of yellow
sugar as the carbon source were added into theatiimldifferent concentrations of nitrite
and nitrate.

Concentration of biomass in the tank was kept stasbund 5g SS/L (or 4gVSS/L).
Temperature during the experimental period was &éet27 and 28°6. Results of nitrite
denitrification with different concentration of rnite and nitrate are presented in Graphs
7.21 —7.23 and Table 7.8 bellow:

Curves of COD presented in the Figures include asot COD from the background
leachate (around 300 mgl).
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Denitrfication: [NO2J~50mgN/L, [NO3]~50mgNIL, Denitrification: [NO2]~100mgN/L, [NO3]~100mgNIL,
CODIN=6.23 CODIN=6.46
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Graph 7.21 Nitrite and nitrate Graph 7.22 Nitrite and nitrate
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Denitrification: [NO2]~150mgN/L, [NO3]~150mgNI/L, . .
: ]COD/N9=6,47[ f-isomg Graph  7.23  Nitrite and  nitrate

denitrification with C/N ~ 6.47
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Table 7.5. NUR1 and NUR2 and biomass activity witldifferent C/N

NO2, NO3 mgN/L 50 100 150
C/N mgCOD/mgN 6.23 6.46 6.47
NUR1 mgN/L.h 20.3 24.8 27.7
NUR?2 mgN/L.h 28.2 33.8 34.1
NUR1+NUR2 mgN/L.h 48.5 58.6 61.8
Biomass activity mg/gVSS.h 11.5 13.3 14.4

7.2. BIOACTIVITY  ESSAYS TO DETERMINE  KINETIC  AND
STOICHIOMETRIC PARAMETERS OF ACTIVATED SLUDGE

This test was done based on variable values ofaljidrretention time (HRT) and solid
resident time (SRT) (Metcalf&Eddy, 1991). Kinetiondh stoichiometric parameters

determined wergiy, Ha, Yu, Ya, by, ba Ks, Kn.

Concentration of substrate is kept constant. SReRlisulated by total sludge in the reactor
divided by the flux wasted out the system.
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Hypothesis:

rus = dS/dt = -(So-9)/= -k.XS/(Ks+S) where rus is rate of substrateastion,6 is HRT
(d), S is substrate (mg/L), k is substrate consionptoefficient, Ks is haft-coefficient of
substrate (mg/L), X is concentration of biomass/{thg

0X/(So-S) = 1/k + Ks/kS

y = 1/k + x.Ks/k

2> 1/k > Ks

1/6c=-Y.rsu/X — kd whereéic is SRT (d), Y is yield coefficient, kd is endogeis decay
coefficient (d)

1/6c=Y.(So-S)hX - kd

y =x.Y —kd

2> kd > Y 2> um (= k*Y)

7.2.1. Materials

Single reactor. 4.5L (45 cm x 20 cm x 10 cm), working volume 2Lstislled with aerator.

Activated sludge

The activated sludge came from the same source fibrathe tests to determine the
maximum nitrification and denitrification (item 7.1

Leachate

The leachate used for this test came from the suece than for the tests to determine
the maximum nitrification and denitrification (iteml).

Chemicals

NH4CIl, NaHCQ and sugar (as COD) were used for the test.

7.2.2. Working mechanism

The bioreactor was working continuously during @é&nths with different HRT and SRT.

Sludge concentration in the reactor during expemintene was around 2.2 — 2.4 gVSS/L.
The tank was aerated continuously with a stable daring experiment time (except the
time needed of a new substrate preparation, ar80nchinutes). DO measured at steady
state was around 2.6 mgO2/L. Temperature duringraxent time was from 26.5 to 28.9
°C (average 27.%C).

The experiment was separated into 5 stages; eade dtad a duration of 15 days,
corresponding to different hydraulic retention tii#RT). Based on the volume of waste
water discharged every day (flowrate Q), HRT wakulated equaling to the ratio of
working volume (V) and (Q). Settling time beforescharging was constant (10 minutes),
making the concentration of sludge in dischargedtewaater (SS2) low and stable (0.07
g/L). SS (and VSS) was estimated everyday withedifit volume of sludge sample (V1)
for each stage. Mass of sludge in sludge sample) @htl from discharged wastewater
(M2) was used to calculate sludge residence tirRI{S

Table 7.6 presents HRT, SRT of the tank from sfagestage 5. Values for each stage are
average.
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Table 7.6. HRT and SRT corresponding to 5 stages ekperiment

Stage Note 1 2 3 4 5
Working Volume (L) \Y Fixed 2 2 2 2 2
Flowrate (L/d) Q Fixed 1.25 1.375 15 1.625 1.75
Hydraulic retension time (d) HRT VIQ 1.60 1.45 1.3831.23 1.14
Volume of sludge sample (L) V1 Fix 0.05 0.075 0.1 .12% 0.15
Mass of sludge sample (g) M1 Measured 0.09 0.14 9 0.10.22 0.25
SS in the system (g/L) SS1 M/V1 1.85(Q 1.850 1.85077Q 1.650
VSS in the system (g/L) VSS 1.48 1.48 1.48  1.414 .321
VSS in the system (mgCOD/L)] COD 2102 2102 2102 1201 | 1874
Volume of discharge (L) V2 Fixed 1.2 1.3 14 15 6 1.
Total volume of discharge (L) V3 Fixed 1.25 1.375| 51 | 1.625 1.75
SS discharged (g/L) SS2|  Measured 0.07, 0.07 0.p7 7 0.0 0.07
Mass discharged (g) M2 SS2 * V2 0.084 0.091 0.09810% 0.112
Total mass discharged (g) M M1 + M2 0.18 0.23 0.280.33 0.36
Sludge residence time (d) SRT SS1*VIM 21.0 16.1 113 10.9 9.2

A sample of sludge was taken at the beginning efetkperiment and was sent to Institute
of Biology — Vietnamese Academy of Science and Tetdgy to estimate the ratio of
typical ammonium oxidyzing bacteria (nitrosomonasnitrospira) and nitrite oxidyzing
bacteria (nitrobacter) to total microorganisms. het of analysis was presented in
Chapter 5 (Method MPN).

The ratio of the three species of bacteria analys®molve to total mircroorganism was
1.24%. This value was rather low possibly at thgifti@ng of the experiment, autothophic
bacteria was competed by heterothophs in the syshbena study on Nitrification in
sediment of soft water, ratio of these three spetetypical nitriyfing bacteria species is
19/29 (Féray, 2000). In the studied literaturegrehis no detail information above the
number of species like this study. However theeevarious of studies have noted that in
activated sludge subjected for nitrification, néintonas and nitrobacter always are two
dominating groups of bacteria (Heneé al, 2002; Metcalf&Eddy, 1991; WEF, 1998),
supporting for the above ratio of the study of ifé&ince our research has been limited in
aspect of time and budget, we can not make a si@ilalysis like the previous study and
just apply this for calculation in our case. Toifygrcalculations of ratio of nitrifying and
denitrifying bacteria based on nitrification rate mentioned in Chapter VI and described
in detail in Annex 6.2 were done. The results atgdifrom two ways are not big different
from each other could bring about a certain comfigain application of the above ratio in
Féray’s study.

From that ratio, one can calculate relatively tlaior of nitrifying bacteria to total
microoganisms of 1.89%. Similarily, ratio of nitomeonas and nitrosospira (2 species who
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have greatest number of species among ammoniumyzrgl bacteria) to total
microorganisms is 0.64 %. Ratio of two these spetietotal of ammonium oxidyzing
bacteria is 15/22 (Féray, 2000). Relatively, one calculate ratio of ammonium oxidyzing
bacteria to total microorganisms of 0.93%. Rationifobacter (species who has the
greatest number among nitrite oxidizing bacteaptal microorganisms is 0.6%. Ratio of
these species to total of nitrite oxidizing baeteés 4/7 (Féray, 2000). Therefore, ratio of
nitrite oxidizing bacteria to total microoganismssli.05%.

Everyday, parameters including BHNO, and NQ were analysed at the beginning of a
new cycle (when leachate, NEl and NaHC@) were added (considered So) and at the
end of old cycle (wastewater sample) (considered S)

7.2.3. Results

Table 7.7 presents the results of analysis of #warpeters. Values of each stage are
average values taken at “steady state”

Table 7.7. Analysis results of the parameters obtaed from kinetic and stoichiometric
test

So (mg/L) S; (mg/L) S, (mg/L) Sz (mg/L)
Stage NH,"-N NH,"-N NO,-N NOs-N
1 380 38.4 322.6 19.0
2 365 51 295.2 18.8
3 325 405 268.5 16.0
4 321 65 239.0 17.0
5 334 112 208.0 14.0

The average result of So and S ((So — S) as wel$) ealculated for each stage, together
with correspoding HRT and SRT, concentration ofifying bacteria in the system. Based
on that, recurrent equations were established ametik and stoichiometric parameters
were calculated.

Table 7.8 presents corresponding analysed valuesttblish recurrent equations (Graph
7.24) according to HRT faritrifying bacteria.

Table 7.8. Analysed values of nitrogen forms for ésblishment of recurrent equations
based on HRT for nitrifying bacteria

0 So S X XA 0X/(So- 0XA/(So-
(d) | (mgN/L) | (mgN/L)| (mgCOD/L)| (mgCODI/L)|S) 1/S S) (d)

1.60| 380 38.4 2102 41.6 9.844  0.026 0.195
1.45| 365 51 2102 41.6 9.735 0.020 0.193
1.33] 325 40.5 2102 41.6 9.849  0.025 0.195
1.23] 321 65 2011 39.8 9.667| 0.015 0.191
1.14| 334 112 1874 37.1 9.649 0.009 0.191
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sludge for nitrifying bacteria

Where 6XA/(So-S) = 1/k + Ks/kS; we found values of kinetmarameters that are
presented in Table 7.9.

Table 7.9. Kinetic parameters of activated sludgeof nitrifying bacteria

1/k

k

Ks/k

Ks

0.1882

5.314

0.254

1.35

Table 7.10. presents recurrent equations (Graph) 7a2cording to SRT fonitrifying
bacteria Here, S is §in Table 7.7.

Table 7.10. Analysed values of nitrogen forms for stablishment of recurrent

equations based on SRT for nitrifying bacteria

So S X XA
0c (d) | (mgN/L) (mgN/L) | (mgCOD/L) | (mgCODIL) 10 (So-S)HX
20.96 | 380 38.4 2102 41.6 0.048 0.3916
16.10 | 365 51 2102 41.6 0.062 0.4686
13.07 | 325 40.5 2102 41.6 0.076 0.5229
10.85 | 321 65 2011 39.8 0.092 0.5926
9.18 334 112 1874 37.1 0.109 0.6516
Chart Title i
y=02361x -0.0466 Oraph 7.25. Recurrent equations of
0.2 R =0.9951 kinetic and stoichiometric parameters of
0.2 activated sludge for nitrifying bacteria
y 2

0.1

1/0

0.1

e

0.0

v

0.0

0.5
(So-S)/0X

1.0

* (S0-S)/0X

Linear ((So-
S)/0X)
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Where 10c=Y.(So-S)pX — kd; we found values of kinetic and stoichiontefrarameters
that are presented in Table 7.14 below:

Table 7.11. Kinetic and stoichiometric parameters foactivated sludge for nitrifying
bacteria

kd
0.0466

Y (mgCOD/mgN)
0.236

pm=k*Y
1.25

Table 7.12. presents recurrent equations (Grap8) a@cording to HRT foammonium
oxidyzing bacteriaValue S (NQ) (mgN/L) in the Table was defined by substractieabf
NO; (S3) from & (Table 7.7).

Table 7.12. Analysed values of nitrogen forms for stablishment of recurrent
equations based on HRT for ammonium oxidyzing bacte

0 So S X XA_NH BXA_NH/(So-S)
@ | (mgN) | (mgNiy | (mgcopiy | mgcopmy | 8X/(So-S) | S g
1.60 | 380 57.4 2102 28.7 10.423 0.017 | 0.142
1.45 | 365 69.8 2102 28.7 10.355 0.014 | 0.141
1.33 | 325 56.5 2102 28.7 10.436 0.018 | 0.142
1.23 | 321 82.0 2011 27.4 10.355 0.012 | 0.141
1.14 | 334 126.0 1874 25.6 10.299 0.008 | 0.140
Chart Title y =0.184x +0.1389
R =0.9397
0143 Graph 7.26. Recurrent equations of
S 0142 | kinetic and stoichiometric paramters
7 0142 | of activated sludge for ammonium
3 0141 —/ ¢ oxidyzing bacteria
< 0141 v o OXA/(S0-S)vs
0.140 : s
0.000 0.010 0.020 | __ | inear (0XA/(So-
1/S (Limg) S) vs 1/S)

Where 0XA/(So-S) = 1/k + Ks/kS; we found value of kinetparameters of activated
sludge for ammonium oxidizing that are presentetliaible 7.13.

Table 7.13. Kinetic parameters of activated sludgir ammonium oxidyzing bacteria

1/k
0.1389

Ks/k
0.184

Ks
1.325

7.2

Table 7.14 presents corresponding analysed vatuestablish recurrent equations (Graph
7.27) according to SRT f@mmonium oxidyzing bacteria.
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Table 7.14. Analysed values of nitrogen forms for stablishment of recurrent

equations based on SRT for ammonium oxidizing bact&

XA_NH (So-
Oc (d) | So(mg/L) | S(mgN/L) | X (mgCODI/L) (mgCODI/L) 1/0 S)/I6XA_NH
20.96 | 380 57.4 2102 28.7 0.048 | 0.5368
16.10 | 365 69.8 2102 28.7 0.062 | 0.6394
13.07 | 325 56.5 2102 28.7 0.076 | 0.7164
10.85 | 321 82.0 2011 27.4 0.092 | 0.8031
9.18 334 126.0 1874 25.6 0.109 | 0.8863
Chart Title y = 0.1764x - 0.0489
R? =0.9955 .
Graph 7.27. Recurrent equations of
o » kinetic and stoichiometric parameters
o1 . of activated sludge for ammonium
S 01 // oxidyzing bacteria
0.0 ¢ (So-S)/0X
0.0
0.0 T Linear ((So-
0.0 0.5 1.0 S)/0X)
(S0-S)/0X

With 1/6c=Y.(So-S)#X — kd; we found values of kinetic and stoichioneiparameters
that are presented in Table 7.15.

Table 7.15. Kinetic and stoichiometric parameters foactivated sludge for ammonium
oxidyzing bacteria

kd

Y (mgCOD/mgN)

pm=k*Y

0.0489

0.176

1.27

For kinetic and stoichiometric parameters of retrdxidizing bacteria, it is not easy to
determine in the same way of what done for nitnifybacteria and ammonium oxidizing
bacteria. Although we can still determine totakogen of nitrite produced after process
(cycle of day) as well as nitrite oxidized to nikaHowever, the amount of nitrite can not
be considered as equal to the initial concentrafBjsince it changes very much during
the whole experiments), while the amount of nitrpteduced at the end of the cycle is
usually not high which would yield large errorstire estimation.

Relatively, the yield coefficient of nitrite oxidizy bacteria in this case will be taken equal
to the difference between whole process of nitifiin (ammonium oxidizing bacteria)

and the one of nitrifying bacteria and.
Y_A_NO2 =0.236 —0.176 = 0.06
We can calculate relatively the maximum growth w@#taitrite oxidizing bacteria is equal
to the product of that of ammonium oxidizing baicteand ratio of nitrate to nitrite
produced.
Um XA _NO2 =pmn XA _NH *0.07 = 1.27 * 0.07 = 0.081d
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Parameters of heterothoph microorganisms can naddvermined in this test because
organic matters just decreased after short timéh@abeginning of the period about 8 first
days), but not further. This result possibly du¢hi following phenomena:
- Degradation of slowly biodegradable COD (X_S) ie thlet leachate into easily
biodegradable COD (S_S);
- Decay of biomass in the system;
- COD stored in biomass (X_STO) and then freed dutiegdecay of biomass.

The general result and the reference data fromatitees are given in the Table 7.16
below:

Table 7.16. Kinetic and stoichiometric parameters fothe studying activated sludge

This study (at 27.8C) Refrence(Henzeet al, 2002) at 26C
Unit X A NH | X_ A NO, |Overall | X A NH | X A NO, | Overall
Ks | mgN/L 1.32 - 1.35 0.3-0.7 0.8-1.2 0.3-0.7
Y ESEOD/ 0.176 0.06 0.236 0.1-0.12* 0.05-0.07* 0.152*0.
% d* 1.270 0.081 1.255 0.6-0.8 06-1.0 0.6-0.8
kd | d? 0.0489 - 0.047 0.03-0.06 0.03-0.06 0.03- 0.06

* (mgVSS/mgNQ-N formed)

According to (Henzet al, 2002), maximum growth rate of bacteria at presemperature
can be determined from values af@@vith Equation 7.1.
Hm(T°C) = Hm(20°C). expk(T-20)) (Eq. 7.1)
Wherex is the temperature factor fpy, and k, which has an average value of &cI* for
ammonium oxidizing bacteria.

The experiment was implemented in the average teahpe of 27.8C, the maximum
growth rate ammonium oxidizing bacteria determir@dording to the Eq. 7.1 (taking
value ofpima nH (20°C) of 0.6 d' (Henzeet al, 2002)) is 1.28 d. The result obtained from
our experiment is 1.27tthat is very close to the literature value.

There was not temperature control on the pilotrefoge temperature in the lab during
experiment has changed. At the beginning of théoiedlon period, temperature was low,
around 16.8°C (average), and increased up to 258G at the end of calibration.
Temperature used for calculus is the average, wiki@®.2°C. Maximum growth rate of
ammonium oxidizing bacteria determined accordintheoEq. 7.1. is 0.61d

Decay constantof ammonium oxidizing bacteria is determined basedy coefficient
according to Eg7.2 (Tabares, 2006) :

kd
by =
1-Y,@-f_X_I)
Where f-X_| is production of X _| (inert particulateroducts) in aeration endogenous
respiration.
Taking the defaut value of 0.2 in the ASM 3 moa, get la equal to 0.0628H
The literature value of pat 20C is 0.03 d, the experimental pat 20.2C therefore is

0.03 d* . The values of main parametepd obtained from our experiment at temperature
of 2C°C in are the range of literature values exceptkth®f ammonium oxidizing bacteria

(Eq. 7.2)
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which is a little bit greater. However, the diffeoe will not cause significant errors since
input concentration of ammonium (considered as s®duor calibration is much higher
than Ks. Maximum growth rate of nitrite oxidizing bacterig much smaller than those
from literature. To our opinion this is due to thefluence of high pH and high

concentration of alkalinity that will be discussadhe Chapter 8.

In the validation time, spring has caused a sigaift increase of temperature, which
averaged at 24.98. uma nn @and b (for both AOB va NOB) determined for this perio@ar
0.987 d" and 0.049 d, respectively.

7.3. RESPIRATION TEST (FOR DETERMINATION OF HETEROT ROPHIC YIELD
(YH)

The ratio of the amount of biomass produced toam®unt of substrate consumed (mg
biomass/mg substrate) is defined as the biomass, ywad is typically defined in relation
to the electron donor used. In the case of hetgybic microorganisms, their yield Y is
the amount of heterotrophic biomass produced toatieunt of biodegradable organic
matter (S) consumed.

As presented in Figure 7.2, from a unit of subtred@sumed the Y fraction goes to
biomass growth and the rest (1¥is used for respiration. Thus, the yield coeéitican
also be related to the DO consumption of the hatgshic organisms under particular
conditions and this consumed DO can be measuredihyg a respiromenter.

YH f‘> Biomassgravth =Y, mgbiomas_produced (COD) (Eq. 7.3)

mgsubstrag_ consumed (COD)
S +

1-YH Respiration= (1-Y,) Mo, _consumed (Eq. 7.4)
mgsubstra¢_consumed (COD)

Figure 7.2. Description of the substrate transformaon for the biomass growth and
the biomass respiration (Tabares, 2006).

Equation. 7.3 and 7.4 describes how adding substoathe sludge represents an oxygen
consumption. The slope of this function correspomalsthe factor (1-¥). In these
respirometric essays, the quantity of DO consungdaneasured for each quantity of
substrate added to the sludge sample yielding rdifte values of the consumed
DO/substrate relationship. The graphical represiemtaf the pairs of values obtained in
the different additions is linear with a slope (L)Y

Preparation:

- A closed tank with a 500 ml, volume, with a smathw for sampling, a hole to
install DO probe, a small hole to inject ATU asibitor of nitrification.

- Endogenous activated sludge is separated int@bai. Those aliquots are spilled
to the 500 ml tank with leachate and clean watee&zh a volume of 500 ml and
aVSS concentration of 2.25 g/L.

- Leachate (NH = 296 mgN/L, COD = 420 mgf): is divided into 5 50 ml parts,
volume. After dilution in the 500 ml reactor NHand COD concentrations are
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14.8 mgN/L and 21 mgfL, respectively. This COD, however, is mostly iner
COD.

- Solution of sugar (GH22011 with COD of 1.12 mg@mg: is prepared with COD of
10000 mgQ@/L.

- Nitrifying bacteria inhibitor (ATU) (5mg/L) (Stat004).

Test implementation: 5 tests were implemented (fresth 1 to test 5) with various volumes

of sugar solution (diluted from the 10000 mg/lOsolution), as shown showed in Table
7.17.

Table 7.17. COD addition in the tests for determinton of YH

Test Volume of sugar solution (mL) Weight of sugafmg COD)
1 1 10
2 1.5 15
3 2 20
4 2.5 25
5 3 30

Spill the activated sludge into the 500 ml tankerttspill 50 ml leachate into the tank to
creat base environment, then dilute with clean mat&00 mL, then inject some drops of
ATU, then add the 10000 mgD sugar solution with different volume correspamglito
each test to the tank;

When the final dilution is done the tank is coveesd aerated. DO is recorded during in
the whole process (0.2 hours).

The DO decrease yields the oxygen uptake rate (OOR)heterotroph bacteria
corresponding to the various COD concentrationgjr7.28).

L . Testl
Testfor Y H determination . Test?2
- Test 3
Test 4
Test 5

(mgO2/L.h)

y=-2.3199x+ 7.6679
R?=0.9954

OUR_COD

y=-2.7552x+ 7.6598
R?=0.989

0 0.05 0.1 0.15 0.2
y=-4.7508x+7.6219

Time (h) R?=0.9889

Graph 7.28. OUR_COD for various COD concentratios.
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Table 7.18. Data analysis of the OUR tests

S1 Biomass
OUR_COD | SO (S0-S1) -
Test No = (mgCODI/L) activity
(mgO2/L.h) | (mgCODI/L) (after 0.2h) (mgCOD/L.h) (Mg/gVSS.L.h)
1 1.6883 31.7 26 28.5 12.7
2 1.9958 39 32.7 31.5 14.0
3 2.3199 52 45.6 32.0 14.2
4 2.7552 67.6 60.8 34.0 15.1
5 4.7508 89 81.3 38.5 17.1
Test for Y_H determination Graph 7.29. Y_H
5 determination based on OUR
= * y = 0.3167x - 7.7181
4 R? = 0.9343
2
%] :
8 21 o 4 + Seriesl
zl 1 ——Linear (Seriesl)
)
o0 ; ‘
25.0 30.0 35.0 40.0
(S0-S1) (mgCOD/L.h)

From Figure 7.29 the slope (i.e equal to 1)¥s equal to 0.3167 yielding a\of 0.6833.
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CHAPTER VIII

APLICATION OF DATA ANALYSIS AND EXPERIMENTAL
PLANNING METHOD TO STUDY PARTIAL
NITRIFICATION

Summary: This chapter presents a study on partial nitrifaza by applying dat
analysis and experimental planning method. Thiskualso the content of a paper that
has been presented in the Twelfth International t&vddanagement and Landfi
Symposium, Sardinia, October 2009. It consists Mhterials”, “Data analysis an
planning of experiments”, “Results and discussioast! “Conclusions”. The mo
important parts in “Results and discussion” is obastons and discussions i
“Ammonium uptake rate, nitrite production rate, raie production rate, biomags
activity and NQ/(NOx+NGQs) ratio” and “Data analysis and establishment afureent
equations of influencing factors”.

8.1. MATERIALS

8.1.1. Leachate and activated sludge

Leachate used for experimental batches were cetleat Nam Son landfill site, Hanoi.
Average characteristics of the leachates used glutie study (15/10-15/11/2008) are
given in Table 8.1.

Table 8.1. Leachate characteristics in Nam Son lafitl site during the study (% from
biological ponds at collection ponds).

Components Unit Value
NH4 mgN/L 57.5- 425
NO, mgN/L 0.01
NOs; mgN/L 0.01
TKN mgN/L 127- 358
COD mgQ/L 23(07- 555
BOD mgQy/L 35°- 56’

Alkalinity mg/CaCQL 1100'- 2880
PO mgP/L 3.4-6.9
pH - 8.5-8.8

8.1.2. Activated sludge

Activated sludge was collected at the Domestic WWKIiild Lien — Truc Bach, Hanoi.
This sludge was continuously aerated and fed withchate, NECI and alkalinity
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(NaHCG;) during two months, has shown a good ammonium vaiectivity. Sludge age
and biomass concentration were kept stable duripgranental batches respectively 10
day and 2.5 g MLSS/L (~ 2 gMLVSSI/L).

8.1.3. Chemicals

NH4Cl and NaHCQ®@ were added to the leachate to ensure the contienttd ammonium
following the planning of experiment. KHR@vas sometimes added to the system in case
of insufficiency of phosphor for biomass growth.

8.14. Single reactor

Single reactor is a3L tank (30cm x 20 cm x 10 cm), working volume 0512, installed
with aerator and mixer. Working time of nitrificati phase was 6 hours.

8.1.5 Online measurement

DO probe (Oxi 197i — WTW).

8.2. DATA ANALYSIS AND PLANNING OF EXPERIMENTS

Planning of experiments is a procedure to selecnhtitessary and sufficient experimental
conditions number of experiments, to achieve objestwith a fixed accuracy; and is also
the selection of mathematical methods to treat ex@antal results and to concede those
results (Himmelblau, 1970; Pham and Ngo, 2007) .

In this study, planning of experiment with firstder full factors is used to study
nitrification. The experiments are planned as fafio

- Number of factor k: 3, including inlet concenioat of NH;" (mgN/L), alkalinity
(mgCaCQJ/L) and aeration rate (corresponding to the Klaigal

- Number of level n: 2, including two values of tfeetors, typically highest value and
typically lowest value of concentration of NH(mgN/L) (e.g. 400 and 100 respectively)
and alkalinity (mgCaCeglL) (e.g. 3400 and 1150 respectively) of the stddeachate, and
two levels of aeration rate with Kla' (in systemtiwibiomass) are 18.35 and 10.89 h
respectively to keep DO concentration in the systeound 2-3 mg/L and 0.5-1.5 mg/L,
respectively. This range of DO concentration i®skld because it is favourable for nitrite
accumulation of 85% to 98% (Ciudatial, 2005; Jianlong and Jing, 2005; Pambetial,
2004; Ruizet al, 2002). The experiments for determination of maxmmitrification and
denitrification capacity implemented with the higheDO supply intensity of this
experiment (Kla’ = 18.351 in Chapter 7 also obtained high nitrite accuniata(84 -
94%). A lower intensity of DO supply (Kla’ = 10.89%) therefore is applied in this
experiment to see if we can save more energy Wkekping a good enough nitrogen
removal efficiency.

- Number of experimental batch N £ 2 = 8. Each experimental batch was repeated three
times.

- Temperature during experiments was 26 (€28

Matrix of experimental batches is given in Tabl2. 8.
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Table 8.2. Matrix of experimental batches

B| NH4 | Alkali NOJ
a * -nity DO Values in coordinates AUR | NPR | NPR | BA | (NO#+
t 1 2 NOY
c | mgN mg Kla | x| x1 | x2 | x3 | x1 | X1 | x2 | x1 | mgN | mgN/ | mgN | mgN/ -
h| /L |cacO| (W) | O x2 | x3 | x3|x2|/wh| Lh | /Lh | gvss

3L x3 h

Y1 Y2 Y3 Y4 Y5

100 | 1150| 1089
400 | 1150 | 1089
100 | 3400 | 1089
400 | 3400 | 1089
100 | 1150| 1835
400 | 1150 | 1835
100 | 3400| 1835
400 | 3400 | 1835

GG GEGEE

1
1
1
1
1
1
1
1
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[l e N L L N e

1
1
1
-1
1
1
1
1

Ll L N L
[ TS PP N PN S S PN

1
1
1
1
1
1
1
1

| N o O A W N =

A matrix of experimental planning between the prdduwof nitrification process and
nitrite accumulation, which are influenced by ingattors, is established. Because the
number of experimental batches is 8, the numbepefficients in the recurrent equation is
equal or less than 7, then we remove the thirdroirtteraction coefficient (fio,bs). The
general recurrent equation can be written as falow

y = bo + Xy + bpXo + X3 + bioXaXo + brsXaXa + bpaXoXs (Eg. 8.1)
Coefficients and their signification according tetStudent standard are given. The
recurrent equation will be established after rerho¥@on-significant coefficients. Finally,

experimental suitability of this equation will berified in accordance with Fisher standard
(Akhnazarova and Kafarov, 1978; Himmebblau, 19t and Ngo, 2007).

8.3. RESULTS AND DISCUSSIONS

8.3.1. Tracer test to determine mixing capability bthe system

The test was implemented in the reactor duringa@éilation (at lowest speed with Kla of
10.89 R"). Temperature was about 2%22 An amount of NaCl (100 g.lwas injected into
the reactor. Variation of conductivity was recorgéelding the time needed for the system
to reach 95% of the final value of conductivity.
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Conductivity versus time
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Graph 8.1. Tracer test to determine the mixing time

With the initial value of 20 and 1468S/cm, time needed for the system to get 95 % of
stable value (13@s/cm) is 14 seconds, which is very small compaoeitheé 6 hours of the
whole nitrification process. It can be concludeat tihe system is well mixed.

8.3.2. Gas-liquid mass transfer coefficients Kla

Gas-liquid mass transfer coefficient in the systeith presence of biomass (Kla’) was
determined in the reactor aerated with differemtfl¢av rates), including the lowest and

highest speeds (airflow rates) as mentioned in i&Pand 3 intermediate values. The
speed of aeration (airflow rates) is controlled &yvalve. With the Kla'values, the

oxygenation capacity (OC’) and the standard oxytgansfer rate (SOTR’) are determined.
The values are given in Table 8.3. The procedugnislar to the one described in more
details in chapter VI

Table 8.3 Kla and other parameters of the single wector

Aeration Kla’ Cs’ ocC’ SOTR’
speed h* mgO2/L mgO2/Lh mg02/h
A 18.4 8.15 149 374
B 10.9 7.77 85 211
C 15.7 8.03 126 316
D 15.1 7.98 120 301
E 15.2 7.89 120 300

Kla value that is approximate the average valueKlaf values at lowest and highest
aeration speed will be chosen for central expertaidratch. Here, it is 15.1'h

OC’ and SOTR’ values will be compared with respoatrate of biomass in experimental
batches. From this, it will be concluded eithetthié system is sufficiently supplied in
oxygen for biomass growth in the whole process.
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8.3.3. Respiration rate of biomass

With the Kla’ values from Table 4.1, respirationergRo) of the biomass in the system is
calculated with the following formula (at fillingag — static liquid state):

Ro = Kla’ (S*0-So) — dSo/d{Spanjers and Vanrolleghem, 1995). g. €E2)
The respiration rates at steady state of the exyetial batches are given in Table 8.4:

Table 8.4. The respiration rate at steady state

At steady state

Batch Ro (mgO2/L.h) Ro (mgO2/h) Ro (mg0O2/gVSS.h) DO (mgO2 /L)
1 74.8 187 374 0.90
2 79.3 198 39.6 0.49
3 715 179 35.8 1.22
4 75.2 188 36.4 0.86
5 109.7 274 54.8 3.08
6 124.4 311 62.2 1.37
7 1125 281 56.3 2.02
8 120.2 300 60.1 1.60

Centre 97.9 245 48.9 1.49

Table 8.4 shows that, the respiration rate of b&snia directly proportional to aeration
intensity or DO concentration in the liquid. Rorfr@atch 1 to 4 (lowest aeration) are very
different from each other (71.5 — 79.3 mgOh), and the same with Ro from Batch 5 to 8
(109.7 -124.4 mg@lL.h). Ro of Central Batch is 97.9 mg.h, approximates the average
Ro value at lowest and highest aeration speedhByay, comparing the Ro values with
OC’ (oxygen concentration presents in the liquid)Tiable 8.3, it is shown that, the
aeration intensity of all experimental batchestagh enough to supply the biomass with
oxygen sufficiently, particularly during steadytstaThe RO and DO evolution are also
presented in Graphs 8.2 - 8.10. The curve of Rfengraph was smoothed by Savitsky -
Golay Filters method (Savitsky and Golay, 1964). éxample of calculation is found in

Annex 6.1.
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Respiration rate during Nitrification Respiration rate during Nitrification
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8.3.4. Ammonium uptake rate (AUR), nitrite production rate (NPR1), nitrate
production rate (NPR2), biomass activity (BA) and ND2-/(NO2-+NO3-) ratio

The results of the experiments with focus on AURRRY, NPR2, BA and NO(NO,
+NQO3) ratio are presented in Table 8.5. Values givenhi thble are average on three
repeated experiments. Process time is 6 hours;leamere taken each hour. AUR, NPR1
and NPR2 are coefficients “a” of linear recurregti@ions y = ax + b. That means, for the
Batches with lowest concentration of input ammoniofml00 mgN/L (1, 3, 5, 7), AUR
and NPR1 are calculated during the time from thgirbeng to the houwhen ammonium
was consumed completely or nearly completely (~/&ndNPR2 was calculated for the
whole process (6 hours) because even when ammohaonbeen consumed, nitrate
production was still taking place due to nitriteadation. BA (mgN/gVSS.h) is the ratio of
AUR and VSS. N@/(NO,+NGQOy) is the ratio of NPR1 and (NPR1+NP2) for Batchge4,2
6, 8 and ratio of difference of NGat the beginning and the end and that of {M®O3)

for Batches 1, 3, 5, 7. Time for the whole proct#esrefore is also considered as an
auxiliary influence.

Table 8.5. Results of Nitrification process of expagmental batches

AUR NPR1 NPR2 Biomass activity) NO2/(NO2+NO3
Batch NH4-Alk- mgN/L.h | mgN/L.h | mgN/L.h mgN/gVSS.h
DO

Batchil 100-1150-B 21.2 19.8 2.02 10.6 0.892

Batch2 400-1150-B 23.5 21.1 1.90 11.8 0.917

Batch3 100-3500-B 21.6 19.3 1.46 10.8 0.907

Batch4 400-3500-B 24.0 21.7 1.66 12.0 0.929

Batch5 100-1150-A 29.5 26.8 2.70 14.7 0.830

Batch6 400-1150-A 36.3 34.0 2.64 18.1 0.928

Batch7 100-3500-A 32.3 30.8 2.26 16.1 0.866

Batch8 400-3500-A 38.7 35.9 1.97 19.3 0.948
Batch centre | 250-2400-C 30.4 27.2 2.29 15.2 0.922

AUR: AURs of Batches 1-4 (Kla = 10.9'hare a little bit different from each other (22
24.0 mgN/L.h), when [Ni] changes. The alkalinity also shows a light infloe for
batches with a same [NH. AUR is greater when [NKI] and alkalinity are higher.

For the Batches 5-8, (Kla = 18.4)h AUR values (29.5-38.7 mgN/L.h) are higher with
larger differences between experiments especialigni{NH,"] varies. The influence of
alkalinity here is also more significant.

NPR1:NPR1's evolution is similar with AUR’s. The influem of alkalinity, however, is only
significant in the Batches with the highest Klaré{ghere is also an interaction between input
factors.

NPR2:NPR2s from Batch 1 to 8 do not change very muatomparison with NPR1s. The
highest NPR2 (2.7 mgN/L) is obtained in Batch 5isTia reasonable since the input [NH
and alkalinity are lowest, while oxygen is supplegdhighest level. However, it should be
noted that, here, nitrate is produced in the wpabeess.

In fact, alkalinity (HCQ) only plays a secondary role, participating to grecess as a
buffer of the water environment, preventing the toHlecrease caused by Hroduction
during ammonium oxidation. The one who has the niailuence is neutralized NH
which is a inhibitor for nitrite oxidizing bacteri@ concentration of NA of 2-20 mgN/L
when pH > 8.0 and of 7-70 mgN/L when pH > 7.5 (#ortisenet al, 1976). In addition,
NH; is directly proportional to pH (Eq. 4.1) (Metcal&idy, 1991).
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NH; < NHz (pH=9.2) (Eq. 8.3)
pH values measured during 6 hours of nitrificatimm Batch 1 to 8 are in the range of
7.96 - 9.4, typically 8.5 — 8.7. pH less than 8amely observed and only in the Batches
with lowest alkalinity ; particularly in Batch 6 Hpfrom the third hour rapidly decreased,
reaching 6.28 in the last hour. It is because ilitglin this case is consumed almost
completely, buffer capacity of the system decreasszhgly while nitrification was taking
place. This causes a pH decrease but the inhitgffect of NH on nitrite oxidizing bacteria
also decreased. Therefore, nitrite is continuoaglglized into nitrate during the last hours of
this experiment.

Biomass activity:Biomass in the system was kept stable, close g/3S/L. BA is
calculated from AUR, so its variation is the saimantfor AUR.

NO,/(NO,+NQOg3): This ratio depends on NPR1 and NPR2. Howeveratie itself plays

a decisive role. Because the NPR2s of the bataleesmiach smaller than NPR1s, therefore
the ratio depends mostly on NPR1s. Batch 8 hashtpkest ratio (0.948) due to a
combination of high ammonium and alkalinity, eveithmhighest DO. Batch 4, with the
highest ammonium and alkalinity and the lowest BBould achieve the highest NO
/(NO,+NO3) but its ratio remains smaller than for Batcht8sIbecause the low aeration
rate induces smaller AUR and NPR1. Reasonably, lB&towith conditions that are
favourable for nitrite oxidizing bacteria yieldsettsmallest ratio of nitrite accumulation
(0.830).

There is a notable tendency on NOIO, +NOz3) ratio from batch to batch. This ratio is higher
in the Batches with highest concentration of amuomonihan the others (0.917-0.948 compared
with 0.830-0.907); and also with highest alkalinityfluence of aeration rate is less obvious in
this case.

Nitrification process with N@, NO;s, Alkalinity evolution of Batch 1 — 8 and Batch @enis
also given in the graphs bellows:

y=-2084%+12163  Batch 1 1 y:2£"39zX9'791;1 833 y=1F-§12EX9-62-26571 y:-2;089x +4264  Baich2 3 Y ;0 2603256221.95 y=1.9571x - 2.7857
R?=0.9802 oS = =0.9747 -=0. R? =0.9595
120 1200 == 500 1400
N N 0 1000 22
ol \\ / I RS 400 == =®
% | . > Es = 1000 s 3
- X v’ 800 <© =300 = go
=X - 2 = T L =8
= AR Leo £ =200 -
— S , —=—NO2 =100 — -
=2 = X0 = r— - 400
» - I —o—NH4 | pp—® a
T e
201 0h—1h 2h 3h 4h 5h 6h Lo NO3 001 0h —1h 2h 3h 4h Sh 6hl — o—NH4
NO3
Time (hour) NO2#NO3 Time (hour) NO2+NO3
---x--- Alkalinity ---x--- Alkalinity

140



y=-20-25f6X +11592 pateh 3 3 y= 18_16757X -17933 y=13107x - 0.8643 y=-275x+4353 Batch4 1 y=10185-22716  y=14204x- 19657
RE=0975 - R?=0.9981 R2=09759 R =0983 - R?=0.9789 R2=0.9536
120 3500 -~
100 | A =D
N TK Xy 9
80 X | ey S 9
S " =3
=60 < 000 =
= 40 1500
= / \.\\\ —s—NO2
=2 1000
_ — o NH4 0l _|
0+ — %+ 500 AT ! = *= T ® 5 o NO3
201 0h—th 2h 3h 4h Sh Ghlg NO3 400100 1h 2h 3h 4h 5h 6hl
NO2+NO3 ) NO2+NO3
Time (hour) Time (hour) .
-+ -+ Alkalinity ---x--- Alkalinity
y=-24.22 + 11554 y=2046x- 1152 | Jpozee aari y =-36.482¢ +427.3 33157 - 32.401 200k -35
RE=09622 Batch_3 Re=0.9624 ' R=0972 Ri=09633 Batch6.2 R =0.9963 ' R=09682
120 1400 _—~ 500 e - 1400
100 N — LOET 401 - 1200 22
AN /.’\'\. © =
80N i 1000 2 a0 4 H1000° S
— / <C — ==
=1 \\/< . oo = =0 Lan =S
o £ = =
£ 40 2N o0 = — Lo =
E ; N . E E
=0 = 40 " =10 L0 [ = No2
[ e 4 L 200 —+ 0 1200 | —e—NH4
2010 1h—2h sh4h sh ehlo NO3 1001 Lo NO3
_ + ,
Time (hour) NOZ#NO3 Time (hour) NOZ+NO3
--ox--- Alkalinity --x--- Alkalinity
y =-31.625x +245.79 y =27.341x - 20.446 =2.4946x - 0.8286 = _
R =09806 BatchCentral R0 | R-oar y Ri7;3§2§;6429 Batch 8_2 y=3;289x-33‘829 V= 1£82éxQ-ﬁé;2%
=0. =0979 =0!
)| USSR ————— - 4000
- 250 2500 25
3 = 400 1 g =2
Z 200 :\ 2000 g ’3300 3000 s Q
8 ——NH4 = * =2
2510 \ S 8 = 200"
8 = \\\9‘>< % —a—NO2 520() =
z £ 100 1000 £ NO3 =100 | 1000 |—=—NO2
§ 50 .-, 500 E NO2+NO3 ol Lo —o—NH4
z ol '/7/‘ 3 . = Alkalinity NO3
0 1 2 3 4 5 6 7 8 Time (hour) NO2+NO3
Time (h) ---x--- Alkalinity
y =-34.442x +132.45 y =31825¢ - 29.2 y =2.2339x - 1.2357
R2=0.9713 Batch 7.3 R =0.9996 R2=0.967
4000 . —~ P
25 Graphs 8.11 — 8.19. Nitrification
3800 5 © . .
go evolution in Batch 1 — 8 and Batch
300 =5 Centre
S .
r 3400 NO2
3200 ¢ NH4
3000 NO3
Time (hour) NO2+NO3
---x- - Alkalinity

141



DO, ORP, pH and temperature

DO, pH, ORP and To versus time Batch 1 DO, pH, ORP (To) versus time Batch 2
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Graphs 8.20 — 8.28. DO, pH, ORP
evolution during nitrification
process in Batch 1 — 8 and Batch
Centre.

DO and To versus time Batch Central
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8.3.5. Data analysis and establishment of recurremtquations of influencing factors

Data are processed in Excel and HAIKHH software.

In each experiment corresponding to a row in T&x% we determine the average values
of factors according to m (i.e. 3 in this casejagfeated experiments and their variance:

D Wi i)’
i2 — u=l

p— ,i=12,.N (Eq. 8.4)

Homogeneity of the variances is verified by Cochstandard;
2

G = Smax_ (Eq. 8.5)

N
2t
i=1

Comparing with values of Cochran distribution inmg&atile Table Gg(n,f) with p = 0.05,
nN=N=8,f=m-1=2; &48,2) is 0.517, all G values obtained accordin¢gq. 8.15)
are smaller than 0.517, then the variances are gensmus.

Regenerate variance is determined through avegznee:

s2 =12 (Eq. 8.6)

Coefficients of recurrent equations are determimexbrding to Equation 5.3. The variance
of coefficients is determined by the following etjaa:

2 _ Se

So, = m (Eq. 8.7)
Evaluating the signification of these obtained &ioefnts according to (Eq.8.7) and
comparing to values in Student Table with significa level p = 0.05 and degree of
freedom f = N(m-1) = 165f5(16) = 2.12.

The recurrent equations of products (AUR, NPR1, RIPBomass activity and nitrite
accumulation) in order fro¥; to Ys with input factors (concentration of NH alkalinity
and oxygen intensity as Kla) represented hy % and » obtained after rejecting
insignificant  coefficients. They all are correspogd to the experiments.
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Yi=  28.27 +2.241 x+0.768 % + 5.795 % + 1.066 X3 + 0.5323 X3 (Eq. 8.8)

Yo= 26.031 + 2.0048x+ 0.7537 x + 5.6948 % + 1.0832 xx3 + 0.7311  (Eq. 8.9)
XoX3

Y3= 2.077-0.239 x+ 0.318 % (Eg. 8.10)

Ya= 14.18 +1.121 x+ 0.384 % + 2.897 % + 0.533 %X + 0.23663X3 (Eq. 8.11)

Ys= 0.092 + 0.283 x+ 0.0105 x% - 0.0092 % + 0.0167 xx3 + 0.00373  (Eq. 8.12)

XoX3

The correspondence of recurrent equations compavitig the experiment is examined
through Fisher standard by equation 8.13:

2
F = SLh
2 (Eq. 8.13)
Sts
With
N
mz (yl _yAI )2
s2 =i (Eq. 8.14)

N-I
Wherel is coefficient of recurrent equations, equal t& 64, 6 and 7 fol1, Y2, Ya, Ya,
Ys, relatively.

Value in Fisher Student Table for p = 0.05 apg N -1 and = N(m-1) is F.,(f1,fo).
Table 8.6 presents values of F angy(F.,f2) obtained from recurrent equations.

Table 8.6. Fisher values for recurrent equations

Y1 Yo Ys Y4 Ys
| 6 6 3 6 6
m 3 3 3 3 3
F 0.286 2.832 2.082 0.111 2237
f1 7 7 7 7 7
2 16 16 16 16 16
Fio(fuho) 3 3 3 3 3

From Table 8.6, it is concluded that recurrent éiqna Y1, Yo, Y3, Y4, Y5 are significant
because all F <if(fy,f?).

The values o exceptY; depend on the three input factors. The higherctieficients, the
stronger the dependence. Here, we can see thaaB@élarger influence (except ¥g), and
then the ammonium concentration. The alkalinityregges also a limited influence.

The second order interaction effect between the@aination of ammonium and oxygen is
relatively evident. The one between the concemtnadif alkalinity and oxygen is a little bit
smaller. The interaction effect between ammonium alkalinity is not reflected in any
equation. Possibly because alkalinity has a sefiicibuffer effect in our case. As
mentioned above, the influence of alkalinity is aetary, while pH or free NHare
decisive parameters for production of nitrite; aiér or nitrite accumulation. The influence
of ammonium does not make sense in nitrate prooluctvhere alkalinity has a moderate
effect.
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When concentration of biomass is kept stable, éguat, is only a copy ofY; whose
coefficients values are double (equivalent gVSSI/L).

The coefficients ofYs are similar with those of ;; it shows that the nitrite accumulation
depends mostly on nitrite production.

8.4. CONCLUSIONS

In the above equations, the second-order interaaitects are relatively obvious. It is
therefore very important in selecting a reasonahbte of the concentrations of input
factors.

The studied leachates (mainly in Nam Son landfél and others in the North of Vietham) have
a very important characteristic, which is high phtl dnigh alkalinity. When other parameters
such as sludge age and concentration of biomaseprstable, those two factors are favorable
for nitrite accumulation. In addition, ammonium centration in the leachate may inhibit nitrite-
oxidizing bacteria at high pH. Therefore, it is @&sary to make sure that DO is sufficient but not
in excess to induce about the best nitrogen remeffadiency. A number of experiments
were implemented with other aeration rates havenstioat, with at high aeration rate (Kla up to
97 h* and average DO at 6.9 mgl), the nitrite accumulation ratio is still nea2%® but it
consumes too much energy.

In this study, Batch 8 (with the highest valuestfar three input factors) gives the best results:
best AUR (yielding the best biomass activity) aedtnitrite accumulation ie 38.31 mgN/L.h
and 94.8 % respectively. However, in practice, ilogkat the characteristic of Nam Son
leachate, when ammonium concentration is near 4§)/Im alkalinity is not always close to
3400 mgCaC@lL. In this case, we can expect a result similaBatch 6. When ammonium
concentration is low, the low aeration rate yiedddetter nitrite accumulation while high
aeration rate gives better ammonium oxidation iefficy.

Looking at reaction time, at low [Nf, six process hours are not necessary, but 3-Ehou
to oxidize ammonium completely. Six hours are ndeahen [NH] is in the range 200-
220 mgN/L.

The process is going to be modelized by an ASMigated Sludge Model) type model in
the next chapters. The multi-linear regressionshotktwill help the operators if no or
limited control system is provided. A surface resg® model could be generated from the
fitted model to keep an easy management system.
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CHAPTER IX

MODELISATION OF PARTIAL NITRIFICATION AND
DENITRIFICATION IN SBR

Summary: In this chapter, the modelisation of the partiakrification and
denitrification in SBR is presented. Firstly, m&iés used for the lab experiments ajnd
modelisation are described. The materials inclu@R $ench-scales, leachate ajpd
activated sludge, chemicals and modelling softwaW®EST program. Secondly, t

applied calibration protocol is given and consider@ guideline throughout th

calibration process. Thirdly, “Implementation oflibeation process”, the main part gf
the chapter is presented. Following step by stepthef calibration protocol, th

calibration process is implemented through six esagncluding stage | “Targ

definition and information”; stage Il “Plan surveynd data analysis”, stage Il “Modg|
structure and process characterization”; stageQ@libration and validation”; stage
“Scenario analysis and optimisation”; and stagéBtlaluation”. Each stage is dividefi
into two or three sub-steps. The main results efcthapter are found in stage IV andn/.
In stage IV, there are calibration and validatibattare done for (1)“Nitrification an

denitrification without external carbon added in Vietngm(2) “Nitrification and
denitrification with external carbon added in Vietnarand (3) “Nitrification and
denitrification withexternal carbon added in Belgilinin stage V, there are two stefjs
“Scenario analysis” and “Optimisation” that are don Vietham.

9.1. MATERIALS

9.1.1. SBR bench-scales

a) The SBR bench-scale for calibration and validati of nitrification and denitrification
in case of no carbon addition and for scenario agals (SBR 1)

The SBR bench-scale is the one that was used asctilded in Chapter VI with the
following modifications (Figure 9.1):

- DO controller device is added in the electromntmller (Logo 230RC — Siemens) to
maintain a stable DO concentration during nitrifima process.

- A mixer is installed inside the SBR tank to betteix the sludge and leachate in the
system. This mixer is used during the whole actidattime (nitrification and
denitrification).
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Tank with probes

DO, pH, ORP, _
diffuser and mixer EIectromc
installed. controlling box

Aeration device

Pump, valves and |
pipes connected with
controlling box and
tank

Computer is used to
program the logo
controlling box.

Figure 9.1. The SBR bench -scale

b) The SBR bench -scale for calibration and valigdat of nitrification and
denitrification models in case of carbon additiomd optimisation (SBR2)

This is a set of experiment that is simpler thas ahe described previously. It includes a
tank with similar dimensions, installed with a demiair diffusion device, a mixer and
probes (DO, ORP, pH). Feeding of leachate and digehof treated wastewater and extra
sludge are done manually. This was used only itndia.

¢) Working cycle of the SBR
A complete working cycle of the SBR includes 5 @sasfilling, reaction (aeration,

mixing), settling, wasting (with/without sludge wmg) and idle, which are shown in
Figure 9.1.
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Filling Reactior Reaction Settling  Settling- Idle
Oxic Oxic Anoxic wasting

_l S

Sludge wastfng ¢

Figure 9.2. Working cycle of the SBR bench - scale

Total time of the cycle is 12 hours for SBR1 and [&urs for SBR2. Time for oxic
reaction and anoxic reaction were set at 4 — Shels and 4 — 3 — 2 hours respectively,
maximum working volume was 6 — 7 — 8 litters depegdn each period of experiment.
Hydraulic Residence Time (HRT) and Solid Retenflame (SRT) of the working cycles
were also different. All operating parameters agegame than in experiments Chapter VI,
of the two SBR are presented in Table 9.1 and 9.2.
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Table 9.1. Working parameters of the SBR I* at steady state)

Value - 6L Value - 7L Value - 8L

Parameters Definition Formula Unit [ 4hNi | 5hNi | 6hNi | 4hNi | 5hNi | 6hNi | 4hNi | 5hNi | 6hNi
4hDe | 3hDe | 2hDe | 4hDe | 3hDe | 2hDe | 4hDe | 3hDe | 2hDe

tf Filling time Installed min 4 4 4 5 5 5 6 6 6
tr aeration Aerate reaction time Installed mirl 236 296 356 235 295 355 234 294 354
tr mixing Mixing reaction time Installed min 240 180 120 240 180 120 240 180 120
ts Settling time Installed min 170 170 170 170 170 170 170 170 170
td Draw time Installed min 4 4 4 5 5 5 6 6 6
tid Idle time Installed min 66 66 66 65 65 65 64 64 64
tc Total time tf+tr+ts+td-+tid min 720 720 720 720 720 720 720 720 720
te Effective time tf+tr min 480 480 480 480 480 480 480 480 480
nc Number of cycle/day 24/tc cyclg 2 2 2 2 2 2 2 2 2
Vo Volume before fill Installed L 2 2 2 2 2 2 2 2 2
DVf Volume filled Installed L 4 4 4 5 5 5 6 6 6
Vmax Volume after fill Vo+DVF L 6 6 6 7 7 7 8 8 8
FTR Fill time ratio tf/tc 0.006 | 0.006 | 0.006 | 0.007 | 0.007 | 0.007 | 0.008 | 0.008 | 0.008
Q Flow rate DVf*nc L/d 8 8 8 10 10 10 12 12 12
VER Volumetric exchange ratio DVf/Vmax 0.67| 0.67| 067| 071] 071 0.71| 0.75| 0.75| 0.75
n Number of tank Installed tank 1 1 1 1 1 1 1 1 1
HRT Hydraulic residence time nVmax/Q d 0.75| 0.75| 0.75| 0.70| 0.70| 0.70| 0.67| 0.67| 0.67
HRTi Hydraulic residence time for each tank tc/VER. d 0.75| 0.75| 0.75]| 0.70| 0.70| 0.70| 0.67 | 0.67| 0.67
X (Xr) Concentration of biomass* Experimental g/L 10 10 10 10 10 10 10 10 10
Qw Flow rate of wasted sluge Experimental L/d 005| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05
Xw Concentration of biomass wasted Experimental L o/ 18 18 18 21 21 21 23 23 23
Qe Flow rate of the effluent DVf*nc L/d 8 8 8 10 10 10 12 12 12
Xe Concentration of biomass in effluent Experinaént g/L 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05| 0.05
WAS Amount of biomass wasted QW*Xw+Qe*Xd g 1.3 1.3 13| 155| 155| 155| 1.75| 1.75| 1.75
>ti Accumulate time tf+tr aeration min 240 300 360 240 300 360 240 300 360
SRT1 Solid retention time (Fabregas, 2004) Vmax.X/WAS| d 462 | 46.2 | 46.2| 452 | 452 | 452 | 457 | 457 | 457

(NVmaxXr/WAS)
SRT2 Aerobic SRT (Wildereet al, 2001) *(Xtiftc) d 154 | 19.2| 231 | 151 | 188| 226 | 152 | 19.0| 229
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Table 9.2. Working parameters of the SBR 2

Parameters Definition Formula Unit - Volume - 7L,
5hNi 3hDe | 6hNi 2hDe
tf Filling time Installed min 5 5
tr aeration Aerate reaction time Installed min 295 355
tr mixing Mixing reaction time Installed min 180 120
ts Settling time Installed min 955 955
td Draw time Installed min 5 5
tid Idle time Installed min 0 0
tc Total time tf+tr+ts+td+tid min 1440 1440
te Effective time tf+tr min 480 480
nc Number of cycle/day 24]/tc cyclé 1 1
Vo Volume before fill Installed L 2 2
DVf Volume filled Installed L 5 5
Vmax Volume after fill Vo+DVf L 7 7
FTR Fill time ratio tf/tc 0.003 0.003
Q Flow rate DVf*nc L/d 5 5
VER Volumetric exchange ratig DVf/Vmax 0.71 0.71
n Number of tank Installed tank 1 1
HRT Hydraulic residence time nVmax/Q d 1.40 1.40
Hydraulic residence tim
HRTI for each tank tc/VER.24 d 1.40 1.40
X (Xr) Concentration of biomass Experimental g/L 15 15
Qw Flow rate of wasted sluge Experimental L/d 0.05 0.05
Concentration of biomag
Xw wasted Experimental g/L 40 40
Qe Flow rate of the effluent DVf*nc L/d 5 5
Concentration of biomas
Xe in effluent Experimental g/L 0.05 0.05
Amount of biomass
WAS wasted Qw*Xw+Qe*Xe g 2.25 2.25
i Accumulate time tf+tr aeration min 300 360
Solid retention  time
SRT1 (Fabregas, 2004) Vmax. X/IWAS d 46.7 46.7
Aerobic SRT (Wildereet
SRT2 al., 2001) (nVmaxXr/WAS)*} tiltc) | d 9.7 11.7

9.1.2. Leachate and activated sludge

Leachate used for this study was collected at tieation pond in Nam Son landfill site,

with the general characteristics already presemnt€hapter I. This leachate was collected
a first time for the calibration and another tinoe ¥alidation. Characteristics of leachates
used for calibration and validation periods aresprged in Table 9.3.
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Table 9.3. Characteristic of leachate used for simation

No carbon addition | Carbon addition | Carbon addition
(VN) (VN) (Belgium)
Parameter Unit Calibr Valid Calibr Valid Calibr | Valid
8/12/08 | 8/12/08 | 28/2/09 | 28/2/09| 19/6/09 | 14/7/09
NH4" mg N/L 335 546 406 334 100 162
NO; mg N/L | 0.203 0.475 48.0 0 5.9 0.2
NOs mg N/L 0.4 0.3 3.2 0 39.7 0.3
TKN mg N/L 346 561 432 353 - -
COD mg QJ/L 353 588 525 351 360 455
BODs,,; | mg O2/L 55 90 125 108 9r* 162*
Alkalinity Carg%“_ 2570 4520 3740 | 2603 578 942
T-P mg P/L 5.51 9.08 6.2 4.1 - -
pH - 8.44 8.56 8.52 8.38 8.12 8.23
Ccr mg/L 602 1225 - - - -
SO mg/L 25 42 - - - -

Sludge used for this study was taken from the tasi &xperiments which were already
presented in Chapter 7 and 8. This sludge was &gbéa have very good nitrification and
denitrification capabilities.

However, it is noted that, temperature in thoseviptes experimental periods were much
higher than temperature during the period of thast pf the study (at least at the first
weeks when the calibration was carried out). Theefthe nitrification and denitrification
capabilities of the biomass should be reduced tsecafilower temperatures.

9.1.3. Chemicals

Carbon source for denitrification

Yellow sugar as an external carbon source was atlfledinutes after the beginning of the
anoxic phase. This source of carbon was used onlgtéidy on nitrification/denitrification
with carbon addition during denitrification in Vietm.

Potassium acetate is used as external carbon s¢aike added 15 minutes after the
beginning of anoxic phase). This was used in Betgiu

The quantity (expressed as COD) of sugar (see €Enafpt and acetate (see Chapter VII)
needed are then estimated by the following equation

COD = 286[NOs] + 1.71[NG;] + 1.07[DO] (Eq. 9.2)

KHPO, sometimes was added to the system in case offitisnty of phosphor for
biomass growth.

The DO concentration during anoxic phase is vew (6 0.05 mg/L) compared with the
concentration of [N@] + [NOs], so the part of 1.07 [DO] in the equation candrered.
[NO,] and [NG;] concentrations produced in a cycle are used lmulze of COD in the
next one.
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9.1.4. Simulation software - WEST program

WEST is the World wide Engine for Simulation, Tramgp and Automation
(HEMMIS.COM, 2004). It is a general modelling andhsglation environment that can be
used together with a model base for this taskait be used in the field of wastewater
treatment using a specific model base. The softweao®mposed of three main elements:
the model base, the configuration builder and #pegmentation environment:

- Basically, a WEST model base is structured as &eawn of text files (.msl)
obtaining a hierarchy of model classes. The modedebused in this thesis is
specific for biological wastewater treatment, eggscfor the 2 step — Nitrification
and Denitrification process, which will be used dhdt is written and modified in
MSL-USER.

- The configuration builder allows us to build theypital layout of the plant, and
each building block can be linked to a specific glodom the model base. The
controls of the different objects are also definedhis element. The graphical
information is then combined with the informationthe model base to produce a
MSL-EXEC code, which can be compiled with & €ompiler.

- In the experimentation environment, the user casigdedifferent experiments,
such as simulations and optimizations of, for ins& designs, controllers and
model fits to data (calibration).

This software also includes analysis modules to enadterpreting the simulation

results easier, such as an optimizer and a sdatsaivalysis module.

9.2. APPLICATION OF CALIBRATION PROTOCOL

The calibration protocol used for this study isaetished based on two protocol i)
BIOMATH — Department of Applied Mathematics, Biome$ and Process control, Ghent
University, Belgium and ii) STOWA — The Dutch Falation of Applied Water Resource,
The Netherlands, which were presented in Chaptdihis has also been done based on
available functions of calibration tool (WEST pragrme). The diagram of the applied
protocol is given in Diagram 9.1.

153



STAGE

STAGE
Il

STAGE<
11}

1. Target definitions

A 4

2. Decision on information needed

3. Plant survey and 4. Data analysis

v

5. Biological Model selection

A 4

2

5a Mass transfer hydraulic

model and aeration

influent

6. Biological and

~

STAGE <
\V;

STAGE

STAGE
Vi

characterization

A

A\ 4

calibration of ASM

7. Simple steady state

A|

A 4

5b. Settling
characterization

A\4

8. Validation

A4

11. Scenario analysis and optimisation

Diagram 9.1. Calibration protocol

:

12. Evaluation

154




9.3. IMPLEMENTATION OF CALIBRATION PROCESS

9.3.1. STAGE I: TARGET DEFINITION AND INFORMATION

Step 1. Target definition

The target of the calibration in this study is tiain a model basically focussing on partial
nitrification in an SBR system. This model is exjeelcto describe the dynamic behaviour
of ammonia, nitrite, nitrate, oxygen as well as éwelution of solid concentration in the

system.

Step 2. Decision about the information needed

The calibration procedure is considered in thip.skrstly, the available equipment and
material, timing and software have been descriiédn, a planning of the information
about the system, especially the decision abouitorary intensity is needed.

There are three periods that are considered fomtbasurement planning in this study,
including long-term evolution, steady state, andleyevolution that is presented in the
Table 9.4. The characteristics of the samplesharset from the influent wastewater, from
the liquid phase of the reactor during operatiod ahthe discharged effluent. The data
monitored by the online sensors (DO, pH, ORP antp&rature) installed in the reactor
are also taken into account.

During the daily evolution, the influent wastewatdraracterization is performed. Then,
during the steady state period, a periodic analigsigquired. A measurement campaign
then will be performed for determination of the lenimn of nitrogen compounds and
carbon sources during one cycle, taking samplesyeteur. Moreover, DO and
temperature, ORP and pH profiles will be recordedrg 30 seconds during the whole
cycle.
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Table 9.4. Plan of sampling and data collection

Parameters Long-term Daily Steady Cycle
evolution evolution state evolution  at
stable state
Inlet COD (Total, filtrated| 2 times/week | Everyday 2 1 sample
0.45um), (only for | times/week
TKN, NH;, NO,, COD total,
NOs COD
Alkalinity 0.45um, and
NH,")
Ultimate BOD and - 1time - -
ultimate BOD
0.45um
TSS, VSS 2 times/week 1 time/week 1 sample
PO* 1 time/2 weeks
Outlet | COD (Total) 2 times/week 2 1 sample
TKN, NH,", NO,, times/week
NO;
Alkalinity
TSS, VSS 2 times/week 1 time/week 1 sample
Reactor| COD (Total) 2 times/week Every 1 hour
(this is only for and,
denitrification At the time of
with carbon addition of
addition) : At carbon source
the beginning
and the end of
nitrification and
denitrification
Alkalinity and at the Every 1 hour
NH,*, NO,, NOsy addition time of Every 1 hour
carbon source
TKN At the
beginning and
the end oOf
nitrification
TSS, VSS 2 times/week 1 sample
Online measurementl or two times: Every 30
(DO, Temperature, every 30 seconds
pH, ORP) seconds
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9.3.2. STAGE II: PLAN SURVEY AND DATA ANALYSIS

Step 3. Plant survey

The available information is collected. The plantvey includes i) complete process
description, ii) the SBR’s performance and iii) theasurement campaigns.

Design data and operating conditions are colledietiowing the planning of Table 9.3,
periodic analysis is conducted and two measureg@npaigns were performed during the
study period, In addition, at the beginning of loedtion period, activated sludge used for
experiments was taken to conduct batch tests tairobbhformation about kinetic and
stoichiometric parameters. Tests to determine skimetic and stoichiometric parameters
of nitrifying bacteria and heterotrophic bacteriare/presented in Chapter 7.

Process description

A complete description of the plant is availabldeénms of the physical characteristics and
operational data. This information consists in vimgkvolume, type of aeration, volumetric

exchange ratio, flow rate, SRT, HRT, and also tbscdption of the phase scheduling of
the SBR cycle. This information has been preseimdé@ble 9.1 of this chapter.

The SBR’s performance

The performance of the plant is assessed usingtaralmeasurement data and data from
online monitoring. Analyzing the evolution of theOD and concentration of nitrogen
compounds in the influent and effluent permits akrow the state of the process at any
operating time.

Graphs 9.1 — 9.4 show the evolution of the nitrogexd COD concentrations in the
influent and effluent, the evolution of total susgded solids and VSS in the reactor and in
the effluent and also the temperature of the reacto

Nitrogen evolution in effluent and influent of the SBR COD evlolution in influent and effluent of the SBR
(without carbon addition) (without carbon addition)
700 Calibration Validation 1000 1 Calbration Valdation
600 40%000000 900 e
800 1
= 500 - 700
2 400 Effluent NH4 2 600 [T MAaaats
= . ~ 500 1
= * . . » Effluent NO2 . (]
g 300 S 400 [en—pogEwEn mwaEt
> » Effluent NO3 S sl ™ ¢ ¢ b + Influent COD
-‘2‘ 200 & Influent T-N* 200 s Effluent COD
100 3 L 100
0 uE  wEEgE [ TTLN |‘l||7- llllllllll s , . 6] 0 T T T T T T
0 10 } 2? 30 40 0 5 10 15 . 20 25 30 35 40
Time (day) Time (day)
Graph 9.1. Nitrogen evolution in effluent Graph 9.2. COD evolution in effluent and

and influent in calibration 1 and validation 1 influent in calibration 1 and validation 1
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SS and VSS evlolution in the SBR and in outlet

) " Temperature evolution in the SBR
(without carbon addition)
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Graph 9.3. SS and VSS evolution in SBR Graph 9.4. Temperature evolution in SBR
and in discharged wastewater in during calibration 1 and validation 1
calibration 1 and validation 1

During the daily evolution period, the variability the influent was observed. The influent
tank contains max 130 liters of real leachate, Wwhwas used for 12 days. Some
degradation of COD occurs in the influent tank frtra first day to the fifth day, and then
this parameter was stable until the last day befoeenext preparation of influent. For
ammonium concentration, no significant change veasd.

The effluent total solid concentration was low (€%g/L) indicating a good settling. The
volume of sludge wasted by programming the opematb SBR was 0.05 L/d. The
reactor’s temperature during the whole period ¢ibcation 1 and validation 1 varied from
16.5°C to 25C.

The Table 9.5 presents the schedule for the céibiorand validation periods.

Table 9.5. Time schedule for sampling plan and dateollection

Without Carbon addition With Carbon addition
Periods Calibration Validation Calibration Validation

(day th) (day th) (day th) (day th)
Long-term evolution| 0 — 30 0-10 0-20 0-20
Daily evolution 0-10 1-16
Steady state 22 -30 7-10 17 - 20 18 -20
Cycle evolution 16, 22, 28 8, 10 20 16

Measurement campaign for calibration

The measurement campaign was performed on varays at steady state of operation to
observe the dynamics of the nitrogen compoundsthadnline variables (DO, pH and
ORP) during one cycle. The explanation of the tesoibtained is divided into offline and
online measurements.
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Off line measurements

The evolution of ammonium, nitrite, nitrate and CQiDd alkalinity obtained during
experimental cycles are presented in Graph 9.5.

The evolution of these parameters are presenteal éycle before steady state (when
ammonium was not oxidized completely before the eihthe nitrification time), a cycle
nearly at steady state (when ammonium was justizeddcompletely when nitrification
time is finished) and a cycle at steady state (wéw@monium was oxidized completely
even before the end of nitrification time).

Experimental nitrogen evolution in the cycle (calib ration period)
Cycle 31th (day 16th) and Cycle 41st (day 21th)and  cycle 55th (day 28th)
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350 | | | | | | | | |
{ ) ] ] | v ] { ] ]
J [ ]
300 e 4
NH4
250 NO2
o
= —e—NO3
Z, 200
£
=
S 150
§
100 1
50
0
N o . MR XS
Oe....”. 000¢.0.00 Q’QQQ....‘ﬁiiiiiﬁ
o 2 4 6 8 10 122 2 4 6 8 10 12 2 4 6 8 10 12
Time (h)

Graph 9.5. Experimental nitrogen evolution in cyclen calibration 1
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On line measurements

Cycles with DO on-off disable

Like the off line parameters, the evolution of amelparameters are also presented at the
three same periods as in the previous paragrapfile3rof these online parameters are

presented in Graph 9.7 — 9.11.

Online measurement in cycle
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Graph 9.9. DO, pH, ORP profile in cycle
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Cycles with DO on-off enable.

In this case, the evolution of on line parametees@esented only for a cycle at steady
state (when ammonium was oxidized completely eefarb nitrification time is finished).
However, with the DO controller, DO profile itsaf not convenient to see when the
nitrification process is finished. The end of theqess just can be recognized by off line
measurements.

Online measurement in cycle with DO controlled . .
(Calibration) Graph 9.12. DO, pH, ORP profile in a
10 120 cycle with DO controller (calibration 1)
T g ANYTYVE VY S S | ()
o P —
S 6 i e
Tg N g-' T 60 o pH
= T40 o |-=—ORP
(@]
a2 +20
0 ‘ : ‘ ' 0
0 2 4 6 8 10
Time (h)

Measurement campaign for validation

Another measurement campaign was conducted on dayn® 39 of operation which was
different from that of calibration. Graph 9.13 a@&d4 presents the evolution of nitrogen
compounds and COD of the measurement campaigngdilmis validation period.

Experimental nitrogen evolution in one cycle (valid ation period)
Cycle 17th (day 9th) and cycle 19th (day 10th)
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Graph 9.13. Experimental nitrogen evolution in cya in validation 1

161



Nitrogen (mgN/L)

1000
900
800
700
600
500
400
300
200
100

Experimental COD evolution in one cycle (validation
Cycle 17th (day 9th) and cycle 19th (day 10th)

Filling + React
aeration

React Settling + Filling + React React Settling +
anoxic Decan + IdBeration

period)

anoxic Decan + Idle

*0o 00 o
o® e XXX
ot A
I P & COD
TTTTTT T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T I TTTTTTT
0 2 4 6 8 10 12 2 4 6 8 10 12
Time (h)

Graph 9.14. Experimental COD evolution in cycle invalidation 1

In two graphs below, the online measurement (ORP,apd DO) are given during
validation period when DO on-off controller wasab$ed (Graph 9.15) or enabled (Graph

9.16).

As in the measurement campaign for calibration @@ on-off controller was disabled
during the following cycle of the measurement caigypan order to keep the operating
conditions stable for the whole simulation process.
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Graph 9.15. DO, pH, ORP profile in cycle
17 (validation 1)

Graph 9.16. DO, pH, ORP profile in a
cycle with DO controller (validation 1)
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Validation with carbon addition Gl’aph 9.17. DO, pH, ORP profile in a
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Step 4. Data analysis

The objective of the data analysis at this stefw igerify the collected data by means of
mass balances and indentify possible outliers mr®rlt is recommended to check the
laboratory analysis and measurement accuracy ssamglards.

In this study, once the data on the plant was cttkan analysis was performed. Most of
the experimental measurements were reliable sinteedards were used and the
measurement accuracy analysis was periodicallykeltec

For a reliable simulation, the SRT should be knomith 95% accuracy (Meijer, 2004)
because the simulation model is highly sensitiveSRT. The experimental SRT was
estimated frequently based on the waste flow datiassludge concentration measurements.
In this sense, it can be assumed that the accofabg SRT estimation was only subject to
the inaccuracies in the VSS measurement.

9.3.3. STAGE Ill: MODEL STRUCTURE AND PROCESS CHARACTERIZATION

Step 5. Model definition

Four sub-models were considered in the model strecthe mass transfer, settler, mixing
capability and biokinetics.

5.a. Mass transfer

The key parameter to model the mass transfer isoMygen transfer efficiency (Kla).
Firstly, Kla tests in the filling aeration phaserevglone for different volumes and different
airflow supply intensities, in the SBR system ieg@nce of biomass.

Using Program for aeration tests data processiragsfgn 3.0 Pro) of the laboratory to
calculate Kla from DO profile and temperature, @iessure data was achieved from the
tests. With this Program, we can calculate Klahre¢ ways including Direct method,
Semilog method and Non-linear method. Since théues of Non-linear method are
lower than that of Semilog method, we then chose-Weear method for the calculation.
In the simulation without carbon addition, two @ifént aeration supply intensities were
used for calibration and validation period, in digai, due to different working volumes,
the filling Kla values of these two periods wereah different: 19.75 hand28.48 1,
respectively (Figure 9.3 and Figure 9.4). In thawsation with carbon addition, the same
aeration intensity (used for the last validatiomige® was used for both calibration and
validation periods with the same Kla in the fillippase: 27.5'h
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E Programme de traitement des essais d'agration - [Méthode non-lingaire] BEE
Fichier Donnéss Tratsmerts Impression Quittsr
CO (mgfl) CS (mgfl) Kia (h-1) Somme des Figure 9.3. Kla in
Veleur de depart: ° | | [pe1sEeot | résidus filling aeration
Précision souhaitée : 10.0005 0.0005 0.0005 0.00005 H
| | B - | phase in the SBR
Sonde n® 1 SyStem i Wlth
Sonde n": presence of biomass,
- [ 1 ] working volume of 7
Conc.02 3 . e littes, aeration
(mg/1)
supply 1
Suivant (calibration).
Non-
CO (mgh) CS (mgf) Kia (h-1) — linear
Valeur : [072 | [a877 | [ersE+rm W Kla
1) :
Ecar type : B.64E-02 | [zs2E-02 | pzzE-n \ (maf) value
[Coefficient de
lvariation (%) - 5.06E+01 | [s.99E-01 | [-1aE+00 \
E Programme de traitement des essais d'aération - [Méthode non-linéaire] BEE
Fichier Dornéss Tratemerts Impression Quittsr . .
€O (mgfl) CS (mgll) Kia (h-1) i:r':'é"s'ed::s Fl_gure 9.4. Kla_ In
Valeur de départ : ‘o | ‘8.328 ‘ |2.916E+01 ‘ TR fl”lng aeration
Précision souhaitée : ‘o_nnns | ‘0.0005 ‘ |n_0005 ‘ ‘0_00005 ‘ phase in the SBR
system in presence
Sonden” 1 Sonde e+ of biomass, working
] volume of 6 litters,
. aeration supply 1
Conc.02 . . .
) (validation).
Suivant
Non-
L—1 linear
CO (mg/fl) CS (mgfl) Kia (h-1) Kla
Valeur : F-a81 | [p2e1 | [psasE+0n Erre’ll.lr-résiduelle value
Ecart type : [7.43E-02 | [s.70E-02 | B.73E-01 \ (mafl) -
[Coefficient de
ariation (%) - [1.54E+01 | [5.69E-01 | 2.01E+00 \

In case of no carbon addition, during calibratiowl &alidation periods, the parameters of
PID controller in the configuration will be adjudtdéo obtain simulated DO profiles
corresponding to each period similar to the expenital ones; Kla values in aeration phase
valuesl(KIa react 1) achieved at the first dayhatsteady state period were 19.91and
28.5 h.

5.b. Settler

The first question is whether detailed settlingrelsterization is needed. In our case, the
total suspended solids in the effluent were manetdiat low values. The sedimentation
phase in the SBR was oversized, providing enougle tior the sludge to settle before
starting drawing. As the sludge had been usedrripus experiments (Chapter 7 and 8),
the Sludge Volume Index at the beginning of catibraperiod was already very good
(99.8 mL.g") (Graph 9.18). The good performance of the settivas also assessed
following the sludge blanket during the settlingapl as presented in Graph 9.19 — 9.21.
During 170 minutes hindered and even compressitilingewas occurring and the blanket
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was located at a height below the 1.5 L thresh®lle minimum volume of the reactor
designed was 2 L. Therefore, the total suspendiédksa the effluent could be considered
as the non-settable fractiondfand it was concluded that the settling did nfitience the
plant's performance. For this reason the pointlsemodel was selected as the best
option, in view of an adequate model complexity.

If biological reactions in the settling phase aetedted and if they influence the process, a
reactive settler model can be applied to allowdgaal reactions to take place.

In case of no carbon addition, there was no sigaifi change experimentally in
ammonium concentration as well as nitrite and teti@ncentration. Hence, the reaction

could be neglected for calibration of the nitritica and denitrification process.

SVIin the first day of calibration period Settling speed of sludge
y=99.756x
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Graph 9.18. SVI of SBR

Graph 9.19. Settling velocity of sludge in
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Graph 9.21. Volume of sludge blanket

However, in case of denitrification with carbon #id, it was observed that, the
reduction reaction of nitrite and nitrate still koplace during this phase. It is therefore
unnecessary to add too much carbon source durendenhitrification, and it is also noticed
that time for denitrification has to be extendedhat case.

Moreover, the COD measured at the end of anoxisg@kas almost the same, even lower
than COD at the beginning of the cycle. But nitated nitrate at the end of settling phase
were still reduced, that means there were still d®his phase, this could be some COD
that was stored in the biomass (X_STO) and thatldvbe released during this phase.
Ratio of the total nitrate and nitrite reduced @ttlng phase to that in anoxic phase was
0.21, this ratio is taken into account in the mduiede of the modified ASM3 model.
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5.c. Mixing capability

Tracer tests were implemented during two phasestiae and mixing (aeration phase)
and mixing only (anoxic phase) with an 8 L workvmgjume in the SBR, aeration supply
intensity at lowest level (smaller than level usedcalibration). Saturated solution of salt
NaCl (~ 200 g/L) was added into the SBR tank combai clean water at the beginning of
the tests when aeration and/or mixer started. &helts obtained for two cases are showed
in Graph 9.22 and 9.23, relatively and given inTable 9.6 below:

Table 9.6. Tracer tests to determine mixing times

Phase Aeration + mixing Mixing only
Phase 6 h 2h

Time to get 95% perfect90.7 s 138.8 s
mix

It is showed that, time needed for the system toagdi-mixed is 90.7 seconds and 138.8
seconds, which is very small compared with 6 hadinsitrification process and 2 hours of
denitrification process, relatively.

Condition (lowest of DO supply intensity) of theste brings about a weakest mixing
capacity compared to other experimental conditionghe calibration and validation
periods. Therefore, it can be ensured that the SBRm is well mixed for all experiments.

Tracer test in mixing_aeration phase Tracer test in mixing phase only
V8L Kla15.52 h-1 200gNaCl V8L Kla 15,52 h-1 200gNaCl
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Graph 9.22. Tracer test in mixing Graph 9.23. Tracer test in mixing phase
aeration phase only

5.d. Selecting the biological model

In this step the activated sludge model used fer dhlibration was selected. Then the
wastewater characterization and parameter estimati® conditioned by this selection.
The choice of model depends on the biological #@gtiobserved in the reactor and the
processes and variables to be considered. A dedse for selecting the model used is
given in Figure 9.5 (Tabares, 2006).
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No Yes
Phospho R Storage o ASM 3
biomass activity | phenomena -

Yes No
A\ 4 A\ 4

ASM 2 ASM 1

Figure 9.5. Decision tree for selecting the model

Both the ASM 1 and ASMS3 can describe the processadion and nitrogen removal. But
as storage phenomena of readily bio-degradabldratdsn the biomass, the ASM3 was
chosen as the model used for the calibration.

However, in this study, since the partial nitrifice and denitrification are considered, a
major modification is made for the nitrificationddenitrification in two steps. First step
is oxidation of ammonium to nitrite, and the secstep is oxidation of nitrite to nitrate. In
denitrification process, the first step is reductf nitrate to nitrite, and then the second
one is reduction of nitrite to nitrogen gas. Moregvsome small modifications also are
made for each process. The modification was dosedan the literature (Gujet al,
1999; Henzeet al, 2000; llenia lacopozat al, 2007). The processes, stoichiometric and
kinetic parameters in the modified ASM3 model, wWhis called ASM3-2steps are
presented in The Table 9.7 — 9.9 bellow.
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Table 9.7. Processes of ASM3_2steps

Processes Process rate
1 | Hydrolysis « he X _SI(X _H_NO2+X _H _NO 3) |
- K_X+X _SI(X_H_NO2+X _H_NO 3)
*(X _H _NO 2+ X _H _NO 3)|
2 Aeration Storage Of S O S S
° k_STO * = =2

COD

K _O0O+S O K _S+S_S
(X _H_NO2+X _H _NO 3)]

3 Anoxic Storage Of
oo g k_STO*n_NO* K_Oo [|S_NO2+S_NO3
K_O+S_O K_NO+S_NO2+S_NO3|
*Aﬂ(X_H_NOZ+X_H_NO3)|
K_S+S_S
4 Aeration Respiration Of S O
PHA b_STO_02*—>=—___*X_STO
K _O0O+S O
5 Anoxic Respiration Of b STO NO* K_O N | S_NO2+S_NO3 |
PHA - - K_O+S_O K_NO4S_NO2+S_NO3 |
*X _STO
6 Aeration Kla_Actual* (S_O_Sat-S_0O)
7 Aeration Growth Of S_O S_NH
A _NH * = * =
X_A_NH 'K_A_O_NH +S_O |[K_A _NH +S_NH
S ALK
* = *X _A _NH
< Ao + 5 AR
8 Aeration Growth Of AT NO S O . S_NO2
X_A_NO2 o K_A_O_NO2+S_O K_A_NO2+S_NO2
* S_ALK *X A _NO2
K_A_HO +S_ALK
9 Aeration Endogenous b A 02 X A NH
Respiration Of _
X_A NH K_A_O_ NH |+S 0]
10 | Aeration Endogenous b A O2* S O X A NOZ
Respiration Of _A_ R
X_A NO2 K_A_O_NO2+S_O
11 | Anoxic Endogenous K_A_O_NH | S_NO2 |
Respiration Of b_A_NO* N * HX_A_NH |
X_A NH K_A_O Nlj S O K NO+|S NO2
12 | Anoxic Endogenous K_A_O_NO2 | S_NO3|
Respiration Of AN Ao NOZF—S| 0 K_NOis_Nog J=A=NO2
X_A_NO2 =
13 | Aeration Growth Of S O S NH S ALK
H_NO2 = * = * =
X_H_NO2 K_0+S O K_NH+S_NH K_HO+S_ALK
X STOI;X H NOa
* = == X _H_NO2
K_STO+X_STO/X _H_NO2
14 | Aeration Growth Of

X_H_NO3

u_H_NO3 S O S_NH . S_ALK

K_O+S_O K_NH+S_NH K_HO+S_ALK

X _STO/X_H_NO3
* = o fX_H_NO3
<ST6+x _sTolx .n_eg] *—H-1%%
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15

Anoxic Growth Of
X_H_NO2

H_H_NO2*n_NO * K_O

*

S _NO2

*

S_NH S_ALK

*

K _0+S_O K_NO +S_NO2

*

K_NH +S_ NH
X _STO /X _H_NO2
K _STO +X _STO/X _H_NO?2

K_HO +S_ALK

*X _H_NO2

16

Anoxic Growth Of
X_H_NO3

K_O

S_NO3

*

H_H_NO3kn_NO*

S_NH S_ALK

K_O0+S_O K_NO+S_NO3

*

K NH+S NH K_HO+S_ ALK
X _STO[X _H_NO3
K_STO+X _STO/X _H_NO3

*X H_NO3

*

17 | Aeration Endogenous S O
Respiration Of b—H—OZ*—K 0+S O*X—H—NOZ
X_H_NO2 - -
18 | Aeration Endogenous b H O2* S O B 5 g
)F\ze;m'r\la(t;gn Oof M K_0+S O =
19 | Anoxic Endogenous b H NO* K_O , S _NO2 TS

Respiration Of
X_H_NO2

K_0+S_O K_NO+S_NOZ2

20

Anoxic Endogenous
Respiration Of
X_H_NO3

K_O , |S_NO3

b_H_NO*
K_0+S_O K_NO+S_NO3

#X _H_NO3
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Table 9.8a. Stoichiometrics parameters of ASM3_2gte 1

Process| S| | S S| s O S NH S N2 S NO2 S _NO3
1 fS 1] 1- i N_X_S-i_N_S_S*@-f_S_I)
fS|
2 -1 -1+Y_STO_02 | i N_S S
3 -1 i_N_S_S 1-Y_STO_NO | (1-Y_STO_NO) | _(-Y _STO_NO)
286 172 286
4 -1
5 1
286
6 1
7
1 343 i N _BM- 1 1
Y_A_NH Y_A_NH Y_A_NH
8 1 114 —-i_N_BM 1 1
Y _A_NO2 Y_A_NO2 Y _A_NO2
9 -a-f_X_1 i N BM-f_ X _ I*i_N_X_I
10 -A-f_X_1 i N BM-f_X _I*i_N_X_I
11 i_N_BM-f_X_I*i_N_X_I 1-f X | 1-f X |
172 172
12 i_N_BM-f_X_I*i_N_X_I 1-f X | 1-f X |
286 286

170



13 1 -i_N_BM
! Y_H_0O2
14 1 -i_N_BM
! Y_H_02
” - -~ |—|1 NOZ)*% =5 HlNOZ)*li72
16 —-i_N_BM - 1 ! - 1 ve 1
Y _H_No3 286 Y _H_NO3 286
17 S(@-f X)) i N BM-f_ X _I*i N_X_|I
18 -(1-f XD i_ N _BM-f_ X _I*i_N_X_I
19 i_N_BM-f_X_I*i_N_X_I | 1-f X _|I 1-f X |1
172 Bz
20 i_N_BM-f_X_I*i_N_X_I | 1-f X | 1-f X |1
286 286
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Table 9.8b. Stoichiometrics parameters of ASM3_2gbs 2

Process| S_ALK X1 [X S|XHNO2|X HNO3| XA NH| XA NO2| X_STO X_TSS
1 - -1 -i_TS_X_S
i N X _s-i N s sriTf-S! — >
14
2 i_ NS S Y_STO_O2 060* Y _STO_02
14
3 Y_STO_NO | 060*Y_STO_NO
(i_N_s s+1=Y_STONO, 1 _STO_ _STO_
286 14
4 -1 -60
5 1 -1 -60
14* 286
6
7 1 i_TS_BM
(-i_N_BM-— 2 yx 1L -5
Y_A_NH 14
8 1 i_TS_BM
(-i_N_BM-— 2y« 1 -5
Y_A_NO2 14
9 (i_N_BM-f_X I*i_ N_X_I 2 -1 f_X_I*i_TS_X_I
14 -i_TS_BM
10 (i_N_BM-f_X_I*i_ N_X_I 2 -1 f_X_I*i_TS_X_|I
14 -i_TS_BM
11 (i_N_BM-f_X I*i_N_X_I f X -1 f X _I*i TS _X_|I
1-f X I, 1 -i_TS_BM
+o =Dy =
172 14
12 (i_N_BM-f_X _I*i_N_X_I f X -1 f_X_I*i_TS_X_|I

L X1
286 ~ 14

-i_TS_BM
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13 _i_N_BM 1 1 TS pm - 060
14 Y H_02 - Y H_ 02
14 _i_N_BM 1 _ 1 | TS BM- 060
14 Y_H_02 Y_H_02
15 . _ 1 ! 1 ~ 1 : _ 060
-(i_N_BM+(1 —Y_H_NOZ) T?Z) Y H Noz i_TS_BM ¥ _H_NG2
L1
14
16 , 1 L1 1 1 , 060
_(I_N_BM+(1_Y_H_NO 286 " Y_H_NO3 TS BV Y T Nos
L1
14
17 (i_N_BM-f_ X I*i_ N_X_I X -1 f X _I*i_TS_X_I
14 -i_TS_BM
18 (i_N_BM-f_X_I*i_ N_X_I f X1 -1 f X _I*i TS X _|I
14 -i_TS_BM
19 —(i_N_BM—-f_X_I*i_N_X_I f X -1 f_X_1*i_TS_X_I
_f_X_I—J)*i -i_TS_BM
172 14
20 —(i_N_BM-f_X I*i_N_X_I f X -1 f X _1*i_TS_X_|I
_f_X_I—])*i -i_TS_BM
2.86 14
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Table 9.9. Kinetics parameters of ASM3_2steps

[

k_h MaxSpecificHydrolysisRate Hydrolysis rate camst
Anoxic endogenous respiration rate of
b_A NO DecayCoeffAutotr X_A
Aerobic endogenous respiration rate of
b A 02 DecayCoeffAutotr X_A
Anoxic endogenous respiration rate of
b H NO DecayCoeffHeterotr X H
Aerobic endogenous respiration rate of
b H 02 DecayCoeffHeterotr X H
b_STO_NO DecayCoeffHeterotr Anoxic respiration rfateX_STO
b STO 02 DecayCoeffHeterotr Aerobic respiratioe fat X_STO
F BOD_COD| Fraction Conversion factor BOD/COD
f S| FractOfBiomassLeadingToPartProd Productio8 dfin hydrolysis
Production of X_I in aerobic endogenou
f X | FractOfBiomassLeadingToPartProd respiration
i N BM MassOfNitrogenPerMassOfCODInBiomass N cohtd#rbiomass X_H, X_A
i NS | MassOfNitrogenPerMassOfCODInBiomass N conté S_|
i NS S MassOfNitrogenPerMassOfCODInBiomass N gurdéS_S
i N X1 MassOfNitrogenPerMassOfCODInBiomass N cohiaf X |
i N XS MassOfNitrogenPerMassOfCODInBiomass N contd X_S
i TS_BM FractOfBiomassLeadingToPartProd TSS to @iy for biomass X_H, X_A
TSS to COD ratio for X_STO based on
i TS_STO FractOfBiomasslLeadingToPartProd PHB
i TS _X_|I FractOfBiomassLeadingToPartProd TSS to Q@i for X_I
i TS X_S FractOfBiomassLeadingToPartProd TSS to &b for X_S
K_A HCO HalfSatCoeff Bicarbonate saturation forrifigers
Ammonium substrate concentration for
K_A_NH HalfSatCoeff X_A_NH
Ammonium substrate concentration for
K_A NO2 HalfSatCoeff X_A NO2
K_A O _NH HalfSatCoeff Oxygen saturation for X_A NH
K_A_ O _NO2 | HalfSatCoeff Oxygen saturation for X_A RO
K_HCO HalfSatCoeff Bicarbonate saturation constdiX_H
K_NH AmmonHalfSatCoeffForAutotr Ammonium saturatias nutrient
K_NO NitrateHalfSatCoeffForDenitrifHetero Saturatioonstant for S NO
K_O OxygenHalfSatCoeffForHetero Saturation constans_O
K S HalfSatCoeffForHetero Saturation constant tdystrate S_ S
k_ STO MaxSpecifGrowthRateHetero Storage rate cahsta
K_STO HalfSatCoeff Saturation constant for X_STO
K_X HalfSatCoeffForHydrolSlowBioDegradeSubstr  Hylysis saturation constant
Autotrophic max. growth rate of
mu_A_NH MaxSpecifGrowthRateAutotr X_A NH
Autotrophic max. growth rate of
mu_A_NO2 MaxSpecifGrowthRateAutotr X_A NO2
Heterotrophic max. growth rate of
mu_H NO2 MaxSpecifGrowthRateHetero X_H _NO2
Heterotrophic max. growth rate of
mu_H_NO3 MaxSpecifGrowthRateHetero X_H_NO3
n_NO FractOfBiomassLeadingToPartProd Anoxic redurcfactor
S O_Sat Concentration Oxygen saturation conceoirati
Y A YieldForAutotrophicBiomass Yield of autotrophitomass per NO3_N
Y A NH YieldForAutotrophicBiomass Yield of X_A_NHgo NO3 N
Y_A NO2 YieldForAutotrophicBiomass Yield of X_A_NQ&r NO3_N
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Anoxic yield of heterotrophic biomass per
Y _H NO YieldForHeterotrophicBiomass X_STO
Y_H NO2 YieldForHeterotrophicBiomass Anoxic yielth)o H NO2 per X_STO
Y_H NO3 YieldForHeterotrophicBiomass Anoxic yielth)0 HNO3 per X_STO
Aerobic yield of heterotrophic biomass
Y H 02 YieldForHeterotrophicBiomass per X_STO
Y_STO _NO YieldForHeterotrophicBiomass Anoxic yigfstored product per S_S
Y_STO_02 YieldForHeterotrophicBiomass Aerobic yiefdstored product per S_S

The effect of temperature on the kinetics was a@stsidered in the model implementation
using the Arrhenius equation (Hereteal, 2002). The default values of ASM3 and values
from literatures were applied.

Step 6. Process characterization

6.a. Estimation of ASM parameters

To make the calibration easier, it is importantd&termine experimentally some of the
parameters of the activated sludge model. Therefome parameters can be fixed and the
calibration goes through the remaining paramefehs. literature shows that respirometry
assays are commonly used for determining thesardeas. In this study, two different
assays were implemented.

al) Biotest to determine autotrophic max growtle raield, decay rate and ammonium
substrate concentration of X_A NH and X_A NO2 (nfiedi from) (Metcalf&Eddy,
1991). This work has already been presented in €h&p(ltem 7.2). The general results at
20.2C and 24.98 temperature are given in Table 9.10:

Table 9.10. Kinetic and stoichiometric parameters fothe studied activated sludge

Calibration (at 20.2°C) Validation ( at 24.98°C)
Unit X A NH X A NO, | Overall | X_ A NH X_A _NO, Overall
Ks mgN/L 1.32 - 1.35 1.32 - 1.35
Y | mgCOD/mgN 0.176 0.06 0.236 0.176 0.06 0.236
pm d* 1.270 0.081 1.255 1.08 0.19 -
ba d? 0.03 0.03 - 0.054 0.054

a2) Oxygen uptake rate tests (for determinatiomedérotrophic yield (¥)

The test was presented in Chapter 7 (item 7.3)yahee of heterotrophic yield coefficient
Y that was estimated is 0.683.

6.b. Determination of sludge concentration and biass fractionation

b1l) SS and VSS determination

SS (suspended solid) determined in the SBR atelgmbing and at the end of calibration

are 3.95 g/L and 11.3 g/L. Since VSS (volatile sugjed solids) represent 77% and 60%
of SS, relatively in each period, VSS are 3.0 gid &.8 g/L, relatively.

SS and VSS in discharged wastewater: Non settlang ip the discharged wastewater

(f_ns) at the end of cycle was determined throu§heStimation. Average value of SS in

175



the steady state of the calibration period was wemall, around 0.003 g/L together with
the SS value in the SBR, yields an f_ns of 0.001.

b2) Biomass composition

Biomass composition analysis method was alreadyepted in Chapter 5. Ratio of active
biomass was done on sludge samples at the begimmdgthe end of calibration. As
mentioned in Chapter VI, based on total of speckditrosomonas, Nitrosospira and
Nitrobacter in the nature (Féray, 2000), total minaonium and nitrite oxidizing bacteria
was determined. Table 9.9 presents the resultmotiat of group of biomass according to
MPN method. Denitrifying bacteria were calculatedséd on equations rates of
denitrification (see Eq. 6.17 and 6.18 in AnneX) 6.

As VSS in SBR at the beginning and the end of thédmation without carbon addition
(calibration 1) was measured at 3.0 g/L and A.8rgspectively; at the end of validation 1
it was measured at 7.7 g/L. For calibration zhatlieginning and the end it increased from
3.1 g/L to 9.12¢/L, respectively. Concentrationshafse bacteria were determined, which are
presented in Table 9.11 and 9.12. SRT at the stsiady of calibration 1 and validation 1
were kept around 45.7 d.

Table 9.11. Amount of typical group of biomass meased by MPN method (MPN/ml)

Group of biomass Total VSS| Nitrobacter | Nitrosomonas| Nitrosospira
(MPN/ml) | (MPN/ml) (MPN/ml) (MPN/ml)
Begin of calibration 1 1.7*10%° 4.5%1CF 3*108 3*10°
End of calibration 1 5.4*10° 4.1*10 0.44*10 1.85*10
End of validation 1 5.5%10° 4.7%10 0.45*1(F 3.7*10
Begin of calibration 2 5.4*10° 0.3*1¢ 1.2x10 2.37*1¢

Table 9.12. Experimental biomass concentration inatibration and validation periods

(gCODIL)
Concentration (gCODI/L) X A NH | X A NO2| X H NO2| X_H_NO3
Begin of calibration 1 0.23 0.19 0.36 0.44
Experime- | End of calibration 1 1.20 0.13 - -
tal data | End of validation 1 1.38 0.13 - -
Begin of calibration 2 0.37 0.34 0.58 0.59
Begin of calibration 1 0.23 0.19 0.36 0.44
Simulated End of calibration 1 1.19 0.13 0.35 0.38
data Begin of validation 1 1.19 0.13 0.35 0.38
(Begin for| End of validation 1 1.39 0.11 0.43 0.36
Input and| Begin of calibration 2 0.37 0.34 0.58 0.59
End  for"Enq of calibration 2 1.39 0.54 9.20 0.36
output)  "Begin of validation 2 | 1.39 0.54 9.20 0.36
End of validation 2 1.37 1.21 8.60 1.07
Note: - calibration 1 and validation 1: withoutloan addition

- calibration 2 and validation 2: with carbon aabah
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It has been said that activated sludge subjectedittification and acclimation culture
using a waste liquid in a sludge treatment suctiehydrated filtrate contains about 0.35%
of nitrifying bacteria. When such an active sludg@sed as a raw material and subjected
to acclimation culture and accumulated for abowt taonths in a liquid containing NH-

N, amount of the nitrifying bacteria in the saidizated sludge increases to an extent of
about ten-fold (3.5%) (Patent, 2003). In this cad#iough ammonium oxidizing bacteria
increased very well, the increase of nitrifying tegia is about 3.34 times due to decrease
of nitrite oxidizing bacteria.

6.c. Influent wastewater characterization

The influent wastewater characterization was domget on the STOWA protocol with
some modifications. This methodology is based oysiglal-chemical and BOD, COD and
nitrogen measurements.

Inlet leachate of the SBR pilot was sampled andyaed intensively during the weeks of
calibration. The buffer tank was fed with new leatehevery week. The parameters include
COD, COD after filtration with 0.4pm filter paper, BOD, BOD after filtration with 0.45
um filter paper, NH". In the validation period, except BOD that was gkt only one
time at the beginning of the period, the otherapeters were sampled and analyzed four
times per week. In the calibration period, the paters were sampled and analyzed only
at the beginning of the period.

The results of nitrogen and COD evolution in influef SBR were already presented in
Graph 9.1 and Graph 9.2.

It can be noted that, COD in inlet leachate didat@nged very much, and COD is mostly
inert COD, or slowly biodegradable COD. This isyaital characteristic of leachate in
Vietnam.

Ammonium decreased a little bit but not signifidgnprobably because the buffer tank has
an open surface to the atmosphere and is thus aeoated than closed cans.

Procedure for the influent wastewater fractionation

The influent wastewater characterization was diiggo the organic matter fractionation,
the nitrogen fractionation and other substratetivaation (in this case there are only
oxygen and alkalinity). These were performed folloyvthe procedures described in
Diagram 9.2, 9.3 and 9.4, which were based on tiedard Dutch STOWA guidelines
with some modifications.
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BOD

C.OfD . (f:%D45 uEr?lgte ultimate
in inf_0. _0.45:m
v v v
S_S+X_S S_S+ S_ S+
+S 1+ X | S | X_S
| | Ignored
v | | v A
X_TSS X S | XS S S| [XSTQ | X_A X_A X_H X_H
_NH || _NO2|[_NO2|| _NO3

A |

Diagram 9.2. Characterization of Organic matter frectionation in the influent

wastewater
NH,* NO, NO;
\ 4 \ 4 A 4
S_NH S_NO S NGO

N2

A 4

S N

Diagram 9.3. Characterization of Nitrogen fractiondion in the influent wastewater

0O, CaCQ

\ 4 A 4

S O S_AKL

Diagram 9.4. Characterization of Oxygen and alkaliity fractionation in the influent

wastewater

Table 9.13. Definition of organic matter and nitrogen compound.

Definition (compounds) Symbol Units
Readily biodegradable organic S S mg COD/L
Inert soluble organic S | mg COD/L
Slowly biodegradable organic X S mg COD/L
Inert particulate organic X mg COD/L
Total suspended solid X_TSS mg SS/L
Ammonium S NH mgN/L
Nitrite S NO2 mg COD/L
Nitrate S NO3 mg COD/L
Nitrogen gas S N2 mg COD/L
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a) Determining the organic matters (S_S, S I, X_&X_I, X_TSS)

COD of the influent leachate was analyzed and ikt total COD:

A=S S+S_|I+X_S+X_I (Eq. 9.2)
The influent leachate was filtered with filter papé 0.45um, the filtrated solution then
was analysed to get a COD which is equal to reduldgegradable organic (S_S) and inert
soluble organic (S_I):

B=S_S+S_I (Eqg. 9.3)
Ultimate (ATU) BOD of the influent leachate was ebsd, which is equal to
readily biodegradable organic (S_S) and slowly eégrddable organic (X_S):

C=S S+X_S (Eq. 9.4)
By the way, ultimate (ATU) BOD of the filtrated ioknt leachate was observed, which is
equal to readily biodegradable organic (S_S):

D=S_S (Eqg. 9.5)
Set of equations used for calculation of organittens and nitrogen compounds.

A=S S+S_1+X_S+X_| (EQ. 9.2)
B=S S+S_| (EQ. 9.3)
C=S_S+X_S (Eq. 9.4)
D=S_ S (Eq. 9.5)

By solving the set of equations, we found valueS df X_S, and X_|.

X_TSS is determined by method for SS estimatiothénactivated sludge system; with 1.2
um filter. The value of this parameter thereforesigaller than that of total X_S and X_|
because a part of it goes through the filter paper.

BOD versus time_calibration BOD versus time_calibration
120 0.75
120 0.75
0 ) o0 BOD_inf = P +0.70 BOD_inf
§ & — 065 | —s—BOD_inf 0.45 §, ® 1065 | _sBoD_inf 0.45
£ ® 4 £ +0.60
o ol - 080 | . BoD inf 045/|| | © 40 "~ |——BOD_inf_0.45
2, 1 05 BOD_inf 2 {055 | /BODinf
0j“Hmmmmmmm”mm”” 0.50 0 e+ 0.50
1 4 7 10 13 16 19 22 25 28 31 34 37 40 1 4 7 101316 19222528 31343740
Time (day) Time (day)
Graph 9.24. BOD test for influent Graph 9.25. BOD test for influent
leachate in calibration 1 leachate in validation 1

b) Determining the biomass components

All  biomass components including nitrifying bacgeri(X_A_NH, X_ A NO2),
heterotrophic bacteria (X_H_NO2, X_H_NO3) as wallcll internal storage product of
heterotrophic organisms (X_STO) were ignored, sitotal suspended solid (X_TSS) was
considered only organic components (X_S and X_lis Tassumption was based on the
fact that ammonium concentration in the influemsicleate did not changed very much. That
means, there was almost no nitrification takingela the buffer tank.
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c) Determining the nitrogen compounds

The S NH, S N@ and S_NQ@ are obtained from ammonium, nitrite and nitrate
measurements.

Results of the fractionation

The average contribution of the organic componémtihe total COD, and the results of
the influent ASM3 2step based on fractionation éoganic matters and nitrogen are
presented in Table 9.12. The results for the catibbn as well as validation period are
presented.

Because COD concentration and ammonium as wetifineint leachate in buffer tank did
not change very much, concentration of these pammased for calibration was taken as
the average value for the whole period.

Table 9.14. Characteristics of influent leachate ah corresponding parameters for
ASM3_2step in calibration and validation period wih and without carbon addition in
Vietnam and in Belgium

No carbon addition | Carbon addition | Carbon addition
(Vietnam) (Vietham) (Belgium)
Parameters Unit C \% C \% C \%
Average Average Average
Analysed parameters
CODi mgGO/L 353 588 525 351 360 455
CODy.45m mgO,/L 312 533 485 318 330 422
Ug‘g‘gte mgOy/L 116 180 | 125 | 108 97 162
BUCI)tIIDT_?;em mgOy/L 80 130 90 78 76 149
N2-N mgN/L ignored | ignored ignoredignored | ignored ignored
NH4-N mgN/L 335 536 406 334 100 162
NO2>-N mgN/L 0 53 48.0 0 6 0
NOs-N mgN/L 0 3 3.2 0 40 0
Alkalinity | mgCaCQ/L 2570 3840 3740 2603 578 942
Oxygen mgQ/L 4.00 1.15 1.15 4.20 3.50 2
Biomass mgCOD/L| ignored ignored ignorgdgnored | ignored ignored
ASM3_2step parameters
S S mgCOD/L 80 130 90 78 76 149
X_S mgCOD/L 36 50 35 30 21 13
S | mgCOD/L 233 403 395 240 254 273
X mgCOD/L 5 5 5 3 9 20
S_NH, mgN/L 330 535 406 334 100 154
S NG mgN/L 0.06 53 48.0 0 5.9 0.2
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S NG, mgN/L 0.81 3 3.2 0 39.7 0.3
S N mgN/L 0 0 0 0 0 0
X_A_NH | mgcoDiL 0 0 0 0 0 0
X_A_NO, | mgCODIL 0 0 0 0 0 0
X_H_NO, | mgCoDIL 0 0 0 0 0 0
X_H_NO; | mgCODIL 0 0 0 0 0 0
X_STO | mgCODIL 0 0 0 0 0 0

X_TSS mgSS/L 36 50 37 30 28 30.7

Note: C - Calibration; V - Validation

9.3.4. STAGE IV: CALIBRATION AND VALIDATION

9.3.4.1. Nitrification and denitrification without external carbon addition

Step 7A. Calibration of the biokinetic model

Calibration was implemented for a long term pergtdady state and cycle evolution.

7A.a. Building SBR configuration.

A configuration is a graphical model representatibithe system. The experimental SBR1

is modeled by a configuration that is presentefigure 9.6. Units in the configuration are
described in Table 9.15.

2 44-% Controler_1
Timer_1

out_1
in_1

| % I 0O
FC_2 out 2
,,

FC_3 waste 1

Figure 9.6. Configuration of the experimental SBR1
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Table 9.15. Description of configuration of the SBR

Unit Description Function
i Buffer tank With a storm tank one tries to conttble extra
BT 1 amount of influent water. A storm tank is modeled a
B a tank with an effluent pump. The effluent has a
variable flow rate that depends on the volume m|th
tank, the desired pump flow rate and the influéowf
rate. The model flattens out the concentration peak
and also the flow rate peaks, within the limits.eTh
content of the tank is supposed to be well mixed.
In this case, it is used to store leachate.
’ﬂ%& SBR tank The model describes a sequencing bateltorg
SBR 1 process with two reaction phases (Nitrification| (2
B steps) and denitrification)
% Timer 21 A timer gives a certain output accordingite period.
Timer 1 Timer21 has two periods and has one controlling
B output per period.
In this case, it controls the pumping time of the
leachate from the buffer tank
4_’1‘ Controller This is a model for a proportional-igitel-derivative
Control_1 controller. The value of the manipulated variapble
B changes proportionally to the value of the errgnal,
to the value of the integral and to the differentif
the error function with time. This is done to sothe
overshoot problem of a PI controller. It control®© D
concentration (or Kla actual) in SBR tank from the
signal of DO sensor.
DO sensor Sensor measuring the dissolved oxygeceotnation
Sensor_1 in the SBR tank
& C_F This model is used to convert incoming data
CF 1 Converter expressed in concentrations into fluxes (product of
B concentration and flow).
2z F C This model is used to convert fluxes (product| of
FC 1 Converter concentrations and flow) into concentrations ana/fl
B § F C FC_1 is for discharged wastewater. FC_3 is |for
FC 2 128 Converter discharged sludge. FC_2 is for by pass.
- F C
FC 3 Converter
o Input Characteristic of inlet wastewater
In_1
N0 Output Characteristic of outlet wastewater
Out_1
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7A.b. Starting simulation process

7A.b.1. Volume and flow rate simulation

Firstly, parameters concerning to the volume, flate must be calculated exactly to have
an exact evolution of volume and flow rate (Q_in,oQt, Q_waste etc.). Figure 9.7
presents the evolution of SBR volume during thécation period and in the cycles.

1 WEST Experi ion Environmen - Mew_Yen_SBR_2step_calibration BEX]
Eile  Edit ‘iew Experiment TIools Help

0O & = % 7% |5
i Start & [0 22 Tornado in batch mode

SBR_Flow rate 3 x

Volume-gFSBR( L) -

Time (day

" SBR_Flow rate[SER_Hutients

C:iProgram FilesiHemmisiWestiFroject|New_Yen_SBR_2stepiMew_Yen_SER _Zstep_calibration, wxp ‘C:\Frogram Files|Hemmis)West\FrojectiNew_Yen_SEBR_ZstepiNew_Yen_SBR_Zstep.wml

Figure 9.7. Volume evolution of the SBR1 in the diédration period

7A.b.2. Nitrogen removal process simulation

Firstly, a simulation and also an experiment oftghilays were performed to get a “nearly”
steady state. At the end of this period, the cgslelution was observed with a number of
samples taken during the whole cycle. The valugm@imeters related to the dynamic behavior
could be fitted.

The kinetic and stoichiometric parametegs fn, Ya nH, YA N0o20 YH 02 Da, Ka nH),
determined from biokinetic and respirometry tesesewused as default values. However,
some default values of kinetic and stoichiometraragmeters available in ASM3 and
literatures values for those added in the ASM3 Pstere kept constant, while some
others were adjusted step by step so that calcutdége variables fit with observed ones.
A procedure for the calibration of the biokinetiodel was established, which combined
BIOMATH (http://biomath.ugent.be) and STOWA (htfpnvw.stowa.nl) procedures. This
consisted in a step-wise methodology, which difitegted between the steady state
calibration and the cycle (dynamic) evolution cediipn. It was based on expert
knowledge and consisted in five interaction stdpd tonsidered the sludge production,
dynamics of DO, Nif, NO, and NQ. The Diagram 9.5 shows the scheme of the
methodology used for calibration, which is refeffireth literature (Tabares, 2006).
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Diagram 9.5. Calibration procedure for Partial nitrogen removal with two — step
nitrification/denitrification without carbon additi on

Long term Steady sta |
evolution evolution A A A A A
- Y A NH: YA NO2 MmanH; Hmano2s Klager Knor 'vo. Ksto
Cycle evolutio Yh_no2 Knh, Knoz, Kaon, Klaanoxs UmHnoz
YH_ NO3 KAONO2 IJmHNOEa YSTC
A A A A A A
\ A 4 No
Biomass No Yes
production OKp
N DO Yes No
0 S denitrificatiory
Yes > limiting? .
Nitrification Yes Nitrite No | DO No No
OK? accumulation? | OK?
Yes _ [Denitrificatio] No_ [ COD |Yes
" OK "| present?
Yes | Calibration
" complete

1) Values of parameters found from measurements baokinetic tests were applied,
including f_nspa nH, Ha_no2 YA NH: YA No2, Ka nHy Ka noz and .

2) Values of f S I, f X I, i NS LLi NXI,i NJ>S,i NBM,i TS X S,i TS BM,
i_ TS _STO and F_BOD_COD were kept constant as defaliles of the model.
Saturated oxygen is calculated depending on ternperafollowing the Equation
(HEMMIS, 2004):

S_O_Sat = 14.65 — 0.41 * Temp + 0.00799 * TémP.0000778 * Tenp (Eq. 9.6)

3) Biomass production

Table 9.16. Concentration of biomass in calibratiori (gCODI/L)

Concentration (gCODI/L) X ANH | XA NO2| X HNO2| X HNO3
Experimental| Begin of calibration 1 0.23 0.19 0.36 0.44
data End of calibration 1 1.20 0.13 - -
Simulated | Begin of calibration 1 0.23 0.19 0.36 0.44
data (Begin | End of calibration 1 1.19 0.13 0.35 0.38
for Input and
End for
output)

Simulated concentrations of ammonium and nitriteliaing bacteria at the beginning and
at the end of the calibration period were compaocedxperimental values. Y_A NH and
Y_A_NO2 were finally adjusted to 0.159 and 0.083itahe two sets of values. Those
values are closer to literature values than the saied from biokinetic tests.
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Figure 9.8. Simulated biomass evolution in calibraon 1

As can be seethe biomasshat is most changing during the test period isahmmonium
oxidizing biomass (increasing), then nitrite oxid@ bacteria (decreasing). This is
reasonable with a partial nitrification. The chargjeothers biomasses is smaller during
this period.

4) Nitrification profile : Parameters of DO controller was adjusted litiidittle to obtain a
reasonable nitrification profile. Nitrification ihcdes ammonium trends, nitrite trends,
nitrate trends and DO trends. It is necessary @ lsaminimum Kla of 19.79Hobtained

in the first day of the steady state period so &mamonium was consumed completely, at
least in the last day. However, this value willfbgther adjusted in the next steps. Figure
9.9 and 9.10 presents the nitrification profile axggen profile, which are obtained from
the simulation process.
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Figure 9.9. Simulated nitrification profile in calibration 1

In Figure 9.9, we can see that ammonium evolutioralmost opposite with nitrite
evolution since nitrate is not produced very mueh20-30 mgN/L) in comparison with
nitrite production during the whole period. Becatlsere is no carbon addition in this case,
nitrite therefore is accumulated day by day follogvihe increase of ammonium oxidation
efficiency.
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Figure 9.10. Simulated DO profile in calibration 1

During the whole calibration period, DO concentatis almost stable around 0.75-0.8
mgQO,/L. At steady state, at the end of nitrification emh ammonium is completely
consumed, DO concentration reaches to the satoratiocentration.

5) Nitrite accumulation To get a simulation similar to observed valupsanoz Knoz
Kaonn, Kaonoz parameters were gradually fine-tuned. Firgtiyano2 Was decreased from
the literature value of 0.7"dto 0.32 . The nitrate actually produced was not very higli as
also found in some experiment before, there igyaifgtant inhibiting influence of high pH and
alkalinity (in fact the inhibition factor is free H{) in nitrate production (or in nitrite nitrifying
bacteria). In fact, if in the model ASM3_2step, iahibition factor (NH for example) could be
added in process of nitrite nitrification, it woud@ much better. However, this is another work. So,
Mmano2in this case is considereqiaanoztaking into account inhibition factor of NH

Kla of the last day of the steady state period waased at 25.18'do yield an ammonium
removal efficiency corresponding to the experinftre day when the efficiency obtained 100%
in both cases was 21st) (Graph 9.26). Ammoniunkeptates achieved was 33.3 mgN/L.h (with
an ammonium removal efficiency of 100%) respeqgfieeid nitrite accumulation ratio in the two
periods was 91.4. %. Those simulated values fitwitd the experimental ones.

It can be noted that, the increase of Kla doesafigict negatively nitrite accumulation
significantly. Here, the key parameter to yieldghlratio nitrite to total of nitrite and nitrate i
maximum specific growth rate of ammonium and eggchitrite oxidizing bacteria. An
appropriate nitrite accumulation can be obtaine@rwthe former growth rate was greater
enough than the latter (e.g. 0.61 cbmpared to 0.32) which means when nitrite oxitjzi
bacteria are inhibited. Here inhibition factors high pH, and alkalinity. (Anthoniseet al,
1976; Metcalf&Eddy, 1991).
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Simulated vs Experimental value of nitrogen compoun ds
in outlet in calibration period
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Graph 9.26. Simulated versus experimental nitrogeprofile in outlet in calibration 1

Cycle calibration pmano2 had to be decreased to 0.108aldecrease nitrate that is produced at
the end of nitrification process.

Kao n1 @and Kao no2 Were fine-tuned from literature values of 0.5 dnehg Q /L to 1.37 and
1.59 mg QIL, respectively to better take into account thating effect of oxygen, (Graph 9.27
and 9.28). This can be explained that, due toitfieutt penetration of oxygen into the bioflocs,
a high concentration of oxygen in the system doegxpress the concentration of oxygen inside
bioflocs. The influence of high concentration dfité and nitrate can be significaiitiis could
also be due to a non optimal location-calibratibtne DO sensor.

Simulated vs experimental value of nitrogen compoun  ds in the cycle evolution
Cycle 31th (day 16th) and Cycle 41st (day 21th) and  cycle 55th (day 28th)

Filling + React React Setfling+  Filling + React React Settling +  Filling + React React Settling +

aeration anoxic Decan +ldle aeration anoxic Decan + Idleaeration anoxic Decan +Idle
350 | | | I | | |
] ) ) % ) i
300 gl Vel N o —— Simulated
/ -] NH4
250 I —— Simulated
= P NO2
Z, 200 1 A Simulated
E NO3
s —o— Experimental
&1 / \ NH4
=z —i— Experimental
100 v \\ / / \ NO2
\ ( —e— Experimental
50 | o ole v NO3
e s 09® Yo 00 %.‘00‘\‘ G000 bhoooe®®| |
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Time (h)

Graph 9.27. Simulated versus experimental Nitrogeprofile in cycles 31, 41 & 55
(calibration 1)
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Simulation vs. experimental value of DO in cycle
Cycle 31st, 41st, 43th and 55th (day 16th, 21st,2 2nd and 28th)
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Graph 9.28. Simulated versus experimental DO profd in cycles 31, 41, 43 & 55
(calibration 1)

5) Denitrification: When the nitrification profile and nitrite accuratibn were correctly
simulated the calibration was tuned for denitrifma As the system is not closed completely
and observed DO are not exactly zero but close@ 9 0.1 mg/L, a Klgo of 0.1 Kwas
adopted.

Nitrite and nitrate denitrification rate depend ppno2, Hunos N_NO, K NO. The most
important substrate in denitrification is biodegtlé COD which is very low in old leachate,
and moreover has partially been degraded in threegireg nitrification process, or even stored
partly in the biomass cells (in the form of X_ST@gn was liberated and combined with COD
produced from biomass decay. The denitrificationthis case therefore could be called
endogenous denitrification.

This COD participates into denitrification. The defication rate therefore also depends
onk STO, Y STO NOandY_STO 0O2.

Y_STO_Q was increased from literature values of 0.85 t870to increase storage
capability of COD in the biomass cells in the aeratphase, saving more COD for the
denitrification process; then Y_STO_NO was decreédsam 0.8 to 0.63 to reduce storage
capability of COD in biomass cells during the amophase. However these values should
be verified in the calibration with carbon additisince its effect would be clearer.

Varying of ppno2 and punos does not change very much the nitrite and nitrateowal
efficiency. These values therefore were kept constad could be adjusted in a further step
when simulating biomass production. At the same tiadjustment of K_ NO and K_STO did
not change denitrification efficiency significantlyis found that, in the experiment, nitrite and
nitrate denitrification efficiency with biodegradabCOD in the influent leachate was low.
Then, n_NO (0.6) was increased to a higher valug éhd k_STO was adjusted from default
value of the model of 5 to 3.2 to make nitrite atcate denitrification efficiency similar with
the experiment. However, the changing of the patermi@egarding to this denitrification
process does not bring a notable change in treeeftly.
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Step 8A. Validation without carbon addition

The validation process consists in using the catdd model with a set of data that is
different from the calibration set. In this periaalten day simulation was run applying
some operating changes and taking into accounintheent variability. The composition
of influent was presented above. Instead of thie¥ 4 maximum working volume, the 6
liter - one was applied in this period with higleetygen supply intensity. Kla value of the
filling-aerated as well as in aerated react phabesefore was changed. Kla value
obtained in the filling-aerated phase is 285that was presented in Figure 9.2. The Kla
value obtained at the first day of the steady siat¢his simulation is also 28.5h
Normally, there was no change in the kinetic andicktometric parameters. But
temperature in this period was increased signifiga(from 20.2 to 24.9%) so the
parameters most affected by temperature, includiagimum specific growth ratqu(),
decay constant g, oxygen saturation coefficientak of ammonium and nitrite oxidizing
bacteria were increased according to the given ¢gatpre, pa ny from 0.61 to 0.9877Y
Ha_no2 from 0.108 to 0.17 4 ba from 0.03 to 0.049 dand Ky o nu and Ky o noofrom
1.37 and 1.59 to 1.76 and 1.97 m@Qrespectively. With a higher temperature, DQha
system is decreased.

Ammonium uptake rates achieved during validationods was 56.7 mgN/L.h (with an
ammonium removal efficiency of 100%) respectivaiyg aitrite accumulation ratio in the two
periods was 95.6 %, respectively. Those simulaahges fit well with the experimental ones.

Table 9.17. Concentration of biomass in validatiod

Concentration (gCODI/L) X A NH | X A NO2 | X_ H NO2| X H NO3
Experimentall Begin of validation 1| 1.20 0.13 - -
data End of validation 1 1.38 0.13 - -
Simulated | Begin of validation 1|  1.19 0.13 0.35 0.38
data (Begin | End of validation 1 1.39 0.11 0.43 0.36
for Input and
End for
output)
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Figure 9.11. Simulated biomass evolution during vadation 1
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8A.a. Validation at steady state

Figure 9.12 presents Nitrification profile (incladi ammonium, nitrite, nitrate and oxygen

trends) obtained from the validation period.
Figure 9.13 presents DO profile in the validati@nipd.
Graph 9.29 presents simulated and experimentabdétr profile in the validation period.
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Figure 9.12. Simulated nitrification
profile in validation 1

Hrjé (day

Figure 9.13. Simulated oxygen profile in

validation 1

Simulated vs Experimental value of nitrogen compoun  ds in outlet
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Graph 9.29. Simulated versus experimental Nitrogeprofile in outlet in validation 1

8A.b. Validation in cycle

Graphs 9.30 and 9.31 present results obtained @yete measurements{@ay) in the
validation period, showing a good fit between timaudated and experimental values for

the nitrogen and oxygen compounds.
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Simulated vs experimental value of nitrogen compoun ds in the
cycle evolution in validation period
Cycle 17th (day 9th) and cycle 19th (day 10th)
Filling + React React Settling + Filling + React React Settling +
aeration anoxic Decan + Idkeration anoxic Decan + Idle
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Graph 9.30. Simulated versus experimental Nitrogeprofile in cycles 17 and 19
(validation)

Simulation vs. experimental value of DO in cycle
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Graph 9.31. Simulated versus experimental Oxygen pfile in the cycle 17 (validation)
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RESULTS OF CALIBRATION AND VALIDATION IN CASE OF NO CARBON
ADDITION (FOR 8A)

In Table 9.18, kinetic, stoichiometric and Kla weduobtained during calibration and

validation are presented. * Values varied withpenature

Table 9.18. Kinetic, stoichiometric and Kla value®f calibration and validation period

Default (;g‘n?rzz[g{‘;l This study — ASM3_2step
Parameters Unit ASM3 . ?

Model | 1999 Henzeet | cajibration | Validation

al., 2002) (20C) | (20.2c) | (25.98C)*

b A 02 o 0.15 0.03 0.03 0.049*
K_A NH mgN/L 0.5 1.32 1.32
K_A_NO2 mgN/L 1 1 1
K_A O NH mgCOD/L 0.75 1.37 1.76
K_A_O NO2 mgCOD/L 1 1.59 1.97
k_h mgCOD/(mgCOD*d 3
K_HCO mgCOD/L 0.1
K_NO mgNQ-N/L 0.5
K O mgCOD/L 0.2
K_S mgCOD/L 2
k STO d 5 3.2 3.2
K_STO mgCOD/L 1
K_X mgCOD/mgCOD 1
LA NH d! 0.6 0.61 0.987*
A NO2 d* 0.7 0.108 0.17*
u_H NO2 d? 4.5
u_H NO3 d? 4.5
n_NO - 0.6 0.7 0.7
S O Sat mgO2/L 8 8 8
Y A NH mgCOD/mgN 0.1562 0.159 0.159
Y_ A NO2 mgCOD/mgN 0.085 0.083 0.083
Y_H NO mgCOD/mgCOD 0.54
Y H NO2 mgCOD/mgCOD 1
Y_H _NO3 mgCOD/mgCOD 1
Y H O2 mgCOD/mgCOD 0.63 0.67 0.67
Y_STO_NO mgCOD/mgCOD 0.8 0.63 0.63
Y STO 02 mgCOD/mgCOD 0.85 0.87 0.87
Kla react 1 h? . . 2518 33.1*
end
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CONCLUSION IN CASE OF NO CARBON ADDITION (FOR 8A)

Based on an appropriate model base, simulationnamdkeling of the partial nitrification
and denitrification in the activated sludge - SBRating leachate was successful.
However, the temperature change during the expeataheeriod hampered the calibration
and even more the validation of model parametesindgJbiokinetic tests to determine
some kinetic and stoichiometric parameters, eslhgsipecific growth rates could fater the
calibration process. The simulation of nitrogenfige according to the experiment is
successful, particularly the nitrite profile.

The activated sludge used for the study expredsdugh nitrification capability with the
presence of nitrifying bacteria, mostly increasdl@f ammonium oxidizing bacteria. The
studied leachate is characterized by high pH akdlialty, causing inhibition of nitrite
oxidizing bacteria. Dissolved oxygen just showesl iitfluence (negatively) in nitrite
accumulation at the end nitrification at steadytestavhen ammonium is completely
consumed and alkalinity remains low. This causefée@ease in pH, activating the nitrite
oxidizing bacteria strongly again. However, timelas period is not long, thus total nitrite
accumulation remains very high, of 91.4 and 95.6%4he calibration and validation
period, respectively. Optimization of the partidtrification and improvement of nitrogen
removal efficiency will be continued in a next sfudy adjusting DO, HRT (working
volume of SBR) and cycles (time for each phasehe dleveloped model will be used to
optimize the process, and the optimized systembeilthecked by new experiments.

9.3.4.2. Nitrification and denitrification with external carbon addition

Step 7B. Calibration of the biokinetic model

Calibration was implemented for long term periodinaarly steady state” period and a
cycle evolution.

7B.a. Building SBR configuration.

The experimental SBR is modeled by a configuratiet is presented in Figure 9.14.
Because a unit SBR in the available model base smbport for carbon addition in the
first period of a timer (in this case it is Time}, 80 to overcome this inconvenience, a unit
CFID (PointSettler2PhaseReact) is being used tlmcepghe SBR. This model describes a
continuous flow with intermittent decant batch mss with two reaction phases. This
process is also known as the IDEA process (Intéently Decanted Extended Aeration).
Units in the configuration are described in Tah{E99
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Controler_1

FC 1 out_1

FC_3

waste 1

Dosing_unit_|

Figure 9.14. Configuration of the experimental SBR2

Table 9.19. Description of configuration of the SBR

Unit Description Function

i Buffer tank The same as in Table 9.15
BT 1

PointSettler2PhaseReactyvith intermittent decant batch process with three
reaction phases (nitrification in aeration phasd |an
denitrification in anoxic phase (including settling
phase). This in fact works like a sequencing batch

% SBR tank (CFID| The modified model describes a continuous flow
SBR_1*

reactor.
Timer 21 The same as in Table 9.15
Timer_1 2
Timer 31 Timer31 has three periods and has oneraitng
Timer 2 2 output per period.

It controls pumping time of carbon source (with a
constant flow rate) from the Dosing_unit

Control_1 Controller The same as in Table 9.15
ﬁ DO sensor The same as in Table 9.15
Sensor_1
Dosing_unit_1 | Dosing unit The Acetate model describes the in-&ddition of
o acetate (CKCOOH) as an external carbon source. It
= is used to supply carbon source (e.g. acetatd)eto t
SBR tank.
Interface link The one between the Dosing unit @ SBR is tg

control concentration of carbon source from the
Dosing unit in accordance with total of nitrite ¢
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nitrate produced in the SBR.
= C_F Converter The same as in Table 9.15
-
CF 1
- F _C Converter The same as in Table 9.15
—
FC 1
IZ4 F_C Converter
FC_3
Input The same as in Table 9.15
n P
In_1
Output The same as in Table 9.15
g O
Out 1

7B.b. Starting simulation process

7B.b.1. Volume and flow rate simulation

Firstly, all parameters concerning the volume, floates must be calculated exactly to
have an exact evolution of volume and flow ratesifiQQ_out, Q_waste etc.) of the SBR.
In this case, there is only one cycle per day,phases within the cycles are the same
except the time of the settling phase, which igeased from 2 hour 50 minutes to 14
hours 50 minutes. That means the pilot did not wairkight. This operating procedure is
convenient for carbon source addition in the cyeleen knowing the total of nitrite and
nitrate produced at the end of nitrification in frevious cycle. Volume of carbon source
(10 mL) that was added every day was also includlélde calculated flow rates.

Figure 9.15 presents the evolution of SBR volumiaduhe calibration period and in the cycles.

li51 WEST Experimentation Environment - Carbon_A ddition [B[E=]
&

SIS . Figure 9.15. Volume
w| evolution of the SBR2
“| in the calibration
period

File  Edit  View  Experime
= =
Do ©

Volume of8SBR (L. .

Time (day

7B.b.2. Nitrogen removal process simulation

Like in the previous simulation without carbon diddi, firstly, a simulation and also an
experiment of thirty days were performed to getestly” steady state. At the end of this period,
the cycle evolution was observed with sampling rduthe whole cycle. The values of state
variables related to the dynamic behavior coulfitteel.
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Because the calibration was implemented after #iielation of case A (simulation without
carbon addition), temperature in this period insedato 26.9C (average value). Sludge was
used for this calibration came from the same sothme@ the one used for the previous
calibration, therefore the kinetic and stoichiontetparameters fa nu, Ya N, YA nNO2,

Y o2 ba, Ka_nw), determined from biokinetic and respirometry desere used as default
values. A similar procedure for the calibrationtbé biokinetic model was established,
which combined BIOMATH (http://biomath.ugent.be)da8TOWA (http://www.stowa.nl)
procedures. The Diagram 9.6 shows the scheme ofeti@dology used for calibration.

Diagram 9.6. Calibration procedure for Partial nitr ogen removal with two — step
nitrification/denitrification with carbon addition

Long term Steady state|
evolution evolution [ A A A A A
: Y A NH> YA NO2| | HmanH, Hmanoz: Klager Ko Mvo. Ksto
CyC|e evolutio YH_NOZ: KNH: KNOZ: KAONHv Klaanon “mHNOZv
YH NO3 KAON02 IJmHNOE, YSTC
A A A A A A
vy No
Biomass No Yes
production OKP Redundanc
No DO Yes Deficiency
Yes > limiting? cieo)
Nitrification Yes .| Nitrite No | DO No No
OK? accumulation? | OK?
A
Yes _[Dentrification] NO ["cop |Yes
No | Supplemen " OK "] OK?
SND e of COD
Yes .| Calibration
" complete

1) Values of parameters found from measurements baokinetic tests were applied,
including f_ns (0.001)pa nv (1.2 dY), ba (0.054 &), Ka nn, Ka noz at the present
temperature (26°€).

2) Ya_nH, Ya no2, results of the last calibration were used fos ttalibration. There is no

calibration for biomass in this case. However, rbgults of simulation process are shown
in Figure 9.16.
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Figure 9.16. Simulated biomass evolution in calibition 2

In Figure 9.16, it can be seen that, nitrite dégitrg bacteria increase very fast and makes
up a dominated quantity in comparison with the othcteria, especially their
counterpart_ nitrate denitrifying bacteria. Thesactbria, with a very small initial
concentration, tend to reduce since the nitrateeatnation is rather low after nitrification.
Ammonium oxidizing bacteria tend to increase whil&rite oxidizing bacteria tend to
decrease but not very significantly since nitréietill the main product of the nitrification.

Table 9.20. Concentration of biomass in calibratior2 (gCODI/L)

Concentration (gCODI/L) X A NH | X ANO2| X HNO2| X H NO3
Experimental | Begin of calibration 2
data 0.37 0.34 0.58 0.59
Simulated Begin of calibration 2 0.37 0.34 0.58 0.59
data (Begin [ End of calibration 2 1.39 0.54 9.20 0.36
for Input and
End for
output)

3)Valuesof f S I, f X I, i NS I,i NX I,i NJS,i NBM,i TS X_S,i TS_BM,
i TS STO and F_BOD_COD were kept constant as defaliles of the model.

4) Nitrification profile : Since we used the same aeration device with higkwgen supply
intensity, the Kla values obtained during fillingration phase were higher, 27.3. The
parameters in PID controller were increased toeiase the rate of nitrification to reach
steady state within 20 days as in experiments. \tighKla value (26.47H obtained in
the first day of the steady state period, we gataaly a good nitrification profile including
ammonium trends, nitrite trends, nitrate trends B@trends as in the experiment and a
complete ammonium consumption, at least in thedagt

Figure 9.17 and 9.18 present the nitrification peodnd DO profile obtained from the

calibration process.
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Figure 9.17. Simulated Nitrification profiles in cdibration 2
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Figure 9.18. Simulated DO profiles in calibration2

5) Nitrite accumulation With the values of the kinetic and stoichiometparameters
found in the last calibration, nitrite accumulatisas already obtained. However, in the
last days of calibration, simulated nitrate wasdpieed at a much higher value than what
we got from the experiments. Changing of Y_STO_MN@okic yield stored product per
S _S) from the value (0.63) of the last calibratida 0.82 brought about a better simulated
profile for NOs. This means, when S_S is more stored for the ogote, there will be
more carbon available during nitrification proceswgreasing SND, and then reducing
nitrate produced.
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This also has a meaning in saving some COD fosé#t#ing process when denitrification
still occurs. pmant Was increased according to the given temperaturia.Zodl, while
HmanozWas decreased from 0.17df the last validation to 0.13'do have a good nitrite
accumulation and also a good profile of nitrate faotdifferent from the experiments. At
the same time, an ammonium removal efficiency spweding to the experiment (the day
when the efficiency obtained 100 % was around &) Was achieved (Graph 9.32 and

9.33).

Simulated vs. Experimental Nitrogen profile Simulated vs. Experimental Nitrogen profile
atthe beginning of cycle atthe end of Nitrification
400
350 = _ 350
— 50 ! v, . —Sfm-NH4 3001 r\ smNra
= 20 / Sim-NO2 S 250 / \ Sim-NO2
£ 20 Sim-NO3 £ 200 Sim-NO3
S 150 + Exp-NH4 S 150 x = Exp-Nh4
2 100 I 0
o Exp-NO2 2 100 Exp-NO2
Z o= — - = . o Exp-NO3
= N/ o o e . % o | o Exp-NO3 50 1= L P
[0 | ‘v—v—.‘v—v—v—v“v—v—r.‘v—v—v‘er.T.'v—rl
50, o o
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Time (day) Time (day)
Graph 9.32. Simulated versus Graph 9.33. Simulated versus

experimental Nitrogen profile at the
beginning of cycle (calibration 2)

experimental Nitrogen profile at the end
of Nitrification (calibration 2)

5) Denitrification: When the nitrification profile and nitrite accuratibn were correctly
simulated the calibration was tuned for denitrifma In this case, although observed DO was
almost zero due the presence of a biodegradaltercaource, a Klgo of 0.1 Kwas still
adopted.

Almost all the parameters defined in the last calibn without carbon were kept in this
calibration and denitrification was already coigesimulated with the experiment.

In the experiment, a source of carbon (in our casgar, which is transformed into an
equivalent COD acetate is used in the model) wakeddluring denitrification of the
present cycle based on the concentration of nart nitrate produced in the previous one.
However, a calculation that would not be very peavould induce an extra amount of
COD at the end of denitrification, even this COOlwe used during the settling phase
when nitrate and nitrite are not completely redueg¢dthe end of the anoxic phase.
Moreover, storage phenomenon of substrate in tlendss, in this case known as
Y_STO_NO and Y_STO_O2 also cause an amount ofablaireadily degradable carbon
during the next nitrification. Simultaneous nittdtion and denitrification (known as
SND) phenomenon was observed in almost aeratiosephahen nitrification process is
expected to be the main process ).

The average ratio of SND (total of nitrite and aiiér produced / total ammonium
consumed) in the aeration phase was around 0.675.

Therefore, in the simulation model, an amount ofbca source (expressed thought
M_acetate which is calculated based on the coretmir C_Dose and flowrate Q_Dose)
has to be calculated so that we also get an SNDB avitimilar ratio as in the experiments.
The average ratio of SND found is 0.646. M_aceiatdhe model is converted to
Out_flow C(S_S) that will be In_flow C(S_S) of tB8R and is the main source of readily
biodegradable COD for denitrification in the anopicase and also in the settling phase.
Contrary to the constant Q_Dose, C_Dose is cortitdlly concentration of total NCand
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NOjs that are produced in the SBR at the end of roatfon process. This value therefore
is changed from cycle to cycle.

The relationship between C_Dose in the Dosing_amit (C_NQ + C_NGQ) in the SBR
found for this Q_Dose (10 mL/day) is:

C_Dose = (1.71* C_N@+ 2.86 * C_NQ) * 654. (Eq. 9.7)

Where 654 is the dilution factor from the concetattleacetate solution.

However, it is also required an amount of organattar used for biosynthesis which is
more or less double than that used for energy ptomiu(see more in 2.1.2.3).

By the way, because rate of denitrification deperaty much on concentration of readily

biodegradable COD, therefore to fit the simulati@sults with the experimental one,

especially taking into account the concentratiorthat end of nitrification process, it is

necessary to multiply “2.3” the amount of theoraltig added carbon source. The Equation
9.7 now becomes:

C_Dose = (1.71* C_N@+ 2.86 * C_NQ) * 654 * 2.3 (Eqg. 9.8)

Evolution of parameters (M_Acetate (a), Ouflow C$$ (b), C_Dose (c) of Dosing_unit
and C(S_S) in the SBR (d) in SBR are presentedguré9.19.
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Figure 9.19. Simulated external carbon profile in alibration2
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Then, n_NO (0.7) in the last calibration was iasetl to the maximum value (1) and k_STO
was adjusted from the last value 3.2 to 3.0 tceimee the denitrification efficiency and fit with
the experiment.

Simulated vs. Experimental added C(S_S) in calibrat  ion Simulated vs. Experimental Nitrogen profile
with carbon addition at the end of Denitrification
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Graph 9.34. Simulated versus Graph 9.35. Simulated versus
experimental carbon (C(S_S)) profile in  experimental Nitrogen profile at the end
calibration 2 of denitrification (calibration 2)
Simulated vs. Experimental Nitrogen proflile Graph 9.36. Simulated versus

atthe end of Cycle experimental Nitrogen profile at the

491 end of cycle (calibration 2)
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Time (day)

Cycle calibration

Kaonn, Kaonoz Were fine-tuned from the values of the last véitidefrom 1.76 and 1.97 to 1.11
and 1.43 mgglL, respectively, to get DO profile that is neasiynilar to the records. These
values of K in this calibration were smaller than that in lém& calibration and validation even

if temperature is higher in this period. Sinceatérand nitrite were completely consumed at the
end of a cycle, there is no increased accumulationtrate and nitrite at the beginning of the
next cycles. The absence of nitrite and nitrateh& environment could well facilitate the
penetration of oxygen into the bioflocs (Graph %8d 9.38).
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Graph 9.37. Simulated versus Graph 9.38. Simulated versus
experimental Nitrogen profile in the cycle experimental DO profile in the cycle 24,
40th (calibration 2) 34 and 40th (calibration 2)

Step 8B. Validation with carbon addition

The validation process consists in using the catdst model with a different set of data. In
this period, a twenty day simulation was run apmyihe influent variability. In this case,
the daily composition of influent changed much mthran that in the validation without
carbon addition presented above. The other parasietéhe operating procedure (volume,
oxygen supply intensity etc.) were kept equal abéncalibration period.

Fortunately, temperature during this period did cletnge very much so we can consider
this simulation is in a good condition regardinghe temperature.
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Figure 9.20. Simulated biomass evolution in validain 2
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Table 9.21. Concentration of biomass in validatio? (gCODI/L)

Concentration (gCODI/L) X_A NH | X_A NO2 | X H NO2| X H _NO3
Simulated | Begin of validation 2 | 1.39 0.54 9.20 0.36
data (Begin | End of validation 2 1.37 1.21 8.60 0
for Input and
End for
output)

Figure 9.21 presents Nitrification profile (incladi ammonium, nitrite, nitrate and oxygen
trends) obtained from the validation period.

Figure 9.22 presents DO profile in the validati@mipd.

Figure 9.23 presents carbon profile (C(S_S)) inviédedation period.

Graph 9.39 and 9.40 present simulated and expetaindiitrogen profile at the end of
nitrification and at the end of denitrificationtime validation period.

Graph 9.41 presents simulated and experimentallyelbiddegradable carbon profile in
the validation period.

8B.a. Validation at steady state

li51 WEST Experimentation Environment - Carbon_Addition_Validation BE=]
File Edit Wew Experiment Tools Help
0O = = | = % % |5 4
i start 3 2 Tornada in batch mode
CRID_Mutrients nox

e S W — ClE_NH)
¥ — crs_noz)

a/L

~ C(S_NO3)
e — C(5_

R
-
& o

5
5]
=}

N
b=}
=}

SBR Nutrients (m

20 Uftﬁ Lr
v .
e NRERE
1 2 3 4 5 5 T 8 E] 10 11 12 13 14 15 16 17 18 18 20
CFID_Carbon CFID Nuwients
Ci\Program Files\Hemmis\iWestiProjectibiew_Yen_SBR_2Zstep|Carbon_Addition_validation.wxp | CiiProgram Files\Hemmis\WestiProjectiNew_Yen_SER_Zstep|bew_Yen_SBR._Zstep.woml

Figure 9.21. Simulated Nitrification profile in validation 2

203



1l WEST Experimentation Enviranment - Carbon_addition_¥alidation [=Ja]

Flle Edt  View Experiment Tools  Help

Dl & nBn = % %G |5 %5 &
1 Start o] %% Tornado in bakch mode
CFID_Mutrients nox

[T — C(S_NH)
I~ —cis Mo
r —c(s_No3)
¥ —cE.0

w

©

SBR Oxvaen (ma/L

T 2 3 s i s 7 & s w om 1z 1= 1w w w w w e = Time(day

CFID_Carbon CRID_Mutrients

C{Program FllesiHemmisiwestiProject|{New_Ven_SBR_ZsteplCarbon_addition_yalidation.wxp | Ci\Program Files\Hemmis|WestiPrajactiew_Yen_SBR_ZstepiMew_¥en_SBR_Zskep.wml

Figure 9.22. Simulated oxygen profile in validatior?
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Figure 9.23. Simulated carbon profile (C(S_S)) inalidation 2
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Graph 9.41. Simulated versus
experimental carbon (C(S_S) profile in
validation 2

Graphs 9.42 and 9.43 present results obtained dgabe measurements (cycle 32nd) in the
validation period, showing a good fit between tirautated and experimental values for
the nitrogen and oxygen compounds.

Simulated vs. Experimental Nitrogen profile in cycl e Simulated vs. Experimental DO profile in cycle Cycl e
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RESULTS OF CALIBRATION AND VALIDATION IN CASE OF CA RBON
ADDITION - VIETNAM (FOR 8B)

In Table 9.22, kinetic, stoichiometric and Kla weduobtained during calibration and
validation are presented. * Values varied withpenature

Table 9.22. Kinetic, stoichiometric and Kla value®f calibration and validation period

Literature This study —
Parameters Unit Default ASM3 | (Henzeet al, ASM3_2step
Model 1999; Henzeet Calibration and
al., 2002) (20C) | validation (26.9°C)
b A 02 d 0.15 0.03 0.054
K_A NH mgN/L 0.5 1.32
K_A_NO2 mgN/L 1 1
K_A_O NH mgCOD/L 0.75 1.11
K_A_O _NO2 mgCOD/L 1 1.43
k STO d 5 3
u A NH d* 0.6 1.2
u_A NO2 d* 0.7 0.13
U H NO2 d? 4.5 4.5
u_H NO3 d* 4.5 4.5
S O Sat mgO2/L 8 8 8
Y A NH mgCOD/mgN 0.1562 0.159
Y_A NO2 mgCOD/mgN 0.085 0.083
Y H NO2 mgCOD/mgCOD 1
Y_H NO3 mgCOD/mgCOD 1
Y H 02 mgCOD/mgCOD 0.63 0.67
Y_STO _NO mgCOD/mgCOL 0.8 0.82
Y STO 02 mgCOD/mgCOD 0.85 0.52
n_NO - 0.6 1
Kla react 1 H - - 26.47

CONCLUSIONS OF CALIBRATION AND VALIDATION IN CASE O F CARBON
ADDITION - VIETNAM (FOR 8B)

Based on an appropriate model base, simulationnamdkeling of the partial nitrification
and denitrification in the activated sludge - SBRating leachate was successful. The
relatively stable temperature is favorable fordh&bration and also the validation with the
same model parameters. The simulation of nitrogefilps and carbon profile (but only
with readily biodegradable carbon C(S_S)) accordinthe experiment was successful.
Because the activated sludge used for this calliloratas the same source than for the last
calibration, it also expressed a high nitrificaticepability with the presence of nitrifying
bacteria, mostly corresponding to an increase efainmonium oxidizing bacteria. The
studied leachate in this case is also charactedmediigh pH and alkalinity, causing
inhibition of nitrite oxidizing bacteria. Generallyvolution of nitrification and nitrite
accumulation was not changed very much comparetheaocalibration without carbon
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addition, except of the phenomenon of simultaneoigication and denitrification (SND)
during the aeration period.

The denitrification is also well simulated compartedthe experimental data. The most
important parameters in the nitrification procesrevmaximum growth rate of nitrifying
bacteria, in this process the more sensitive fad®iconcentration of readily degradable
carbon. It can be noted that, beside anoxic phhsedenitrification process also occurs
during the settling phase but more slowly (21%)yadod calculation of the needed carbon
source is important to reduce completely nitritel amtrate produced during nitrification
while avoiding COD in the effluent or for the nexfcle.

Total nitrite accumulation in this case is 90.0% &2.3% in the calibration and validation
period, respectively.

9.3.4.3. Nitrification and denitrification with external carbon addition - experiment in
Belgium

Step 7C. Calibration of the biokinetic model

Calibration was implemented for long term periodinaarly steady state” period and a
cycle evolution. In this calibration, to facilitatee partial nitrification, DO controller was
enabled with the set point of 1 mg/L. Leachate walected from a landfill site in
Luxembourg, activated sludge was collected fromBR\pilot treating the above leachate
and subiject to nitrification and denitrificationopesses. Although this sludge has shown a
good activity in nitrification but its settling cability is not good due to the characteristic
of MBR. Therefore an amount of sludge was colledtech a leachate treatment plant in
Arlon (Habay) for a supplementation. There is nadge wastage in this case to avoid
losing of sludge since nitrification efficiency @rged was not so high. Mixer was used
only during anoxic phase to try to save some enerpwever mixing capability was
reduced, especially at steady state. This is becaxggen supply that is controlled by a
controller with a relatively low set-point of 1 nhgdlid not strong enough to maintain a
good mixing capability continuously during the whohitrification process. This also
reduced nitrification efficiency and slowed the gess.

Characteristic of the influent leachate was presgirt Table 9.14.

Temperature during calibration and validation periwas around 20°@ and 22.3C
(average).

Biomass concentration at the beginning of calibrat(initial value of the SBR) was
calculated by equations of nitrification and ddfidation rate in a test before the
calibration, when DO was supplied abundantly (seexample in Chapter 6 and Annex
6.2). The results are shown in Table 9.23.

Table 9.23. Concentration of biomass in calibratior8 (gCODI/L)

Concentration (gCODIL) X A NH | X A NO2| X H NO2| X H_NO3

Experimental | Begin of
data calibration 3 0.21 0.51 0.8 5.3
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7C.a. Building SBR configuration.

The SBR pilot was already described in item 9.1.this chapter. This is exactly the same
with that was used for the calibration of nitrifiman and denitrification with carbon
addition in Vietnam (see 7A), as presented in Fgul4. Units in the configuration are
found in Table 9.19.

7C.b. Starting simulation process

7C.b.1. Volume and flow rate simulation

A same SBR pilot as what was used for calibratibmitrification and denitrification
without carbon addition in Vietham is applied in this caS@mly a small change in
minimum volume from 2 litters to 2.5 litters wasngo Therefore a same volume and flow
rate simulation of this calibration can be refermnedrigure 9.7. A very small volume of
carbon source (10 mL) (like the case in VietnanmtepS7/B) added every day was also
included in the calculated flow rates but it can Io® seen in the Figure.

7C.b.2. Nitrogen removal process simulation

Since no biokinetic test for determination of kineand stoichiometric was done in this
case, parameters with default values that are fonrtthe model are fine-turned during
calibration. However, with some experiences gotnfithe previous experiments, and also
to make it simpler, in this case we just focusedhmnmost important parameters, such as
parameters of PID DO Controller (for Kla in Nitgéition process), maximum growth rates
of nitrifying bacteria, oxygen haft-saturation cii@ént of nitrifying bacteria.

The same procedure as following the Diagram 9.6vtlaa presented in the last calibration
(Step 7B) is applied in this case.

1) Almost available values of kinetic and stoich&tnt parameters in the model are
applied.

2) Nitrification profile: In experiment, nitrification efficiency was nob good. At the
steady state, nitrification rate was around 40 mighfi and was not complete. Firstly, the
parameters of PID DO control (with the set pointlahgQy/L) were adjusted to achieve a
reasonable nitrification profile during long ternalibration (30 days). As mentioned
above, mixing capability in the SBR was not so gabds might reduce the penetration of
DO into the bioflocs and also reduce the nitriica rate. Oxygen haft saturation
coefficients of the nitrifying bacteria (e.g. K_AQH and K_AO_NQ) therefore should
be important parameters. These were adjusted t@a3d54.2 mg@L, respectively for
AOB and NOB to achieve shape of the ammonium,teitthd nitrate evolution curves that
are nearly the same with what we got from the erpant.

By the way, maximum growth rates of nitrifying beca - the most important parameters
that significantly affect on nitrification efficiey and partial nitrification were adjusted to
0.25 and 0.47 U respectively for AOB and NOB. In the experimentgaod partial
nitrification (around 77 %) was achieved.

The parameters of DO controller were continuouslyuced to fit nitrogen profile to the
experiment, Kla value (8.6') was obtained in the first day of the steady statéod.
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The concentration of Nf in the inlet leachate of around 100 mgN/L, anthatbeginning

of the first

cycle of steady state was around 7Nfgthe NH;" at the end of this cycle

was around 33 mgN/L. During 30 days of calibratisteady state was reached at the day

of 16M,

Figure 9.24 and 9.25 present the nitrification peo&nd DO profile obtained from the

calibration

process.
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The simulated DO concentration tends to increasduglly and even when nitrification
profile reaches steady state. However the incrisaget so fast since DO supply intensity
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is small. Simulated DO profile does not fit welletobserved one since the later was
controlled exactly around 1 mg/L by a DO on-off trofier, while the former simulates the
“real” DO concentration in the system. They, howewave influences on each other. The
increase of the simulated DO concentration is duedry high values of oxygen haft
saturated coefficients K A O NH and K_A O_N@vhich is partly due to the mixing

characteristic of the system during nitrificatioritwa DO controller.

Consequently,

nitrification efficiency in this case is not verigh as one can see in Figure 9.24.
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5) Denitrification: When the nitrification profile and nitrite accuratibn were correctly
simulated the calibration was tuned for denitrifma In this case, although observed DO was
almost zero due the presence of a biodegradattercaource, a Kigox of 0.1 Kwas still

adopted.

In the experiment, a source of carbon (in our casium acetate, which is transformed
into an equivalent COD acetate is used in the modas added during denitrification of
the present cycle based on the concentration wfen#nd nitrate produced in the previous

one.

A same development during denitrification like tive last calibration (calibration 2 - Step
7B) took place, but the Equation 9.8 was modifelittle bit as follows to fit with the

observed values:

C_Dose = (1.71* C_N©+ 2.86 * C_NQ) * 654 * 2.1

(Eq. 9.9)
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Since there is not much nitrite and nitrate produae the end of nitrification, therefore

denitrification rate was much increased comparethéocalibration 2. Another important

model parameter relating to denitrification, n_N@sancreased to its maximum value of 1
to get a better denitrification rate.

Only by changing Y_STO_NO from 0.8 as default vatae0.77 could bring about a

complete denitrification rate during the anoxic ghaAs consequence, SND in the
nitrification of the next cycles also reduced.
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Cycle calibration

Since calibration of nitrification evolution waseddy good, there is no adjustment in this case
but still brings about a good fit of observed ainaldated data. However, oxygen profiles are not
fitted very well with each other as explained above
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Step 8C. Validation with carbon addition

The validation process consists in using the catdst model with a different set of data. In
this period, a twenty day simulation was run apmytwo different influents (one from day
1%'to day 6" and the other from day"#o day 28). Oxygen supply intensity was increased
during the first stage (day 1-6) when Neébncentration in inlet leachate was higher (~ 210
mgN/L) then it was turned back to same level oflzation during the last stage (day 7-
20). The other parameters in the operating proee¢olume etc,) were kept equal as in
the calibration period.

Temperature during this period did not change vemych so we can consider this
simulation is in a good condition regarding to theperature.

Figure 9.27 presents Nitrification profile (incladi ammonium, nitrite, nitrate and oxygen
trends) obtained from the validation period.

Figure 9.28 presents DO profile in the validati@nipd.

Graph 9.50 and 9.51 present simulated and expetainBiitrogen profiles at the end of
nitrification and at the end of denitrificationtime validation period.

8C.a. Validation at steady state
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8C.b. Validation for a cycle
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Graphs 9.42 presents result obtained from cyclesorements (cycle 19 in the
validation period, showing a good fit between timautated and experimental values for
the nitrogen compounds.

RESULTS OF CALIBRATION AND VALIDATION

ADDITION - BELGIUM (FOR 8C)

IN CASE OF CA RBON

In Table 9.24, kinetic, stoichiometric and Kla weduobtained during calibration and
validation are presented. * Values varied withpenature

Table 9.24. Kinetic, stoichiometric and Kla value®f calibration and validation period

Literature This study —
Parameters Unit Default ASM3 |  (Henzeet al, ASM3_2step
Model 1999; Henzeet Calibration and
al., 2002) (26C) Validation
K A O NH mgCODIL 0.75 35
K A O NO2 mgCODIL 1 4.2
WA NH dt 0.6 0.25
A NO2 d* 0.7 0.47
Y STO NO | mgCOD/mgCOD 0.8 0.43
n_NO - 0.6 1
Kla react 1 i - - 8.6/
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CONCLUSIONS OF CALIBRATION AND VALIDATION IN CASE O F CARBON
ADDITION - BELGIUM (FOR 8C)

Generally, modeling for one process can be impleetewhen the system is considered as
perfectly mixed. In this case, the mixing was ptapainsufficient during nitrification
which could reduce total nitrogen removal efficigriy reducing the penetration capacity
of oxygen into the biofocs. However, low nitrifiaat efficiency also could be due to
several reasons, such as low biomass concenti@tidmctivity, characteristics of leachate
(more toxic with high concentration of organic cayopds, more heavy metals for
example). Temperature can be a reason but if cadpaith the average temperature (~
20°C) during last calibration time in case of no carlemdition (7A), the influence is not
significant.

Alkalinity concentration of the studied leachate@ as high as in cases 7A and 7B, in this
case, average ratio of alkalinity/ammonium was @lsiut 5.8 (mgCaC4gimgN) but thanks
for high pH (around 8.1), a good partial nitrifizat was still achieved (around 77%).
When degradable carbon was available, denitrificatvas always complete, especially
when there were not much nitrite and nitrate.

In this case, only some main parameters were adjudtring calibration period, the
simulated values seemed to be fit with the obsersrds. However, low values of
variables, particularly nitrite and nitrate (notmadhan 45 mgN/L) in both nitrification and
denitrification, can reduce significantly the acy of the calibration process.

9.3.5. STAGE V: SCENARIO ANALYSIS AND OPTIMIZATION

Step 9A. Scenario analysis

The scenario analysis for nitrification and defitdtion process in case ofo carbon
addition was done for two different data sets of operatbogditions. Parameters of
working condition that are changed including wodkivolume (leading to HRT), working
time (nitrification time/denitrification time) anaeration intensity

A series of experiments for each simulated scenaeie implemented to verify result of
simulation. The scenario analysis and its expertmerere done right after the validation
period so all the kinetic and stoichiometric partere obtained after validation were
applied. Inlet leachate used for this period was ahe same than for validation. The
simulation for scenario analysis was run for 10 dayd the day where almost the
experimental data are taken for comparison is daylr6 fact these experiments can be
considered as batch. The simulated data and expetéindata of ammonium and nitrite
evolution fit well, but not the nitrate evolutioihis may be due to analytical error when
nitrate concentration is low and/or the simulata@monstrates sensitivity to non fitted
parameters. In fact, the experimental data of ttrata profile are always a little bit higher
than simulated ones. The experimental and simulgtefiles of nitrite accumulation,
however, are not very much influenced since thecentration of nitrite is always much
higher than the one of nitrate.

The first scenario analysis was done with differ@ntking volume and intensity of DO

supply with the same operating time schedule inctfide (6hDe — 2hNi). The second one
was done with different working volumes and workiige mechanism in the cycle and
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with the same intensity of DO supply. Concentratidractivated sludge (SS) and sludge
age SRT were kept stable. Hydraulic and biologi@ahmeters of the SBR were presented
above in Table 9.1. Working parameters of the SB®.p

For each scenario analysis, evolution of JYHNO,, NOs, AUR, NPR1, NPR2 and ratio
of nitrite accumulation N&/(NO, + NO3) was determined. The analysis and comparison
of the results between scenarios make it possibtmnclude in which working condition
the best nitrogen removal efficiency and the bastenaccumulation would be obtained.

9A.a. Different working volume and working time mieanism in the cycle with the same
intensity of DO supply

The intensity of DO supply (DO5) used for the cadiibn without carbon addition was
applied for this case. Parameters of the Controllere kept equal to those used for
calibration. Working conditions of the SBR includirworking volume and time for
nitrification and denitrification were changed aaiog to each simulation scenario.
Working volume includes 6, 7 and 8 litters (e.g.LY6/7L, and V8L respectively).
Working time mechanism includes 6 hours of nitéfion / 2 hours of denitrification; 5
hours of nitrification / 3 hours of denitrificaticend 4 hours of nitrification / 4 hours of
denitrification (e.g. 6Ni-2De, 5Ni-3De, and 4Ni-4Despectively). It is also noted that,
Kla values for different working volume are diffate

The simulated values of nitrogen profile versusegkpental ones are presented in Graphs
9.53. — 9.59. _Note that the experimental valuethe settling phase were taken as the
values at the end of anoxic react phase.

NH4 evolution in SBR with different operating condi  tion NO2 evolution in SBR with different operating condi  tion
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Graph 9.53. Ammonium evolution in Graph 9.54. Nitrite evolution in SBR
SBR with different operation conditions with different operation conditions with
with the same DO supply intensity the same DO supply intensity
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NO3 evolution in SBR with different operating condi tion

with the same DO intensity
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Graph 9.55. Nitrate evolution in SBR
with different operation conditions with
the same DO supply intensity
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Comments: The above results show that, with the same aeratiensity, when working

volume is the same, the longer time of nitrificatis, the more ammonium oxidized and

the more nitrite produced, leading the higher AURI &PR1. The best working time
mechanisms is 6 hours of nitrification / 2 hourslehitrification.
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An obvious influence on AUR and NPR1 is also recpgth when the system worked with
the same operating time schedule but different melst In this case, the ammonium
oxidation and nitrite production efficiency are rieased when the working volume is
smaller. The best AUR and NPR1 are obtained witloeking volume of 6 litters. This can
be explained that, when the volume is smaller,restamt intensity of oxygen supply would
increase the Kla in the system, bringing more oryige nitrification.

Effect of changing working conditions on nitrat@guction is not the same than for nitrite
production, although it is less obvious. The retdiccumulation profile depends somehow
on the nitrate profile; however this dependencendg as significant as the nitrite
concentration. In both cases (different workinguwoés and different working time
schedules), this ratio is always high (lowest a793for the cycle 4Ni — 4De — 6L and
highest at 96.0% for the cycle 6Ni — 2 De — 8L)tHe condition where the highest AUR
and NPR1 are obtained (6Ni — 2De — 6L), the ratinitite accumulation is 94.8%, which
is already a very good value. However, it couldobéter to find a working condition that
consumes less energy (shorter aeration time) wghilleobtaining AUR, NPR1 and ratio of
nitrite accumulation that are good enough.

Looking at the results of denitrification, compatedvhat we found in the calibration and
validation without carbon addition, denitrificatiogfficiency is very low, almost not
observed in the Graphs. An increase of denitrificatime from 2 to 4 hours improved a
little bit the denitrification efficiency but notevy clearly. The profiles of NUR1 and
NUR2 are not presented here since they are nofifismm. However, in case of carbon
addition, a longer denitrification time could bdueble.

From these points, it can be concluded that, thekiwg condition of the cycle with 6
hours of nitrification / 2 hours of denitrificaticaand 6 litters (6Ni — 2De — 6L) could be the
best condition when the AUR, NPR1 and ratio ofit@taccumulation are very high, only a
little less than the best ones. When concentratiomlet ammonium is lower, working
volume should be increased to increase treatm@aicds.

9A.b. Different working volume and intensity of D8upply with the same working time
mechanism in the cycle (6hDe — 2hNi)

In this scenario analysis, the operating schedtilé bours of nitrification / 2 hours of
denitrification was fixed during the whole simutatiexperiment process. Three different
aeration intensities were applied in this case. filseone is the same that was used in the
validation period without carbon addition (calle@D), the second one is identical than in
the calibration period without carbon addition [edIDO5) and the last one is the average
level of two above intensities (called DO3). Theeth working volumes are 6, 7 and 8
litters (6L, 7 L and 8L).

The simulated nitrogen profile versus experimentdles is presented in Graphs 9.60. —
9.66.

Note that the experimental values in the settlihage taken as the value at the end of
anoxic react phase.
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Graph 9.60. Ammonium evolution in
SBR with different operation conditions
and the same DO supply intensity
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Graph 9.61. Nitrite evolution in SBR with
different operation conditions and the
same DO supply intensity

AUR-Sim vs AUR-Exp with different operating conditi on
in cycle 6h Ni - 6h De
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Graph 9.62. Nitrate evolution in SBR
with different operation conditions with
the same DO supply intensity

Graph 9.63. Simulated vs. Experimental
AUR with different operating conditions
with the same DO supply intensity
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Graph 9.64. Simulated vs. Experimental
NPR1 with different operating conditions
with the same DO supply intensity
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Simulated NO2 Accumulation vs Experimental NO2

Accumulation in different operating condition with the same Graph 9.66. Simulated VS.
) working time mechanism Experimental NO2 Accumulation
0.99 with different operating conditions
0.98 . . .
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0.93
0.92
0.91

0.9
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Comments: Notably, with the same duration of aeration tintes &ammonium oxidization
(AUR) and nitrite production (NPR1) are efficienthcreased with the increase of aeration
intensity and with the decrease of working voluribe best efficiencies are achieved
when DO intensity is at highest level of DO1 andkimg volume at 6 litters (V6L-DO1).
With the cycle of V8L - DO 5 (lowest intensity ab@ygest volume), the AUR and NPR1
are smallest. The influence of different workiranditions on the nitrate production is less
obvious. As nitrate is not much produced, thusritéte accumulation depends more on
nitrite production rather than on nitrate producti¢-rom Graph 9.66we can see that,
although the influence of the different operatingnditions on the ratio of nitrite
accumulation is not as high as on AUR and NPR1,irbainy cases it is very high (from
94.75% to 96.28%). With a ratio that is always gothe question is, with what working
condition, can we obtain sufficient ammonium remaefdiciency (e.g. AUR and NPR1)
while saving energy of aeration and improving tnet capacity of the system. The cycle
of V6L — DO3 or V7L — DO1 could be the best onaxsiwith these, good AUR, NPR
and ratio of Nitrite accumulation are achieved, le/hwe can save some energy (with DO
3) or improve treatment capacity (with V7L).

Step 9B. Optimisation

9B.a. Optimisation for the process without carboddition

Right after a series of experiments for the catibraperiod, the SBR continued to work
with the same working conditions, except the caadifor oxygen. In this case, the DO
controller device was enabled to keep the DO camnagon in the system stable around 1
mg/L. In the day when ammonium was completely corely a measurement campaign
was carried out. The results of this experiment @sed to compare with that of the
experiment we got in the last day of the calibmatperiod, providing efficiency of the
process optimization when the DO controller wasbhéath

In Graph 9.67, we can see that, in both cases, ammovas completely consumed at the
end of Nitrification. However in case of DO contesl disabled, time for complete
nitrification is only about 5 hours, which meansabone hour is lost and energy (e.g.
oxygen) is wasted too. The wasted oxygen also leadsother problem by continuing to
oxidize nitrite to nitrate, while it is not aimed partial nitrification. When DO controller
was enabled, the oxygen supply was reduced and thadate of nitrification a little bit
lower. In case of the experiment obtained, timedarompleted nitrification was about 6
hours. Nitrate was less produced in this case.
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Optimisation experimental vs. Non-Optimisation expe  rimental
Nitrogen profile
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The Graph 9.68 presents two oxygen profiles in cafseontrol of the process (DO
controller enabled) and Non-control (DO controltésabled) that were obtained during
two measurement campaigns, correlatively with thigolyen profiles in the Graph 9.67
above. With the DO controller enabled, DO conceéianain the system is well controlled
around 1 mg@L. Comparing with the DO profile in case of DO tmtier disabled, we
can save a big amount of oxygen (about 51 %) adeaseen during the last hour (when
nitrification was completed) in Graph 9.68.

Optimisation experimental vs. Non-Optimisation Graph 9.68. Optimisation

experimental DO profile experimental Versus No-
P P Optimisation experimental DO
10 profile
~ 8
§ 6 —— Opt-Exp-DO
£ Exp-DO
o
[a)]

0

0123 456718910
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9B.b. Optimisation for the process with carbon atidn

Based on the calibrated and validated model forficdtion and denitrification with
carbon addition, a simulation was implemented fopemiod of 20 days (as for the
calibration) with a different operating time schiedaf 5 hours of nitrification and 3 hours
of denitrification to reduce aeration time for egyeisaving. The source of carbon added
was reduced to utilize the long settling time widamitrification is still occurring. The
others working conditions (e.g. the volume, themsity of oxygen supply, SRT, influent
leachate ...) were not changed.

The optimization experiments were continuously ddokowing the operating set for
simulation. The new time schedule was applied dred amount of added carbon was
reduced of 3.9 % (as result of the simulationthefamount used for the calibration, which
is considered as the non-optimized process. A meamnt campaign for a cycle was
implemented in a day where nitrification is comeldn fact in the experiment, a complete
nitrification was obtained very soon since the systwas already at steady state. The
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experimental data day is 20Comparison between the two data sets (“optimfaed non
optimized process provides images and expectederfliy of the process optimization.
The Graphs 9.69 presents the optimized nitrogefilr@mmonium, nitrite and nitrate)
versus non optimization nitrogen profile at steatite (cycle 40).

Optimisation Nitrogen profile vs. Non optimisation
Nitrogen profile in cycle Cycle 40th (day 20th)
350 Sim-NH4
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Graph 9.69. Optimised versus non optimised nitrogeprofile in cycle

In the graph, both optimized and non-optimized amiono profiles are almost the same,
the nitrification is completed after 5 hours. Thaeans, in the cycle of 6 hours of
nitrification, 1 hour is lost as well as aeratiamesgy if oxygen is still supplied. Saving 1
hour is not only to save aeration energy but atsavioid an amount of nitrate produced
from nitrite oxidation. This could be an advantdge the efforts to a maximum partial
nitrification. Looking at nitrite profiles, with @ more hour for denitrification, nitrite is
still well reduced even if the amount of added oarls lower, taking advantage of the
settling time where the remaining nitrite will beduced. The percentage of carbon source
saved in this case is 3.9% (simulated data) arfib fe&perimental data).

Efficiency of the optimization is also expresseduph the oxygen profile. Graph 9.70
presents the simulated DO profile which fits weilhathe experimental DO profile.

Optimisation Simulated vs. Optimisation
Experimental DO profile in cycle 40th (20th) .
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The Graphs 9.71. and 9.72 present the DO profithenoptimized cycle versus the one in
the correlative non-optimized cycle.

Optimisation Simulated DO vs. Simulated DO Optimisation Experimental DO vs. Experimental DO
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Graph 9.71. Optimized simulated DO vs.  Graph 9.72. Optimized experimental
non optimized simulated DO DO vs. non optimized experimental DO

In the two graphs above, it is possible to see, thathe optimized cycle, an amount of
oxygen (determined by mg) was saved by subtracting the extra part of exy@q the
non-optimised curve to the part of oxygen in thérojzed one. In the optimized cycle, we
also can save oxygen corresponding also to an anobenergy.

9.3.6. STAGE VI: EVALUATION

The average relative deviation (ARD) of ammoniuntrite and nitrate profiles between
the simulation and the experiment calculated byEheation 9.9 (Peterseat al, 2002)
are:

1L ><i,exp_xi,sim

ARD==% Pion X1} - | (Eq. 9.9)
n i=1 i,exp

Where Xexp and Xsim are experimental and simulated values, respeytivel

The ARDs of NH'-N, NO2-N and NQ-N concentrations in the calibrations, the
validations, and scenario analysis are presentédle 9.25 bellows:
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Table 9.25. Evaluation results of calibration and &lidation

No carbon addition
Scenario Scenario
Parameter Calibration - | Calibration | Validation - | Validation a_msaé)ﬁgs Sai?sl\)//vsc;fk}n
Outlet water - Cycle Outlet water - Cycle . 9
DO time
intensity mechanism
NH4 0.35 0.46 0.38 0.20 0.03 0.11
NO2 0.05 0.06 0.05 0.06 0.03 0.02
NO3 0.23 0.25 0.23 0.40 0.17 0.13
Carbon addition
Calibr - Optim -
Param- Calibr- | Calibration added Calibration Valid - Valid - Optim - added
eter End Ni - End De - Cycle End Ni End De Cycle C(S-S) -
C(S-S) A
ycle
NH4 0.51 0.24 0.51 0.17 0.15 0.44
NO2 0.05 0.33 0.31 0.39 0.43 0.38
NO3 0.65 1.00 0.76 0.31 1.00 0.52
C(S-S) 0.30 0.08

Notably, the smaller ARD is, the better the simedhtata fit the experimental data. Some
values of ARD of NH" are not so good, the reason of this problem isrmthe value of
NH," concentration is small (normally at the end ofifitation process), only a small
difference between the two set of data can caasmge ARD, leading to a high ARD for
the whole process. If we took values above tem,ARDs would be much smaller. The
ARDs of nitrite in case of no carbon addition agays good since the value of the nitrite
concentration in the whole cycle is high. In caearbon addition, when nitrite was well
reduced at the end of denitrification, there wasghme problem as with ammonium at the
end of nitrification. The ARDs of nitrate are reat good since the concentration this state
variable is always low, a small error in analytidata also can bring about a large ARD.
The evaluation through the ARD therefore is rekstithe results of the calibration and
validation should be based on the evolution of whmbcess.

Further fittings will be done but we consider thhose results can already be used to
simulate the system to optimize the process.
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CHAPTER X: GENERAL CONCLUSIONS

It is hoped that, this study will contribute to theajor issue of leachate treatment in
Vietnam, especially in the North of the country whdeachate characteristics and
variations are the same as what was used duringxpariments.

Partial nitrification seems to be easily achievedan SBR bench-scale using leachate in
Nam Son landfill site, Hanoi, Vietham. We consideat because of the most important
characteristics of the studied leachate, i.e. liligalinity, high pH leading to high free
ammonia concentration in the system. This free anman@ known as a growth rate
inhibitor for nitrite oxidizing bacteria, thus litmg oxidation of nitrite to nitrate and
accumulating nitrite during the nitrification pedioDO concentration is also known as an
important influencing factor in partial nitrificath in many previous studies. But in our
case, its influence is just significant when nitation process is nearly complete: no more
ammonium remains in the system, alkalinity conaditn is reduced and leading to a
lower buffer capacity, lower pH, then nitrite isség oxidized to nitrate. A sufficiently
high DO concentration in this case, expressesmigoitance in bringing about the best
nitrification efficiency, while saving aeration agg.

The SBR technique has demonstrated its advantagbsistudy, especially the flexibility
in changing the working volume, and the operatingetmechanism. The automatic SBR
bench-scale used in the lab experiments has furedioery well, easy to operate and to
control.

Modelisation of partial nitrification and denitcftion processes for landfill leachate
treatment using the Sequencing Batch Reactor téotmavas the main objective of this
study. The simulation software - WEST® program wesy useful tool to implement this
task. With this program, the available model baseattivated sludge model (ASM1, ASM
2, ASM 3 etc,), presented in the Peterson matheg, ariables, kinetic, stoichiometric
parameters, processes can be modified easily tthenactivated sludge model that are
suitable in the scope of our study. In the presesde, based on the ASMS3, the
ASM3_2step was developed and applied, in whichfiction and denitrification are
divided into two steps with nitrite as an internsdiproduct. The modified ASM3_2step
has shown its high accuracy during calibration gssc It could be used also for the other
techniques/processes using activated sludge, rgtfon an activated sludge SBR by
adding more equations and consequently more pagasnet

Calibration and validation processes were impleexrior two cases: Nitrification and
denitrification withand withoutcarbon addition in Vietham and in Belgium. Goedults
were obtained where the simulations fit well theperimental data. The kinetic and
stoichiometric parameters found from the calibratemd validation (at steady state) are
very important for the other simulations, espegiall process optimisation. The process
simulation is also very important in predicting ttlevelopment of the treatment process.
Based on the simulation profile, one can look biacthe conditions of the experiments to
find out if there is something wrong in the systgmviding interesting tools to improve
the operating conditions of the system.

It also has been demonstrated that, through seemanalysis and optimisation of the
process, general productivity of the SBR systembmaimcreased. Changing operating time
cycle mechanisms by reducing the aeration timeiacieasing the time for anoxic phase
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can improve the total nitrogen removal efficiensgye some energy related to aeration for
nitrification and saved also the carbon sourcel@mnitrification.

The experiments were implemented in the SBR benaleswhich is small lab equipment.
It is obvious that, there will be differences wheorking with a real scale SBR plant, with
large climate variations, with big variation of itpleachate (characteristic as well as
flowrate). However, the results of modelisationtims study could be a good start for
simulation and optimization of an existing SBR pldaf the same type) or also for
development of a new one.

As our results are very promising the next stepiccdne to implement the ANAMMOX
process. As it we now control the conditions tachean appropriate NAANO, ratio to start
an ANAMMOX process.

Leachate treatment is a major issue in many cam@nd also in Vietham as in other
South East Asia countries where the very largeipinetry induced very large amounts of
leachates but still at high concentrations.

As everywhere in the world the major issue assedidb leachate treatment is the
treatment of the very high fluxes of the nitrogeontained in those leachates. We
demonstrated that partial nitrification can be ot#d and controlled on a batch scale
system which offers a rather simple and efficieaywo implement leachate treatment.

Obviously the batch mode associated to the SBRessods very useful to get and to
maintain the partial nitrification process, probaisl a more simple and efficient way than
by a continuous process.
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