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Stellingen

behorende bij het proefschrift
Integrated modeling of ozonation for optimization of drinking water treatment

Alexander Wilhelmus Cornelis van der Helm
Delft, 3 december 2007

Overheden en waterleidingbedrijven moeten zich richten op een onberispelijke
kwaliteit van kraanwater. (dit proefschrift)

Bij ozonisatie door middel van het doseren van opgelost ozon met een
statische menger gevolgd door contacttijd in een propstroom reactor, is de
verhouding desinfectie tot desinfectie-bij-producten groter dan bij ozonisatie

door middel van conventionele bellenkolommen en contact kamers.
(dit proefschrift)

De reactiesnelheid van snelle ozon consumptie volgt de kinetiek van diffusie
limitatie. (dit proefschrift)

Assimileerbaar organisch koolstof (AOC) vorming tijdens ozonisatie kan

worden bepaald aan de hand van on-line differentie UV absorptie spectra.
(van den Broeke et al., Proceedings of the IWA AutMoNet 2007 conference, Gent, Belgium, 2007)

Of bromaat nou mogelijk (IARC) of waarschijnlijk (USEPA) kankerverwekkend
is, het zorgt zeker voor buikpijn, hoofdpijn en slapeloosheid bij onderzoekers
en water managers. (IARC Monographs on the evaluation of carcinogenic risks to
humans, 1999; USEPA 2006 edition of the drinking water standards and health advisories)

De mens kan niet aan de thermostaat van de aarde draaien. (S. Kroonenberg,
ACADEMY® Magazine, 2007)

Proberen brengt alles tot stand. (Herodotus, Historiae 7,9: Mardonius to Xerxes)
Later is al lang begonnen. (Klein orkest, 1984)

De belemmering die iemand ervaart van een handicap is omgekeerd evenredig
met zijn acceptatie ervan.

10 Het is wonderlijk dat een thesis begint met 10 thesen.

Deze stellingen worden opponeerbaar en verdedigbaar geacht en zijn als zodanig
goedgekeurd door de promotor, prof. ir. J.C. van Dijk.



Propositions

belonging to the thesis
Integrated modeling of ozonation for optimization of drinking water treatment

Alexander Wilhelmus Cornelis van der Helm
Delft, 3 December 2007

1 Governments and drinking water supply companies should aim for impeccable
tap water quality. (this thesis)

2 For ozonation by means of dosing dissolved ozone with a static mixer and
subsequent contact time in a plug flow reactor, the disinfection to disinfection-
by-products ratio is greater compared to ozonation by means of conventional
bubble columns and contact chambers. (this thesis)

3 The rate of rapid ozone consumption follows diffusion-limited kinetics.
(this thesis)

4  Assimilable organic carbon (AOC) formation during ozonation can be

determined on-line from differential UV absorbance spectra. (van den Broeke et al.,
Proceedings of the IWA AutMoNet 2007 conference, Gent, Belgium, 2007)

5 Whether bromate is possibly (IARC) or probably (USEPA) carcinogenic to

humans, it definitely gives stomachaches, headaches and insomnia to

researchers and water board managers. (IARC Monographs on the evaluation of
carcinogenic risks to humans, 1999; USEPA 2006 edition of the drinking water standards and
health advisories)

6 Mankind cannot turn the earth’s thermostat. (S. Kroonenberg, ACADEMY® Magazine,
2007)

7 Trying will accomplish everything. (Herodotus, Historiae 7,9: Mardonius to Xerxes)
8 Later started long ago. (Klein orkest, 1984)

9 The hindrance that a person experiences from a handicap is inversely
proportional to his acceptance of it.

10 Itis curious that a thesis starts with 10 theses.

These propositions are considered opposable and defendable and as such have
been approved by the supervisor, Prof. ir. J.C. van Dijk.
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Summary

In the Netherlands, drinking water treatment plants are robust and designs are
based on the performance of individual processes with pre-set boundary
conditions. In the operation of drinking water treatment plants, the processes are
usually optimized individually on the basis of “rules of thumb” and operator
knowledge and experience. However, changes in operational conditions of
individual processes can affect subsequent processes and an optimal operation is
different for every operator. At the beginning of this research it was assumed that
an integrated approach to the entire treatment plant could lead to a more efficient
operation, and it was recognized that decisions of an integrated nature could be
complex and difficult to make. It was expected that an integrated model of the
entire water treatment plant could be used as an instrument for operational support
and process control to further improve the operation of a drinking water treatment
plant, making maximal use of the installed infrastructure and postponing new
investments.

In order to perform an integrated optimization of operation of a drinking water
treatment plant, explicit objectives for the operation of drinking water production
have to be identified and defined. Three possible objectives were assessed:
environmental impact, costs and water quality. The assessments were carried out
for the case of the drinking water treatment plant Weesperkarspel and its pre-
treatment plant Loenderveen of Waternet (the water cycle company for Amsterdam
and surrounding areas). The possible decrease in environmental impact and costs
of operation at Weesperkarspel was found to be small compared to the possible
increase in environmental impact and costs for the society as a whole when more
bottled water is used for drinking as a result of insufficient (confidence in) tap water
quality. Based on social, environmental and economical considerations, it can be
concluded that governments and drinking water supply companies should aim for
an impeccable tap water quality and a reliable, healthy and environmentally sound
image of tap water in order to at least stop the increase in bottled water use. Thus,
the objective for integrated optimization of the operation of drinking water treatment
plants should be the improvement of water quality and not an a priori reduction of
environmental impact or costs.



From the water quality assessment it follows that ozonation plays a key role in the
Weesperkarspel treatment scheme and therefore the focus of integrated modeling
in this research was on ozonation. Assimilable organic carbon (AOC), bromate
formation and the CT value for ozone exposure were recognized as important
parameters. For the development and calibration of a model describing these
parameters, experiments in different bench-scale and pilot-scale ozone
installations with different natural waters were performed in combination with
fundamental modeling studies.

By using different experimental setups such as dosing of dissolved ozone, dosing
of ozone in bubble columns, contact time between ozone in water in a pipe with
plug flow reactor characteristics and in a vessel with completely stirred tank reactor
characteristics, the model was calibrated and validated for a wide range of
applications. This has resulted in an integrated model for ozonation that is able to
predict ozone decay, CT value, E. coli disinfection, the decrease in UV absorbance
at 254 nm (UVA.s4), the increase in AOC concentration and bromate formation on
the basis of influent water quality parameters, and the applied ozone dosage under
different hydraulic conditions. This model was used for evaluating the current
control strategy of the full-scale ozone installation at Weesperkarspel and for
assessing other control strategies for operational support and process control of
ozonation. It is a tool that directly shows the consequences of changes in operation
of the ozone installation. It enables water supply companies to make more
objective choices for operational settings and, thus, is a valuable tool for controlling
the balance between disinfection, bromate formation and AOC formation.

From the experimental work and modeling studies, the importance of the hydraulic
conditions was demonstrated. It was found that the disinfection capacity for the
ozone-sensitive organism E. coli is 3 to 5 times higher when ozone contactor
hydraulics approaches a plug flow reactor compared to a completely stirred tank
reactor. For an efficient disinfection, it is important that the dosed ozone be
completely mixed with the water flow as quickly as possible to avoid having water
parts with ozone concentrations lower than the average concentration. This
specifically holds true at relatively low ozone dosages, as is the case for the
drinking water treatment plants of Waternet. The dissolved ozone plug flow reactor
(DOPFR) concept developed in this research addresses both issues. In the
DOPFR, ozone is dissolved in a pre-treated side stream and dosed to the main
stream just before a static mixer. By dosing dissolved ozone, the gas transfer of



ozone into water is eliminated from the mixing process. Two liquid flows mix much
better and more quickly than a gas and a liquid flow. In this way, with a static mixer,
the dosed ozone can be almost instantly mixed with the total water flow.
Subsequently, contact time in the DOPFR is created in a pipe with plug flow
characteristics. From research with pilot-plant ozone bubble columns with relatively
good hydraulic characteristics compared to full-scale installations, it was found that
large short-circuit flows can occur in the bubble columns. Realizing the importance
of hydraulics, the application and design of conventional ozone installations needs
to be reconsidered.

Natural organic matter (NOM) has a large influence on processes taking place
during ozonation and, thus, is an important parameter for ozonation efficiency and
for integrated modeling of ozonation. In the tested bench-scale DOPFR and pilot-
scale DOPFR it was possible to measure ozone concentrations starting from a
contact time of 1 to 2 seconds, in contrast to other research where the first samples
are usually taken after 30 seconds or one minute. This allowed for the possibility of
measuring rapid ozone consumption that occurs due to the reaction between
ozone and NOM upon the first contact of ozone with natural water. From modeling
the measured rapid ozone consumption it was found that the rate of rapid ozone
consumption in the first 20 seconds of contact time follows diffusion-limited
kinetics.

The effects of the character and the removal of NOM on the formation of AOC and
the formation of bromate and CT during ozonation were evaluated in order to
determine what amount and which part of the NOM should be removed for
improvement of ozonation efficiency. Natural waters from two locations with
different dissolved organic carbon (DOC) concentrations were tested. In addition,
the DOC concentration of one of the natural waters was reduced either by ion
exchange (IEX) or by granular activated carbon (GAC) filtration. The resulting four
water types were tested in conventional pilot-scale ozone bubble column reactors
and in a bench-scale plug flow reactor with dissolved ozone dosing. It was
concluded that for the same ozone dosages the CT is higher when NOM s
removed by IEX or GAC compared to the situation without NOM removal. In
addition it was concluded that ozonation efficiency improved more with the removal
of humic substances (molecular weight ~ 1000 g/mol) as compared to the removal
of the building blocks fraction (molecular weight 300-500 g/mol) of NOM, as
determined by size exclusion chromatography with DOC detection, because it led



to less bromate formation and less AOC formation. It was concluded that for NOM
removal before ozonation, IEX is preferred, because the IEX resin that was tested
removed more humic substances than the GAC tested.

During this research, integrated modeling has proven to be the driving force for
optimization of operation based on explicit objectives (control strategies), for new
developments in design (DOPFR) and for exploring changes in the concept of a
drinking water treatment plant (NOM removal). In general it can be stated that in
order to be able to model a process, the process has to be understood. Thus,
modeling efforts lead to the increase in knowledge, application of knowledge and
recordation of knowledge.



Samenvatting

In Nederland zijn drinkwaterzuiveringen robuust en ontwerpen zijn gebaseerd op
de prestaties van deelprocessen met voorafgestelde grenzen aan de
procescondities. Verbeteringen in de bedrijffsvoering zijn gewoonlijk gericht op
optimalisatie van deelprocessen, gebaseerd op vuistregels, kennis van
bedrijffsvoerders en ervaring. Echter, veranderingen in stuurparameters van
deelprocessen kunnen navolgende deelprocessen beinvloeden en bedrijffsvoerders
kunnen verschilend denken over de beste instelingen voor een
drinkwaterzuivering. Bij aanvang van dit onderzoek was verondersteld dat een
integrale aanpak van de gehele zuivering kan leiden tot een meer efficiénte
bedrijfsvoering en was onderkend dat het nemen van beslissingen met een
integraal karakter complex en moeilijk kan zijn. De verwachting was dat een
integraal model van de gehele drinkwaterzuivering gebruikt kan worden voor
ondersteuning van de bedriffsvoering en voor procesbesturing, om de
bedrijfsvoering van een drinkwaterzuivering verder te verbeteren en maximaal
gebruik te maken van de bestaande installaties waardoor nieuwe investeringen
kunnen worden uitgesteld.

Om een integrale optimalisatie van de bedrijffsvoering van een drinkwaterzuivering
uit te voeren, dienen expliciete doelen voor de bedrijfsvoering geidentificeerd en
gedefinieerd te worden. Drie mogelijke doelen zijn beoordeeld: waterkwaliteit,
milieubelasting en kosten. Drinkwaterzuivering Weesperkarspel van Waternet, het
watercyclusbedrijf voor Amsterdam en 25 omliggende gemeenten, is gebruikt als
voorbeeld. De mogelijke verlaging van de milieubelasting en kosten van de
bedrijfsvoering van Weesperkarspel bleek klein te zijn in vergeliking met de
mogelijke stijging van de milieubelasting en kosten voor de maatschappij wanneer
meer flessenwater gedronken zou gaan worden als gevolg van onvoldoende
(vertrouwen in de) kwaliteit van het kraanwater. Op basis van sociale,
economische en milieutechnische overwegingen is geconcludeerd dat overheden
en waterleidingbedrijven zich moeten richten op een onberispelijke kwaliteit van
kraanwater en een betrouwbaar, gezond en milieuvriendelijk imago van kraanwater
om op zijn minst de stijging van het gebruik van flessenwater te stoppen. Daarom
dient de verbetering van de waterkwaliteit het doel te zijn voor integrale



optimalisatie van de bedriffsvoering en niet a-priori de verlaging van de
milieubelasting of de kosten.

Uit het onderzoek naar de doelen voor optimalisatie van de bedrijfsvoering van
Weesperkarspel, volgde dat ozonisatie een sleutelrol vervult in de zuivering. Om
deze reden is de integrale modellering in dit onderzoek gericht op ozonisatie,
waarbij assimileerbaar organisch koolstof (AOC), bromaat en de CT waarde (maat
voor blootstelling aan ozon) de belangrijkste parameters zijn. Voor de ontwikkeling
en kalibratie van een model dat deze parameters beschrijft zijn experimenten
uitgevoerd in verschillende proefinstallaties op testbank schaal en proefinstallatie
schaal, met water van verschillende locaties, in combinatie met fundamentele
modelstudies.

Door gebruik te maken van verschillende opstellingen waarbij ozon in opgeloste
vorm is gedoseerd en in gasvorm in conventionele bellenkolommen, en waarbij
contact tijd tussen ozon in water is gecreéerd in een leiding met een propstroom
karakteristiek en in een vat met een volledig gemend vat karakteristiek, is het
model gekalibreerd en gevalideerd voor een breed toepassingsgebied. Dit heeft
geresulteerd in een integraal model voor ozon dat in staat is om voor verschillende
hydraulische condities de ozonafbraak, de CT waarde, E. coli inactivatie, de
afname van UV absorptie bij 254 nm (UVAgs,), de toename van de AOC
concentratie en bromaatvorming te voorspellen op basis van influent
waterkwaliteitsparameters en de toegepaste ozondosering. Het model is gebruikt
voor het evalueren van de huidige bedrijfsvoeringstrategie van de ozon
praktijkinstallatie van Weesperkarspel en voor het testen en beoordelen van
alternatieve bedrijfsvoeringstrategieén voor ondersteuning van de bedrijfsvoering
en procesbesturing van de ozon installatie. Het is een hulpmiddel dat direct de
consequenties zichtbaar maakt van veranderingen in de bedrijfsvoering. Het geeft
waterleidingbedrijven de mogelijkheid om meer objectieve keuzes te maken voor
de stuurparameters en is daarom een waardevol gereedschap voor het beheersen
van de balans tussen desinfectie, AOC vorming en bromaatvorming.

Met het experimenteel onderzoek en de modelstudies is het belang van goede
hydraulische condities aangetoond. Het is gebleken dat de desinfectiecapaciteit
voor het ozongevoelige organisme E. coli 3 tot 5 keer groter is in een
propstroomreactor dan in een volledig gemengd vat reactor. Voor een efficiénte
desinfectie is het van belang dat het gedoseerde ozon zo snel mogelijk volledig



gemengd wordt over de te behandelen waterstroom, om te voorkomen dat delen
van de waterstroom een ozonconcentratie hebben die lager is dan de gemiddelde
concentratie. Dit geldt voornamelijk wanneer relatief lage ozonconcentraties
worden toegepast zoals bij Waternet. Het concept van de opgelost ozon
propstroomreactor (DOPFR, dissolved ozone plug flow reactor) dat is ontwikkeld
tijdens dit onderzoek richt zich op deze twee punten. In de DOPFR wordt ozon
opgelost in een voorbehandelde deelstroom die vlak voor een statische menger
aan de hoofdstroom wordt toegevoegd. Door het doseren van opgelost ozon wordt
de gasoverdracht van ozon naar water buiten het proces gehouden. Twee
waterstromen mengen veel beter en sneller dan een gasstroom en een
waterstroom. Op deze wijze kan het gedoseerde ozon door middel van de
statische menger vrijwel instantaan gemengd worden met de totale waterstroom.
Vervolgens wordt contacttijd gerealiseerd in een leiding met een propstroom
karakteristiek. Uit proefonderzoek in ozon bellenkolommen op proefinstallatie
schaal met relatief goede hydraulische eigenschappen ten opzichte van
praktijkschaal installaties, bleek dat grote kortsluitstromen op kunnen treden in de
bellenkolommen. Gezien het belang van de hydraulische condities dient de
toepassing en het ontwerp van conventionele ozon bellenkolom installaties in
heroverweging genomen te worden.

Natuurlijk organisch materiaal (NOM) heeft een grote invloed op de processen die
optreden tijdens ozonisatie en is daarom een belangrijke parameter voor de
efficiéntie van ozonisatie en voor de integrale modellering van ozonisatie. In de
DOPFR was het mogelijk om ozon te meten vanaf 1 a 2 seconden verblijftijd, in
tegenstelling tot andere onderzoeken waarbij de eerste ozon metingen over het
algemeen na 30 seconden tot een minuut (kunnen) worden genomen. Dit gaf de
mogelijkheid om snelle ozon consumptie te bepalen die optreedt door de reactie
tussen ozon en NOM vanaf het moment dat ozon in het water aanwezig is. Uit de
modellering bleek dat de snelheid van snelle ozon consumptie in de eerste 20
seconden contacttijd de kinetiek van diffusie limitatie volgt.

NOM bestaat uit een grote verscheidenheid aan organisch materiaal en kan
worden gekarakteriseerd door onder andere de molecuul grootte. De effecten van
het karakter van NOM en de verwijdering van NOM op de vorming van AOC, de
vorming van bromaat en de CT waarde zijn onderzocht om de hoeveelheid NOM
en het specifiecke deel van NOM te bepalen dat kan worden verwijderd om de
efficiéntie van ozonisatie te verbeteren. Hiervoor is water van twee locaties met



verschillende gehalten aan opgelost organisch koolstof (DOC) onderzocht. De
DOC concentratie van de locatie met de hoogste waarde is verlaagd met behulp
van ionenwisseling of met actieve koolfiltratie. De resulterende vier watertypen zijn
onderzocht in een ozon bellenkolom proefinstallatie en in een testbank schaal
DOPFR. Uit de experimenten is geconcludeerd dat voor dezelfde ozondoseringen
de CT hoger is bij NOM verwijdering door ionenwisseling of actieve koolfiltratie dan
voor de situatie waarbij geen NOM wordt verwijderd. Daarnaast is geconcludeerd
dat de efficiéntie van ozonisatie sterker verbeterde door de verwijdering van
humusachtige stoffen (moleculair gewicht ~ 1000 g/mol) uit NOM, dan door
verwijdering van de bouwstenen fractie (moleculair gewicht 300-500 g/mol) uit
NOM, omdat dit leidde tot minder AOC vorming en minder bromaatvorming. Hieruit
is geconcludeerd dat ionenwisseling wordt verkozen boven actieve koolfiltratie voor
NOM verwijdering voorafgaand aan ozonisatie, omdat de geteste ionenwisselaar
meer humusachtige stoffen verwijderde.

Tijdens dit onderzoek is integrale modellering de drijvende kracht gebleken voor
optimalisatie van de bedrijffsvoering gebaseerd op expliciete doelen
(bedrijfsvoeringstrategieén), voor nieuwe ontwikkelingen in ontwerp (DOPFR) en
voor het onderzoeken van veranderingen in het concept van een
drinkwaterzuiveringsinstallatie (NOM verwijdering). In het algemeen kan gesteld
worden dat voor het modelleren van een proces, het proces begrepen moet
worden. Dit betekent dat modelleringwerkzaamheden leiden tot het vergroten van
kennis, het toepassen van kennis en het vastleggen van kennis.



Acknowledgement

Four years after finishing my Master’s thesis Luuk Rietveld asked me if | would like
to do PhD research on integrated modeling for the operation of drinking water
treatment plants. My first thought was that the project he was asking me to
participate in was extremely interesting, and my second thought was that it would
be great to take part in this project and at the same time get a PhD degree.

Looking back, it was great to be part of the Promicit project, as it was named, but
the PhD degree didn’t come as easily as | thought it would be. Earning that degree
involved a lot of hard work, difficulties to overcome, plenty of (re)searching and
then finding. | really enjoyed the process of researching and learning. It was a
great opportunity for me to deepen my knowledge and broaden my views on water
treatment. | have many people to thank for my growth and for helping me do the
work described in this thesis.

Although my name is the only one on the cover, | could have never accomplished
the work required for this thesis all by myself. | had a lot of help from many people
and the cooperation of many organizations. The organizations | want to thank are
DHV B.V., Waternet, Delft University of Technology and ABB B.V., the four
partnering companies of the Promicit project. Without their vision and support, this
thesis would not have been possible. Also thanks to SenterNovem agency of the
Dutch Ministry of Economic Affairs that subsidized the Promicit project, Evers &
Manders Consult that assisted in the project administration of Promicit, and Kiwa
Water Research that made their laboratory facilities available for part of the
experimental work.

The first persons | want to thank are my supervisor, Hans van Dijk, and my adjunct
supervisor, Luuk Rietveld. Hans greatly helped me with focusing on the important
issues, as well as placing the work in a larger context. As none other, he can
inspire and create enthusiasm in people in our profession. Luuk Rietveld and |
worked closely together on a ‘daily’ basis. Luuk always provided me with good
comments on the contents and structure of all my writing and | have really enjoyed
working and laughing with him.



| want to thank a few people from DHV, my primary employer. In particular, | want
to thank Jan Timmer who did an excellent job defending our project proposal
before the scientific committee of SenterNovem; my good friend Kim van Schagen,
who always made time for my questions on modeling issues and for reflections on
my work; Hans van der Kolk, who took over managing DHV’s participation in
Promicit from Jan Timmer, and Wim Kreijne, who made sure that Promicit's
financial administration was very well organized.

Waternet is a great company and my ‘colleagues’ in the research department
Drinking Water Technology made me really feel like one of them. The opportunity
to work with them and share their facilities was great. | want to thank Karin
Bosklopper, Alex Veersma, Eric Baars, René van der Aa, Fred van Schooten,
Joost Kappelhof, Onno Kramer, Dolf Wind, Peter Huis, Mike Gillebaard, Peter
Wind, Dirk Jan Sohl, Simon van Waveren, Harold Homburg and all the other
employees of Waternet and Het Waterlaboratorium that | cannot mention by name.

From Delft University of Technology | owe thanks to Robert Babuska, for
occasional feedback. Many thanks to Petra Ross, Patrick Smeets, Maarten Keuten,
Anke Grefte, Luisa Nunes, Margarida Fernandes, Menno van Leenen and Jink
Gude, they are great company and | enjoyed working with them.

Further, | would like to thank Ben Smaal from ABB B.V. for providing me with and
sharing knowledge of the newest solutions on automation and control. | would like
to thank Gary Amy, from IHE, from whom | learned a lot about scientific writing;
and Maarten Siebel, Ramiro Barrios, and Mauricio Tapia with whom | worked on
joint research with IHE. | also want to thank Joep van den Broeke from scan
Messtechnik for the good cooperation and knowledge exchange and Adele
Sanders for correcting my writing and improving my English.

Finally, | want to thank my family and friends and in particular my parents and my
parents-in-law. Their support, interest in my work and wellbeing is overwhelming. |
realize | am very fortunate to have such a loving family and good friends. | want to
conclude this acknowledgement by thanking the two most important people in my
life, my wife Liesbeth and my daughter Eva. They provided me with the stable and
joyful environment at home. Liesbeth unconditionally supported me in my work and
reminded me what is truly important in life when | needed reminding. | couldn’t
have done this without her.



Table of contents

1. Introduction

2. Objectives for integrated optimization of drinking water
treatment plants

3. Modeling of ozonation for dissolved ozone dosing

4. Disinfection and by-product formation during ozonation in a
pilot-scale plug flow reactor and CSTR

5. Effects of natural organic matter (NOM) character and removal
on efficiency of ozonation

6. Integrated model for operational support and process control
of ozonation
7. Conclusions

List of publications

Curriculum vitae

29

49

79

103

133

147

151






1. Introduction

Background of the thesis

In the Netherlands, drinking water treatment plants are robust and designs are
based on the performance of individual processes with pre-set boundary
conditions. In operation of drinking water treatment plants, the processes are
usually optimized individually on the basis of “rules of thumb” and operator
knowledge and experience. However, changes in operational conditions of
individual processes can affect subsequent processes (see Figure 1) and an
optimal operation, which can include a number of water quality parameters, costs
and environmental impact, is different for every operator. The quality of drinking
water is thus influenced by day-to-day decisions of individual operators
(Bosklopper et al., 2004). Bosklopper et al. assumed that an integrated approach
to the entire treatment plant can lead to a more efficient operation and concluded
that decisions of an integrated nature can be complex and difficult to make. It was
expected that an integrated model of the entire water treatment plant could be
used as an instrument for operational support and for process control to further
improve the operation of a drinking water treatment plant, making maximal use of
the installed infrastructure and postponing new investments.
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Figure 1 Influence of individual processes on subsequent processes (process

scheme of drinking water pre-treatment Loenderveen and treatment plant
Weesperkarspel of Waternet)

In 2003 Waternet, the water cycle company for Amsterdam and surrounding areas,
DHV B.V., a consultancy and engineering company, ABB B.V., an engineering
company for power and automation technology, and Delft University of Technology,
department of Water Management and Delft Center for Systems and Control,
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joined forces to perform research on drinking water quality control by developing an
integrated model of the total water treatment and using this model as a basis for
operation. This thesis is part of the defined joined research project ‘Promicit’ that
was subsidized by SenterNovem, Ministry of Economic Affairs, the Netherlands.
Evers & Manders Consult assisted in the project administration of Promicit.

The project is a first step towards trealizing the visions for water utilities in 2050,
according to Rosen (2000) and Trussel (2000). They envision that models
predicting water quality and necessary treatment will be constantly run and assist
operators, whose daily duties will be automated. Water quality data will be fed into
control systems that will adjust the level of treatment needed to ensure safe water,
while minimizing the use of chemicals. Treatment plants will become so rich in
automation and intelligence that they will assume the role of a person, carrying on
conversations with the operator — and the public — that closely approach human
behavior. This means that computer models would therefore be needed to predict
the quality of the source, the impact on the process, the quality of the product and
the required, most effective control. Cooperation between process-engineers and
automation and ICT-engineers would have to be intensified. As a consequence,
the method for research would be changed from practical research to a
combination of practical research with fundamental model studies (Rietveld, 2005).

From past and current research projects, Waternet, DHV B.V., ABB B.V. and the
Delft University of Technology already have experience in modeling drinking water
treatment processes and model-based control. In cooperation with several Dutch
drinking water companies, DHV B.V. has developed a model-based water quantity
control program called OPIR® that predicts the demand for drinking water, and
controls the integrated production of several drinking water treatment plants
efficiently (Bakker et al., 2003). In 2007 already over 3 million consumers in the
Netherlands received drinking water produced using OPIR® water quantity
prediction and control. Rietveld (2005) conducted a PhD study at Delft University of
Technology on the modeling of individual drinking water treatment processes.
These models are integrated in the Stimela environment, which is programmed in
Matlab®/Simulink® (van der Helm and Rietveld, 2002). ABB B.V. has broad
experience in plant optimization in many industries, amongst which is the water
supply industry. Waternet is one of the drinking water companies in the
Netherlands with a strong interest in drinking water treatment modeling. Waternet
has two drinking water treatment plants where pre-treated surface water is
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subsequently treated with ozonation, pellet softening, biological activated carbon
(BAC) filtration and slow sand filtration. Emphasis on the modeling of BAC filtration
and pellet softening is given in separate research (van der Aa et al., 2004; van
Schagen et al., 2005 and 2006).

The focus for this PhD study is on optimization of drinking water treatment plants
and on integrated modeling of ozonation. Ozonation plays a key role in integrated
modeling of the treatment plants of Waternet. Ozonation is influenced by the pre-
treatment and it influences softening and the BAC filtration. In addition, ozonation
is the only process in which disinfection can be actively influenced.

Objectives of the thesis
This thesis has two objectives: to determine the objectives for optimization of
operation of drinking water treatment plants and to develop an integrated model for
ozonation that can be used for operational support and process control. The model
has to be able to function as a part of an integrated model for the entire
Weesperkarspel drinking water treatment plant of Waternet.

It is the purpose of the Promicit project that the models are able to function based
on on-line calibration and validation, and that the modeling efforts lead to an
increase in knowledge and understanding of the treatment processes. The
consequence is that the models should be phenomelogical models with an
empirical model parameter estimation based on the on-line measurements
available at that time. This results in the use of semi-empirical modeling
techniques.

Content of the thesis

Each chapter is based on a published or submitted article. Since each chapter
covers different subjects, the relationship between the chapters is explained.

In Chapter 2 what the objectives for optimization of operation of drinking water
treatment plants should be is discussed. Three possible objectives are assessed:
environmental impact, costs and water quality. The Weesperkarspel drinking water
treatment plant is used as a case study. From the assessments it follows that



Chapter 1

ozonation plays a key role in the Weesperkarspel treatment scheme and therefore
the focus of integrated modeling is on ozonation. This chapter sets the framework
for optimization and for this research in general.

In Chapter 3 an adapted version of the ozone model as proposed by Rietveld
(2005) is provided and the model parameter estimation for predicting assimilable
organic carbon (AOC) formation, bromate formation and CT value for ozone
exposure is described. In Chapter 2 these parameters are recognized as important
integrated parameters. The experimental data were obtained with a bench-scale
installation where dissolved ozone was dosed and contact time was realized in a
plug flow reactor.

In Chapter 4 the E. coli inactivation, bromate and AOC formation under optimal
hydraulic conditions in a pilot-scale ozone plug flow reactor at the Leiduin drinking
water treatment plant of Waternet are described. In addition, a comparison is made
between E. coli inactivation in a plug flow reactor and in a completely stirred tank
reactor. In both cases dissolved ozone was dosed. With this comparison the
importance of the hydraulic design of ozonation reactors is shown. Rapid ozone
consumption in the first 20 seconds of contact time between ozone and water is
also assessed in Chapter 4 using different models. Since the results of the pilot-
scale plug flow reactor experiments are obtained in a similar installation as the
bench-scale plug flow reactor experiments described in Chapter 3, the determined
ozonation modeling parameters are compared to each other in order to evaluate
the effects of upscaling.

In Chapter 5 insight is provided into the additional improvement of ozonation
efficiency compared to instant mixing of ozone and using a plug flow reactor for
contact time as described in Chapter 4. Natural organic matter (NOM) has a large
influence on processes taking place during ozonation and, thus, is an important
parameter for ozonation efficiency and for integrated modeling of ozonation. The
effects of the character and the removal of NOM on the formation of AOC, and the
formation of bromate and CT during ozonation are evaluated. The main part of the
experiments was performed at Weesperkarspel.

In Chapter 6 experimental research and modeling of ozone dosing in bubble
columns with subsequent contact columns is described for two different natural
waters. Model parameters determined in Chapters 3 and 4 are used and for a
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number of model parameters relationships are determined for the two different
water types, based on water quality parameters. The model is used for evaluating
the current control strategy of the full-scale ozone installation at Weesperkarspel
and for assessing other control strategies for operational support and for process
control of ozonation.

In Chapter 7 overall conclusions are drawn from Chapters 3 to 6 in relation to
Chapter 2. The consequences of the conclusions are discussed for operational
optimization, process design and treatment concept of the drinking water treatment
plant at Weesperkarspel. In Chapter 7, also an overview of related ongoing
research is given.
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2. Objectives for integrated optimization of drinking
water treatment plants

In order to perform an integrated optimization of operation of a drinking
water treatment plant, explicit objectives for the operation of drinking
water production have to be identified and defined. In this chapter,
what these objectives should be is discussed. Three possible
objectives were assessed: environmental impact, costs and water
quality. Data from drinking water treatment plant Weesperkarspel of
Waternet (the water cycle company for Amsterdam and surrounding
areas) were used for a case study. It is concluded that the objective for
integrated optimization for operation of drinking water treatment plants
should be the improvement of water quality. The environmental impact
and the financial impact of the operation of drinking water production
should be regarded as constraints, not as objectives for operational
optimization.

Introduction
In the past twenty years, drinking water research at Waternet (the water cycle
company for Amsterdam and surrounding areas) was carried out for improvement
of the water quality, sustainability and the robustness of their two drinking water
treatment plants using surface water. One of the improvements realized was the
abolition of the use of chlorine for main disinfection through a multi-barrier
approach and through prevention of regrowth by distribution of biologically stable
drinking water (Rook et al., 1982; van der Kooij et al., 1999). The introduction of
biological activated carbon (BAC) filtration in combination with a pre-oxidation by
ozone (Graveland, 1996) had a positive effect on the removal of natural organic
matter (NOM). In addition ozone forms a barrier for a number of pathogenic micro-
organisms and BAC filtration forms an efficient barrier for pesticides such as
bentazon (van der Hoek et al., 2000). In the pre-treatment of surface water,
coagulation was introduced for the removal of phosphate preventing the growth of
algae in reservoirs, resulting in an improvement in the disinfection by solar light,
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and in nitrification in reservoirs (van der Veen et al., 1987). In addition, the NOM
measured as dissolved organic carbon (DOC) was decreased during coagulation.
In 1987 a softening process was introduced for producing drinking water with a
total hardness of 1.5 mM (Graveland et al., 1983). Research, thus, generally
focused on selecting new processes and on the optimization of individual process
steps.

The quality of surface water varies over the seasons (temperature, algae
concentration, DOC character and concentration, number concentration of micro-
organisms), due to long-term trends (increase in the concentration of pesticides,
hormones, chloride, bromide) and also as a result of natural events such as heavy
rainfall or ice formation and process-related events such as the removal of sludge.
In the current situation the operation of treatment plants is optimized on the basis
of “rules of thumb” and operator knowledge and experience. The quality of drinking
water is thus influenced by day-to-day decisions of individual operators
(Bosklopper et al., 2004). In addition, choices for operation of an individual process
may have a negative effect on one or more subsequent steps. It can be concluded
that decisions of an integrated nature can be complex and difficult to make.

Because of the complexity of the relationships between and the effects of the
different processes on the water quality parameters, an integrated model of the
drinking water treatment plant can best determine the optimal settings for
operation. It is assumed that an integrated approach to the treatment plant with
model-based control, that takes into account the quality variations in surface water,
leads to a more stable and efficient treatment with a better quality of the drinking
water produced. In order to perform an integrated optimization of operation of a
drinking water treatment plant, explicit objectives for optimization have to be
identified and defined. In this study, what these objectives should be with respect
to water quality, environmental impact and costs are discussed. Drinking water
treatment plant Weesperkarspel (WPK) and its pre-treatment Loenderveen (LNV)
of Waternet were used for a case study.

Materials and methods
Drinking water treatment plant Weesperkarspel
The drinking water treatment plant WPK receives pre-treated water from LNV for
the production of drinking water (Figure 1). The raw water mainly consists of
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seepage water from the Bethune polder, sometimes mixed with Amsterdam-Rhine
Canal water. At LNV the raw water is coagulated with ferric chloride (FeCl;) and
flocs are removed in horizontal settling tanks, resulting in the removal of fosfate,
DOC, suspended solids and heavy metals. The quality of the water further
improves due to sedimentation, nitrification of ammonium, biodegradation, and
other self-purification processes in a lake-water reservoir of 130 hectares during a
retention time of about 100 days. The remaining ammonium, suspended solids and
algae are removed during rapid sand filtration before the water is transported over
10 kilometers to the WPK treatment plant without chlorination.

Pre-treatment Loenderveen

Bethune Polder

" [—‘—= rFeCh FFer :HC| )
. ‘?,’———] :“_E_J‘L i & ] ; g ‘ L. B®| :gj
Amsterdam-Rhine Canal -
i
(== Coagulation/
ﬁg ; Sedimentation Lake-water reservoir Rapid sand filtration
Drinking water treatment plant Weesperkarspel
Lol
Uj Continuous filtration
1 for backwash water
H HCI TN
LI F )
o =
& o lians Bty el |
et I || — i J \ J_T_— 1] s =
tr, NaOH NaOH 0,
Pre-treated water reservoir Ozonation Softening BAC filtration Slow sand filtration ~ Clear water reservoir
Figure 1 Process scheme of pre-treatment at LNV and drinking water treatment
plant WPK

The first process at the treatment plant WPK is ozonation for disinfection and
oxidation of NOM, which results in an increase in the biodegradability of the
organic matter. Thereafter, pellet reactors are used to reduce hardness (softening)
and BAC filtration is applied to remove NOM and pesticides. The last step in the
treatment is slow sand filtration for further nutrient removal and reduction of
suspended solids. This process is also the second important barrier in the
treatment against pathogens and is especially important for removing persistent
pathogens with low susceptibility to ozone (e.g., Cryptosporidium). Drinking water
is transported and distributed without residual chlorine.
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Water quality assessment

The main objectives of drinking water treatment plants are to produce safe drinking
water for consumption (without pathogenic micro-organisms and toxic compounds),
to produce attractive drinking water (free from taste, odor, and color), and to avoid
the accumulation of solids, corrosion, and regrowth of bacteria in the distribution
and transport pipelines (van Dijk and van der Kooij, 2004). This means that the
water quality assessment has to incorporate microbiological safety, toxicity,
chemical stability, and biological stability of the water.

To determine the microbiological safety of the water, the disinfection at WPK can
be assessed. In separate studies it was concluded that the disinfection for viruses,
Giardia, Cryptosporidium, and Campylobacter is sufficient (Dullemont 2006a,b,c).

For toxicity, the number and amount of organic micro-pollutants and disinfection
by-products can be assessed. In the case of WPK the influent organic micro-
pollutant concentrations were under the detection limit. A potential disinfection by-
product at WPK is bromate, formed during ozonation of bromide-containing waters
(von Gunten, 2003). The bromate concentration at WPK is less than 1 pg/l due to
the relatively low ozone dosages (1.7 mg-Os/l is dosed when water temperature is
above 12°C and 2.2 mg-Os/l is dosed when water temperature is below 12°C) in
comparison with the concentrations of NOM (DOC concentration before ozonation
is 5-7 mg-Cl/l).

Drinking water is chemically stable when the limestone carbonic acid equilibrium is
approached. The commonly used parameter for chemical stability is the saturation
index (Sl). The Sl is a function of pH, temperature, alkalinity, calcium concentration
and ionic strength. At WPK it is influenced by sodium hydroxide (NaOH) and
hydrogen chloride (HCI) dosages, by softening, and by biological removal of NOM,
which results in the formation of carbon dioxide (CO5).

The NOM in natural waters is a mixture of organic components with different
molecular weights (MW). The biological stability of drinking water is determined by
the amount of biodegradable organic matter in the water, which consists of low MW
acids. It can be measured by the concentration of assimilable organic carbon
(AOC). UV absorbance at 254 nm (UVA,s,), expressed as the absorbance per
meter of path length (1/m), is sensitive to unsaturated bonds. In natural water most
unsaturated bonds are present in NOM as aromatic carbon, and it was found that
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the increase in AOC during ozonation is a function of the decrease in UVA,s, (van
der Kooij et al., 1989). AOC, DOC, and UVA,s, were assessed for determining
biological stability. In order to assess the character of NOM, the specific UV
absorbance (SUVA) defined as UVAys4 divided by DOC concentration ((1/m)/(mg-
C/l)) was also calculated (see Table 1).

Table 1 Guidelines on character of NOM (Edzwald and Tobiason, 1999)
SUVA ((1/m)/(mg-C/l)) Composition
~ 4 or greater Mostly aquatic humics, high hydrophobicity, high MW

Mixture of aquatic humics and other NOM, mixture of
hydrophobic and hydrophilic NOM, mixture of MWs
<2 Mostly non-humics, low hydrophobicity, low MWs

2-4

The water quality assessments were performed by plotting the changes in water
quality parameters throughout the drinking water treatment plant. The data used
were from laboratory measurements from 2000 to 2005. Since UVA,54 and DOC
are not always measured on the same day, and UVAys, is measured less
frequently than DOC, the UVA.s, is determined by interpolation on the days DOC is
measured. With the interpolated UVA,s54 data the SUVA is calculated.

Environmental assessment

Life cycle assessment (LCA) is a well-established methodology defined by the
International Organisation for Standardisation in the 1SO14040 Standard (ISO,
2000). LCA is developed to calculate the environmental impact of products or
processes along its entire life cycle. In the present study, the LCA methodology is
used to assess the operation of drinking water treatment, one of the stages of the
life cycle. The functional unit is one cubic meter of drinking water produced (1 m3).

This study considered the four stages of LCA methodology (Barrios et al., 2006):

1. Goal and scope definition; determine the environmental impact resulting from
the current operation at LNV and WPK.

2. Inventory analysis; site specific data are used from 2002 and data from
databases included in SimaPro 5.1.

3. Impact assessment; SimaPro 5.1 is used with the Eco-Indicator 99 method
where a single score is obtained in EcoPoints/m® for each single unit process
and material, reflecting the various impacts (Goedkoop and Spriensma, 2000).

4. Interpretation of the results.

11
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Financial assessment

For the financial assessment the methodology for life cycle costing (LCC) as

proposed by the Department of Public-Works and Services of New South Wales,

Australia (DPWS-NSW, 2001), was taken as a basis. The four stages of the life

cost-planning phase of the LCC study were carried out:

1. Planning the LCC analysis.

2. Selection/development of an LCC model and inventory analysis to collect the
necessary data.

3. LCC model application.

4. Documenting and reviewing the LCC results.

The principles underlying these stages are similar to those of the LCA method. The
LCC methodology is used to only assess the operation of drinking water treatment.
It is based on materials, energy flows, and other direct costs of production, such as
maintenance and direct labor. As a consequence, investment and demolition costs
are not taken into account.

Results

Water quality assessment

The water quality parameters for the assessment of the chemical stability are
shown in Figure 2. The pH of the raw water is 7.5 on average. During coagulation,
FeCl; is dosed and ferric hydroxide flocs are formed, resulting in a pH drop. In the
lake-water reservoir, the CO, concentration decreases until equilibrium with the
CO, concentration in air is reached. As a consequence the pH value rises to
between 8.1 and 8.3 depending on the temperature, which ranges from 2°C to
23°C during the year. The influent calcium concentration is around 80 mg-Cal/l, with
a maximum variation of £ 5 mg-Cal/l. In combination with the high pH, the water
leaving the reservoir is supersaturated with calcium carbonate, this can be
concluded from the saturation index (SI) which varies from 0.5 to 0.9 (see Figure 2,
right). Due to the production of CO, by biological activity in the rapid sand filters,
the pH decreases. To prevent calcium carbonate precipitation during transport to
WPK, HCl is dosed after the reservoir, which results in a drop in pH. Subsequently,
the pH influences the bromate formation during ozonation and ozone decay. In the
softening process, calcium is removed by dosing NaOH, to make the water
supersaturated with calcium carbonate that crystallizes on pellets in a fluidized bed
reactor. After softening, HCI is dosed to prevent precipitation of calcium carbonate

12
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in the BAC filters. Due to CO, production in the BAC filters, the pH decreases. The
NaOH dosage applied after the BAC filters increases the pH in order to make the
water supersaturated with calcium carbonate to prevent corrosion of the distribution
network. In Figure 2, it is observed that the variation in the pH and in the Sl is
greater after each NaOH and HCI dosage and the variation becomes smaller in the
water reservoir and in the filtration steps.
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Figure 2 Water quality assessment for chemical stability: (i) pH (left); (ii) SI (right);

data from 2004

The water quality parameters for the assessment of the biological stability are
shown in Figures 3 and 4. During coagulation DOC is removed. The decrease in
UVA,s4 during coagulation is higher than the decrease in DOC, which results in a
decrease in SUVA. This can be explained by the fact that the part of NOM that is
removed during coagulation contains the highest amount of aromatic carbon, which
indicates that mainly large organic components (MW>1000 g/mol) are removed. In
the reservoir and rapid sand filters, the concentration of DOC also decreases. This
time the decrease is proportional to the UVA,s54, so the SUVA stays constant and
there is no observed change in the character of NOM.

During ozonation no DOC is removed, but the character of NOM is changed, as
can be concluded from the decrease in the SUVA. Due to the attack of double
bonds in NOM, the UVA,s, decreases and large organic components are broken
down into smaller organic components. Consequently, the AOC concentration
increases.
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During softening, the DOC concentration decreases due to biological activity in the
pellet reactors. The decrease is approximately 0.40 mg-C/l. The decrease in AOC
concentration is approximately 0.05 mg-C/l. Consequently, the part of the NOM
that is biodegraded during softening is at least 8 times greater than the part of
biodegradable organic matter measured as AOC.
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Figure 3 Water quality assessment for biological stability: (i) DOC (left); (i) AOC
(right); data from 2000 to 2005
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Figure 4 Water quality assessment for biological stability: (i) UVAzs4 (left); (i) SUVA

(right); data from 2000 - 2005

During BAC filtration there is a decrease in the concentrations of DOC and AOC
due to biological activity with additional NOM adsorbed onto the activated carbon.
From the decrease in SUVA, it could be concluded that more high MW organic
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components are removed than low MW organic components. This seems in
contradiction with the fact that during BAC filtration mainly low MW organic carbon
is removed biologically. A hypothetical explanation for this apparent contradiction
can be given based on the structural concept of a humic acid molecule as pro-
posed by Schulten and Schnitzer (1993), Figure 5 (left), and the structural concept
of a fulvic acid molecule as proposed by Stevenson (1982), Figure 5 (right).
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Figure 5 Structural concept for: (i) humic acid (Schulten and Schnitzer, 1993) (left);
(ii) fulvic acid (Stevenson, 1982) (right)

From the literature it is known that biodegradable organic matter formed during
ozonation consists of aldehydes, ketones, ketoacids, and carboxylic acids.
Examples of this are acetaldehyde, glyoxal, methylglyoxal, glyoxalic acid, acetone,
pyruvic acid, formic acid, acetic acid and oxalic acid (Glaze et al., 1989; van der
Kooij et al., 1989; Carlson and Amy, 1997; Melin and @degaard, 2000; Richardson
et al., 2002). Based on the MWs of these compounds that range from 44 g/mol to
90 g/mol, it is assumed that the average MW is 60 g/mol. Hammes et al. (2006)
have proposed a mechanism for phenol oxidation leading to the formation of
glyoxalic acid, formic acid and oxalic acid. Based on this mechanism it is assumed
that biodegradable organic molecules are formed from aromatic carbon rings with a
functional group (e.g., carboxyl and/or hydroxyl group). The attacked aromatic
carbon rings can be either part of the humic or fulvic acid molecule, or can be
simple aromatic rings with functional groups (e.g., phenol, benzoic acid and
salicylic acid) that are detached from the humic or fulvic acid molecule and have an
assumed average weight of 140 g/mol. Further, it is assumed that two aromatic
carbon-carbon double bonds have to be broken in the humic or fulvic acid molecule
to form either a biodegradable organic molecule or a simple aromatic compound.
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From the structural concepts in Figure 5, it can be derived that the humic acid
molecule has 73 aromatic carbon-carbon double bonds per molecule and an MW
of 5540 g/mol and the fulvic acid molecule has 25 aromatic carbon-carbon double
bonds per molecule and an MW of 1510 g/mol. From Figure 4 (left) it is observed
that the UVAys, decreases by one third during ozonation. It is assumed that the
entire UVA,s, decrease is due to aromatic carbon-carbon double bonds broken
down in the humic and fulvic acid molecules, leading to equal formation of
biodegradable organic molecules and simple aromatic compounds. Consequently,
24 aromatic double bonds are broken down in the humic acid molecule, which
gives 6 biodegradable organic molecules (0 carbon-carbon double bonds) and 6
simple aromatic compounds (6 times 3 carbon-carbon double bonds). The MW of
the humic acid decreases 6 times 60 g/mol and 6 times 140 g/mol to 4340 g/mol
and the carbon-carbon double bonds decrease from 73 to minus 24, and minus 18,
leaving 31. The simple aromatic compounds have 3 carbon-carbon double bonds
with a molecular weight of 140 g/mol. Thus, the remaining humic acid molecules
have substantially less aromatic carbon-carbon double bonds per gram compared
to the formed simple aromatic compounds. The same applies to the fulvic acid
molecule. During BAC filtration mainly low MW organic carbon is removed. A
higher removal of the simple aromatic compounds with a higher carbon-carbon
double bond content per gram than the humic and fulvic acid molecules will lead to
the observed decrease in SUVA during BAC filtration. So, the apparent
contradiction can be explained by the formation of small organic compounds during
ozonation, containing more aromatic carbon-carbon double bonds per unit of
weight compared to humic and fulvic compounds.

During slow sand filtration a small amount of AOC and DOC is removed without
changing the character of NOM. The removal of NOM can result in a decrease in
the copper and lead uptake from the distribution network (Broo et al., 1998). The
character of NOM is, in this respect, of importance and ozonation has a positive
influence on that character because it decreases the surface activity of NOM,
which has a clear association with dissolving lead in water according to Korshin et
al. (2005). In the case of WPK, these effects are not yet quantified and the targeted
value for the effluent DOC concentration is 3 mg-C/l (£ 1 mg-C/I).

Environmental assessment
The most relevant data from the inventory used for the LCA of the operation at
WPK is given in Table 2. The total environmental impact calculated per process
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(Figure 6) is found to be 8.61 milli-Eco-points/m® of drinking water. It can be
observed that softening is the main contributor to operational environmental
impact. Further analysis discloses that the NaOH dosage accounts for 79.5% of the
softening impact and the HCI dosage for 7.2%. The second largest contributor is
coagulation; 71.3% of its impact comes from the use of FeCl;. The third largest
contributor is BAC filtration; the use of steam, as the oxidant to activate and
regenerate carbon, is responsible for 38.3% of its environmental impact and the
NaOH dosage after BAC filtration for 30.9%. Eighty percent of the impact of the
lake-water reservoir is due to HCI dosing. The total impact of the chemical dosages
of NaOH, HCI and FeCl; is 5.81 miIIi-Eco-points/m3, which is 67.5% of the total
environmental impact.

Table 2 Selection of the inventory data for the LCA
Parameter Value Unit

Raw water intake
Energy used 0.01155 KWh/m?*

Coagulation and settling
FeCls used (as 100% concentration) 0.03956 kg/m®
Amount of dry sludge produced 0.03588 kg/m®

Lake-water reservoir
HCI used (as 100% concentration) 0.00942 kg/m3

Pumping from lake
Energy used 0.02296 kWh/m®

Rapid sand filtration
Amount of sludge produced 0.01408 kg/m3

Pumping to WPK
Energy used 0.02870 kWh/m®

Ozonation
Energy used 0.05052 kWh/m®

Softening
Energy used in pumping 0.15970 kWh/m?*
Sand transport weight times distance (Australia) 0.19410 10® kg*km/m?®
NaOH used (as 100% concentration) 0.04229 kg/m3
Number of pellets produced 0.08585 kg/m3
HCI used (as 100% concentration) 0.00551 kg/m®

BAC filtration
New activated carbon 0.00443 kg/m3
Steam used in AC regeneration 0.03661 kg/m®
NaOH used (as 100% concentration) 0.00746 kg/m3

Slow sand filtration
Energy used 0.02413 kWh/m®
Amount of sand replaced 0.01614 kg/m3

Drinking water storage and distribution Not considered

Total volume of drinking water produced 27,873,000 m3/year
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The pumping phases and ozonation, which are both high power-consuming
processes, have only a modest environmental impact because Waternet uses
100% green energy produced from hydropower and biogas. Mohapatra et al.
(2002) found that for the Leiduin drinking water treatment plant of Waternet a
reduction of environmental impact up to 73% could be achieved by changing from
conventional energy sources to green energy. With as a result that, Waternet
changed from conventional to green energy. If conventional energy sources were
still used at WPK, the environmental impact of the total treatment would be 57%
higher (Barrios et al., 2006).

When construction and demolition would be included, the distribution of the
environmental impact over the treatment processes would have been different.
This is caused by the differences in building volumes, among others. For instance,
softening is operated at average flow rates of around 70 m/h, and BAC filtration is
operated at average flow rates of around 3.3 m/h. This represents a 21-fold
difference in the needed surface area between softening and BAC filtration and
thus large differences between building volumes and the materials used. However,
this impact is spread over a lifetime of usually 30 years or more. Since this
research focuses on optimization of operation of existing treatment plants,
environmental impact of construction and demolition are not considered. However,
for the design of new processes construction and demolition should be taken into
account.

Coagulation

0,
(2.01), 23.3% Lake water resenvoir

(0.49), 5.7%

Other processes
(0.34), 3.9%

BAC filtration
(1.84), 21.3%
Softening

(3.93), 45.7%

Figure 6 Contributions to environmental impact from processes of WPK: (as 10°
EcoPoints/ms), as percentage of the total environmental impact
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Financial assessment

The most relevant data from the inventory used for the LCC study of the operation
at WPK are given in Table 3. The financial impact is 0.1259 €/m® or 3.5 million €ly.
Figure 7 presents the financial impact per process at LNV and WPK. BAC filtration
is the main contributor, with the cost of purchasing new activated carbon and the
regeneration of activated carbon being 62.0% of the financial impact and the
dosage of liquid oxygen, 18.1%. The liquid oxygen is dosed when the oxygen
concentration of the BAC filtration effluent is below 6 mg-O,/l, typically when the
water temperature is above 15°C. The second largest contributor is softening;
within softening 60.7% of the financial impact is from the costs of NaOH dosage. In
ozonation the financial impact is mainly due to energy (53.6%). For coagulation the
main contributor is the purchase of FeClz, which amounts to 44.1% of the impact of
coagulation. The total financial impact of the chemical dosages NaOH, HCI, FeCl;
and O, is 0.0454 €/m3; this is 36.0% of the total financial impact. Energy accounts
for 17.1% (0.0216 €/m3) of the total financial impact, labor and maintenance
account for 22.1% (0.0279 €/m3). The remainder 24.7% is due to new activated
carbon, regeneration of activated carbon and garnet sand for pellet softening.

When investment costs and demolition costs are also considered, the distribution
of the financial impact over the treatment processes will change because of the
differences in these costs for the different treatment processes.

Other processes

(0.0150), 11.9% Coagulation

(0.0090), 7.2%
Ozonation

(0.0104), 8.2%

Slow sand filtration
(0.0066), 5.2%

BAC filtration
(0.0431), 34.2%

Softening
(0.0418), 33.2%

Figure 7 Contributions to financial impact from processes at WPK: (as €/m3), as
percentage of the total financial impact
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Table 3 Selection of the inventory data for the LCC study
Parameter Value Unit

Raw water intake
Energy used 0.0012 €/m?

Coagulation and settling
FeCls used (as 100% concentration) 0.0039 €m?
Maintenance 0.0025 €/m?

Lake-water reservoir
HCI used (as 100% concentration) 0.0023 €/m?
Labor time 0.0015 €m®

Pumping from lake
Energy used 0.0025 €/m?

Rapid sand filtration
Labor time 0.0015 €/m’®
Maintenance 0.0014 €/m?

Pumping to WPK
Energy used 0.0031 €/m?®

Ozonation
Energy used 0.0056 €/m?
Labor time 0.0024 €m®
Maintenance 0.0024 €/m?

Softening
Energy used 0.0057 €/m?®
Garnet sand used 0.0024 €/m?
NaOH used (as 100% concentration) 0.0254 €m°
HCI used (as 100% concentration) 0.0014 €/m?
Labor time 0.0036 €m®
Maintenance 0.0034 €/m?

BAC filtration

Purchase of Activated Carbon 0.0072 €m°
Regeneration Activated Carbon 0.0195 €m°
NaOH used (as 100% concentration) 0.0045 €/m?®
Liquid O, used 0.0078 €/m?
Labor time 0.0030 €m®

Slow sand filtration
Energy used 0.0027 €/m?
Maintenance 0.0016 €/m?

Storage and distribution Not considered

Total volume of drinking water produced 27,873,000 m°>/year

Discussion

Objectives for integrated optimization of operation

Considering quality, environmental, and financial impact of drinking water on global
scale, the greatest social, environmental, and economical threat is the use of
bottled water for drinking instead of tap water. Bottled water will be used when tap
water quality cannot be guaranteed or consumers do not trust the tap water quality
or bottled water has a better image. In 2005 the global bottled water consumption
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was 163.9 billions of liters, with an increase of 52% from 2000 to 2005 (Rodwan,
2006) and is consumed mainly in developed countries where tap water is of good
quality and complies with stringent regulations. In Figure 8 the 15 countries with the
greatest consumption of bottled water per person per year and the Netherlands are
presented. The global annual consumer expenditure for bottled water approaches
100 billion USD (Gleick, 2004), so the mean price for a liter of bottled water is
approximately 0.60 USD. According to Komives et al. (2005), the mean price of tap
water in developed countries is 1.04 USD per m°. Bottled water costs on average
almost 600 times more than tap water. The difference varies per country due to
differences in the price of tap water and differences in the price of bottled water,
which is, for a large part, determined by the travel distance from the water bottling
site to the consumer. In the Netherlands for example, bottled water is on average
approximately 150 to 200 times more expensive than tap water (CBS, 2007). In the
USA this is a few thousand times (Franklin, 2006) up to 10,000 times (Maxwell,
2005) more expensive.

N
o
o

02000
m 2005

150

100 -

50

Bottled water consumption [l/per person/year]

Figure 8 Bottled water consumption per person in 2000 and 2005 for the 15
countries with the greatest consumption per person (Rodwan, 2006) and
the Netherlands (CBS, 2007)

One of the targets of the United Nations Millennium Development Goals (MDG) is
to halve the proportion of people without sustainable access to safe drinking water
by 2015 (Annan, 2000). The current investment in safe drinking water in the
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developing world is 14 to 16 billion USD annually. To meet the MDG target, a
doubling of this investment would be required (Toubkiss, 2006). This is in contrast
with the annual 100 billion USD expenditure for bottled water in developed
countries, which have access to safe tap water. When tap water was consumed
instead of bottled water, the costs would have been only 0.2 billion USD per year.

Jungbluth (2006) assessed the environmental impact of tap water and bottled
water. In that study the entire life cycle of tap and bottled water was traced from
water extraction to consumption. This included water extraction, treatment, bottling
including packaging, distribution via wholesale and retail channels, transportation
to consumers’ homes, distribution via water pipes including the requisite
infrastructure and treatment at the consumption site (e.g., soda water maker). From
a direct comparison of tap water with bottled water, Jungbluth found that the
environmental impact of bottled water was 90 to more than a 1000 times greater
than the environmental impact of tap water. The difference became more
pronounced when the transport distance of the bottled water to the customer
increased. When comparing carbonated water, Jungbluth found that carbonated
bottled water had an environmental impact that was 5 to 8 times greater than that
of “home” carbonated tap water. The number of plastic bottles thrown away in the
US alone is more than 60 million per day of which 17% was recycled in 2004
(Franklin, 2006).

Based on these social, environmental and economical considerations,
governments and drinking water supply companies should aim for an impeccable
tap water quality and a reliable, healthy, and environmentally sound image of tap
water in order to at least stop the increase in bottled water use. This determines
the objectives for the optimization for operation of drinking water treatment plants.

The drinking water consumption in Amsterdam is 156 liters per person per day, so
the environmental impact from drinking water production is 0.490 Eco-points per
person per year. A one-way car trip from the Delft University of Technology to
Amsterdam city center, which is 64 km, generates 0.960 Eco-points, almost twice
as much (Barrios et al., 2006). A decrease of 10% in environmental impact due to
optimization of the operation is equivalent to a decrease in car mileage of
approximately 3 km per drinking water consumer in Amsterdam per year. Total
costs of drinking water at Waternet are approximately 1.50 €/m°. The operational
costs for production were determined to be 0.1259 €/m®. This is less than 10% of
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the total costs that include also water distribution, investment costs, taxes, salaries
of office personnel etc. A decrease in operational costs of 10% due to optimization
would thus lead to a decrease in costs of less than 1% for consumers. When taking
water quality, environmental impact and costs into account, it can be concluded
that emphasis must be laid on maintaining a high drinking water quality;
improvement of water quality is the most important objective for optimization of the
operation of drinking water treatment plants. In addition, environmental and
financial impacts will benefit from improvements in water quality since improvement
of water quality also involves the optimal use of chemical dosages at minimum
levels, and chemical dosages are the main contributors to the environmental
impact and, for a large part, also to the financial impact.

However, there are technical and political constraints to the degree of optimization.
For instance, in theory regrowth in the distribution system could be minimized by
totally removing the NOM. A decrease in NOM can be achieved by more frequent
regeneration of the activated carbon in the BAC filters. But, due to technical
constraints, BAC filtration cannot remove all NOM, not even when it would be
regenerated every day. There is a point when it would be more practical,
economical and environmentally friendly to make changes to the design or
treatment concept of the drinking water treatment plant instead of further optimizing
it. The maximum price for drinking water is a political constraint.

At WPK, chemical stability, biological stability, and disinfection are the most
important water quality objectives for integrated optimization. Toxicity (e.g.
bromate) is in the current operation not a problem but should be a point of constant
attention. For chemical stability the S| should be used as a parameter for
optimization. The pH will change throughout the year, mainly due to changes in the
water temperature and should be within preset boundaries for the different
processes. For biological stability the water quality parameters for optimization
should be AOC and DOC. For disinfection the water quality parameters for
optimization should include selected indicators for pathogens.

Because the Sl, AOC, DOC, and pathogen concentrations are influenced by
multiple processes and influence multiple processes, an integrated approach to
these parameters is necessary. Because of the complexity of the relationships and
the effects on these parameters by changes in the operational settings, the settings
can best be evaluated by an integrated model. For Sl, an integrated pH model is
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built including all chemical dosages influencing SI. For AOC, DOC, and pathogens,
ozonation plays a key role in integrated optimization. Ozonation is influenced by
coagulation, the reservoir with HCI dosage and the rapid sand filtration by changes
in pH and DOC concentration. Ozonation also influences the softening and the
BAC filtration by producing AOC. Ozonation is the only process in which
disinfection can be actively influenced by means of the ozone dosage. Ozonation
has effects on the toxicity because bromate can be formed. Therefore, research on
integrated optimization and modeling with respect to disinfection, biological
stability, and toxicity is focused on ozonation.

Conclusions

The environmental impact of the operation of drinking water production is relatively
low compared to other activities, such as driving a car. Decreasing environmental
impact of operation is possible without impact on water quality, for instance by
changing from conventional energy sources to green energy. The operational costs
of drinking water production are relatively low compared to the total costs of
drinking water that include also water distribution, investment costs, taxes, salaries
of office personnel etc. Therefore, the possible reduction of the total costs by
changes in the operation of drinking water production is small. Based on social,
environmental and economical considerations, governments and drinking water
supply companies should aim for an impeccable tap water quality and a reliable,
healthy, and environmentally sound image of tap water in order to at least stop the
increase in bottled water use. Based on these considerations it is concluded that
the objective for integrated optimization for the operation of drinking water
treatment plants should be the improvement of water quality and not a priori
reduction of environmental impact or costs of production of drinking water.
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Nomenclature

AOC assimilable organic carbon

BAC biological activated carbon

CO, carbon dioxide

CT ozone exposure ((mg-O3/l)*min)

DOC dissolved organic carbon

FeCls ferric chloride

HCI hydrogen chloride

LCA life cycle assessment

LCC life cycle costing

LNV pre-treatment plant Loenderveen of Waternet

MW molecular weight

NaOH sodium hydroxide

NOM natural organic matter

Si saturation index

SUVA specific UV absorbance defined as UVAys, divided by DOC

concentration ((1/m)/(mg-C/l))

UVAs4 UV absorbance at 254 nm (1/m)

Waternet water cycle company for Amsterdam and surrounding areas

WPK drinking water treatment plant Weesperkarspel of Waternet
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3. Modeling of ozonation for dissolved ozone dosing’

Experimental research was carried out for calibration and validation of
a model describing ozone decay and ozone exposure (CT), decrease
in UV absorbance at 254 nm (UVA,s,), increase in assimilable organic
carbon concentration and bromate formation. The model proved to be
able to predict these parameters on the basis of the applied ozone
dosage. The experimental ozone dosages ranged from 0.4 mg-O,/l to
0.9 mg-Os/l for natural water with a dissolved organic carbon
concentration of 2.4 mg-C/l. The UVA,s5, was found to be an effective
parameter for estimation of rapid ozone consumption for natural water
under experimental conditions tested. The experimental setup
consisted of a bench-scale plug flow reactor (approximately 100 I/h)
with dissolved ozone dosing.

Introduction

Ozonation is applied in drinking water treatment plants for disinfection, oxidation of
natural organic matter (NOM), degradation of organic micro pollutants and for
color, taste and odor improvement. During ozonation the disinfection by-product
bromate can be formed in bromide-containing waters (von Gunten, 2003). In many
cases the legal standard for bromate limits the ozone dosage, thus limiting the
efficacy of disinfection. In addition, during ozonation biological degradable organic
matter is formed, which has a positive influence on NOM removal in biological
filtration and a negative influence on the biological stability of water and on
clogging of biological filters.

In order to be able to predict disinfection, bromate formation and assimilable
organic carbon (AOC) formation, as a measure for biological degradable organic

! This chapter is based on: van der Helm, AW.C., Smeets, P.W.M.H., Baars, E.T., Rietveld,
L.C. and van Dijk, J.C. (2007). Modeling of ozonation for dissolved ozone dosing. Ozone
Sci. Eng., accepted for publication, February 2007.
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matter, an ozonation model was developed. The purpose of the ozone model is to
use it in integrated optimization and to use it for process control at drinking water
treatment plants of Waternet (the water cycle company for Amsterdam and
surrounding areas). For calibration and validation of the model parameters
experimental research was carried out.

For the experiments water from Leiduin was used. Leiduin is one of two drinking
water treatment plants of Waternet with a drinking water production of 70 million
m3/y. At Leiduin pre-treated surface water is infilirated in the dunes and
subsequently treated by aeration, rapid sand filtration, ozonation, softening,
biological activated carbon filtration and slow sand filtration.

Materials and methods

Bench-scale dissolved ozone plug flow reactor

Experiments were performed in a bench-scale dissolved ozone plug flow reactor
(DOPFR) with a flow of approximately 100 I/h. The DOPFR concept is based on
two flows, one small side stream with dissolved ozone that is mixed with a larger
main stream. Subsequently contact time is created in a plug flow reactor. The side
stream was pre-treated and consisted of Milli-Q® demineralised water, with a
conductivity of around 5.5-10"° mS/m, produced with a Milli-Q® Academic A10. Milli-
Q® was bromide free and had DOC concentrations in the order of 5 pg-C/l. Ozone
for the side stream was produced from medical grade air using a Fisher ozone
generator model 503. A counter current glass bubble column with a diameter of 40
mm and a height of 1.0 m was operated at 4 I/h to 10 I/h, 0.5 bar and 5°C to
dissolve ozone in Milli-Q® water. High ozone concentrations up to 40 mg-Os/l were
reached without bromate formation. The dissolved ozone side stream was dosed
through Teflon tubing by a flow-controlled pump to the main stream just before a
static mixer, which provided instantaneous mixing. The main stream was fed by
water from the effluent of the rapid sand filters of Leiduin with a flow of 96.7 I/h to
100.3 I/h. The plug flow reactor consisted of a 63.9 m PTFE tube of 8 mm internal
diameter with 14 sampling points at different distances. During sampling the total
flow was directed through the sampling point through a three-way valve. Figure 1
shows the experimental setup of the installation and Table 1 presents the tube
dimensions.
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Analysis methods
For the DOPFR experiments ozone was analyzed according to the indigo method

described by Kiwa method LAM-062 v1.0 (Kiwa, 1999). Bromate and physical
parameters were analyzed according to Dutch standard drinking water methods
described in NEN standards. The UV absorbance measured at 254 nm is
expressed as the absorbance per meter of cell length.

Ozone gas © Pump
destruction ®

600 I. vessel
Test water Ozone @
generator Static mixer
PID controller
Sampling point
1.18 m
0.98m \ {
25 |. vessel Z = = 4
Milli-Q 2
Z: 2224 1.02m
|z Z 7 %ﬁ;
—0 o
Startpoint 63.9 m PTFE Tube 8 mm inside diameter
Figure 1 Experimental setup of the DOPFR
Table 1 Tube dimensions of the DOPFR
Sampling Point Tube length Volume* Hydraulic residence time
(m) (ml) based on volume™™ (s)
1 0.1 47 1.7
2 0.8 106 3.8
3 1.7 179 6.5
4 2.7 252 9.1
5 3.7 325 1.7
6 4.6 398 14.3
7 7.2 555 20.0
8 9.8 711 25.6
9 12.5 868 31.2
10 15.1 1024 36.9
1" 23.2 1458 52.5
12 31.3 1892 68.1
13 47.4 2726 98.1
14 63.9 3576 128.7

* The volumes include the volumes of the sampling points
** Hydraulic residence times for a flow of 100 I/h
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Experimental procedures for the DOPFR

The dissolved ozone production in Milli-Q® was run for one hour to reach steady
state conditions in the bubble column. The effluent ozone in water concentration
was set to the desired level by changing the ozone in gas concentration.
Subsequently the side stream with high ozone concentrations was connected to
the DOPFR. A sampling point, representing a chosen contact time, was opened
and the system was allowed to refresh at least 3 times before taking samples. After
sampling the DOPFR was switched to the next sampling point, and again a period
of 3 times the residence time was allowed before taking samples. The maximum
residence time in the DOPFR was approximately 2 minutes. To investigate longer
contact times a 2 liter Erlenmeyer was completely filled at the last sampling point.
Samples were taken from the Erlenmeyer after the required contact time. The Milli-
Q® flow and the flow of the combined test water plus Milli-Q® water were
determined regularly by volume measurements. Cooling in a refrigerator or heating
in a warm bath prior to the experiments regulated temperature of the test water.
During the experiments the water temperature was measured in the test water
vessel (DOPFR inlet) and at the sampling points. Temperature changes during the
experiments were limited to 2°C.

Experiments

Experiments were carried out for different ozone dosages and different
temperatures. The water quality parameters of the test water, the ozone dosages
and the temperatures are presented in Table 2.

Table 2 Experimental conditions and water quality parameters for the test water
Experiment Ozone dosage  Temperature pH Bromide DOC UVA2s4

(mg-Oa/l) (°C) (-) (pg-Br/) _ (mg-C/l) (1/m)

1 0.43 12 8.0 158 24 6.1

2 0.52 12 8.0 158 24 6.1

3 0.82 11 8.1 152 24 6.2

4 0.88 7 8.1 152 24 6.2

5 0.90 10 8.0 152 27 6.4

6 0.90 12 8.0 158 24 6.1

7 0.90 20 8.1 152 2.4 6.2

Modeling of the hydraulic properties of the DOPFR

The residence time distribution (RTD) of the plug flow reactor was determined for
each sampling point by step-tracer experiments using a salt solution. The
conductivity was simultaneously recorded every 0.1 s just before the static mixer
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and at a sampling point to determine the RTD between these two points. A
completely stirred tank reactor (CSTR) in series model was selected to describe
the hydraulic characteristics of the plug flow reactor. The number of CSTRs and
the hydraulic residence time between sampling points were determined from the
measured RTD curves by parameter estimation through numerical integration of
advection described by Taylor expansion (Peyret and Taylor, 1983):

@ :_vcm —¢ [1]
dt|, Ax
with
Ar=L [2]
n
y=L [3]
th

where c is the tracer concentration (g/m3), t is the time (s), n is the number of
CSTRs (-), v is the water velocity (m/s), Ax is the length of one CSTR (m), L is the
length of the DOPFR (m) and t, is the hydraulic residence time between sampling
points (s).

The discretization error (numerical dispersion) is assumed to be equal to the
hydrodynamic dispersion. The relation between the dispersion coefficient, the
number of CSTRs and the hydraulic residence time is:

L I
poyX__ L [4]
2 2n 24n

where D is the hydrodynamic dispersion coefficient (mz/s).

Modeling of ozone decay and UV absorbance
Several researchers have investigated ozone decay in water. According to Park et
al. (2001), ozone, added to natural water, is consumed in two steps: the rapid
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ozone consumption step and the rather slow decay step. The rapid ozone
consumption is mainly due to reactions with NOM and Westerhoff et al. (1999)
found that ozone reacts preferentially with the aromatic constituents of NOM giving
a decrease in UVA,s5,. Duguet et al. (1985, 1986) performed research with on-line
monitoring of UVAys, during ozonation and concluded it is a parameter very well
suited for control of ozonation. Therefore, Rietveld (2005) described rapid ozone
consumption as a function of the degradation of UVA,s4. Assuming instantaneous
mixing in the static mixer, the ozone concentration and the UVA,s54 in the DOPFR
can be described by the following equations:

oc oc
a_(tB:_%a_xm_kUVA(UVA—UVAo)Y_koscos 1ol

oUVA) _ QaUVA)
ot A ox

—kyya (UVA=UV4,) (6]

where co3 is the concentration of ozone in water (mg-Os/l), Q is the water flow
(m3/s), A is the surface area of the reactor (m2), x is the length of the reactor (m),
kos is the slow ozone decay rate (1/s), kyya is the UVAys, decay rate (1/s), Yis the
yield for ozone consumed per UVAjs, decrease ((mg-Os/l)/(1/m)), UVA is the
UVA,s, in water (1/m) and UVA, is the stable UVA,s, after completion of the
ozonation process (1/m).

The first term of Equation [5] for the ozone concentration in water describes
transport of ozone in water. The second term describes the rapid ozone
consumption in water as a function of the UVA,s4 decrease. After rapid ozone
consumption the UVA,s, is considered stable therefore the UVA, is incorporated in
Equation [5] and Equation [6]. As the ozonation progresses, the rate of ozone
decay is shifted to the slow kinetic regime (Zhou et al., 1994). The third term
describes slow ozone decay by first-order kinetics.

The first term of Equation [6] for the UVA,s54 in water describes transport of UVAgs,4
in water. The second term describes the UVA,s, decrease by first-order kinetics.
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Modeling of bromate formation

The formation of bromate from naturally occurring bromide involves numerous
reactions, which have been described in detail by von Gunten and Hoigné (1994).
It has been shown that bromate formation consists of an initial fast increase after
which the bromate concentration increases linearly with ozone exposure (CT) (von
Gunten and Hoigné, 1994; von Gunten et al., 2001). This relation was applied in a
model for describing bromate formation in the DOPFR.

Modeling of AOC formation

The increase of the AOC concentration during ozonation is related linearly with the
decrease of UVAys, (van der Kooij et al., 1989). The relation is derived from AOC
en UVA,s, measurements of influent and effluent of the Leiduin full-scale ozonation
plant and is applied on the DOPFR experiments.

Modeling of disinfection efficacy

The hydraulic model used is a CSTR in series model that calculates the ozone
concentration and the residence time in every CSTR and thus a CT profile can be
calculated. With the CT profile the disinfection can be determined with the USEPA
CT10 method (USEPA, 2003). However, a CSTR in series model is also well suited
for inactivation calculation with the USEPA CSTR method (USEPA, 2003). Smeets
et al. (2006) found that the CSTR method should be preferred over the CT10
method when calculating inactivation for ozone-sensitive pathogens such as
viruses and Campylobacter, which are the pathogens of main interest for drinking
water treatment plant Leiduin. CT is calculated with:

CT =) cos,(t; /601, ,/60) [7]

i=0
where CT is the ozone exposure ((mg-O3/l)*min).

Calibration and validation

Prior to calibration of the model, a sensitivity analysis was performed on slow
ozone decay rate, UVA,s4 decay rate and yield factor. On basis of the sensitivity
analysis a calibration methodology was designed in which first slow ozone decay
was calibrated and subsequently fast ozone decay. Calibration was done on
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measured ozone concentrations and on the measured stable UVA,s, after
completion of the ozonation process.

Part of the experiments was used for model calibration and part of the experiments

was used for model validation. Assumptions made for the validation runs were:

e slow ozone decay rate koz and UVA,s4 decay rate kyya decreases with increasing
ozone dosage. Assuming a constant contribution of the ozone decomposition
cycle, this can be explained by the various types of sites within NOM that have
different reactivity with ozone. For low ozone dosages only the fast-reacting sites
consume ozone. When higher ozone dosages are applied, the rate of ozone
consumption decreases since slowly reacting sites are oxidized as well (Hoigné
and Bader, 1994; Gallard et al., 2003);

e yield for consumed ozone per UVAys, decrease is not influenced by the ozone
dosage since it has the properties of a stoichiometric coefficient;

o UVA,54 decrease during ozonation increases with ozone dosage;

e initial fast bromate formation and bromate formation in the linear phase both
increase with the total CT.

Results and discussion
The hydraulic properties of the DOPFR, ozone decay and UVAys, bromate
formation and AOC formation were separately calibrated and are separately
discussed. For validation all processes were combined and the results are
presented accordingly.

Calibration of the hydraulic properties of the DOPFR

In Figure 2 the results of three tracer experiments for three different sampling
points with their respective calibrated hydraulic properties are presented,
demonstrating a CSTR in series model can be applied for the DOPFR. In Table 3
the number of CSTRs and the hydraulic residence time for all sampling points of
the plug flow reactor are given. Linear regression shows that the static mixer
represents 10 CSTRs and that the number of CSTRs in the plug flow reactor is
linear with the increase of the hydraulic residence time, so the hydraulic properties
are the same over the total length of the plug flow reactor. However, the tracer
experiment at sampling point 1 resulted in a unlikely high number of CSTRs, higher
than at the second sampling point which is physically not possible. On basis of the
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linear regression, the number of CSTRs on sampling point 1 was estimated equal
to 19. The calculated number of CSTRs was used in the model to describe the
hydraulic properties. The high number of CSTRs demonstrates the tube has good
plug flow characteristics.

RTD experiment for sampling point 2:
Water flow

Calibrated hydraulic residence time, Yn
Calibrated number of CSTRs, n
Hydrodynamic dis persion coefficient, D

RTD experiment for sampling point 10:
Water flow

Calibrated hydraulic residence time, th
Calibrated number of CSTRs, n
Hydrodynamic dispersion coefficient, D

RTD experiment for sampling point 14:
Water flow

Calibrated hydraulic residence time, t,
Calibrated number of CSTRs, n
Hydrodynamic dis persion coefficient, D
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Figure 2 Calibration results for the number of CSTRs and the hydraulic residence
time at three different sampling points for a water flow of 106.5 I/h through
the DOPFR

Table 3 Number of CSTRs and the hydraulic residence time determined from
tracer experiments for a flow of 106.5 I/h through the DOPFR

Sampling point 1 3 4 5 6 7
CSTRs (-) 30 28 40 51 57 70 104
th (s) 1.9 3.7 5.9 8.3 10.5 12.9 17.9
Sampling point 8 10 11 12 13 14
CSTRs (-) 121 141 170 243 323 460 618
th (s) 23.2 28.4 33.4 47.9 62.2 90.7 118.4
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Calibration of ozone decay and UV absorbance

Model calibration runs were carried out for the experiments 1, 2, 5 and 6 at a water
temperature of approximately 12°C, and for experiment 7 at a water temperature of
20°C. These experiments were selected in order to cover the range of applied
ozone dosages and different water temperatures. Calibration was performed on the
measured ozone concentrations and the stable UVA,s, after completion of the
ozonation process. The calibration results for experiments 1, 6 and 7 are shown in
Figure 3 and all calibrated parameters are summarized in Table 4. In Figure 3 the
difference in the ozone profile and thus CT between different ozone dosages can
be observed from experiment 1 and 6. The ozone profiles of experiment 6 and 7
demonstrate the influence of temperature; a higher temperature gives higher decay
rate constants and thus a lower CT.

Experiment 1:

Water flow 1037 I 08 0_; - Z‘::‘I‘::d ‘
Water tem perature 12 °C =, 06
Ozone dosage 0.43 mg-O,/l ?-” 06 0.4¢
UVA,,, decayrate, k,,, 1032 1/s % 021\ .
Yield for ozone consumed per UVA254, Y 018 (mg-OS/I)/(1/m) s 04 0 =
Slow ozone decayrate, koi 00305 1/s 5 02k 0 5 10 15 20
Stable UVA,, after ozonation, UVA 450 1/m &5_‘ R2=099
- *mi i .
T 0096 (mgr0/ymin % " 2w 400 600 800 1000 1200 1400
Retention time in the DOPFR [s]
Experiment 6: 1\' 5 Measured
Water flow 108.2 Ih 08 0 ;\ N
Water tem perature 12 °c =, | N
Ozone dosage 0.90 mg-O,fl ?,, 064 gi s S|
UVA,,, decayrate, k. 0285 1/s % 0:2
Yield for ozone consumed perU\/Azw Y o016 (mg-OS/I)/(1/m) S 04 -2 0
Slow ozone decayrate, k 00041 1/s el 02 i 0 5 10 15 20
Stable UVA,,, after ozonation, UVA, 340 1/m \M RP=097
cT 2073 (mg-O/)'min 0 ! =
0 200 400 600 800 1000 1200 1400
Retention time in the DOPFR [s]
Experiment 7: L i .
Water flow 1023 Uh 08 1o © Measured
Wiater tem perature 20 °C =, 08 Caleulated
Ozone dosage 0.90 mg-O,/l Om 06 06 &Q
UVA,, decayrate, k,,,, 0941 1/s % ) 04\ Nl o
Yield for ozone consumed per UVA254' Y 021 (mg-Oall)/(1/m) S 0-4‘%‘ G'g
Slow ozone decayrate, koa 00141 1/s 8 02 X N 0 510 15, 20
Stable UVA _, after ozonation, UVA 3.70 1/m \\ R?=0.99
-4 *mil L c
cr 0472 (M9 OS/I) mn 00 200 400 600 800 1000 1200 1400
Retention time in the DOPFR [s]
Figure 3 Calibration results for experiments 1, 6 and 7

From the calibrated parameters and measurements of experiments 1, 2, 5 and 6
for a temperature of approximately 12°C, the kos, kuva, Y and (UVA;-UVA,) were
determined as a function of the ozone dosage:
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koy =0.1653¢ " Covos [8]
kyyy =3.95¢ P Coseos [9]
Y =0.063¢ s pos +0.140 [10]
(UVA,, —UVA) =1.319¢ 5 pos +0.995 [11]

where co3pos is the ozone dosage (mg-Os/l) and UVA,, is the influent UVAzs4 (1/m).

In Figure 4 the Equations [8], [9], [10] and [11] are shown with 90% confidence
intervals. The koz and kyys appear to be an exponential function of the ozone
dosage rather than linear. Since the yield factor has the properties of a
stoichiometric coefficient it was expected to be constant for different ozone
dosages. However Figure 4 shows that the yield increases slightly with increasing
ozone dosage but taking into account the confidence interval the yield factor can
be assumed to be independent of the ozone dosage. The correlation is poor which
is to be expected since there is no correlation if the yield factor is independent of
the ozone dosage. From the calibrated data the total decrease in UVAys, is
assumed to be linear with increasing ozone dosage, however the correlation is not
very good (Figure 4 lower right). The koz and kyya for 20°C are higher as would be
expected since chemical rate coefficients increase with increasing temperature.
The Y for 20°C does not appear to be different from the Y for 12°C, which is to be
expected since it has the properties of a stoichiometric coefficient. The UVA,-UVA,
does not seem to be dependent on temperature, however it should be noted that
with only one experiment at 20°C the dataset is rather small.

Table 4 Calibration results for ozone decay and UVAjs4 for experiments 1, 2, 5, 6
and 7
. Temperature Ozone dosage kos kuva Y
Experiment ?’C) (mg—03/I)g (1/s) (1/s) ((mg-O3/1)/(1/m))

1 12 0.43 0.0305 1.032 0.18
2 12 0.52 0.0159 0.914 0.16
5 10 0.90 0.0078 0.192 0.22
6 12 0.90 0.0041 0.285 0.16
7 20 0.90 0.0141 0.941 0.21
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Calibration of bromate formation
As for ozone decay and UVA,s4, model calibration for bromate formation was also
carried out for the experiments 1, 2, 5, 6 and 7. Bromate formation was modeled as
a linear function of CT after an initial fast bromate formation. From calibrating a
linear equation on the experimental data the amount of bromate formed in the
DOPFR in the initial phase, Acgo3ini, and the amount of bromate formed in the
linear phase, Acgosin, Were determined. The results for experiment 7 are
presented graphically in Figure 5 and all calibration results are given in Table 5.
The CT in the DOPFR in Figure 5 is calculated from the calibrated ozone profile in
the DOPFR (see Figure 3).
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Figure 5 Bromate formation in the DOPFR for experiment 7
Table 5 Calibration results of bromate formation for experiments 1, 2, 5, 6 and 7
Experiment ACBrO3,ini (pg-BI’Ogﬂ) ACBrO3,Iin (pg-Br03/I)

1 0.5 0.4
2 1.0 0.4
5 1.9 1.6
6 3.6 3.1
7 1.0 1.2

From the calibration results in Table 5 equations were determined for prediction of
the initial fast bromate formation and the bromate formation in the linear phase

based on the total CT after ozonation:

Acg,03.mi =1.5CTor +0.5

ACp03 i =1.4CTop +0.2

[12]

[13]

where Acg03ni is the bromate formation in the initial phase (ug-BrOs/l), Acgrosin iS

the bromate formation in the linear phase (ug-BrOz/l) and CTror

is the CT after

completion of the ozonation process ((mg-Os/l)*min).
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Equations [12] and [13] are presented in Figure 6 with their respective 90%
confidence intervals. The initial bromate formation as well as the bromate formation
in the linear phase has a little deviation from the origin of respectively 0.5 and 0.2
pg-BrOs/l. This can be explained by either non-linear behavior at very low CT
values or by uncertainty in as well the bromate measurement at very low
concentrations as the calculation of CT values after very short contact times.
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Figure 6 Initial bromate formation (left) and bromate formation in the linear phase

(right) both as a function of the total CT with 90% confidence intervals for
experiments 1, 2, 5, 6 and 7.

Calibration of AOC formation

The number of data for AOC concentration and UVA,s4 of influent and effluent of
ozonation at the full-scale Leiduin treatment plant at the same day is limited. In
Figure 7 the available data are plotted with a linear regression line. The relation is
given by:

AC o0 = 25.48 (UVA, —UVA,) [14]

where Acaoc is the increase in AOC after completion of the ozonation process
(Mg-C/).

Even though the Pearson R-square is low and a number of observations are
outside the 90% confidence interval, this relation was used for calculation of the
AOC formation during ozonation in the DOPFR and thus will only give an indication
of the actual AOC formed.
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Figure 7 Increase of AOC as a function of the decrease of UVAzs4 for Leiduin full-

scale ozonation plant (data from 2001-2002)

Model validation

In Figure 8 and Figure 9 the results of the validation runs of experiment 3 and 4 are
presented. The validation runs presented here show that the model was able to
predict ozone decay, UVA,s, decrease, AOC formation and bromate formation for
other ozone dosages than the dosages used in the calibration experiments. The
prediction for experiment 4 with a slightly lower temperature of 7°C also gave good
results for ozone decay and UVA.s,, however bromate formation is a little over
estimated. With incorporation of OH radical formation during ozonation, bromate
formation can be predicted more accurate. But since the model was developed for
on-line control with possible further on-line calibration the choice was made to
discard the involvement of OH radicals and test whether it was possible to model
bromate formation based on just the CT. From these experiments this seems
feasible.
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Conclusions

From the model runs it was shown that the proposed model was capable of
predicting ozone decay and CT, decrease in UVAys, increase in AOC
concentration and bromate formation on the basis of the applied ozone dosage for
the water tested. The UVA,s, was found to be an effective parameter for estimation
of rapid ozone consumption for natural waters under experimental conditions
tested in this research. Since UVA,54 can be measured on-line it is a parameter
well suited for use in operation of ozonation. The relation between CT and bromate
formation will depend on the OH radical reaction and will be different for different
water types. After establishing the relation for a different water type the CT can be
used as a good indicator for prediction of bromate formation. With relations
between CT and pathogen removal it is possible to directly predict the disinfection
capacity of ozonation. This makes the model a valuable tool for managing the
balance between disinfection, bromate formation and AOC formation.

The model was only validated with one type of water in a limited time span. As
Duguet et al. (1986) have shown it is important to evaluate the validity of the
equations derived for the calibrated parameters and the use of the model during
the year and for different natural waters. Therefore it is necessary to perform
experiments on different waters and in different periods of the year since the quality
of the surface water varies.

The ozonation model was developed for integrated optimization and use in control
of ozonation, softening and biological activated carbon filtration at drinking water
treatment plants of Waternet. The model will be combined with a gas transfer
model and used at drinking water treatment plants Leiduin and Weesperkarspel of
Waternet for operational support of the current ozonation processes. The model
will also be used for on-line model-based control of the ozonation pilot plant at
Weesperkarspel (15 m3/h) with conventional bubble and contact columns. For this
purpose the pilot plant at Weesperkarspel is fully automated and equipped with on-
line ozone and UVA,s; monitors. In this installation the model can be further
calibrated and validated during different times of the year.
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bromate formation in the initial phase (ug-BrOs/l)
bromate formation in the linear phase (ug-BrO3/1)
concentration of ozone in water (mg-Os/l)
ozone dosage (mg-Oa/l)
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UVA, stable UVA,5, after completion of the ozonation process (1/m)

UVA;, influent UVAgs4 (1/m)

v water velocity (m/s)

X length of the reactor (m)

Ax length of one CSTR (m)

Y yield for ozone consumed per UVA,s4 decrease ((mg-Os/1)/(1/m))
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4. Disinfection and by-product formation during
ozonation in a pilot-scale plug flow reactor and CSTR

Pilot-scale ozonation experiments (2.5-5 m3/h) were performed with
dosing of dissolved ozone and subsequently contact time was created
in a pipe with plug flow reactor (PFR) characteristics and a vessel with
completely stirred tank reactor (CSTR) characteristics. From the
experimental data it was concluded that (i) the rate of rapid ozone
consumption in the first 20 seconds of contact time follows diffusion-
limited kinetics; (ii) at low ozone dosages a major part of the
inactivation of ozone-sensitive organisms takes place during rapid
ozone consumption; and, (iii) the disinfection capacity for the ozone
sensitive-organism E. coli is 3 to 5 times higher in a PFR compared to
a CSTR for the same amount of ozone dosed. Therefore, plug flow
conditions should be established from the first contact between ozone
and water. From the experimental data a semi-empirical dynamic
model for describing ozone decay, E. coli disinfection, bromate and
AOC formation in natural water was developed.

Introduction

Ozonation is widely used for treatment of drinking water. It is employed for
disinfection, oxidation of micro pollutants, formation of biodegradable organic
matter for removal by biological (activated carbon) filtration, and for improvement of
color, taste and odor. Ozonation can also be applied in wastewater treatment for
oxidation of emerging substances such as endocrine-disrupting chemicals and
pharmaceuticals and personal care products (von Gunten et al., 2005). An
undesired effect of ozonation in drinking water treatment is the formation of the by-
product bromate that is formed in bromide-containing waters (von Gunten, 2003).

Ozonation systems usually consist of an ozone dosage section, where gaseous

ozone is dissolved in water, and a contactor, where contact time is created
between dissolved ozone and water. For dosing ozone, different systems can be
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distinguished. The most applied system is fine bubble diffusion, where ozone gas is
added through a number of diffuser plates or a network of perforated pipes in so-
called ‘bubble chambers’. Bubble chambers can be co-current with water flowing in
an upward direction or counter current with water flowing in a downward direction
(see Figure 1). Bubble chambers can also be applied in series. Other systems for
the dosing of ozone are injection with a Venturi mixer (Jackson et al., 1999,
Rakness, 2005), injection just before a static mixer (Chandrakanth et al., 2003) or
injection in the deep U tube (Roustan et al., 1992; Muroyama et al., 2005). The
ozone contactor after the ozone dosage section usually consists of a number of
contact tanks in series, divided by baffles (see Figure 1). All these systems applied
at full-scale have different hydraulic properties and mixing characteristics. Van der
Helm et al. (2007b) and Smeets et al. (2006) showed the importance of hydraulic
properties and mixing characteristics in bench-scale ozonation experiments with
the dosing of dissolved ozone and contact time in a plug flow reactor; the concept
was named dissolved ozone plug flow reactor (DOPFR). From these experiments it
was concluded that improving plug flow conditions should be considered instead of
increasing ozone dosage to improve the disinfection capacity for ozone-sensitive
organisms in a conventional ozone contactor (Smeets et al., 2006). A precondition
is that the ozone is mixed properly with the entire water flow.

o8 1 Ozone production area 4 |nfluent distribution compartment
2 Ozone dosing 5 Ozone destruction
3 Ozone contactors 6 Pumping cellar
‘@
o 15 o — T =
[ ipemsmmpemepyeammrete | i
N Y |
Figure 1 Example of a fine bubble diffusion ozone process

Ozone is an unstable oxidant in water. In general, when ozone is added to natural
water, it is consumed in two steps: the initial rapid ozone consumption step
followed by a subsequent, slow ozone decay step. The rapid ozone consumption is
mainly due to reactions with natural organic matter (NOM). As a result of direct
ozone consumption by unsaturated bonds in NOM, larger organic components are
oxidatively transformed into smaller organic components, and a decrease in UV
absorbance at 254 nm (UVAys4) occurs. Westerhoff et al. (1999) found, from
extensive research on physical and chemical properties of NOM isolates, that
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ozone reacts preferentially with the aromatic constituents of NOM, and specifically
electron-enriched aromatics. For describing rapid ozone consumption, a number of
different semi-empirical models can be found in the literature. One group of semi-
empirical models is based on fundamental chemical reactions for ozone decay
(Staehelin and Hoigné, 1982; Blhler et al., 1984; Staehelin et al., 1984), containing
empirical relations between NOM and ozone and NOM and hydroxyl radicals
(Gillogly et al., 2001). Another group of semi-empirical models describes rapid
ozone consumption as an instantaneous ozone demand (Park et al., 2001), as a
zero-order reaction in the first minute of contact time (Westerhoff et al., 1999; Sohn
et al., 2004) or up to the first 3 minutes of contact time (Gillogly et al., 2001), as an
instantaneous ozone demand followed by a first-order rapid ozone consumption
until approximately 2 minutes of contact time (Westerhoff, 2002), and as a function
of the decrease in UVA,s54 (Rietveld, 2005; van der Helm et al., 2007b). Models for
rapid ozone consumption are generally based on research on ozone kinetics in
batch experiments. In these experiments the first sample is normally taken after
half a minute or one minute, the major part of rapid ozone consumption has then
already taken place (Buffle et al., 2006; van der Helm et al., 20073a,b).

The objectives of this research are fourfold. The first part is assessing different
semi-empirical models for rapid ozone consumption based on ozone
measurements in the first seconds of contact time. The second part is assessing
the differences in disinfection capacity between two extremes for hydraulic
properties of ozone contactors, those being the plug flow reactor (PFR) and the
completely stirred tank reactor (CSTR) at low ozone dosages. The assessment
includes modeling of the disinfection capacity using different disinfection models.
The third part is modeling of the formation of the disinfection by-products bromate
and assimilable organic carbon (AOC) using different (semi-) empirical models.
The fourth part is assessing the effects of upscaling the DOPFR concept from
bench-scale to pilot-scale on the model parameters for ozone decay determined in
a bench-scale DOPFR (van der Helm et al., 2007b). The developed models will be
combined in an integrated dynamic model for the DOPFR concept.

Materials and methods
Experimental setup and experiments
Pilot-plant experiments were carried out at Leiduin, one of two drinking water treat-
ment plants of Waternet (water cycle company for Amsterdam and surrounding
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areas). The water used in the experiments was pre-treated surface water that was
infilirated in the dunes and subsequently treated by aeration and rapid sand
filtration. The pilot plant consisted of a dissolved ozone plug flow reactor (DOPFR)
with parallel to the plug flow reactor a vessel for contact time (see Figure 2).

E. coli dosing point 14m? ‘

Tz.s m3h
3 G? @_{ ——120.046m &0.087m Z0.153m
ey A= 11 F S O S B A $>

i i i
<$ i
0 )

O

® Flow indicator

@ Static mixer [ *
[———1 Reverse osmosis T X
74' Control valve 2.5m’h
ol Sampling point
Figure 2 Experimental setup of the pilot plant, with flow through a pipe and flow

through a vessel

Ozone was dissolved in a side stream that was pre-treated with reverse osmosis
(Hydronautics ESPA2 membrane) for removal of dissolved organic carbon (DOC)
and bromide. The dissolved ozone was added to the main stream and mixed in a
static mixer, after which the water stream was split. One stream entered a pipe with
the hydraulic properties of a PFR, and one stream entered a vessel with the
hydraulic properties of a CSTR. The pipe starts with a diameter of 0.046 m, after a
length of 5 m it changed to 0.087 m and after another length of 5 m it changed to
0.153 m. The total length of the pipe was 63.5 m and it had 19 sampling points. In
the installation, rapid ozone consumption as well as slow ozone decay was
determined in one experiment. The retention times at the sampling points were 1.3
/18/23/33/43/83/13.9/15.9/23.5/37.9/48.9/96/248/355/608 /829
/ 904 / 1129 / 1460 seconds for a flow of 2.5 m*h. The water entered the vessel
through a tangential inlet at the bottom of the vessel in order to create a circulation
stream for mixing. The water left the vessel at the top. The volume was 1.1 m?®, with
a flow of 2.5 m*/h, the theoretical retention time in the vessel was 1584 seconds. In
the influent Escherichia coli (E. coli) were dosed from a vessel with a concentration
ranging from 2.2*10" to 4.8*10° CFU/ml. Because dissolved ozone was dosed, the
transferred ozone was equal to the ozone dosage, which was determined by the
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ozone concentration in the dissolved ozone side stream and the dilution ratio with
the main stream. The pilot plant was operated at low ozone dosages 0.25-1.0 mg-
O3/l in order to obtain similarities with the full-scale Leiduin treatment plant and to
be able to measure E. coli at the sampling points. The conditions for the
experiments are given in Table 1. In all experiments listed in Table 1, the pipe was
tested. For a limited number of experiments the vessel was tested. The bromate
concentration in the influent of the DOPFR (see Table 1) was caused by bromate
formation in the bubble column because not all bromide was removed by reverse
osmosis. The experimental setup for experiments 1 to 4 and 9 to 11 differed from
data in Figure 2. The flow through the pipe was 5 m®h instead of 2.5 m*h and the
first part of the pipe had a diameter of 0.087 m instead of 0.046 m.

Table 1 Conditions and influent water quality parameters for the experiments
: Experiment number
Parameter Unit 1 2 3 4 5 6 7
Ozone dosage  mg-Oa/l 0.37 0.86 0.97 1.91 0.24 0.58 0.77
E. coli CFU/100 ml - - - - 23000 13000 8200
pH - 7.9 7.9 7.9 7.8 8.1 8.0 8.0
Bicarbonate mg-HCOs/l 168 164 162 167 169 172 169
UVA2s4 1/m 4.7 4.9 4.7 4.9 5.2 5.3 5.2
Bromide pg/l 147 149 150 147 158* 158* 158*
Bromate ug-BrOs/l - - - <0.5 0.6 0.5 0.6
AOC-total ug-Clil 7.7 7.8 8.8 7.5 12.6* 12.6* 12.6*
DOC mg-Cl/I| 1.8 2.2 2.1 1.9 1.9 1.8 2.1
Temperature °C 126 123 12.5 12.0 15.6 16.0 16.7
Vessel tested - No No No No Yes No No
: Experiment number

Parameter Unit 8 9 10 11 12 13 14
Ozone dosage  mg-Oa/l 0.99 0.51 0.69 0.83 1.02 - -
E. coli CFU/100 ml 800 - - - - 5100 7200
pH - 8.0 7.9 7.9 7.8 7.8 8.0 8.0
Bicarbonate mg-HCOs/l 170 164 160 162 162 192 176
UVAs4 1/m 5.2 5.0 5.0 4.8 4.9 5.3 5.4
Bromide pg/l 158* 140 141 142 142 187 -
Bromate ug-BrOs/l 0.6 0.6 0.6 0.6 <0.5 <0.5 <0.5
AOC-total ug-Cll 12.6* 8.8* 8.8** 8.8** 11.3 13.0 12.0
DOC mg-Cl/I| 2.2 2.0 1.9 1.8 1.7 2.2 2.2
Temperature °C 16.0 18.5 18.4 19.1 17.8 12.6 11.5
Vessel tested - No No No No No Yes Yes

* measured at experiment 5 and assumed to be constant
** measured at experiment 9 and assumed to be constant

The ammonia concentration was always below the detection limit of 0.02 mg-N/I.
For experiments 1 to 4, the average temperature was 12.4°C, for experiments 5 to
8 it was 16.1°C, and for experiments 9 to 12 it was 18.5°C. These average
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temperatures were used to determine the dependency of model parameters on
temperature.

Analysis methods

For experiments 5 to 8 ozone was analyzed according to the indigo method
described by Bader and Hoigné (1982). For experiments 1 to 4 and 9 to 12, ozone
was analyzed according to the DPD method described by Gilbert (1981). Both
methods give consistent results (Gilbert and Hoigné, 1983). Bromate samples were
concentrated on two lonpac AG9-SC columns and analyzed using a Dionex
ICS3000 ion chromatograph, with an anion micro membrane suppressor, UV
detection (200 nm) and a conductivity meter. Dionex lonpac AG9-SC, and AS9-SC
columns were used with a 0.7 mM NaHCO; eluent. The detection limit was 0.5 ug-
BrOs/l (Orlandini et al., 1997; Smeenk et al., 1994). Bromide samples were
analyzed using a Dionex DX120 ion chromatograph, with a chemical suppressor
(12.5 mM H,SO,), UV detection (200 nm), and a conductivity meter. A Dionex
lonpac AS9-SC column was used with a 0.2 mM NaHCO; / 1.4 mM Na,COj; eluent
(Orlandini et al., 1997). AOC was measured in duplicate, applying the simultaneous
incubation of strains P17 and NOX (van der Kooij et al., 1982). DOC, pH,
bicarbonate and UVA,5, expressed as the absorbance per meter of cell length
were determined using standard procedures (Standard Methods, 2005). E. coli
WR1 strain was cultured on a low substrate as described in Smeets et al. (2006).
Microbiological samples were taken in 1 liter sterile bottles containing
sodiumthiosulfate to immediately quench any remaining ozone. Samples were
analyzed either by direct filtration and inoculation of the filter or by dilution and
direct inoculation of 0.1 ml on agar. The CT value for ozonation was calculated
using:

CT =Y ¢y, (4,/60~1,,/60) [1]

i=0

where CT is the ozone exposure ((mg-Os/l)*min), ngpe is the number of sampling
points (-), cos is the concentration of ozone in water (mg-Os/l) and t is time (s).

Rapid ozone consumption

Three different approaches for describing rapid ozone consumption with semi-
empirical models were assessed. For the first approach the model of Westerhoff
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(2002) was selected where rapid ozone consumption is modeled as an
instantaneous ozone demand followed by first-order rapid ozone consumption until
approximately 2 minutes of contact time:

dc
d? =—ko3r€03 (2]

where kozr is the first-order rapid ozone consumption rate (1/s). The amount of
ozone consumed during instantaneous ozone demand is determined by the
difference in the applied ozone dosage and the intercept of the first-order rapid
ozone consumption with the ordinate. Within this approach the model parameters
are not related to NOM.

The second approach is an adapted version of the model of Rietveld (2005) and
describes rapid ozone consumption in relation to NOM by means of the UVA,s4
decrease:

d;? = —kyy, (UVA-UVA,)Y [3]
D — o wra-vra) ]

where kyya is the UVA,s, decay rate (1/s), UVA is the UVAys, in water (1/m), UVA,
is the stable UVA,s, after completion of the ozonation process (1/m) and Y is the
yield for ozone consumed per UVA,s, decrease ((mg-Os/l)/(1/m)). This model is
calibrated and validated on bench-scale DOPFR (100 I/h) experiments (van der
Helm et al., 2007Db).

The third approach is a new approach, describing rapid ozone consumption
assuming diffusion-limited kinetics. From Higbie’s penetration theory (Higbie, 1935)
follows that displacement (L) of particles due to diffusion increases with the square
root of diffusion (D) times time (LocVDt). Due to the tortuous path, the
displacement of particles by diffusion is not linear in time, as would be for a straight
trajectory. This means for rapid ozone consumption that it is a function of the
reciprocal value of the square root of time. Rapid ozone consumption following
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diffusion-limited kinetics, where the diffusion coefficient is incorporated in the rapid
ozone consumption rate coefficient, can be expressed as:

dey; 1

O I S SO 0<t<t (3]
d 03DL 032\/; DL

where kosp, is the diffusion-limited rate constant for rapid ozone consumption
(1\s) and tp, gives the duration of diffusion limitation (s). For all three approaches
a first-order rate reaction was used for describing slow ozone decay to ensure a
good transition from rapid ozone consumption to slow ozone decay. For the first-
order rapid ozone consumption model the transition occurs after two minutes, for
the UVA,s, decrease model the transition occurs gradually and for the diffusion
limitation model the transition occurs at tp,.

The diffusion-limitation model is a general model that should be applicable for
different types of water and different scales of experimental setup. In order to
investigate the general validity of the diffusion-limitation model data were also used
from bench-scale experiments with water from drinking water treatment plant
Weesperkarspel of Waternet (van der Helm et al., 2007a) and data from lab-scale
experiments with lake Zurich water (Buffle et al., 2006). The tested
Weesperkarspel water is seepage water treated by coagulation, self-purification in
a lake and rapid sand filtration and optionally treated by ion exchange (IEX) or
granular activated carbon (GAC).

Hydraulics of pipe (PFR) and vessel (CSTR)

Before assessing disinfection and by-product formation during ozonation in the
pipe and in the vessel, hydraulics were determined by step-tracer experiments
using a salt solution. For the pipe the conductivity was simultaneously recorded at
multiple sampling points with a maximum of 6, to determine the residence time
distributions (RTD) between the sampling points. From the differences in the
measured RTD curves, the Peclet number (Pe) was determined by Taylor
approximation (Taylor, 1954; Wols et al., 2006). The number of CSTR’s was
approximated from the Pe number by dividing it by two. The influent and effluent
conductivity of the vessel was simultaneously recorded for determination of the
RTD of the vessel. The RTD curve was compared to the analytical RTD curves of a
single CSTR and two CSTRs in series.
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Disinfection in pipe (PFR) and vessel (CSTR)

Disinfection in the pipe was determined by dosing E. coli to the tested water and
measuring E. coli concentration at multiple sampling points in the pipe. For the
vessel E. coli concentration was measured at the influent and effluent of the vessel.
The inactivation was modeled using different semi empirical models. Gyurék and
Finch (1998) assessed a great number of disinfection models and concluded that
the incomplete gamma Hom model, incorporating first-order ozone decay,
described best the inactivation of heterotrophic plate count bacteria. However, for
inactivation models that make use of ozone concentrations calculated by separate
equations the incomplete gamma Hom model incorporating first-order ozone decay
cannot be used. The Hom model without incorporation of ozone decay is given by:

ANk L
- - N n tm 6
d 6o o (6]

Integration of Equation [6] gives:

logﬁ——ic" "
N, 60 %

[7]
where N is the number concentration of organisms (CFU/100 ml), Ny is the number
concentration of organisms at time 0 seconds (CFU/100 ml), k is the inactivation
rate coefficient (I/(mg-Oz*min) for n=1 and m=1) on a logy, base and n and m are
empirical constants (-). The Hom model is based on the commonly applied semi
empirical Chick-Watson model (Hunt and Marinas, 1997; Craik et al., 2003; Hijnen
et al., 2004). The Chick-Watson model describes the rate of disinfection as first-
order in time. Hom (1972) introduced the empirical constants n and m after
observing that for chlorine disinfection of natural algal-bacterial systems the
inactivation was not linear on a log scale but curvilinear. With the Hom model an
initial slow inactivation or a tailing-off effect can be described. When n=1 and m=1
the Hom model simplifies to the Chick-Watson model. Haas (1980) theorized an
inactivation model and found it was a function of the disinfectant concentration and
tz, so n=1 and m=2. The influence of temperature on rate constants is normally
modeled with Arrhenius’ equation, given by:

k= Aet R (8]
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where A is the frequency factor (unit depending on the unit of k), E, is the
activation energy (J/mol), R =8.314 J/(mol*K) is the ideal gas constant and T, is the
absolute temperature of the water (K).

Another model with slow initial inactivation was described by Rennecker et al.
(1999). He proposed the delayed Chick-Watson model with a lag-phase for a
minimum required ozone dosage:

N, N, 1 ]\(/) o)
Flexp(—kCT) =exp(-k {CT-CT,, } ) if CT>CT,, = ;ln {F‘]

! rersen, -t 5|

0 0

where N/N, is the extrapolated intercept of the first-order line with the ordinate (-),
CT is ozone exposure ((mg-Os/l)*min), and CT a4 is the minimum CT value required
for obtaining disinfection ((mg-Os/l)*min). Note that k is at lognormal units here.
The Hom model and the delayed Chick-Watson model were assessed on the
experimental data measured in the DOPFR.

Disinfection by-product formation

The disinfection by-products of ozonation assessed in this research are bromate
and AOC. Bromate was measured at multiple sampling points in the pipe. For
modeling of bromate formation two different empirical models were applied. The
first model was a multiple linear regression model (Carlson et al., 2001, Sohn et al.,
2004):

- - t -
Coros = 1.55-10 6 (CDOC’,'”) 1.26 (pH,-,, )5.82 (C03’DOS )l 57 (cBr’in )0.73 (&)0.28 (1 035)T 20 [1 0]

where cg,03 is the bromate concentration (ug-BrOs/l), cpoc,in is the influent dissolved
organic carbon concentration (mg-C/l), 1.1 < ¢pocin < 8.4, pHi, is the influent pH,
6.5 < pH;, < 8.5, cozpos is the ozone dosage (mg-O3/l), 1.1 < cozpos < 10.0, Cgrin is
the influent bromide concentration (ug-Br/l), 70 < cg,jn < 440, tis time (s), 1 < /60 <
120 and T is the temperature of the water (°C), 2 < T < 24.
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The second model is a regression model dedicated to one treatment plant (van der
Helm et al., 2007b), using the observation that bromate formation consists of an
initial fast increase after which the bromate concentration increases linearly with
the CT value (von Gunten and Hoigné, 1994; von Gunten et al., 2001):

Cpr03 = CB03.ni T K503 CT [11]

Cpr03,ini = F5r03,ni €03.005 T CBr03.m [12]

where Cgo3ni is the initial bromate formation (ug-BrOs/l), ksos is the bromate
formation rate constant ((ug-BrOg/l)/((mg-Os/l)*min)), Fgoszin is the constant for
initial bromate formation ((ug-BrO3/l)/(mg-O3/l)), and cg0s,n is the influent bromate
concentration (ug-BrOs/l). Both models were assessed on the experimental data
measured in the DOPFR.

Models for AOC formation are also usually empirical linear regression models. The
model used describes AOC formation per DOC as a function of the ozone dosage
(van der Helm et al., 2007a), resulting in the following equation:

C40c = F10c€03.005Cpoc.in + Ca0C.in [13]

where caoc is the AOC concentration (ug-C/l), Faoc is the constant for AOC
formation per DOC ((pg-C/1)/(mg-Os/I*mg-C/l)) and Caocin is the influent AOC
concentration (ug-C/l).

Effects of upscaling on ozone decay model parameters for DOPFR concept
The rapid ozone consumption model described by Equations [3] and [4] was
calibrated and validated on bench-scale DOPFR (100 I/h) experiments (van der
Helm et al., 2007b) including slow ozone decay. Slow ozone decay was modeled
by first-order kinetics (Hoigné and Bader, 1994). Expanding Equation [3] with slow
ozone decay gives:

08—k (UVA-UVAY = ko "
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where kos is the slow ozone decay rate (1/s). The experimental data measured in
the pilot-scale DOPFR were fitted on Equation [14] and [4]. The fitted model
parameters were compared to the model parameters determined in the bench-
scale DOPFR to assess the effects of upscaling of the DOPFR concept.

Results and discussion

Rapid ozone consumption

The results of the model fits for the three different approaches for modeling rapid
ozone consumption in experiments 5 to 8 are presented in Figure 3. The model
where instantaneous ozone demand is followed by first-order rapid ozone
consumption was not specifically developed for describing rapid ozone
consumption and was based on batch experiments with the first ozone
measurement after half a minute or one minute. Consequently, it can be observed
from Figure 3 (upper left) that an instantaneous ozone demand followed by first-
order rapid ozone consumption does not give an accurate description of rapid
ozone consumption for the first 20 seconds. The approaches where rapid ozone
consumption is a function of the UVA.s, decrease (Figure 3, upper right) and where
rapid ozone consumption is assumed to follow diffusion-limited kinetics (Figure 3,
lower left) give good results for describing rapid ozone consumption.

Table 2 Diffusion-limited rate constants for rapid ozone consumption for different
water types and experimental setup

Temp DOC Oszdosage kosp. Correlation

Experimental

setup Water type °C] [mg-CNl [mg-Ou] [1Ns]  R2[
Pilot plant® Dune filtered water 16 2.4 0.24 0.647 0.95
Pilot plant® Dune filtered water 16 2.4 0.58 0.207 0.88
Pilot plant* Dune filtered water 17 2.4 0.77 0.111 0.98
Pilot plant* Dune filtered water 16 2.4 0.99 0.085 0.84
Bench-scale*™ Seepage (SP) water 12 6.3 1.43 0.387 0.99
Bench-scale** SP water IEX treated 12 3.1 1.39 0.060 0.81
Bench-scale** SP water GAC treated 13 2.8 1.48 0.097 0.80
Bench-scale** Dune filtered water 12 24 0.52 0.222 0.97
Bench-scale** Dune filtered water 12 2.4 0.90 0.087 0.97
Lab-scale***  Lake Zurich water 22 1.4 2.4 0.128 0.99

* installation capacity 2.5 m°/h (experiments 5 to 8 this research)
** installation capacity 100 I/h (van der Helm et al., 2007a)
*** installation capacity 660 ml/h (Buffle et al., 2006)

In Table 2 the fitted diffusion-limited rate coefficients for rapid ozone consumption
and the correlation coefficients for the model fit of the first 20 seconds of ozone
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contact time are shown for water from different locations and for different scales of
the experimental setup. The good fits for the diffusion-limitation model are an
indication that rapid ozone consumption follows diffusion-limited kinetics.
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Figure 3 Rapid ozone consumption for experiments 5 to 8 modeled by (i)

instantaneous ozone demand with first-order rapid ozone consumption,
Equation [2] (upper left); (ii) UVA2s4 decrease, Equations [3] and [4] (upper
right); (iii) diffusion limitation, Equation [5] (lower left)

When ozone decay follows diffusion-limited kinetics, it would be expected that the
diffusion-limited rate constants are equal for the same water in the same
installation for the same temperature, since the diffusion coefficient is than
regarded as a constant. In Table 2 it can be observed that this is not the case. The
values for the diffusion-limited rate constant, kosp,, decrease for increasing ozone
dosage (per DOC). This is possibly caused by ozone concentration dependency of

61



Chapter 4

the diffusion coefficient (Loulou et al., 2006; van der Zanden, 1998). Differences in
kosp. values between different ozone installations may be caused by differences in
Reynolds numbers, which influence the turbulent diffusion. In Figure 4 the results
for the diffusion-limited kinetics calculations and the measured values for
experiments 5 to 8, are plotted against the square root of time. It can be observed
that the rapid ozone consumption is a first order reaction on a square root time
scale as described by Equation [5].

"0 o  0.99 mg-O,/I measured
_ o8, o Cos = 0.99¢7 %85t A 0.77 mg-O,/l measured
3 - N i ¢ 0.58 mg-O,/l measured
2 q co; = 077111 O 0.24 mg-O,/l measured
g 04 Cos = 0.580920741 0.99 mg-O,/I calculated
3 L > 0.77 mg-O,/I calculated
0.2 S~ 0.58 mg-O,/I calculated
. Bag. ¢, = 02460071 — ——-0.24 mg-0,/I calculated
0 1 2 3 4 5 6
JTime [/sec]
Figure 4 Rapid ozone consumption for experiments 5 to 8 modeled by diffusion

limitation on a square root time scale

Hydraulics of pipe (PFR) and vessel (CSTR)

From the step-tracer experiments it was concluded that the pipe can be modeled
as 250 CSTRs in series and can thus be seen as a plug flow reactor (Wols et al.,
2006). In Figure 5, results of a step-tracer experiment are shown for the vessel.
The measured influent and effluent are shown together with the analytical solution
for 1 CSTR and for 2 CSTRs in series. From Figure 5, it can be observed that the
hydraulic conditions in the vessel approach the hydraulic properties of 1 CSTR and
the vessel can thus be modeled as a CSTR.
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Figure 5 Results of the step-tracer experiment measured at the influent and effluent
of the vessel and the analytical solutions for 1 CSTR and 2 CSTRs in
series

Disinfection in pipe (PFR) and vessel (CSTR)

In the experiments 5 to 8 E. coli were dosed. The Hom model, Equation [7], and
the delayed Chick-Watson model, Equation [9], were fitted on the experimental
data. The results are shown in Figure 6. In accordance with the findings of Haas
(1980), best fits with the Hom model were obtained with n=1 and m=2 for
experiments 6, 7, and 8. By applying m=2, the lag phase or shoulder at low t
values and high co3; values disappears. However the model does not fit the data
from experiment 5 with a low ozone dosage. The inactivation rate coefficient is the
same for different ozone concentrations when plotted on a C times £ axis (see
Figure 6, left). If plotted on a normal time axis, the inactivation rate coefficient will
be different for different ozone dosages. The inactivation rate coefficients fitted on
a normal time scale for different ozone dosages are presented in Figure 7 and are
found to be an exponential function of the ozone dosage:

k = 4.49¢™Coros [15]

Because k is calculated for m=2, the unit for k on a log,, base becomes l/(mg-
O3*min)*1/s (see Equations [6] and [7]). The best results with the delayed Chick-
Watson model were achieved with an inactivation rate coefficient of 316 I/(mg-
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O3;*min) and CTyg of 0.010 (mg-O4/l)*min (Figure 6, right). For an ozone dosage of
0.58 and 0.77 mg-O3/l tailing is observed. For an ozone dosage of 0.24 mg-Oa/l
ozone is depleted before inactivation reaches the point for tailing, and for an ozone
dosage of 0.99 mg-Oj/l tailing is not observed because all samples from
experiment 8 with a higher CT value than 0.06 mg-O3/I"min had a count of 0 CFU
per liter. The model predictions do not account for tailing, only for the lag phase.
This means that the predictions for E. coli inactivation are valid until an inactivation
of 4 log units. Therefore, the correlation coefficients are calculated until an
inactivation of 4 log units. The values from the experiment with an ozone dosage of
0.24 mg-O3/l are not included in the correlation coefficient for inactivation with the
Hom model.

O o 0.99 mg-Os/l measured o 0.99 mg-O,/I measured
0.1 o A 0.77 mg-Os/l measured 0.1 A 0.77 mg-O,/l measured
g ¢ 0.58 mg-Oy/I measured @ & 0.58 mg-O,/l measured

— 0.01 0 0.24 mg-O,/l measured — 0.01 O 0.24 mg-O,/l measured

o ——Hom (n=1, m=2) o A ——Delayed Chick-Watson

= =

Z 0.001 = 0.001 S

(o)
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C*T2 [(mg-O,/l)*min?] CT [(mg-O3/l)*min]

Figure 6 Modeling inactivation of E. coli with the Hom model (left) and the delayed
Chick-Watson model (right) for experiments 5 to 8; in both graphs the
same data is plotted on different abscissas

140

g o  16°C Experiment 5,6,7,8 B
_fg 120 Equation for k at 16°C
,E 100 — ———95% confidence interval
Q
o 80
£
= 60
3
S 40
ui
s 20
x

0

00 02 04 06 08 10 12

Ozone dosage [mg-03/1]

Figure 7 E. coli inactivation rate coefficients on a logo base for Hom model, with
n=1 and m=2 fitted on a normal time scale, as a function of the ozone
dosage
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In Table 3 the results for E. coli inactivation and bromate formation are presented
for the pipe that has the hydraulic properties of a PFR and the vessel that has the
hydraulic properties of a CSTR. A comparison between the pipe and the vessel
was possible since contact time and ozone dose were identical. The comparison
was performed for experiments with low ozone dosages resulting in low CT values.
It was not possible to measure E. coli concentrations in the effluent of the vessel at
higher CT values. From Table 3 it can be observed that the PFR has an
inactivation capacity of 3 to 5 times more, up to 3 log units difference, than the
CSTR for the same amount of ozone dosed. The CT value for the CSTR could not
be determined since the effluent ozone concentration of the vessel was 0 mg-Oa/l.

Table 3 Results from the experiments 5, 13 and 14 for the comparison of
inactivation and bromate formation between the pipe and the vessel
Experiment Contactor CT value . .E. cg/i . Bromate formation
[(mg-Os/l)*'min]  [log inactivation] [ug-BrO3/l]
5 Pipe (PFR) 0.02 1.58 <0.50
5 Vessel (CSTR) - 0.58 <0.50
13 Pipe (PFR) 0.08 3.7 0.70
13 Vessel (CSTR) - 0.90 <0.50
14 Pipe (PFR) 0.08 3.58 <0.50
14 Vessel (CSTR) - 0.67 <0.50

Disinfection by-product formation

Prediction of bromate formation with the multiple linear regression model given by
Equation [10] was done for experiments 5 to 8 (see Figure 8). However, the linear
regression model is valid for the ozone dosage range of 1.1-10.0 mg-Os/l, so it
cannot be used for experiments 5, 6 and 7, and the correlation coefficient is
calculated only for experiment 8. Bromate formation in the first 60 seconds was not
calculated because the model is only valid after 60 seconds of contact time.

Results of modeling bromate formation during the ozonation process in the DOPFR
with an initial fast increase followed by a linear increase with the CT value as
described by Equations [11] and [12], are shown in Figure 9 for experiments 5 to 8.
For all experiments the bromate formation rate constant used was 1.66 (ug-
BrO3/1)/((mg-Os/l)*min) and the constant for initial bromate formation used was 2.17
(Mg-BrO3/1)/(mg-Os/l). The usage of the same rate constant gave an overestimation
of 30% for experiment 5, however the absolute overestimation was less than 0.3
Mg-BrOs/l and the bromate concentrations were very near the detection limit of 0.5
ug- BrOs/l (see inset Figure 9).
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Figure 8 Bromate formation measured and calculated with the multiple linear
regression model for experiments 5 to 8

In Figure 10 the final bromate concentrations after depletion of ozone are plotted
versus the total CT value for experiments 1 to 12. The lower right inset shows all
values, including an experiment with a high CT value, and the upper left inset is the
Arrhenius’ plot for the dependency of the final bromate concentrations on
temperature.

12

o 0.99 mg-Os/l measured

= 10 A 0.77 mg-O,/l measured
g 8 & 0.58 mg-Os/l measured
g 5 O 0.24 mg-Os/| measured
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% 4 0.77 mg-Os/I calculated
a 2 (9/02 0.58 mg-Os/I calculated
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CT in the DOPFR [(mg-O3/l)*min]
Figure 9 Bromate formation measured and calculated in the DOPFR, with the

model describing bromate formation as an initial fast increase depending
on the ozone dosage followed by a linear increase with the CT value for
experiments 5to 8
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Figure 10 Bromate concentrations after completion of the ozonation process versus

the total CT value for experiments 1 to 12; inset upper left is the Arrhenius’
plot for the bromate formation, all data are in inset lower right

It can be observed that bromate formation in the pipe modeled as a linear function
of the CT value can be applied at low ozone dosages. However, the correlation is
lower for lower ozone dosages. The correlations for the total amount of bromate
formed after ozonation plotted versus the total CT value are high and show a clear
linear relationship (see Figure 10).

Results for AOC formation per DOC modeled as a function of the ozone dosage
are presented in Figure 11. The constant for AOC formation is plotted in the
Arrhenius’ plot (inset in Figure 11) for the different temperatures and was 45 (ug-
C/)/(mg-Os/I*mg-C/l) for experiments 5 to 8 at 16.1°C. This regression of AOC
formation per DOC as a function of the ozone dosage can thus be used to give an
indication of the AOC formation during ozonation.
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Figure 11 AOC formation per DOC as a function of the ozone dosage for

experiments 1 to 12; the dependency of the temperature is shown in the
Arrhenius’ plot (inset)

Effects of upscaling on ozone decay model parameters for the DOPFR
concept

The model given by Equations [14] and [4] has proven to adequately describe
ozone decay in bench-scale DOPFR (100 I/h) ozonation experiments (van der
Helm et al., 2007b). Some of the data from the bench-scale experiments were used
for calibration of the model parameters, kos, kuva, Y and UVA,, and some for
validation of the model. In Figure 12 the calibrated equations for the model
parameters based on the bench-scale experiments with their respective confidence
intervals are shown. Within these graphs the fitted parameters from the pilot-scale
experiments 1 to 12 are plotted. It is observed that the data from the pilot-scale
experiments are within the confidence intervals of the data of the bench-scale
experiments for kos, kyva and (UVA;-UVA,). The values for the Y are more
scattered and partly outside the confidence interval. However, the average of the
data including the pilot-scale data gives a horizontal line instead of the increasing
line in Figure 12 (lower left). This was to be expected since the yield for consumed
ozone per UVAys, decrease should be independent of the ozone dosage and the
temperature because it has the properties of a stoichiometric coefficient. The ko3
and kyys are temperature dependent, however, the dependency of ko3 and kyys on
temperature in the pilot-plant experiments is not as pronounced as from the bench-
scale experiments. If it is assumed that the model parameters from the bench-scale
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experiment at 20°C are outliers and taking into account that all pilot-scale
experiments with temperatures ranging from 12°C to 19°C are within the
confidence intervals determined for 12°C in the bench-scale experiments, no
distinction can be made for the model parameters for different temperatures based
on these experiments. For determination of a temperature dependency a larger
number of experiments are needed for a larger temperature range.
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Figure 12 kos, kuva, Y and (UVAi,-UVAy) as a function of the ozone dosage with their

90% confidence intervals for bench-scale experiments (van der Helm et
al., 2007b) and for pilot-scale experiments 1 to 12

In Figure 12, upper left, it is observed that the rate of slow ozone decay decreased
with increasing ozone dosage. Assuming a constant contribution of the ozone
decomposition cycle, this can be explained by the various types of sites within
NOM that have different reactivity with ozone. For low ozone dosages only the fast-
reacting sites consume ozone. When higher ozone dosages were applied, the rate
of ozone consumption decreased when slowly reacting sites were oxidized as well
(Hoigné and Bader, 1994; Gallard et al., 2003). In Figure 12, upper right, it is
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observed that the rate of rapid ozone consumption also decreases with increasing
ozone dosage. Because kyy, describes a process that follows diffusion-limited
kinetics, this is possibly caused by ozone concentration dependency of the
diffusion coefficient as discussed before.

Based on the data from experiments 1 to 12, the functions for ko3, kyva, Y and
(UVA-UVA,) are:

ko =0.1454¢ ™7 Cosvos [16]
k= 3.75¢ 43 Cos005 [17]
Y =-0.0042¢,; pos +0.137 = 0.137 [18]
UVAy =UVA, —(1.261cy; pos +1.0237) [19]

where UVA;, is the influent UVAgs4 (1/m).

Dynamic model for dissolved ozone dosing

In order to simulate the discussed processes simultaneously with regard to
changes in the influent water quality over time, the models were incorporated into
Stimela. Stimela is an environment where different drinking water treatment
processes can dynamically be modeled. The Stimela models are developed in
Matlab/Simulink®. Partial differential equations are numerically integrated so
variations in time and space can be followed (van der Helm and Rietveld, 2002).
For rapid ozone consumption the model using UVA,s5, decrease was selected and
not the diffusion-limitation model. The main reason for this selection was that this
model relates rapid ozone consumption to reactions with NOM, and with on-line
UVA,s, measurement an extra parameter is available for on-line calibration and
validation. To describe disinfection, the Hom model was selected with n=1 and
m=2. Reasons for this were its consistency with the inactivation model theorized by
Haas (1980) and the fact that it has one parameter less to fit than the delayed
Chick-Watson model where both k and CT.y have to be fitted. For bromate
formation the model based on linearity with CT values was selected because it is
able to predict bromate concentrations at low ozone dosages, contrary to the
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general multiple linear regression model for bromate formation that is not valid for
low ozone dosages. Applying bromate formation as a function of the CT value has
an extra advantage in a dynamic modeling environment such as Stimela: a partial
differential equation for the CT value can be formulated so that the CT
development during the ozonation process is simultaneously calculated.
Summarizing, the partial differential equations for the ozonation model of the
DOPFR were:

0Cs _ 0Cs

— by, (UVA—=UVA)Y — ks o [20]
ot X
o __, %o g wva-uva,) [21]
ot ox

0Cp03 _ —u 0C,03

ot o +kp,03C03 Cpr03,mi = F5:03,ni€03,005 T Cin.5r03 [22]
%’ = —u% —kmNcp, (t/60)" [23]
oCT oCT
7 =—u E + Co3 [24]

where u is the water velocity (m/s) and x is the length of the reactor (m). The AOC
concentration was not modeled as a partial differential equation but as a regression
according to Equation [13]. The temperature range from 12°C to 19°C was not wide
enough to determine temperature dependency for kyya, koz and UVA, in the pilot-
plant experiments. For the temperature dependency on the Fjoc the derived
Arrhenius’ plot was used in the model. The kgros and Fgo3,n for the formation of
bromate during ozonation could not be derived from the Arrhenius’ relation, only
the end value of bromate concentration after complete depletion of ozone could. In
order to calculate the bromate formation during ozonation the kg3 = 1.66 (ug-
BrO3y/1)/((mg-Os/l)*min) and Fgo3ini = 2.17 (ug-BrOs/1)/(mg-Os/l) were used. The
temperature dependency on the inactivation rate of E. coli could not be derived
from experiments 1 to 12 since E. coli dosing was only performed in experiments 5
to 8 with approximately the same temperatures.
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An example of the results of the Stimela ozone model for experiment 7 is given in
Figure 13. All parameters used for the calculations in Figure 13 were determined
from the derived relationships. From Figure 13 the differences in time scales for the
different processes during ozonation can be observed. It shows that E. coli
inactivation is 4 log units after 5 seconds, that the major part of the rapid ozone
consumption is finished after 20 seconds (UVA,s4 decrease has stopped) and that
bromate formation stops after approximately 700 seconds. On the basis of the
model calculation, the total CT in the pipe can be accurately estimated and is 1.65
(mg-O4/l)*min. With the model, effects of changes in the operation or changes in
the influent water quality can be evaluated.

Experiment 7
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Figure 13 Results of the dynamic Stimela ozonation model for experiment 7
Conclusions

From experiments where ozone decay was measured from 1.3 seconds to 1450
seconds and literature data describing ozone decay in the first 20 seconds of
contact time, it has been concluded that the rate of rapid ozone consumption
followed diffusion-limited kinetics. For the water tested, a majority of ozone-
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sensitive organisms were inactivated during rapid ozone consumption. From the
experiments it can be concluded that the disinfection capacity for the ozone-
sensitive organism E. coli is 3 to 5 times higher in a PFR compared to a CSTR.
Therefore, focus should be on establishing plug flow conditions from the first
contact between ozone and water. This can be achieved by instant mixing of ozone
in water with a static mixer, followed by a contactor approaching plug flow
characteristics. If ozone is not properly mixed over the total water flow and for
instance 1% is not ozonated, then, the disinfection capacity is limited to 2 log units.
From comparison of different bromate formation models, it can be concluded that
modeling bromate formation as an initial fast increase after which the concentration
increases linearly with the CT value gave good results for prediction of bromate
formation. From comparison of model parameters for ozone decay based on
bench-scale experiments and pilot-scale experiments, it can be concluded that
upscaling of the DOPFR concept gives consistent results and upscaling to a full-
scale installation would therefore be possible from the bench-scale and pilot-scale
experiments. From pilot-plant experiments a dynamic model was developed for
describing ozonation in a DOPFR. It is concluded that semi-empirical models are
suited for modeling of ozone decay, disinfection, bromate and AOC formation in
natural water.
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Nomenclature

AOC assimilable organic carbon
CSTR completely stirred tank reactor
DOC dissolved organic carbon
DOPFR dissolved ozone plug flow reactor
E. coli Escherichia coli

NOM natural organic matter

PFR plug flow reactor
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RTD
UVAs4
Waternet
A

Caoc
Caoc,in
CBr, in
CBro3
CBro3,in
CBrog,ini
Cpoc,in
Cos

Cos,pos
CT

CTiag
E.
Faoc
Fero3,ini
k
Keros
kos
KoapL
kosr
Kuva
Nsp
n, m

residence time distribution

UV absorbance at 254 nm

water cycle company for Amsterdam and surrounding areas
frequency factor (unit depending on the unit of k)

AOC concentration (ug-C/l)

influent AOC concentration (ug-C/l)

influent bromide concentration (ug-Br/l)

bromate concentration (ug-BrOs/l)

influent bromate concentration (ug-BrOa/l)

initial bromate formation (ug-BrOg3/l)

influent dissolved organic carbon concentration (mg-C/l)
concentration of ozone in water (mg-Oa/l)

ozone dosage (mg-0a/l)

ozone exposure ((mg-Oa3/l)*min)

minimum CT required for obtaining disinfection ((mg-Os/l)*min)
activation energy (J/mol)

constant for AOC formation per DOC ((ug-C/I)/(mg-O3/I*mg-C/l))
constant for initial bromate formation ((ug-BrOas/l)/(mg-Oa/l))
inactivation rate coefficient (I/(mg-O3;*min) for n=1 and m=1)
bromate formation rate constant ((ug-BrOa/I)/((mg-O3/1)*min))
slow ozone decay rate (1/s)

diffusion-limited rate constant for rapid ozone consumption (1/s)
first-order rapid ozone consumption rate (1/s)

UVA,s, decay rate (1/s)

number of sampling points (-)

empirical constants (-)

number concentration of organisms (CFU/100 ml)

number concentration of organisms at time 0 (CFU/100 ml)
extrapolated intercept of the first-order line with the ordinate (-)
Peclet number

influent pH

ideal gas constant (8.314 J/(mol*K))

time (s)

absolute temperature of the water (K)

temperature of the water (°C)

duration of diffusion limitation (s)

UVA,s54 in water (1/m)
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UVA, stable UVA,5, after completion of the ozonation process (1/m)
UVA;, influent UVAgs4 (1/m)

yield for ozone consumed per UVA,s, decrease ((mg-Oa/1)/(1/m))
water velocity (m/s)

length of the reactor (m)

<
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5. Effects of natural organic matter (NOM) character
and removal on efficiency of ozonation

The objective of this study was to evaluate the effects of the character
and the removal of natural organic matter (NOM) on the formation of
assimilable organic carbon (AOC) and bromate during ozone
disinfection, in order to determine what amount and which part of the
NOM should be removed prior to ozonation for improvement of
ozonation efficiency. Natural waters from two locations with different
dissolved organic carbon (DOC) concentrations were tested. In
addition, the DOC concentration of one of the natural waters was
reduced either by ion exchange (IEX) or by granular activated carbon
(GAC) filtration. The resulting four water types were tested in
conventional pilot-scale ozone bubble column reactors and in a bench-
scale plug flow reactor with dissolved ozone dosing. For the tested
waters UV absorbance at 254 nm (UVA;s4), 0zone, AOC, bromate, and
DOC concentrations were measured. NOM fractions were determined
with size exclusion chromatography with DOC and UVA.s, detection. It
is concluded that for the same ozone dosages the CT is higher when
NOM is removed by IEX or GAC compared to the situation without
NOM removal. In addition it is concluded that ozonation efficiency
improved more with the removal of the humic substances fraction (MW
~ 1000 g/mol) of NOM as compared to the removal of the building
blocks fraction (MW 300-500 g/mol) of NOM, because it led to less
AOC formation and less bromate formation this could be achieved by
NOM removal using IEX.

Introduction
Natural organic matter (NOM) can be quantified and characterized in different
ways. The most basic quantification of NOM is measurement of total organic
carbon (TOC), or dissolved organic carbon (DOC), after filtering the sample
through a 0.45 pm filter. The difference between TOC and DOC is particulate
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organic carbon (POC). NOM is a mixture of a range of organic components that
can be further characterized by size, polarity, aromaticity, functionality, and
biodegradability.

NOM characterization by size is possible with size exclusion chromatography
combined with online dissolved organic carbon detection (SEC-DOC, also known
as LC-OCD). With this method the chromatographic part of the DOC can be
separated into groups of different molecular weight (MW), humic substances
(~1000 g/mol), building blocks (breakdown products of humic substances, 300-500
g/mol), neutrals and amphiphilics (< 350 g/mol) and low molecular weight (LMW)
acids (Huber and Frimmel, 1992, 1996). Characterization by humics and non-
humics is also possible with SEC-DOC because it also detects non-humic
components such as polysaccharides and proteins (MW > 20000 g/mol). With
three-dimensional fluorescence excitation-emission matrices (FEEM) it is also
possible to separately distinguish humic-like (humic and fulvic acids) and protein-
like organic matter, but fluorescence detection is inappropriate for measuring
polysaccharides (Amy and Her, 2004).

Characterization by polarity is possible with the XAD-8/4 resin adsorption
chromatography method where DOC can be fractionated into hydrophobic and
transphilic organic acids as the fractions that are retained on XAD-8 and XAD-4
resins, respectively. The XAD-8 adsorbable fraction also corresponds to the humic
substances fraction, distinguished from non-humics or hydrophilic fraction (not
adsorbed by XAD-8).

Characterization of NOM by its aromaticity is done by UV absorbance at 254 nm
(UVAL54). UVALs, is sensitive to unsaturated bonds. In natural waters, most
unsaturated bonds are present in NOM as aromatic carbon. The aromaticity per
unit of DOC is expressed by the specific UV absorbance (SUVA), which is defined
by UVA,54 expressed as the absorbance per meter of path length (1/m) divided by
the DOC concentration (mg-C/l). Edzwald and Tobiason (1999) developed a
classification for NOM based on SUVA stating that, when SUVA is larger than 4
(1/m)/(mg-C/l), NOM consists mostly of aquatic humics with high hydrophobicity
and high molecular weight; when SUVA is smaller than 2 (1/m)/(mg-C/l), NOM
consists mostly of non-humics with low hydrophobicity and LMW; and, when SUVA
is between 2 and 4 (1/m)/(mg-C/l), NOM is a mixture of humics and non-humics.
From NOM characterization by SEC, XAD-8/4, solid state '°C NMR, FEEM and
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SUVA, Croué et al. (1999) also found positive correlations between higher
hydrophilic character, lower C/O atomic ratio, lower SUVA, lower aromatic carbon
content and lower molecular weight. Westerhoff et al. (1999) observed that SUVA,
aromatic carbon content and molecular weight correlate well for NOM isolates.

The biodegradable part of NOM can be expressed by biodegradable DOC (BDOC)
(Joret and Levy, 1986) or by assimilable organic carbon (AOC) (van der Kooij et
al., 1982).

Several studies have been undertaken on the removal of NOM by ion exchange
(IEX) and granular activated carbon (GAC) with respect to NOM character. Croué
et al. (1999) did extensive research on two strong base anion exchange resins
(macroporous matrix and gel matrix) and one weak base anion exchange resin.
Croué et al. concluded that strong base resins are generally more efficient for
removal of DOC, and the higher the molecular weight of the NOM fraction, the
lower the affinity with the anion exchange resin. Hongve et al. (1999) performed
tests with a macroporous polystyrene based anion exchange resin and found that
the major removal was in DOC with a molecular weight of less than 5000 g/mol.
Newcombe et al. (2002) studied NOM removal with 6 different GAC types using 3¢
NMR, high-performance size exclusion chromatography, UV-visible absorbance
and elemental analysis for NOM characterization. From this research, it was
concluded that adsorption of NOM isolates is controlled predominantly by the
relationship between the molecular weight distribution of the NOM and the pore
size distribution of the carbon. The LMW compounds were adsorbed to a greater
extent compared to the larger compounds, due to size exclusion effects. These
results were based on three NOM isolates with average molecular weights of 949,
1232, and 2647 g/mol.

Matilainen et al. (2006) conducted research on the performance and capacity of
NOM removal by three different GAC types. These researchers using high-
performance size exclusion chromatography measurements, concluded that GAC
was most effective for DOC fractions with a molecular weight of 1000 — 4000 g/mol
and that the removal efficiency for fractions with higher and lower molecular
weights was very small. Chen (1999) and Fettig (2005) performed comparison
studies between IEX and GAC for NOM removal without a focus on NOM
character. Chen used water with TOC concentrations of 0.5 — 2.2 mg-C/l and Fettig
used water with DOC concentrations of 10.2 — 42.5 mg-C/I. Both concluded that a
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strong base anion exchange resin was more effective compared to GAC for
removal of TOC and DOC. Fearing et al. (2004) compared GAC and MIEX®
(magnetic IEX) with respect to three molecular weight ranges of DOC: smaller than
2000 g/mol, between 2000 and 5000 g/mol, and larger than 5000 g/mol. They
found that there was no difference between GAC and MIEX® for the decrease in
UVA,s54 for DOC with a molecular weight higher than 2000 g/mol; for DOC with a
molecular weight lower than 2000 g/mol, the UVA,s4 decrease was higher for GAC
than for MIEX®.

Ozone is an unstable oxidant in water. In general, when ozone is added to natural
water, it is consumed in two steps: an initial rapid ozone consumption step followed
by a subsequent slow decay step (Park et al., 2001). The rapid ozone consumption
is mainly due to reactions with NOM. Based on the reactivity of model compounds
with ozone, it is known that ozone consumption is influenced by organic carbon
structures and functionality. For example, unsaturated bonds can directly consume
ozone, alkyl compounds can inhibit ozone consumption, and aryl compounds can
promote or inhibit ozone consumption. Given its heterogeneous nature, NOM can
be involved in any or all of these mechanisms (Westerhoff et al., 1999). As a result
of direct ozone consumption by unsaturated bonds, larger organic components are
oxidatively transformed into smaller organic components and, consequently, a
decrease in UVAys4 occurs during ozonation. Westerhoff et al. (1999) found from
extensive research on physical and chemical properties of NOM isolates that
ozone reacts preferentially with the aromatic constituents of NOM, specifically
electron enriched aromatics, and that the ozone decomposition rate parameters
correlated best with SUVA. This indicated that a higher SUVA of NOM isolates
results in a higher reactivity with ozone.

Siddiqui et al. (1997) performed research on biological removal of NOM in sand
filters after ozonation. They found that increasing the ozone dosage per unit of
DOC resulted in more conversion of DOC to BDOC, however, an ozone dosage
per unit of DOC of higher than 1.0 (mg-Os/1)/(mg-C/l) did not further increase DOC
removal. Next to BDOC or AOC formation, during ozonation, bromate is also
formed as a disinfection by-product in bromide-containing waters (von Gunten,
2003) and is the major constraint to application of ozonation.

The objective of this study was to evaluate the effects of the character of NOM and
the removal of NOM on the formation of AOC and bromate during ozone
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disinfection, in order to determine what amount and which part of the NOM should
be removed for improvement of ozonation efficiency.

Materials and methods

Test waters

Natural waters were tested from the drinking water treatment plants Leiduin (LDN)
and Weesperkarspel (WPK) of Waternet (the water cycle company for Amsterdam
and surrounding areas), each with a different DOC concentration. In addition, the
DOC concentration of the WPK water was reduced by IEX or by GAC filtration. At
both plants the test water was taken before the ozonation steps. The LDN water
before ozonation is Rhine River water treated by coagulation, rapid sand filtration,
dune infiltration, aeration and rapid sand filtration. The WPK water before
ozonation is seepage water treated by coagulation, self-purification in a lake and
rapid sand filtration. For IEX treatment of the WPK water, PWA 958, a strong base
anion exchange type 1 resin from Rohm & Haas, was used. PWA 958 is a
macroreticular cross linked acrylic copolymer with an exchange capacity of 0.8
meqg/ml (CI" form) or 4.3 meq/g. For GAC treatment of the WPK water fresh
Chemviron F300 was used. The applied empty bed contact time (EBCT) was 15
seconds for IEX, and 5 minutes for GAC. These EBCTs were sufficient to reduce
the DOC concentration by more than 50%.

Installations

Experiments were performed in three different installations:

1. Bench-scale dissolved ozone plug flow reactor (DOPFR). In the DOPFR a
small side stream of Milli-Q® demineralized water containing dissolved ozone
(approximately 10 I/h, with ozone concentrations up to 16 mg-O;/l) was mixed
with a larger main stream consisting of test water (approximately 100 I/h).
Subsequently, contact time was created in a plug flow reactor that consisted of
a 63.9 m long PTFE tube with an inner diameter of 8 mm with multiple
sampling points (van der Helm et al., 2007). In this installation water from LDN
and from WPK was treated.

2. Pilot-plant co-current ozone bubble column (5.10 m height, diameter of 0.10 m
with 10 sampling points) followed by a counter current ozone bubble column
(4.50 m height, diameter of 0.10 m with 10 sampling points) and two contact
columns (4.40 m and 4.20 m height, diameter of 0.39 m with sampling points in
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the effluent). The flow through the installation was approximately 1 m%h. In the
co-current bubble column, 40% of the ozone was dosed, and in the counter
current bubble column 60% of the ozone was dosed. The water could be
treated by either IEX or GAC before entering the ozonation. In this installation
water from WPK was treated.

3. Pilot-plant counter current ozone bubble column (5.30 m water height,
diameter of 0.22 m with 12 sampling points) followed by three contact columns
(5.25 m water height, diameter of 0.22 m with 12 sampling points, 4.9 m water
height and 4.7 m water height, both a diameter of 0.65 m with sampling points
in the effluent). The flow through the installation was approximately 5 mh. In
this installation water from LDN was treated.

Experiments

The ozone dosages, bromide concentrations and NOM related parameters for the
experiments in the DOPFR and in the bubble column installations at WPK and LDN
are presented in Table 1. The ozone dosage in the DOPFR was determined by
measuring the ozone concentration in the side stream, the flow of the side stream
and the flow of the main stream. The ozone dosage in the bubble column
experiments was determined from the applied ozone gas concentration, ozone gas
flow and the water flow. Since the transfer efficiency of ozone in the bubble
columns was near 100%, based on measurements of the ozone gas concentration
of the off-gas, the ozone dosage was regarded as the amount of ozone transferred
to water.

The pH and bicarbonate of the tested WPK water ranged from 7.6 to 7.8 and from
201 mg-HCOgy/l to 212 mg-HCO4/l, and that of the LDN water from 7.9 to 8.0 and
from 186 mg-HCO3/l to 200 mg-HCO4/I. The temperature and AOC concentrations
for all experiments ranged from 11°C to 16°C and 3 pg-C/l to 14 ug-C/l. From the
full-scale plant data of WPK and LDN, it can be stated that both waters had a
carbonate concentration of ~0 mg-CO4/l, the LDN water had a nitrate concentration
of 0.8 £ 0.4 mg-N/I and a sulfate concentration of 55 + 6 mg-SO,/I, and the WPK
water had a nitrate concentration of 1.2 £ 0.4 mg-N/I and a sulfate concentration of
8 + 2 mg-SO,/l.
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Table 1 Ozone dosages and water quality parameters for: (i) DOPFR experiments;
(i) WPK bubble column experiments at “low” ozone dosages and LDN
bubble column experiment; (i) WPK bubble column experiments at “high”

ozone dosages

DOPFR experiments

WPK WPK WPK LDN

Parameter Unit water IEX GAC water

Oz dosage  mg-Os/l 1.43 1.39 148 0.90

UVA254 1/m 15.4 5.6 6.3 6.1
Bromide ug-Br/l 97 99 110 158
DOC mg-Cl/l 6.3 3.1 2.8 2.4
SUVA _(/m)_ 2.46 1.81 225 254
(mg-C/l)
SEC-DOC - NO NO NO NO
oypoc  MEON 535 o720 084 045
(mg-C/1)

WPK bubble column experiments “low” ozone dosages and LDN bubble column
experiment
Parameter Unit WPK WPK WPK WPK WPK WPK WPK LDN

water water water [EX IEX GAC GAC water
Os;dosage mg-Os/l 0.85 0.85 08 085 085 085 085 0.93
UVA2s4 1/m 14.4 14.4 14.4 2.5 4.1 1.2 6.0 5.5
Bromide ug-Bril 99 94 90 - 98 - - 170
DOC mg-C/| 6.6 6.0 5.8 1.5 27 0.7 2.8 25
SUVA G(n%[g)/_l) 218 2.40 248 167 152 162 214 220
SEC-DOC - NO NO YES NO  YES NO YES NO
04/DOC %n%%i}f—')) 013 0414 015 057 031 145 030 037
WPK bubble column experiments “high” ozone dosages
Parameter Unit WPK WPK WPK WPK WPK WPK WPK WPK

water water water [EX IEX IEX GAC GAC
Oz dosage  mg-Osl/l 1.70 1.70 1.70 170 170 170 1.70 1.70
UVA2s4 1/m 14.2 13.8 14.6 1.4 3.0 34 0.3 6.7
Bromide ug-Br/l 92 93 98 - 46 102 - -
DOC mg-C/| 5.7 55 5.6 1.4 1.8 2.2 0.2 3.3
SUVA E(n%)ﬁ) 249  2.51 2.61 1.00 167 155 136 2.03
SEC-DOC - NO NO NO NO NO NO NO NO
03/DOC %n%%%%) 0.30 0.31 030 121 094 077 773 052

Analysis methods

For the DOPFR experiments, ozone was analyzed with the indigo method based
on Bader and Hoigné (1982). For the bubble column experiments ozone was
analyzed with DPD method described by Gilbert (1981). Both methods give
consistent results (Gilbert and Hoigné, 1983). AOC was measured in duplicate,
applying the simultaneous incubation of strains P17 and NOX (van der Kooij et al.,
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1982). DOC and UVA,s, expressed as the absorbance per meter of cell length
were determined using standard procedures (Standard Methods, 2005). Bromate
samples were concentrated on two lonpac AG9-SC columns and analyzed using a
Dionex ICS3000 ion chromatograph, with an anion micro membrane suppressor,
UV detection (200 nm) and conductivity meter. Dionex lonpac AG9-SC and AS9-
SC columns were used with a 0.7 mM NaHCO; eluent. The minimum detection
limit is 0.5 pyg- BrO3/l (Orlandini et al., 1997; Smeenk et al., 1994). Bromide
samples were analyzed using a Dionex DX120 ion chromatograph, with chemical
suppressor (12.5 mM H,SO,), UV detection (200 nm), and conductivity meter. A
Dionex lonpac AS9-SC column was used with a 0.2 mM NaHCO; / 1.4 mM
Na,CO; eluent (Orlandini et al., 1997).

NOM characterization was performed by SEC-DOC (also known as LC-OCD) with
on-line UVA,s54 detection, described by Huber and Frimmel (1992, 1996). The result
of an SEC-DOC measurement is a chromatogram with the relative signal response
of organic carbon detection (OCD) and of UVA.s, detection (UVD). The various
peaks of the chromatograms are proportional to the DOC concentration and
UVAys, measured in a bypass. From the OCD chromatogram, the DOC
concentrations of NOM fractions with different molecular weights can be
determined. The fractions of interest for this research are the humic substances
fractions (quantified on the basis of Suwannee River Standard Stream humic
substances, MW~1000 g/mol), the building blocks fraction (humic substances
hydrolysates formed from the breakdown of humic substances, MW 300-500
g/mol), and the LMW acids fraction (free monoprotic and diprotic LMW organic
acids). For analysis of the reactivity of NOM with ozone, the SUVA was determined
from the SEC-DOC chromatograms for the humic substances fraction, for the
building blocks fraction, and for the combined fractions of humic substances and
building blocks together:

relative signal response UVD,, , . s peak oo

SUVA,, =

(1]

relative signal response OCD,, . .~ =« peak Jocn

relative signal response UVD,, yuion ime 88 peak Juvn

SUVA,, = 2]

relative signal response OCD,., .~ . peak Jocn
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SUVA (rez'Sign'reSp’UVDat el. time HS peak + rel’Sign‘reSp‘UVDat el. time BB peak )fUVD

(3]

HS+BB — ; ;
(rel'Slgn'reSp'OCDat el. time HS peak + Vel.Slgn.reSp.OCDm el. time BB peak )fOCD

where SUVAys is the SUVA for the humic substances fraction ((1/m)/(mg-C/l)),
SUVAgs is the SUVA for the building blocks fraction ((1/m)/(mg-C/l)), SUVAus.ss IS
the SUVA for the humic substances fraction and the building blocks fraction
together ((1/m)/(mg-C/l)), fuvp is the conversion factor for calculation of UVAgs,
from the relative signal response of the UVD chromatogram (1/m), and focp is the
conversion factor for calculating the DOC concentration from the relative signal
response of the OCD chromatogram (mg-C/l); fuyp and focp are determined from
the integrated signal responses of the chromatograms and the measurements of
UVA,s, and DOC in the bypass.

CT calculation
The CT value (ozone in water concentration “C” times contact time “T”) is
calculated using:

C I+C i
CT= Z 03, 03, l(l 71) [4]

where CT is the ozone exposure ((mg-Os/l)*min), co;3 is the concentration of ozone
in water (mg-O3j/l), t is the hydraulic residence time (min) defined by the reactor
volume divided by the water flow, and ngp is the number of sampling points. CT
values calculated for the bubble column experiments include the contact columns
as well as the bubble columns.

Ozone decay

Ozone decay consists of an initial rapid ozone consumption followed by a
subsequent slow ozone decay step. van der Helm et al. (2007) described rapid
ozone consumption as a function of the degradation of UVAys4 with first-order
kinetics, and slow ozone decay was described as first-order kinetics (Hoigné and
Bader, 1994), resulting in the following equations:

dc
(;3 = —kyy, (UVA—UVAy))Y — k504 [5]
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WD — s rA-vvay) 6]

where kyya is the UVA,s, decay rate (1/s), UVA is the UVAys, in water (1/m), UVA,
is the stable UVA,s,4 after completion of the ozonation process (1/m), Y is the yield
for ozone consumed per UVA,s, decrease ((mg-Os/l)/(1/m)), and ko3 is the slow
ozone decay rate (1/s).

The first term of Equation [5] for the ozone concentration in water describes the
rapid ozone consumption in water as a function of the UVA,54 decrease. The rate
of ozone decay shifts from the rapid to the slow kinetic regime as the ozonation
progresses (Zhou et al., 1994). The second term describes slow ozone decay by
first-order kinetics. Equation [6] describes the UVA,s; decrease by first-order
kinetics.

The rate constants koz and kyys and the yield Y are calculated from the ozone
concentration profiles measured in the DOPFR. In the DOPFR ozone depletion can
be measured for contact times of approximately 1.5 to 120 seconds. For contact
times beyond 120 seconds, batch experiments were performed. A bottle was filled
at the last sampling point of the DOPFR, and ozone concentration in the bottle was
frequently measured up to a time of 1000 seconds.

Results and discussion

NOM characterization of test waters

On all four test waters a SEC-DOC analysis was performed. For these experiments
the DOC concentration of the WPK water was 5.8 mg-C/I and the removal with IEX
or GAC was around 50% resulting in 2.7 mg-C/l and 2.8 mg-Cl/l, respectively. The
DOC concentration of the LDN water was 2.4 mg-C/l. In Table 1 the other water
quality parameters for the four test waters are shown. The relevant parts of the
OCD and the UVD chromatogram determined by SEC-DOC, as well as the
relevant part of the SUVA (UVD divided by the OCD) chromatogram, are shown in
Figure 1 for the WPK water. The concentrations of the DOC fractions calculated
from the OCD chromatogram are shown in Figure 2. DOC recovery by the SEC-
DOC measurements was 85% - 90% for the three WPK waters and 77% for the
LDN water.
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Figure 1 SEC-DOC chromatograms of the WPK water: (i) relative signal response
of the organic carbon detection (top); (ii) relative signal response of the
UVA3zs4 detection (middle); (iii) SUVA determined from the relative signal
responses of the UVD and the OCD (bottom); the dotted lines indicate the
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Figure 2 Concentrations of the DOC fractions of the test waters
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The removal of the DOC fractions by IEX or GAC is shown in Table 2. From Figure
2 and Table 2, it can be concluded that IEX removes more humic substances than
GAC, and GAC removes more building blocks, neutrals and LMW acids than IEX.

Table 2 Removal of DOC fractions by GAC or IEX for the WPK water
Removal of DOC (%)

Fraction WPK IEX treated WPK GAC treated
Polysaccharides 42 44
Humic substances 67 42
Building blocks 29 54
Neutrals and amphiphilics 20 61
LMW acids 0 78

The results for IEX in Figure 2 appear to be in contradiction with the conclusion
reported by Croué et al. (1999) who stated that the higher the MW of the NOM
fraction is, the lower the affinity with the anion exchange resin. However, Croué et
al. based this conclusion on NOM fractions ranging from 1000-3000 g/mol. For
fractions with an average MW of lower than 1000 g/mol, the data support the
conclusion that the lower the MW is, the lower the removal efficiency of IEX.

In Table 3 the UVA.s4, the DOC concentrations and the SUVA values are given for
the ozone reactive DOC fractions. It is observed that even though the IEX treated
WPK water and the GAC treated WPK water have differences in UVAys4, DOC
concentration, and SUVA value for the separate humic substances and building
blocks fractions, the summed values (HS+BB) are almost equal.

Table 3 UVA2s4, DOC concentrations and SUVA values for the ozone reactive
DOC fractions
UVA254 DOC SUVA

(1/m) (mg-C/l) ((1/m)/(mg-C1l))

HS BB HS+BB HS BB HS+BB HS BB HS+BB
WPK water 56 33 89 23 17 40 243 194 223
WPK IEX treated 19 2.0 39 08 12 20 238 167 1.95
WPK GAC treated 2.8 13 41 13 08 21 215 163 1.95
LDN water 17 11 28 07 06 13 243 183 215

Effect of ozonation on NOM fractions

In Figure 3 (left), the effect of an ozone dosage of 1.70 mg-Oz/l on NOM is shown
for the WPK water, and in Figure 3 (right), the effect of an ozone dosage of 1.04
mg-Os/l on NOM is shown for the LDN water for different ozone contact times.
From the decrease in the UVD chromatograms in Figure 3, it is suggested that
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ozone attacks unsaturated bonds in the humic substances and building blocks
fractions, which results in smaller organic components since the OCD
chromatograms show a small decrease in humic substances accompanied by a
small net increase in building blocks and an increase in LMW acids. From Figure 3
(right) it is concluded that the largest part of the change in DOC in the LDN water
takes place in the first 20 seconds of ozone exposure.

In Table 4 the decrease in SUVA due to ozonation is given for the four different test
waters. The results shown in Table 4 indicate that the building blocks fraction is
more ozone reactive than the humic substances fraction, since the decrease in
SUVAgs is larger than the decrease in SUVAys. The IEX treated WPK water has a
higher decrease in SUVAgs than the GAC treated WPK water. A possible
explanation for the difference between GAC and IEX is that GAC may remove
more building blocks with aromatic constituents than IEX does.
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Figure 3 SEC-DOC chromatograms showing the effect of ozone on NOM: (i) WPK

water before and after ozonation (left); (i) LDN water before ozonation,
during ozonation for 19 and 120 seconds and after ozonation (right); the
dotted lines indicate the elution time of the centroids of the humic
substances peak and the building blocks peak of the OCD chromatogram

(top)
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Table 4 Decrease in SUVA in percentage due to ozonation
Ozone dosage ASUVA (%)
(mg-O3/l) HS BB HS+BB
WPK water 0.85 17 23 19
WPK IEX treated 0.85 18 27 23
WPK GAC treated 0.85 18 19 19
LDN water 1.04 17 28 23

Effect of NOM character and removal on AOC formation

In Figure 4 the incremental (A) AOC formation per unit of DOC, determined in the
bubble column experiments for the four different test waters, is plotted against the
ozone dosage, including regression lines and 95% confidence intervals. For the
IEX treated WPK water, no correlation can be determined because there are only
values for one ozone dosage. Although the GAC treated WPK water has a high
Pearson R-square, the 95% confidence interval for the GAC treated WPK water is
large because the regression is based on only two measurements. For this reason
no statistically-based conclusions can be drawn from Figure 4. However, the figure
shows a trend towards higher AAOC concentrations per unit of DOC for the IEX
treated WPK water compared to the GAC treated WPK water and the WPK water.
This trend could be explained by the differences in NOM character. Part of the
oxidized humic substances and building blocks are transformed into AOC. From
Table 4 it is suggested that the ozone reactivity of building blocks is higher
compared to the ozone reactivity of humic substances. From the DOC
concentrations shown in Table 3, it can be observed that the IEX treated WPK
water contains relatively more building blocks compared to the GAC treated WPK
water and the WPK water. This suggests that AOC formation from building blocks
is higher compared to AOC formation from humic substances.

The LMW acids measured with SEC-DOC are small carboxylic acids, ketones and
aldehydes. These small acids are biodegradable organic compounds such as
formic acid and acetic acid (Huber and Frimmel, 1996). Biodegradable organic
compounds can be measured as AOC so there should be a relation between LMW
acids measured with SEC-DOC and the AOC concentration. In Figure 5 LMW
acids concentrations from the SEC-DOC measurements are plotted against AOC
concentrations for three ozonation experiments. There are three values for each
experiment: the influent concentration before ozonation (white symbol), the effluent
concentration after ozonation (grey symbol), and the A value which is the
difference between the effluent and the influent concentration representing the
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incremental increase due to ozonation (black symbol). Figure 5 shows no
correlation between the measured LMW acids concentrations and the measured
AOC concentrations (white and grey symbols), but there is a good correlation
between the increase in the LMW acids concentration and the increase in the AOC
concentration due to ozonation.

I
o

w
&,

WPK water

w
o

<
O WPK IEXtreated
A WPK GAC treated
X  LDN water

= a2 NN
o o0 o O

Lin.regr. WPK water
————— 95% conf.int. WPK water
Lin.regr. WPK IEXtr.

— ———-95% conf.int WPK IEXtr.
— — Lin.regr. WPK GAC tr.

AAOC/DOC [(ug-C/l)/(mg-Cll)]

5 7 .
. / ....... 95% conf.int. WPK GAC tr.

0.5 1.0 1.5 2.0 2.5

0.0
Ozone dosage [mg-Oa/l]
Figure 4 Effects of ozone on AOC formation per unit of DOC for the different test
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Figure 5 Absolute values LMW acids versus AOC (white and grey symbols) and

ALMW acids versus AAOC (black symbols) for the WPK water with an
ozone dosage of 1.70 mg-Og/l, for the GAC treated WPK water with an
ozone dosage of 0.85 mg-Os/ and for the LDN water with an ozone
dosage of 1.04 mg-Os/I
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Van der Kooij et al. (1989) reported a linear relationship through the origin between
the decrease in UVAy, and AOC formation during ozonation, this can also be
observed for the WPK water (see Figure 6, left). However, for the GAC treated
WPK water the correlation is very low and for the WPK water treated by IEX there
is no correlation for a linear regression line through the origin. Alternatively, when
focusing on the decrease in UVAys:ss, in relation to the AOC formation, positive
correlations are obtained for all water types (see Figure 6, right). From Figure 6
(right), it is concluded that the lower the SUVAys.g5 before ozonation is, the higher
the AOC formation per unit of UVAus.gs decrease due to ozonation. Water types
with the same SUVALs.ss before ozonation, such as the IEX and the GAC treated
WPK water (average SUVAus:ss = 1.9 (1/m)/(mg-C/l)), have the same AOC
formation for the same decrease in UVAus.gg due to ozonation (see Figure 6,
right).
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Figure 6 AOC formation: (i) AAOC vs. AUVAzs4 (left); (i) AAOC vs. AUVAHs+s8

(right), for ozone bubble column pilot-plant experiments with the WPK
water and the IEX and the GAC treated WPK water

Effect of NOM character and removal on the CT value

In Figure 7, the CT values are plotted against the DOC concentrations for different
ozone dosages in the bubble column experiments. In the case of the WPK water,
the total amount of ozone reacts with DOC and there is no measurable residual
ozone for calculating a CT value. For decreasing DOC concentrations, residual
ozone and, thus, CT values will first appear for the ozone dosage of 1.70 mg-Oa/I
and subsequently for the ozone dosage of 0.85 mg-Os/l. From Figure 7, it is
observed that the relation between the CT value and DOC concentration for the
IEX and GAC treated WPK water coincide. Thus, the CT value is not influenced by
which fraction, i.e., the humic substances fraction or the building blocks fraction, is
removed to a greater extent.
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Figure 7 CT values at different DOC concentrations for the WPK and the LDN pilot-

plant bubble column experiments

From the DOPFR experiments (see Table 1), rapid ozone consumption and slow
ozone decay were determined without interference from ozone gas transfer. By
fitting Equations 5 and 6 on the measured ozone profiles in the DOPFR
experiments, the rate constants ko3 and kyva, and the yield Y for the different test
waters were determined. The results of the fits are presented in Table 5, with their
respective Pearson R-square values (R?).

Table 5 Rate coefficients for rapid ozone consumption (kyva) and slow ozone
decay (kos), and the yield factor (Y) determined from DOPFR experiments
Osdosage Temp. DOC kos kuva Y R*
(mg-Os/1) (°C) (mg-C/l)  (1/s) (1/s)  (mg-Os/)/(1/m)  (-)
WPK water 1.43 12 6.3 0.0687  2.201 0.25 0.99
WPK IEX tr. 1.39 12 3.1 0.0025 0.034 0.41 0.97
WPK GAC tr. 1.48 13 2.8 0.0027  0.153 0.51 0.99
LDN water 0.90 12 24 0.0041  0.285 0.16 0.97

From Table 5, it can be seen that the ko3 for the IEX and GAC treated WPK water
are nearly the same, and that the kv, for the GAC treated WPK water is more than
4 times greater than for the IEX treated WPK water. Since the GAC treated WPK
water contains more humic substances and fewer building blocks than the IEX
treated WPK water (see Table 3), this may indicate that humic substances react
faster with ozone than building blocks. The Y for the GAC treated WPK water is
higher than for the IEX treated WPK water, however the UVA,54 decrease for the
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IEX treated WPK water is higher than that for the GAC treated WPK water,
resulting in an ozone decrease due to rapid ozone consumption of 0.94 mg-Osl/l
and 0.92 mg-Oa/l for the IEX and the GAC treated WPK water, respectively.

From Figure 7 data it is observed that for the same DOC concentrations, the CT
values for the bubble column experiments with the IEX and GAC treated WPK
water are the same, even though the kyy4 is more than 4 times greater for the GAC
than for the IEX treated WPK water. This can be explained by the fact that in
bubble column experiments the kyy, is not the decisive parameter for the CT value.
The main part of rapid ozone consumption will take place in the bubble column and
therefore will be determined by the gas exchange rate, the ka (Lewis and
Whitman, 1924), between ozone gas and water, which is one or more orders
slower than rapid ozone consumption. Values found in the literature for the k;a of
ozone in bubble columns range from 0.0001 1/s to 0.0192 1/s depending on
turbulence and the gas exchange area (Roustan et al., 1987; Roustan et al., 1996).
The decisive parameters for the CT value in bubble column experiments are the
amount of ozone consumed during the rapid ozone consumption step and the kos.
The first parameter determines the ozone concentration at the point where rapid
ozone consumption shifts to slow ozone decay, and the second parameter
determines the time for this ozone concentration to decrease to zero. Since the
differences between both the amount of ozone consumed during rapid ozone
consumption and the ko3 for the IEX and the GAC treated WPK water are relatively
small, the CT values for both waters in bubble column experiments are almost the
same for the same DOC concentrations, as seen in Figure 7.

The kyva that was found for the LDN water was 0.285 1/s (see Table 5). This
means that 99% of rapid ozone consumption occurs in the first 16 seconds. This is
in agreement with Figure 3 (right) where it was observed that the largest part of the
UVA,54 decrease for the LDN water took place within the first 20 seconds.

Effect of NOM character and removal on bromate formation

In Figure 8, bromate formation is plotted against the CT value for the bubble
column experiments. For the WPK water with ozone dosages of 0.85 mg-Os/l and
1.70 mg-Osl/l, the CT value is zero because of the high concentration of NOM in the
water (see Figure 7); accordingly, the bromate formation is zero. Bromate
formation for the LDN water is higher than for the WPK water due to higher
bromide concentrations of around 170 ug-Br/l versus 90-100 ug-Br/l for the WPK
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water. From the experimental data it can be concluded that the IEX resin does not
remove bromide, but bromate formation for the IEX treated WPK water is lower
than for the GAC treated WPK water. It should be noted that this observation is
based on a limited number of data points and, as a consequence, the 95%
confidence bounds are wide.
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Figure 8 Bromate formation for the bubble column pilot-plant experiments

Conclusions
The humic substances fraction (MW ~ 1000 g/mol) and the building blocks fraction
(MW 300-500 g/mol) of NOM, as determined by SEC-DOC, are the ozone reactive
fractions and thus most important for assessment of ozonation efficiency. With
respect to AOC formation during ozonation, it is concluded that AOC formation per
unit of DOC is higher for NOM containing more building blocks than humic
substances for the same ozone dosage. As a result of ozonation the LMW acids
fraction of NOM, as determined by SEC-DOC, increased, and a good correlation
was found between the increase in LMW acids and the AOC formation. Also, good
correlations were found between the AOC increase and the UVA,s54 decrease in the
humic substances fraction and the building blocks fraction together. With respect to
the CT value for disinfection during ozonation, it is concluded that removal of humic
substances and building blocks leads to a higher CT value for the same ozone
dosage. The rate of rapid ozone consumption is higher for NOM containing more
humic substances than building blocks, however, the CT value is not influenced by
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which fraction is removed to a greater extent. CT values in bubble column ozone
reactors are not determined by the rate of rapid ozone consumption but by the
amount of ozone consumed during rapid ozone consumption and by the slow
ozone decay rate. With respect to bromate formation during ozonation, it is
concluded that bromate formation is possibly higher for NOM containing more
humic substances than building blocks.

From a water quality point of view, it is concluded that ozonation efficiency
improved more with the removal of the humic substances fraction (MW ~ 1000
g/mol) of NOM as compared to the removal of the building blocks fraction (300-500
g/mol) of NOM. This led to less AOC formation and less bromate formation. When
considering IEX (Rohm & Haas, PWA 958; strong base anion exchange type 1
resin) and GAC filtration (Chemviron, F300) for NOM removal, IEX is preferred,
because from NOM characterization by SEC-DOC, it is concluded that IEX
removed more humic substances than GAC filtration.
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Nomenclature

AOC assimilable organic carbon

BB building blocks (break down products of humic substances)
CT ozone exposure ((mg-Oa/l)*min)

DOC dissolved organic carbon (mg-C/l)

DOPFR dissolved ozone plug flow reactor

FEEM fluorescence excitation-emission matrices

GAC granular activated carbon
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HS
IEX
LC-OCD

LDN

LMW acids
MW

NOM

OoCD

POC
SEC-DOC

SUVA

TOC
UVAs4
uvD
Waternet
WPK

Cos

foco

fUVD

kos

Kuva

Nnsp
SUVAg
SUVA4s
SUVAus+88

UVA
UVA,

Effects of natural organic matter (NOM) character and removal on efficiency of ozonation

humic substances

ion exchange

liquid chromatography combined with online organic carbon
detection

drinking water treatment plant Leiduin of Waternet

low molecular weight acids

molecular weight

natural organic matter

organic carbon detection

particulate organic carbon

size exclusion chromatography combined with online dissolved
organic carbon detection

specific UV absorbance defined as UVA,s, divided by DOC
concentration ((1/m)/(mg-C/1))

total organic carbon

UV absorbance at 254 nm

UV absorbance detection

water cycle company for Amsterdam and surrounding areas
drinking water treatment plant Weesperkarspel of Waternet
concentration of ozone in water (mg-Os/l)

conversion factor for calculation of the DOC concentration from the
relative signal response of the OCD chromatogram measured with
SEC-DOC (mg-C/l)

conversion factor for calculation of the UVA.s: from the relative
signal response of the UVD chromatogram measured with SEC-
DOC (1/m)

slow ozone decay rate (1/s)

UVA,s, decay rate (1/s)

number of sampling points

SUVA for building blocks fraction from SEC-DOC ((1/m)/(mg-C/I))
SUVA for humic substances fraction from SEC-DOC (1/m)/(mg-C/l)
SUVA for the humic substances fraction and the building blocks
fraction from SEC-DOC together ((1/m)/(mg-C/l))

hydraulic residence time (min)

UVA,s, in water (1/m)

stable UVA,s, after completion of the ozonation process (1/m)

yield for ozone consumed per UVA,s54 decrease ((mg-Os/1)/(1/m))
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6. Integrated model for operational support and
process control of ozonation

Pilot-scale experiments were performed with ozone bubble column
installations at two drinking water treatment plants. The influent water
quality of the two plants has distinct differences in dissolved organic
carbon (DOC) concentration, UV absorbance at 254 nm (UVA,s4) and
bromide concentration. The experimental data were used to calibrate
an integrated ozonation model that calculates ozone exposure (CT), E.
coli disinfection, bromate formation and assimilable organic carbon
(AOC) formation. For a number of model parameters, relationships
were determined for the two different water types, based on water
quality parameters. The model was used to evaluate the current
control strategy of the full-scale ozone installation at Weesperkarspel
and to assess other control strategies for operational support and for
process control of ozonation.

Introduction

Water quality is the most important objective for the optimization of existing
drinking water treatment plants (van der Helm et al., 2006). High quality drinking
water with respect to microbiological safety, toxicity, chemical stability, and
biological stability of the water should be guaranteed under all circumstances. With
model-based operational support and process control, water quality can be
improved and will become more stable. Since individual drinking water treatment
steps influence subsequent treatment steps, the effects of changes in the
operational conditions of individual drinking water treatment steps should be
assessed for the entire treatment plant. Therefore, an integrated model has to
incorporate all relevant integrated water quality parameters.

For the drinking water treatment plants of Waternet (the water cycle company for
Amsterdam and surrounding areas), ozonation plays a key role in integrated
optimization for microbiological safety, toxicity and biological stability of the water
(van der Helm et al.,, 2006). An integrated model containing the water quality
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parameters Escherichia coli (E. coli), bromate, assimilable organic carbon (AOC),
dissolved organic carbon (DOC) and UV absorbance at 254 nm (UVAys4) has been
developed for dissolved ozone dosing in a plug flow reactor (van der Helm et al.,
2007a,b). Use of the integrated ozone model for the operational support and
control of existing ozone bubble column installations requires that the model be
extended to account for gas transfer for ozone transport from the gas phase to the
liquid phase.

The objectives of this research are to incorporate gas transfer in bubble columns in
the integrated ozone model, to determine relationships between model parameters
of different treatment plants so the same model can be applied to different
locations, and to use the model for the evaluation of control strategies for
operational support and process control of ozonation.

Materials and methods

Installations

Experiments were performed in two different pilot-scale installations of Waternet.

One pilot plant was at drinking water treatment plant Leiduin (LDN), and the other

was at drinking water treatment plant Weesperkarspel (WPK). The characteristics

for each of the installations are as follows:

1. Pilot-plant LDN: counter current ozone bubble column (5.30 m water height,
diameter of 0.217 m with 12 sampling points) followed by a contact column
(2.75 m water height, diameter of 0.217 m with 5 sampling points) and a
subsequent pipe (63.5 m length, diameter ranging from 0.046 m to 0.153 m
with 19 sampling points) with a flow of approximately 5 m®h. The total
residence time was 24.3 minutes.

2. Pilot-plant WPK: four counter current ozone bubble columns in series (5.30 m,
5.10 m, 4.90 m and 4.75 m water height, diameters of 0.404 m and all with 6
sampling points over the height) followed by a pipe (35.4 m length, diameter of
0.111 m with 5 sampling points) and 2 contact columns in series (2.60 m and
2.45 m water height, diameters of 1.025 m with sampling points in the effluent).
The flow varied between 7.5 and 15 m*h for the different experiments,
resulting in a total residence time between 51.2 and 25.6 minutes.

At LDN and at WPK the Ozonia Ozat CFS-1A ozone generator was used. At LDN it
was operated with pure oxygen and at WPK with air. At both plants the ozone in
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gas concentration was measured with a BMT 964 Ozone Analyzer from BMT
Messtechnik. At the WPK pilot plant the water flow was measured using a
Yokogawa AE202MG flow meter and controlled using a Birkert Control Valve type
2712, and the gas flow was measured and controlled using Birkert MFC-8712
mass flow controllers. At the LDN pilot plant the ozone gas flow was controlled
manually and measured using a Brooks 5860S gas flow meter and the water flows
were controlled manually and measured using Endress & Hauser's 30D/33D and
Yokogawa AE204MG flow meters.

Experiments

A number of experiments were performed at the LDN and WPK pilot plants. The
conditions of the experiments and the influent water quality parameters are given in
Tables 1 and 2. During the experiments described in Table 2, ozone was dosed in
the first two bubble columns. The gas flows as given in Table 2 were equally
divided over these two bubble columns. In the third and fourth bubble columns no
ozone was used, so they functioned as contact columns.

Analysis methods

Ozone was analyzed according to the indigo method described by Bader and
Hoigné (1982). Bromate samples were concentrated on two lonpac AG9-SC
columns and analyzed using a Dionex ICS3000 ion chromatograph with an anion
micro membrane suppressor, UV detection (200 nm) and conductivity meter.
Dionex lonpac AG9-SC, and AS9-SC columns were used with a 0.7 mM NaHCO;
eluent. The detection limit is 0.5 pg- BrOy/I (Orlandini et al., 1997; Smeenk et al.,
1994). Bromide samples were analyzed using a Dionex DX120 ion chromatograph
with a chemical suppressor (12.5 mM H,SO,), UV detection (200 nm), and
conductivity meter. A Dionex lonpac AS9-SC column was used with a 0.2 mM
NaHCO; / 1.4 mM Na,COj; eluent (Orlandini et al., 1997). AOC was measured in
duplicate, applying the simultaneous incubation of strains P17 and NOX (van der
Kooij et al., 1982). DOC, pH, bicarbonate and UVAjs; expressed as the
absorbance per meter of cell length were determined using standard procedures
(Standard Methods, 2005). An E. coli WR1 strain was cultured on a low substrate
as described in Smeets et al. (2006). Microbiological samples were taken in 1 liter
sterile bottles containing sodium thiosulfate to immediately quench any remaining
ozone. Samples were analyzed by direct filtration and inoculation of the filter or by
dilution and direct inoculation of 0.1 ml on agar.
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Table 1 Conditions and influent water quality parameters for the LDN pilot-plant
experiments
: Experiment number
Parameter Unit 1 2 3 4 5 6
O3 dosage mg-Oa/l 0.23 0.91 1.40 0.72 0.84 1.78
Water flow m%h 5.0 5.0 5.0 5.0 5.0 5.0

O3 gas flow Nm®/h 0.268 0.289 0509 0.024 0.039 0.084
O3 gas con. g/Nm® 4.4 15.7 13.7 151 108 106
E. col**  CFU/100 ml 12000 16000 14000 14700 10900 6800

pH - 8.1 8.1 8.1 8.0 8.1 8.1
Bicarbonate mg-HCOs/l 196 195 196 194 190 194
UVA254 1/m 54 5.6 5.6 5.6 4.1 5.8
Bromide pg/l 191* 191* 191* 184**  184*  184**
Bromate pg-BrOs/l <0.5 <0.5 <0.5 <0.5 <0.5 <0.5
AOC-total pg-Cll 39* 39* 39* 37* 37 37+
DOC mg-C/I 2.0 2.1 1.7 2.2 23 2.2
Temp. °C 11.0 10.6 10.4 10.5 10.4 10.6

* measured at experiment 1 and assumed to be constant
** measured at experiment 4 and assumed to be constant
*** . coli were dosed prior to ozonation

Table 2 Conditions and influent water quality parameters for the WPK pilot-plant
experiments
. Experiment number
Parameter Unit 1 2 3 4 5 6 7
O3 dosage mg-Oa/l 1.5 1.5 2.0 2.0 2.5 2.5 2.5
Water flow m*/h 7.5 10.0 7.5 15.0 10.0 10.0 10.0

O3 gas flow Nm%h 1.00 0.50 1.00 1.00 0.50 0.75 1.60
Osgascon.  g/Nm’ 11.3 30.0 15.0 30.0 50.0 33.3 25.0

pH - 7.5 7.5 7.5 7.5 7.5 7.5 7.5
Bicarbonate mg-HCOas/l 203 198 197 201 195 203 202
UVA3s4 1/m 14.8 15.4 15.4 15.5 15.3 15.2 15.3
Bromide pg/l 98 96 96 95 97 100 100
Bromate Mg-BrOsl/l <0.5 - <0.5 - - - -

AOC-total ug-Cl/l 7 - 7 - - - -

DOC mg-Cl/| 7.6 5.9 6.3 6.4 6.3 6.6 5.9
Temp. °C 11.6 9.6 9.1 8.1 8.7 9.6 11.7

. Experiment number

Parameter Unit 8 9 10 11 12 13 14
O3 dosage mg-Os/l 25 3.0 3.5 3.5 3.5 4.0 4.0
Water flow m*h 15.0 12.5 7.5 7.5 7.5 7.5 7.5

Osgasfow Nm¥% 100 100 050 075 100 075  1.00
O3 gas con. g/Nm3 37.5 37.5 52.5 35.0 26.3 40.0 30.0

pH - 7.5 7.5 7.5 7.4 7.5 7.4 7.5
Bicarbonate mg-HCOs/l 197 203 200 202 204 194 194
UVA254 1/m 15.8 15.2 15.3 15.1 15.2 15.7 15.5
Bromide pg/l 99 99 99 98 98 97 99
Bromate pg-BrOa/l <0.5 <0.5 - <0.5 <0.5 - <0.5
AOC-total ug-Cl/l 9 8 - 10 35 - 7
DOC mg-Cl/| 5.9 6.5 6.0 5.9 6.1 6.0 6.4
Temp. °C 8.1 9.9 11.7 13.1 12.4 7.0 7.1
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The CT value for ozonation was calculated using:

CT =Y ¢y, (4,/60~1,,/60) [1]

i=0

where CT is the ozone exposure ((mg-Os/l)*min), ngp is the number of sampling
points (-), co3 is the concentration of ozone in water (mg-O3/l) and ¢ is time (s).

Hydraulic properties of the pilot plants

From residence time distribution (RTD) curves, the number of CSTRs was
determined by parameter estimation through numerical integration of advection as
described by van der Helm et al. (2007b) for the bubble and contact columns at the
WPK pilot plant. For the LDN pilot plant, the number of CSTRs was determined
with Taylor approximation as described by Wols et al. (2006). The RTD curves
were measured with Hannah Instruments EC215R conductivity meters during step-
tracer experiments using a salt solution, and measuring intervals ranging from 3 to
7 seconds.

Modeling of ozonation bubble column installations

The model used by van der Helm et al. (2007a) to describe ozone decay in a plug
flow reactor where dissolved ozone was dosed was extended with gas exchange
according to the model of Rietveld (2005) for application in ozone bubble columns.
In the model rapid ozone consumption was determined by the decrease in UVAs4:

oc, oc, u 6
03—y 05 kLRQ——(achmg —Cp3) —kyy (UVA—=UVA,))Y —ky;cps [2]
ot ox u,d,

where u is the water velocity (m/s), x is the length of the reactor (m), k. is the gas
transfer coefficient (m/s), RQ is the gas to water flow ratio (Q/Q) (Nm*m®), Q and
Qg are the water flow (m3/h) and gas flow (Nm3/h), respectively, ug is the gas
velocity (m/s), d, is the bubble diameter (m), « is the temperature and pressure
correction factor a=(Py/P,)(T,/Ty), P, and P, are the standard pressure (101325
Pa) and the gas pressure in the reactor (Pa), respectively, T, and T4 are the
standard temperature (273.15 K) and the gas temperature in the reactor (K),
respectively, kp is the distribution coefficient (-), coss is the ozone in gas
concentration (g-O3/Nm3), kuva is UVAzs4 decay rate (1/s), UVA is UVAs, in water
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(1/m), UVA, is the stable UVA,s, after completion of the ozonation process (1/m), Y
is the yield for ozone consumed per UVA,s4 decrease ((mg-Oz/l)/(1/m)) and ko3 is
the slow ozone decay rate (1/s). The « is determined by the gas temperature and
the water height in the bubble columns, and thus changes over the height of the
bubble column. uy was calculated using the equation for the rising velocity of a
bubble in stagnant water derived by Wallis (1969):

200006 ) "
O
j [3]

u, = 0.0135(
Pudy

where ¢ is the surface tension (N/m) and o, is the water density (kg/m3). For

co-current bubble columns, uy = u, + u, and for counter current bubble columns

ug = U, — u. The ozone concentration in the gas phase was described by the

following equation (Rietveld, 2005):

0Cps, 0Cps, 6
6té = U, 8xé +k, d_b(akDCO3g —Cp3) [4]

For the gas transfer coefficient, k;, the expression by Hughmark (1967) was used:

b

0.484 0.339 1/3 0.072
D, d d
kL — 03 2+a ub b v bg2/3 [5]
d, v Dy, Doy,

where Dg; is the diffusion coefficient of ozone (m2/s), a and b are empirical
constants (for single gas bubbles a = 0.061 and b = 1.61, and for swarms of gas
bubbles a = 0.0187 and b = 1.61), u, is the bubble rising velocity (m/s), v is the
kinematic viscosity (mzls) and g is the specific gravity (m/sz).

The equations used for UVA,s, decrease, bromate formation, E. coli inactivation
with the Hom model, the CT and AOC formation were from van der Helm et al.
(2007a):

o(UVA) . o(UvA)
ot ox

—kyy (UVA—UVA,) [6]
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0Cp03 _ —u 0C,03

+kp,03C03 Cpr03,mi = F5r03,ni€03,p05 T Cr03.in [7]
ot Ox
N = —ua—N—£111Nc('§3tm_1 [8]
ot ox 60
o(CT) o(CT)
=-u +c 9
o o 03 [9]
C10c = Fi0cCo3,p05sCpocin + Ca0c [10]

where cg,03 is the bromate concentration (ug-BrOs/l), kg,03 is the bromate formation
rate constant ((ug-BrOai/l)/((mg-Os/l)*min)), Cgros,ni is the initial bromate formation
(Mg-BrOas/l), Fgrosni is the constant for initial bromate formation ((ug-BrOai/l)/(mg-
O3/l)), Cospos is the ozone dosage (mg-Osll), Cgrosin is the influent bromate
concentration (ug-BrOg/l), N is the number concentration of organisms (CFU/100
ml), k is the inactivation rate coefficient (I//(mg-O3*min) for n=1 and m=1) and n and
m are empirical constants (-), caoc is the AOC concentration (ug-C/l), Faoc is the
constant for AOC formation per DOC ((ug-C/l)/(mg-Os/I*mg-C/l)), cpocin is the
influent dissolved organic carbon concentration (mg-C/l) and Caocin is the influent
AOC concentration (ug-C/l).

The Equations [2], [4] and [6] to [9] were numerically solved in the Stimela
environment that was programmed in Matlab®/Simulink® (van der Helm and
Rietveld, 2002). In the Stimela model it is possible to simulate short-circuiting in the
bubble column. As a result, part of the water flow through the bubble column has
no contact with ozone and mixes at the bottom of the bubble column. This
possibility is created, because, in earlier experiments in the LDN bubble column
pilot plant, where UVA.s, was measured over the height of the bubble column
(ozone was quenched with Na,SO3), an increase in UVAys, at the bottom of the
bubble column was observed (see Figure 1). An increase in UVAys, is only possible
when water without ozone but with a high UVA,5, mixes with ozonated water with a
lower UVA,ss. The short-circuit flow in the bubble column relative to the total flow is
given by:
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0
SCy. = S;BC [11]

where SCgc is the factor for short-circuiting in the bubble column (-) and Qscsc is
the short-circuiting flow in the bubble column (m3/h).

6
5 E}?\:)—\\\ \@\\
'E' 4
3 3
<
5 2 —<&— LDN Co3pos = 0.9 mg-Og,/I, Cosg = 30 g-O3/Nm3
—B— LDN €03 pos = 0.9 mg-Os/l, Co3g= 50 g-O3/Nm3
1 —A—LDN Co3pos =0.9 mg-03/|, Cosg= 70 g-O3/Nm3
0 ‘
0 0.2 0.4 0.6 0.8 1 1.2
Time [min]
Figure 1 UVA2s4 decrease in the bubble column at the LDN pilot plant for three

experiments with an ozone dosage of 0.9 mg-O3/l realized with different
ozone in gas concentrations

Model parameters for LDN and WPK

Model parameters used in the calculations were the parameters determined in
previous research by van der Helm et al. (2007a) with the pilot-scale dissolved
ozone plug flow reactor (DOPFR), parameters determined from the literature, and
parameters determined from model calibration with experimental data from this
research on bubble column installations (see Table 3).
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Table 3 Model parameters for ozone bubble column pilot plants at LDN and WPK
Parameter Value Unit Remark
_4-372C()3,D(JS
Kos LDN 0.1454¢ 1s van der Helm et al. (2007a)
WPK calibrate experiments this research
kuva 3.75¢ > 443C0s.00s 1/s van der Helm et al. (2007a)
v LDN 0.137 mg-0s/l van der Helm et al. (2007a)
WPK calibrate 1/m experiments this research
UVAy* LDN UVA,, —(1.261cy; p,, +1.0237) 1/m van der Helm et al. (2007a)
WPK calibrate experiments this research
Ko™ 0.45-0.043T _ Langlais et al. (1991) for:
€ 0°C<T<35°C
dp 0.003 m Analogous to Rietveld (2005)
s T+, 2 . . .
Dos** 5.97.10 " ——= m°/s Nernst-Einstein equation™**
vp
Approximation based on data
o —1.4710°*T +7.5601072 N/m Degrémont (1991) for:
0°C<T<30°C.
LDN calibrate Single gas bubbles a=0.061
A . - and swarms of gas bubbles
WPK calibrate a=0.0187 (Hughmark, 1967)
B 1.61 - Hughmark (1967)
497.10°° Approximation based on data
L — m?/s from Degrémont (1991) for:
(42.5+T7)" 0°C<T<35°C.
w 1000 kg/m®
G 9.81 m/s’
LDN calibrate
- i hi h
SCse WPK calibrate experiments this researc
£ e LDN 217 ug-BrOz/I  van der Helm et al. (2007a)
Brosm \wpK 0 mg-Os/l  experiments this research
K LDN 1.66 ug-BrOs/I _ van der Helm et al. (2007a)
803 wWPK calibrate (mg-Os/l)*min  experiments this research
~3.305C,; pos 11
K 4.49¢ : mg-Oz'min s van der Helm et al. (2007a)
N 1 - van der Helm et al. (2007a)
M 2 - van der Helm et al. (2007a)
E LDN 45 ug-C/l van der Helm et al. (2007a)
A% wpK calibrate mg-Os/I*mg-C/l experiments this research

*kkk

where UVA;, is the influent UVA2s4 (1/m)

where T is the temperature of the water (°C)
Fsros,ini cannot be determined from bubble column experiments. Therefore, it is
assumed for WPK that the bromate concentration increases linearly with the CT
value, without an initial fast increase
determined from Doz = 1.74+10"° m?/s at 20°C (Langlais et al., 1991)
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First, the unknown model parameters for describing the ozone concentration and
UVA,s, decrease were calibrated. This means that for the LDN model the a and
SCpgc were calibrated, and for the WPK model ko3, Y, UVA,, a and SCgc were
calibrated. Subsequently, the unknown model parameters for describing bromate
and AOC formation were calibrated. This means that kgo3; and Faoc were
calibrated for the WPK model; for the LDN model these parameters were already
determined (see Table 3). The last step, for kos, Y, UVA,, kgroz and Faoc, the
possibilities were studied to combine the expressions for LDN and WPK into a
more general expression based on the differences in water quality. For ko3 and Y
the difference was characterized by the influent DOC concentration, for UVA, by
the influent UVA,54 concentration and for kg.03 by the influent pH and the influent
bromide concentrations.

kyva could not be determined from bubble column experiments, therefore, the
expression derived from the DOPFR experiments for LDN were also used for WPK.
Since the gas transfer rate for ozone in a bubble column is one or more orders
slower compared to kyya (van der Helm et al., 2007c) and the main part of UVAys4
decrease and thus rapid ozone consumption will take place in the bubble column,
the ozone profile in the installation is not influenced by kyya.

Control strategies

Based on model calculations, the effects on CT, bromate and AOC formation were

evaluated for different control strategies of the WPK ozonation pilot plant. For the

ozonation water quality influent parameters, monthly or yearly average values were
used from the year 2004. For every month during one year, a new setting for the
ozone dosage was determined based on the following different control strategies:

1. The current control strategy at WPK that is applied in the full-scale ozone
installation at WPK, where the ozone dosage is 1.7 mg-Oj/l when the water
temperature is above 12°C and 2.2 mg-Os/l when the water temperature is
below 12°C. The lower ozone dosage at higher temperatures is to limit AOC
formation in order to prevent rapid clogging of the BAC filters.

2. The maximal CT control strategy, where the ozone dosage is calculated for the
situation that a maximum allowed effluent bromate concentration is reached
and for the situation that a maximum allowed AOC concentration is reached.
Set point for the ozone dosage is the higher of the two calculated dosages.

3. The log inactivation control strategy, where the ozone dosage is determined by
a set point for the log inactivation of Giardia.
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Because the WPK experiments were performed within a small temperature range
of 7.0°C to 13.1°C, the temperature dependency for reaction rate constants were
used from the literature. The influence of temperature was modeled using
Arrhenius’ equation, given by:

k= AeF KW [12]

where A is the frequency factor (unit depending on the unit of k), E, is the
activation energy (J/mol), R =8.314 J/(mol*K) is the ideal gas constant and T, is the
absolute temperature of the water (K).

Results and discussion

Hydraulic properties of the pilot plants

The resulting numbers of CSTRs for the bubble and contact columns at the LDN
and WPK pilot plants determined from measured RTD curves are shown in Table
4. From Table 4 it can be seen that the LDN pilot-plant bubble and contact columns
have a better plug flow compared to the WPK pilot-plant bubble and contact
columns. In addition, it can be observed that the hydraulic characteristics of a
bubble column in which ozone is dosed has fewer CSTRs than the same column
where no ozone is dosed. The same number of CSTRs is used in the models
describing ozonation at the LDN and WPK pilot plants. The short-circuit flow
through the bubble columns could not be determined from the step-tracer
experiments. This indicates that the main flow and the short-circuit flow have about
the same RTD.

Table 4 Results for step-tracer experiments at the LDN and WPK pilot plants
Installation Water fow Gas flow  Diameter CSTRs
[m%h] INm>/h] [m] [-]
Pilot plant at LDN Bubble column 10.5 0.180 0.217 30
Contact column 10.5 - 0.217 50
Pipe 25 - 0.046-0.153 >200
Pilot plant at WPK Bubble column 1 10.0 0.400 0.404 6
Bubble column 2 10.0 0.400 0.404 6
Bubble column 3 10.0 0.000 0.404 12
Bubble column 4 10.0 0.000 0.404 12
Pipe 10.0 - 0.111 14
Contact column 1 10.0 - 1.025 1
Contact column 2 10.0 - 1.025 1
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Calibration of the model parameters for describing the ozone concentration
and UVA,s, decrease

For the LDN bubble column pilot plant, known model parameters were used from
Table 3, and a and SCgc were calibrated on the basis of the results of the LDN
experiments described in Table 1. The calibration results are given in Table 5. For
the LDN experiments 1 and 2, with approximately the same gas flow as each other,
the calibrated values for a and SCpc are the same. LDN experiment 3, with a gas
flow twice as high as experiments 1 and 2, had a lower a, thus the gas flow is more
similar to swarms of bubbles, and a lower SCpgq, thus the short-circuit flow
decreased due to the higher gas flow. This indicates that for an increasing RQ, the
bubble flow shifts towards swarms of bubbles and the short-circuit flow decreases.

Table 5 Calibration results for LDN experiments 1, 2 and 3
Parameter Unit ] Experime2nt number 5
a - 0.04 0.04 0.0187
SCsc - 0.50 0.50 0.40

In Figure 2 the measured and calculated ozone concentrations are shown for LDN
experiments 1, 2 and 3 with an ozone dosage of 0.23, 0.91 and 1.4 mg-Oa/l,
respectively. First, the ozone concentration increased in the counter current
bubble column. Then, there was a sharp decrease in the ozone concentration at
the bottom of the bubble column. The sharp decrease occurred when the water
containing ozone mixed with the short-circuit flow without ozone. The decrease
was due to dilution of the ozone concentration and to the rapid ozone consumption
in the short-circuit flow. In addition, it was found from the model calculations that
the sharp decrease in the ozone concentration could not be achieved by rapid
ozone consumption alone. After the sharp decrease, the ozone concentration
decreased further to 0 mg-Os/l in the contact column and in the subsequent pipe.
The model parameters used were based on experiments with ozone dosages
ranging from approximately 0.3 mg-Oaz/l to 1.0 mg-Os/l (van der Helm et al., 2007a).
From Figure 2 it can be observed that the equation for the slow ozone decay rate
given in Table 3 appeared not to be valid for experiment 3 with an ozone dosage of
1.4 mg-Os/l, where ko3 is too low. This will be addressed further when discussing
the combined expression for ko3 valid for LDN and WPK.

For the WPK bubble column pilot plant, known model parameters were used from
Table 3, and ko3, Y, UVA,, a and SCgc were calibrated on the basis of the results
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of the WPK experiments described in Table 2. The results for experiments 1, 7 and
13 with an ozone dosage of 1.5, 2.5 and 4.0 mg-Osl/l, respectively, are given in
Table 6. Analogous to the results for the LDN experiments, a and SCpg¢ decreased
with increasing RQ.

Table 6 Calibration results for WPK experiments 1, 7 and 13
. Experiment number
Parameter Unit P
1 7 13
—0.7693C,
kos 1/s 0.0663¢ = s
% (mg-O3/)/(1/m) 0.030
UVAo 1/m UVA, —(1.392¢,, o5 +1.872)
a - 0.05 0.061 0.061
SCac - 0.25 0.30 0.30
015
Input parameters: o Measured O,
Ozone dosage 024 mg-O/l ¥
Water flow 50 m®h =, 01 Calculated O,
Ozone gas flow 0268 Nm°h O,;,, | )
Ozone gas concentration 44 g-Os/Nm3 E
Factor for short-circuiting 2 005
in the bubble column, SCBC 050 - g b 4
ical constant a in expl fonfork, 00400 - 1
Water temperature 110 °C o | , } }
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Retention time in the ozone installation [s]
15
Input parameters: - Me: d O,
Ozone dosage 091 mg-0 - asured®s
Water flow 50 m®h =, 1 Calculated O,
Ozone gas flow 0289 Nm’h _ %
Ozone gas concentration 15.7 g-Oa/Nm3 £
Factor for short-circuiting 2 05
in the bubble column, SC, 050 50 )
Emperical constant a in expression for kL 0.0400 -
Water temperature 106 °C o
600 800 1000 1200 1400 1600 ~ 1800 2000
Retention time in the ozone installation [s]
Input parameters: 5 ~  Measured O,
Ozone dosage 1.40 mg-O,/l Y 3
Water flow 50 m¥h = 4 Calculated C>3
Ozone gas flow 0509  Nmh Oc',,
Ozone gas concentration 137 g-O/Nm’ E
Factor for short-circuiting 2 05 O ———
in the bubble column, SC, . 040 - b?‘ - g & I
Emperical constant a in expression for kL 0.0187 - - o o
Water temperature 104 °C od o O o
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Retention time in the ozone installation [s]
Figure 2 Ozone decay for LDN experiments 1 (top), 2 (middle) and 3 (bottom)

In Figure 3 the measured and calculated ozone concentrations in the WPK pilot
plant are shown for WPK experiments 1, 7 and 13. The first increase in the ozone
concentration was due to the first counter current bubble column, then a short
retention time in the piping followed; the second increase was due to the second
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ozone counter current bubble column. After both ozone bubble columns, a sharp
decrease in the ozone concentration can be observed as a result of the mixing of
ozonated water with the short-circuit flow. Subsequently, the ozone concentration
decreased when the water flowed through the two ozone bubble columns where no
ozone was dosed and through the two large ozone contact columns. Since the flow
through the installation was 7.5 m>h in experiments 1 and 13 and 10 m>h in
experiment 7, the peaks in ozone concentration, due to gas exchange in the
bubble columns, appeared after shorter residence times for experiment 7.

Input parameters:

Ozone dosage bubble column 1 075  mg-Oyl 04 ~ Measured O,
Ozone dosage bubble column 2 075 mg-O,/l 7 3
Water flow 75 m®h = 03 G O,
Ozone gas flow bubble column 1 0500 Nm%h E')”
Ozone gas flow bubble column 2 0500 Nm%h £
Ozone gas concentration 113 g-O/Nm’ %
Factor for short-circuiting 3
in the bubble columns, SCBC 025
constant a in exp fonfork, 00500 - / g
Water temperature 16 °C 0 500 1000 1500 2000 2500 3000 3500
Retention time in the ozone installation [s]
Input parameters: 08
Ozone dosage bubble column 1 125  mg-Oyl ’ 5 Measured O
Ozone dosage bubble column 2 125  mg-O 3
Water flow 100  m’h =, C: o,
Ozone gas flow bubble column 1 0500 Nm®h Or'»
Ozone gas flow bubble column 2 0500 Nmh E
Ozone gas concentration 25.0 9-03/'\‘"“3 g
Factor for short-circuiting 3
in the bubble columns, SCBC 030
Emperical constant a in expression forkL 0.0610 - . _ .
Water temperature 17 ¢ 1000 1500 2000 2500 3000 3500

Retention time in the ozone installation [s]
Input parameters:

2
Ozone dosage bubble column 1 200 mMg-Ol ] o Measured O,
Ozone dosage bubble column 2 200 mg-O,
Water flow 75 m®h = 15 Calculated O,
Ozone gas flow bubble column 1 0375 Nm?h Cc'),, \i
Ozone gas flow bubble column 2 0375 Nm’h E 1
Ozone gas concentration 400  g-O/Nm’ % 1 (} \Q%
Factor for short-circuiting 8 o5 ¢ .
in the bubble columns, SC 030 - ¢ v ‘\\{L‘m\
Emperical constant a in expression furkL 0.0610 - b o —
Water temperature 70 °C 0 500 1000 1500 2000 2500 3000 3500
Retention time in the ozone installation [s]
Figure 3 Ozone decay for experiments WPK 1 (top), 7 (middle) and 13 (bottom)

The resulting UVA,s, decrease for LDN experiments 1, 2 and 3 and WPK
experiments 1, 7 and 13 are given in Figure 4 and Figure 5, respectively. UVA3s4
decreased in the bubble columns due to rapid ozone consumption. The rate,
however, was not determined by UVA.,s, decay rate (rapid ozone consumption
rate) but by the gas exchange rate of ozone from the gas bubbles into the water. At
the bottom of the bubble columns, UVA,s, increased due to the mixing of the
ozonated water flow with the short-circuit flow. After that UVA,s, decreased further
until stable UVA after ozonation (UVA,) was reached.
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Input parameters: 8(\
Ozone dosage 024 mg-Oyl 50N -
Water flow 50  m%h - \ )
Ozone gas flow 0268 Nm¥h E 4
Ozone gas concentration 44  gOMNM® Tz 3
Factor for short-circuiting f P
inthe bubble column, SC, 050 - =3 Measured UVAQSA
Emperical constant a in expressionfork, 00400 - 1
Water temperature 1.0 °c 0 Caleulated UVA,,,
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Retention time in the ozone installation [s]
Input parameters: 6(\
Ozone dosage 091 Mgl 5 ™
Water flow 50 mh = 4 \A
Ozone gas flow 0289 Nm%h §
Ozone gas concentration 15.7 9-03/Nﬂ13 =3
Factor for short-circuiting “>:N A
inthe bubble column, SC,, 050 - > ©  Measured UVA,,
Emperical constanta in expressionfork,  0.0400 - 1
Water temperature 106 °C o Caleulated UVA,,,
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Retention time in the ozone installation [s]
6
Input parameters:
Ozone dosage 140  mg-Ol 5
Water flow 50 m’h = 4 \
Ozne gas flow 0509 Nm%h £ \
Ozone gas concentration 137 Q'OS/N"‘S = 3\ o
Factor for short-circuiting §N 5
inthe bubble column, SC, 040 - 2 ©  Measured UVA,,
Emperical constanta in expressionfork, 00187 - 1
Water temperature 104 °C o Caleulated UVA,,
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Retention time in the ozone installation [s]
Figure 4 UVA2s4 decrease for LDN experiments 1 (top), 2 (middle) and 3 (bottom)
Input parameters: 20
Ozone dosage bubble column 1 075 mg-O,l
Ozone dosage bubble column 2 075 Mgl
Water flow 75 m%h —= 15
Ozone gas flow bubble column 1 0500 Nm’h £ -
Ozone gas flow bubble column 2 0500 Nm%h 3 10
Ozone gas concentration 1.3 9-03/'\‘ﬂ'|3 <
Factor for short-circuiting S o Measured UVA
inthe bubble columns, SC, 025 - Calculated UV
Emperical constant a in expression for kL 0.0500 - o Poss
Water temperature 16 c 0 500 1000 1500 2000 2500 3000 3500
Retention time in the ozone installation [s]
Input parameters: 20
Ozone dosage bubble column 1 125  mg-O,l
Ozone dosage bubble column 2 125 mg-O,l X
Water flow 100 m’h — 158
Ozone gas flow bubble column 1 0500 Nm¥%h = \,\
Ozone gas flow bubble column 2 0500 Nmh _:: 10 =
Ozone gas concentration 25.0 Q-O:JNm3 <
Factor for short-circuiting - 5 o Measured UVA754
in the bubble columns, SC, . 030 - Calculat dUV.
Emperical constant a in expression for kL 0.0610 - o alculate A254
Water temperature 17 °c 0 500 1000 1500 2000 2500 3000 3500
Retention time in the ozone installation [s]
Input parameters: ‘ 20
Ozone dosage bubble column 1 200 mg-Ol
Ozone dosage bubble column 2 200 Mgl L
Water flow 75 mh _ 15
Ozone gas flow bubble column 1 0375 Nm%h §
Ozone gas flow bubble column 2 0375 Nm%h 2 10
Ozone gas concentration 40.0 g-O3/Nm3 §N )
Factor for short-circuiting = 5 o Measured UVA
inthe bubble columns, SC_ 030 - Caloulated UV
Emperical constant a in expression fork, 00610 - o aloulated UVA,
Water temperature 70 °c 0 500 1000 1500 2000 2500 3000 3500

Retention time in the ozone installation [s]

Figure 5 UVA 254 decrease for WPK experiments 1 (top), 7 (middle) and 13 (bottom)
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Calibration of the model parameters for describing the bromate and AOC
formation

For the LDN bubble column pilot plant, the model parameters for bromate and AOC
formation were used from the DOPFR experiments (see Table 3). For the WPK
bubble column pilot plant, kg,03, and Faoc were calibrated from the measured data
shown in Figure 6:

Ksrozs = 0.69  (ug-BrOs/l)/((mg-Oa/l)*min)

Faoc = 5.0 (ug-C/)/(mg-Os/1"mg-C/1)

Although the correlation for Faoc is very low (see Figure 6, right) it will be used in
further model calculations. In addition to the method of van der Kooij et al. (1982),
AOC formation was measured on-line with a spectro:lyser™, which is a
submersible spectrophotometer from scan Messtechnik. This instrument measures
absorbance of ultraviolet and visible light from 200 to 750 nm (Langergraber et al.,
2003). From AOC measurements and on-line UV absorbance spectrum
measurements before and after ozonation, before and after pellet softening and
before and after biological activated (BAC) filtration at the WPK pilot plant, van den
Broeke et al. (2007) found a correlation between the AOC formation and AOC
removal and the differential UV spectra. The measurements carried out before and
after ozonation were performed simultaneously with WPK experiments 1, 8, 9, 11,
12 and 14, and gave promising results for the on-line measurement of AOC (van
den Broeke et al., 2007).

7 —_—
6 © WPK experiments E, 30 & WPK experiments <
s Lin.regr. WPK o E’ —Lin.regr. WPK
S 5| ——Hnredn > £
[11] =
5 4 o 9 20
4 $ R2=0.91 2 R?=0.46
e 3 = 15 o
© o Q
§2 Q 10
@y (S é 5 o ©
0 0
0 2 4 6 8 10 0 1 2 3 4 5
CT [(mg-O3/1)*min] Ozone dosage [mg-04/1]
Figure 6 Bromate concentration after ozonation versus the total CT (leff) and AOC

formation per DOC as a function of the ozone dosage (right)
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Combined expressions for ozonation model parameters for LDN and WPK
For kos, UVAy, Y, Faoc and kg3, the possibilities were studied for combining the
expressions derived for LDN and WPK. Data from the bubble column experiments
described in this research and data from pilot-plant DOPFR experiments (van der
Helm et al., 2007a) were used. In Figure 7 the results are shown for ko3 and UVA,.

0.10 12
& WPK 7-13°C, ¢pogin = 6.2 mg-Cll & WPK 7-13°C, UVAj, =15.3 1/m

0.08 o LDN 10-19°C, ¢ pocin = 2.0 mg-Cl| 10 o LDN10-19°C, UVA;, = 5.0 1/m
8 ——Equation for (UVA j,-UVA,)

Equation for k o3

kos [1/s]

(UVAin-UVAo) [1/m]
()]

4
g R=09 8 R? = 0.85
oo M 2
0
0.00 ~So— 0
0 1 2 3 4 5 0 1 2 3 4 5
Ozone dosage [mg-0O4/1] Ozone dosage [mg-0O4/1]
Figure 7 Slow ozone decay rate (left) and UVAazss decrease (right) versus the

ozone dosage for WPK and LDN experiments

The equations describing ko3 and UVA, for the data sets from LDN and WPK as
shown in Figure 7 are:

2

C .

ko3 =0.0011 27" [13]
€03,p08

UVA, =UVA,, —0.914cy; pos"UVA,'" [14]

Y has the properties of a stoichiometric coefficient, that is independent of the
ozone dosage (van der Helm et al., 2007b), meaning that there is one calibrated
value for the LDN data, which was 0.137 (mg-Os/l)/(1/m), and one value for the
WPK data, which was 0.010 (mg-O3/1)/(1/m). Based on only two data points it is not
possible to determine a relationship between the Y and differences in water quality
parameters at LDN and WPK.
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The same applies to Faoc and kg.o3. For bromate formation, however, empirical
relationships can be found in the literature based on water quality parameters, such
as the multiple linear regression model described by Sohn et al. (2004):

Cpo3 =1.55- 107 (¢pocin ) (pH,, ) (¢o3.p0s )7 (B in )7 (é)o.zg (1.035)" " [15]

where 1.1 < ¢pocin < 8.4, 6.5 < pH;;, < 8.5, 1.1 < cozpos < 10.0, cg; s is the influent
bromide concentration (ug-Br/l), 70 < cg.in < 440, 1 <t/60 <120 and 2 < T < 24.

When describing bromate formation as a linear function of CT, as in Equation [7],
bromate formation in different water types is only dependent on pH, bromide
concentration and temperature. The water temperature for the LDN and WPK
bubble column experiments were approximately the same, so there are no
differences in bromate formation due to temperature differences. This means that
the ratio between the bromate formation rate constants determined for LDN and
WPK water should be equal to the ratio determined by the differences in pH and
bromide concentration given by Equation [15]. For the average pH and bromide
concentrations of the bubble column experiments the ratios are:

kBrO3,LDN _ 1.66 =241
kBr03,WPK 0.69

5.82 0.73

(8.07)°%(187.5)"

(pH in,LDN ) (CBr,in,LDN ) _
(pHin,WPK )5'82 (CBr,m,WPK )0'73 (7~5)5'82 (97~9)0'73

Since the ratios are approximately equal, kg.03 can be expressed as a function of
pH and bromide, and the equation for bromate formation as a function of CT is:

Cpro3 = kp0:CT =1.94- 107 CT(pH,, )y (CBrin )7 [16]

In Figure 8 the bromate formation during ozonation is plotted against CT for the
LDN experiments 2 to 6 and the WPK experiments 3 and 5 to 14, together with the
bromate formation determined from Equation [16]. For LDN experiment 1 and WPK
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experiments 1, 2 and 4, the bromate formation was below the detection limit of 0.5
ug-BrO3/l.

18

16 | O LDN experiments o
= 14 & WPK experiments -
Q 1o Equation for ¢ g,03 /
m
o 10
= R?=0.93
P 8
«©
E 4 OO\

2 W

O I T T

0 2 4 6 8 10
CT [(mg-O3;/1)*min]

Figure 8 Bromate formation for LDN experiments 2 to 6 and WPK experiments 3
and 5 to 14 and the results from Equation [16]

When temperature as described in Equation [15] is also included, the equation for
kgroz in Equation [16] becomes:

kg3 =2.74-107 (pH,, ) (cy, )" (1.035) 7 [17]

The temperature dependency of Equation [17] is in agreement with the
temperature dependency determined in LDN pilot-plant DOPFR experiments (van
der Helm et al., 2007a).

In Table 7 all unknown parameters from Table 3 and the parameters for which
combined relationships for LDN and WPK are determined are given.
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Table 7 Calibrated parameters of ozonation models for bubble column pilot plants
at LDN and WPK
Parameter Value Unit Remark
LDN €poc mz van der Helm et al. (2007a) &
kos  and 0.0011 B Vs experiments this research
WPK €03,p0s
. mg-O5/l van der Helm et al. a
v LDN 0.137 3 der Helm et al. (2007
WPK 0.030 1/m experiments this research
LDN
UVA; and UVA —09l4c,, DOSI/ZUVAMI/Z 1/m van dgr Helmt:e_t al. (2007ha) &
WPK , experiments this researc
LDN 0.0187 — 0.04 For single gas bubbles
a ) a=0.061 and for swarms of
WPK 0.05 - 0.061 gas bubbles a=0.0187
(Hughmark, 1967)
LDN 0.40 - 0.50
SCsc WPK 0.25 — 0.30 - experiments this research
FBro3,ini 0 -BrOg/ experiments this research
mg-Oa/l
=7 5.82
LDN = 2.74-10" (pH,,) ug-BrOs/l _ van der Helm et al. (2007a) &
keros  and 0.73 r-20  (mg-Os/l)*min experiments this research
WPK (cp0)" " (1.035) 9 P
F LDN 45 ug-C/l van der Helm et al. (2007a)
A9 wpK 5.0 mg-Os/I*mg-C/l experiments this research

In Figure 9 ozone decay, bromate formation, UVA,s4 decrease and disinfection are
shown for LDN experiment 3 based on Table 3 and Table 7 including the combined
expressions for ozonation model parameters for WPK and LDN. From Figure 9 it
can be observed that the calculated E. coli disinfection underestimates the actual
disinfection measured in the bubble column. The ozone concentrations calculated
by the model are fairly good, in contrast to the calculated concentrations shown in
Figure 2. The DOC concentration used to determine ko3 is 2.1 mg-C/l instead of 1.7
mg-C/l, because the latter value is likely to be an analysis error when all values in
Table 1 are considered. When the calculations were performed with a DOC
concentration of 2.1 mg-C/l, the calculated ozone concentrations were in
agreement with the measured ozone concentrations. Thus, the model calculations
can also be used to validate laboratory measurements. In Figure 10 the results are
shown for WPK experiment 13 based on the combined expressions for ozonation
model parameters for WPK and LDN. Due to the high ozone concentrations, the E.
coli disinfection predicted by the model is more than 4 log units in the first 70
seconds of contact time.
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Figure 10 Results for WPK experiment 13
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Control strategies

The control strategies were evaluated for the year 2004. In Figure 11, the
temperature of the ozonation influent throughout the year is shown together with
the monthly average temperatures. The temperature ranges from approximately
1°C to 23°C. The model parameters for WPK were determined based on a
temperature range of 7.0 °C to 13.1°C. This range is too small to determine
temperature dependencies of the model parameters in order to perform model
calculations for a whole year. Therefore, temperature dependencies were used
from the literature. The values are arbitrary and the calculations for the control
strategies have to be regarded as examples. The activation energy used for the
slow ozone decay rate was 70 kd/mol, as determined by Elovitz et al. (2000) for
Lake Zurich water. The frequency factor was determined for different ozone
dosages by calculating ko3 value with Equation [13] for the average temperature of
the WPK experiments (10°C). kyva is, for the main part, limited by gas transfer and
will therefore not be corrected for temperature. Y and UVA, were assumed to be
temperature independent. For F,oc the activation energy was used that was
determined from LDN pilot-plant DOPFR experiments (van der Helm et al., 2007a),
where E, was 80.5 kd/mol. The frequency factor A was determined from the Faoc
for WPK for the average temperature of 10°C from Table 7 and is 3.55:10" (ug-
C//(mg-Os/1*mg-Cll).
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Figure 11 Temperature of ozonation influent throughout the year and the monthly
averages
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The results for the current control strategy at WPK where the ozone dosage is 1.7
mg-0s/l when the water temperature is above 12°C and 2.2 mg-O/l when the
water temperature is below 12°C are shown in Figure 12. It can be observed that
by choosing a fixed set point for the ozone dosage, neither CT, nor bromate nor
AOC is actively controlled; the water temperature mainly determines the values.
The results for the maximal CT control strategy are shown in Figure 13. The ozone
dosage is calculated for the situation that a maximum allowed effluent bromate
concentration is reached and for the situation that a maximum allowed AOC
concentration is reached. Set point for the ozone dosage is the higher of the two
calculated dosages. In this example the maximal allowed bromate concentration
was 3.0 pyg-BrOg/l and the maximal allowed AOC concentration was 110 pg-Cl/l,
which is the average effluent concentration of the current control strategy shown in
Figure 12. From Figure 13 it can be observed that the CT value is high from
December to April and almost 0 (mg-Oa/l)*min in July, August and September. By
limiting AOC formation to 110 pg-C/l, the ozonation has no disinfection capacity
when the water temperature is high. The results for the log inactivation control
strategy, where the ozone dosage is determined by a set point for the log
inactivation of Giardia, are shown in Figure 14. The set point used was a 2.0 log
inactivation for Giardia throughout the year. The CT for Giardia inactivation for
different temperatures was determined from Table 8 (USEPA, 1989).

Table 8 CT values for inactivation of Giardia by ozone (USEPA, 1989)
Giardia Temperature [°C]
log inactivation 0.5 5 10 15 20 25
0.5 0.48 0.32 0.23 0.16 0.12 0.08
1.0 0.97 0.63 0.48 0.32 0.24 0.16
1.5 1.5 0.95 0.72 0.48 0.36 0.24
2.0 1.9 1.3 0.95 0.63 0.48 0.32
2.5 2.4 1.6 1.2 0.79 0.60 0.40
3.0 2.9 1.9 1.4 0.95 0.72 0.48

In Figure 14 it can be observed that the ozone dosage has to increase in the warm
water months, rather than decrease according to the current strategy, in order to
maintain the Giardia inactivation at 2 log units. This gives higher AOC values than
for the current strategy. The bromate concentration does not exceed 1.0 ug-BrOg/l.
By taking the disinfection capacity of the other processes into consideration, a
decision can be made about the possibility of controling AOC formation at the
expense of the disinfection capacity. When the disinfection capacity of the ozone
installation is needed from May to October, a higher AOC concentration has to be
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accepted during these months depending on the desired disinfection capacity.
When this is unacceptable, scenario calculations can be performed with the model,
for instance DOC removal prior to ozonation.
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Figure 12 Current ozonation control strategy at WPK
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Figure 13 Control strategy for maximal CT limited by a maximal allowed bromate

concentration of 3.0 ug-BrOy/l and a maximal allowed AOC concentration
of 110 ug-C/l.
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The discussed control strategies were applied to historical data and set points were
calculated once every month. With the model it is also possible to continuously
predict the CT, bromate and AOC formation based on laboratory data and on-line
measurements. For an accurate prediction it is important to use a moving average
for the measurements to exclude outliers. For on-line measurements this is not a
problem because they have high data densities, but for laboratory measurements
densities can be very low: down to 12 measurements a year for AOC. Especially
for DOC, it is important to use a moving average since the determination of slow
ozone decay is important for the calculated CT and the slow ozone decay is very
sensitive to the DOC concentration. The standard deviation of a DOC
measurement of 5.0 mg-C/l in natural water is 0.36 mg-C/l when measured by an
accredited laboratory. This means that substantial deviations between calculated
and actual ozone concentrations in the installation can occur when model
calculations are based on single DOC values. By using on-line UV/Vis
spectrometry, DOC can be measured continuously (Rieger et al., 2004). This can
be used to increase data density for DOC. For AOC both the standard deviation
and the data density should be increased for a more accurate control of ozonation
with regard to AOC formation. Van den Broeke et al. (2007) and Ross et al. (2007)
started research on on-line measurement of AOC formation during ozonation with
on-line UV/VIS spectrometry. This measurement has the potential to further
improve the control of ozone installations.
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Figure 14 Control strategy for 2 log inactivation for Giardia
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Conclusions

The integrated ozonation model is a valuable tool for controlling the balance
between disinfection, bromate formation and AOC formation and can be used for
evaluation of control strategies for operational support and for process control. It is
a tool that directly shows the consequences of changes in operation of the ozone
installation. It enables water supply companies to make more objective choices for
operational settings. The model can be applied to different ozonation plants, and
by using parameters that can be measured on-line, such as ozone and UVA.s4, the
model has the potential to be calibrated and validated on-line. For the case of
Waternet with relatively low ozone dosages compared to the DOC concentrations,
ozone concentrations in the bubble columns can also be determined for a more
accurate prediction of disinfection capacity and bromate formation. In pilot-plant
bubble columns, with relatively good hydraulic characteristics compared to full-
scale installations, already large short-circuit flows occur: up to half the total flow
through a bubble column. In order to obtain good results from dynamic models
using order differential equations, the modeled hydraulic characteristics, in this
case the number of CSTRs and the short-circuit flow, have a distinct influence on
the results. This is important when applying the model to other ozonation pilot
plants and full-scale installations.

Acknowledgement
This research was carried out as part of the project ‘Promicit’, a cooperation of
Waternet, Delft University of Technology, DHV B.V. and ABB B.V. and was
subsidized by SenterNovem, agency of the Dutch Ministry of Economic Affairs. The
aim of the project was to achieve a breakthrough in drinking water quality control
by developing an integrated model of the total water treatment and using this
model as a basis for operation.

Nomenclature

AOC assimilable organic carbon
CSTR completely stirred tank reactor
DOC dissolved organic carbon
DOPFR dissolved ozone plug flow reactor
E. coli Escherichia coli
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LDN drinking water treatment plant Leiduin of Waternet

RTD residence time distribution

UVAs4 UV absorbance at 254 nm

Waternet water cycle company for Amsterdam and surrounding areas

WPK drinking water treatment plant Weesperkarspel of Waternet

a temperature and pressure correction factor a=(Py/P,)(T,/Tg)

A frequency factor (unit depending on the unit of k)

a,b empirical constants (for single gas bubbles a=0.061 and b=1.61
and for swarms of gas bubbles a= 0.0187 and b=1.61)

as03 multiple linear regression constant for bromate formation

Caoc AOC concentration (ug-C/l)

CaoC,in influent AOC concentration (ug-C/l)

Chrin influent bromide concentration (ug-Br/l)

Crro3 bromate concentration (ug-BrOs/l)

CBro3,in influent bromate concentration (ug-BrOa/l)

CBro3,ini initial bromate formation (ug-BrOz/l)

Cpoc,in influent dissolved organic carbon concentration (mg-C/I)

Co3 concentration of ozone in water (mg-Oa/l)

Co3,00s ozone dosage (mg-Oa/l)

Cosg ozone in gas concentration (g-O3/Nm3)

CT ozone exposure ((mg-Os/l)*min)

dp bubble diameter (m)

Dos diffusion coefficient of ozone (m2/s)

E, activation energy (J/mol)

Faoc constant for AOC formation per DOC ((ug-C/1)/(mg-Oa3/I*mg-C/1))

Fsro3,ini constant for initial bromate formation ((ug-BrOas/l)/(mg-Os/l))

o] specific gravity (m/sz)

k inactivation rate coefficient (I/(mg-O3;*min) for n=1 and m=1)

Ksro3 bromate formation rate constant ((ug-BrOaJ/l)/((mg-O3/1)*min))

kp distribution coefficient (-)

ke gas transfer coefficient (m/s)

kos slow ozone decay rate (1/s)

kuva UVA,s, decay rate (1/s)

1% kinematic viscosity (m2/s)

N number concentration of organisms (CFU/100 ml)

Nnsp number of sampling points (-)

n, m empirical constants (-)
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P, standard pressure (101325 Pa),

Py gas pressure in the reactor (Pa)

pHi influent pH

Q water flow (m*/h)

Qy gas flow (Nm®h)

Qscsc short-circuiting flow in the bubble column (m3/h)

Lw water density (kg/m®).

R ideal gas constant (8.314 J/(mol*K))

RQ gas to water flow ratio (Q,/Q) (Nm*/m?)

% surface tension (N/m)

SCsc factor for short-circuiting in the bubble column (-)

t time (s)

T temperature of the water (°C)

T, absolute temperature of the water (K)

Tg gas temperature in the reactor (K)

T, standard temperature (273.15 K)

u water velocity (m/s)

Up bubble rising velocity (m/s)

Ug gas velocity (m/s)

UVA UVA,s54 in water (1/m)

UVA, stable UVA,s, after completion of the ozonation process (1/m)

UVA;, influent UVAys4 (1/m)

X length of the reactor (m)

Y yield for ozone consumed per UVA,s54 decrease ((mg-Os/1)/(1/m))
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Objectives for optimization

In the present thesis integrated modeling of ozonation for optimization of drinking
water treatment was investigated. Part of the study was to determine what the
objectives for optimization of the operation of drinking water treatment plants
should be. Three possible objectives were assessed: environmental impact, costs
and water quality. The assessments were carried out for the case of the drinking
water treatment plant Weesperkarspel (WPK) and its pre-treatment plant
Loenderveen (LNV) of Waternet (the water cycle company for Amsterdam and
surrounding areas). The pre-treatment plant LNV consists of coagulation,
sedimentation, storage in a lake-water reservoir and rapid sand filtration.
Subsequently, water is transported to WPK that consists of ozonation, pellet
softening, biological activated carbon (BAC) filtration and slow sand filtration.

It can be concluded that the environmental impact of the operation of drinking
water production is relatively low compared to other activities, such as driving a
car. A decrease of 10% in environmental impact by changes in operation of LNV
and WPK is equivalent to a decrease in car mileage of approximately 3 km per
drinking water consumer in Amsterdam per year. The operational costs of drinking
water production are less than 10% of the total costs of drinking water that include
also water distribution, investment costs, taxes, salaries of office personnel etc.
Therefore, the possible reduction of the total costs by changes in the operation of
drinking water production is small. Based on social, environmental and economical
considerations, it can be concluded that governments and drinking water supply
companies should aim for an impeccable tap water quality and a reliable, healthy,
and environmentally sound image of tap water in order to at least stop the increase
in bottled water use. Based on these considerations, it was concluded in Chapter 2
that the objective for integrated optimization of the operation of drinking water
treatment plants should be the improvement of water quality and not an a priori
reduction of environmental impact or costs, although the environmental impact and
costs will benefit from water quality optimization, since water quality optimization
also involves optimal usage of chemical dosages.
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From the water quality assessment it can be concluded that chemical stability,
biological stability and disinfection are the most important water quality objectives
for integrated optimization of LNV and WPK. Toxicity (e.g. caused by bromate) is
not a problem in the current operation but should be a point of constant attention.
For chemical stability, the saturation index (SI) should be used as a parameter for
optimization; for biological stability, the parameters should be assimilable organic
carbon (AOC) and dissolved organic carbon (DOC), and for disinfection, the
parameters should include selected indicators for pathogens. Because the SlI,
AQOC, DOC and pathogen concentrations are influenced by multiple processes and
influence multiple processes, an integrated approach to these parameters is
necessary. Because of the complexity of the relationships and the effects on these
parameters by changes in the operational settings, the settings can best be
evaluated by an integrated model. The integrated pH model for S| control including
all chemical dosages influencing Sl is part of separate research at Waternet. For
AOC, DOC and pathogens, ozonation plays a key role in integrated optimization.
Ozonation is influenced by the pre-treatment and influences softening and the BAC
filtration. In addition, ozonation is the only process in which disinfection can be
actively influenced. Therefore, the focus in this research has been on the
integrated modeling of ozonation.

When some water quality objectives cannot be achieved by operational
optimization, changes in the reactor design of the current treatment steps should
be considered. When changes in the design are not sufficient, changes in the
treatment concept should be considered, such as replacing and/or adding
treatment steps. In the following section, the three steps from operational
optimization to changes in design and the treatment concept are discussed for the
case of WPK.

Operational optimization
The consequence of the conclusion that the improvement of water quality should
be the objective for operational optimization will have an impact on the current
operation of the drinking water treatment plant WPK. The current regeneration time
of the BAC filters at WPK is 18 months, and the current ozone dosage is 2.5 mg-
Os/l. When it is assumed that the AOC concentration for the produced drinking
water should be set at a maximum of 10 ug-C/l, as proposed by van der Kooij
(1992) in order to prevent regrowth in the distribution system, then the effluent
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concentration of the BAC filters should be a maximum of 15 pg-C/l. In the
subsequent slow sand filters the AOC removal is 5 ug-C/I on average, see Chapter
2. From data presented by van der Aa et al. (2003), the cumulative time-weighted
average AOC concentration after BAC filtration at WPK is determined, representing
the average effluent AOC concentration of multiple BAC filters, as a function of the
regeneration time. In Figure 1 these are shown for ozone dosages of 2.5 mg-Osll,
1.5 mg-Oa/l, 0.5 mg-Os/l and 0.0 mg-Oa/l. According to these data, in the current
situation, the effluent concentration of the BAC filters is around 30 pg-C/l. A
maximum AOC concentration of 15 ug-C/I after BAC filtration through changes in
operation can be achieved by a decrease in regeneration time or by a decrease in
ozone dosage. Decreasing the regeneration time in order to reach 15 ug-C/l would
result in a regeneration time of 5 months, see Figure 1. Decreasing the ozone
dosage to 0.0 mg-Oa/l will also lead to an effluent AOC concentration below 15 ug-
C/lI after BAC filtration, see Figure 1. Next to these extremes, also combinations of
changes in regeneration time and ozone dosage can be applied to ensure an
effluent AOC concentration in the produced drinking water of 10 ug-C/l, see Table
1. In Table 1 also the resulting DOC concentrations of the produced drinking water
are shown for the different measures. When the current company standard of 2.5
mg-C/I for DOC is applied, this leads to an ozone dosage 0.95 mg-Os/l and a
regeneration time of 8 months.
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60 — — cumulative average AOC with 1.5 mg-Os/I ||
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Figure 1 AOC concentration after BAC filtration at WPK for an ozone dosage of 2.5

mg-0Os/, 1.5 mg-Oy/l, 0.5 mg-Os/l and 0.0 mg-Os/
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From the performed life cycle assessment and the life cycle costing analysis of the
operation of WPK, as described in Chapter 2, the effects on the environmental and
financial impact can be determined for the changes in the regeneration time and
the ozone dosage. For the situation of an ozone dosage of 0.95 mg-Os/l and a
regeneration time of 8 months, the increase in the total costs of drinking water for
the consumer would be 2.1%, which is 0.03 €/m>. The increase in environmental
impact is 17.6%, which is equivalent to an increase in car mileage of approximately
6 km per drinking water consumer in Amsterdam per year, see Table 1.

Table 1 Effects of change in ozone dosage and regeneration time for WPK on
produced drinking water
Ozone Regeneration dAO.C DOC Change in Change in
dosage time rinking  drinking environmental impact  financial impact
9 p p
water water
[mg-Os/l] [months] [ug-C/l]  [mg-C/l] [%] [km car mileage] [%] [€/m3]
2.50 18.0 28 3.0 0.0 0.0 0.0 0.00
2.50 5.0 10 1.2 36.2 11.8 4.6 0.07
1.50 5.5 10 1.8 31.6 10.4 4.0 0.06
0.95 7.9 10 25 17.6 5.8 21 0.03
0.50 13.2 10 3.2 4.9 1.6 0.3 0.01
0.00 18.0 8 3.8 -0.2 -0.1 -0.7  -0.01

Process design
When the ozone dosage at WPK is lowered to 0.95 mg-Og/l, disinfection will
probably not be sufficient. Since ozonation is the only process at WPK in which
disinfection can be actively influenced, the boundaries for operational optimization
are likely to be reached. This can be solved by adaptation of the current design of
the ozonation system consisting of bubble diffusion chambers with consecutive
contact chambers.

Research performed by van der Veer et al. (2005) illustrates the poor mixing of
ozone over the cross-section after a conventional bubble diffusion chamber. Van
der Veer measured dissolved ozone in a grid under the baffle after a counter
current bubble diffusion chamber. The data showed areas with water containing
almost no ozone and areas with water containing relatively high ozone
concentrations. Wols and Hofman (2007a) performed research on computational
fluid dynamics (CFD) modeling of the full-scale ozonation installation at drinking
water treatment plant Leiduin (LDN) of Waternet. They found that the ozone
contactor hydraulics are described by fewer completely stirred tank reactors
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(CSTRs) than the number of ozone contact chambers. From these studies it can be
concluded that the ozone concentration in a bubble chamber is far from perfectly
mixed and the hydraulic properties of contact chambers are far from plug flow. This
means that an ozonation system consisting of bubble chambers and contact
chambers is inefficient for disinfection, but disinfection by-products are formed.

From pilot-plant experiments at LDN it was found that the disinfection capacity for
the ozone-sensitive organism E. coli is 3 to 5 times higher when ozone contactor
hydraulics approach a plug flow reactor (PFR) compared to a CSTR, see Chapter
4. For an efficient disinfection it is important that the dosed ozone be completely
mixed as quickly as possible, to avoid having water parts with ozone
concentrations lower than the average concentration. This specifically holds true at
relatively low ozone dosages, as is 0.95 mg-Os/l in combination with a DOC
concentration of approximately 6 mg-C/l. The dissolved ozone plug flow reactor
(DOPFR) design addresses both issues. In the DOPFR, ozone is dissolved in a
pre-treated side stream and dosed just before a static mixer. By dosing dissolved
ozone, the gas transfer of ozone into water is eliminated from the mixing process.
Two liquid flows mix much better and more quickly than a gas and a liquid flow. In
this way, with a static mixer, the dosed ozone can be almost instantly mixed over
the total water flow. Subsequently, contact time in the DOPFR is created in a pipe
with plug flow characteristics, see Chapter 3 and Chapter 4. When applied to the
WPK situation, see Chapter 6 for the relationship between the ozonation processes
at WPK and LDN, the plug flow reactor can be relatively short because ozone will
be depleted quickly for an ozone dosage of 0.95 mg-Os/l. From research with pilot-
plant ozone bubble columns, with relatively good hydraulic characteristics
compared to full-scale installations, it was found that large short-circuit flows occur,
up to half of the total flow through a bubble column, see Chapter 6. Realizing the
importance of hydraulics it can be concluded that the design of conventional ozone
installations needs to be reconsidered.

For the current design at WPK, Dullemont (2006a) found that Campylobacter
removal is 4 log units for an ozone dosage of 1.5 mg-Os/l for water temperatures
above 12°C and that E. coli removal underestimates the Campylobacter removal.
Based on this information and the high removal of E. coli at low ozone exposure
(CT) values measured in the PFR in LDN, it is expected that with the DOPFR
design applied to WPK the same removal should be possible for an ozone dosage
of 0.95 mg-Ogj/l. Enterovirus concentrations were very low in ozonation influent,
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and bacteriophages had a 3.4 log removal (Dullemont, 2006b). So, for viruses it is
also expected that an ozone dosage of 0.95 mg-Ogz/I will be sufficient in the DOPFR
design. Cryptosporidium and Giardia removal was assessed with spores of sulfite-
reducing clostridia that had a log 0.3 removal (Dullemont, 2006c¢). Since hydraulics
have little effect on the inactivation of ozone resistant organisms, such as
Cryptosporidium (Smeets et al., 2006), the removal will probably decrease in the
DOPFR design for an ozone dosage of 0.95 mg-O3/l. Since at WPK filtration steps,
such as slow sand filtration, are the main barriers for protozoa and not ozonation,
this will not be a problem (Hijnen et al., 2007). Apart from changes in the process
design of ozonation, other design changes, such as changing the filter media or
changing the filtration rate of the slow sand filters can also be considered for
improvement of disinfection. Research for changes in the design of slow sand
filtration is in preparation.

Changes in the design of the ozonation process will not lead to big changes in the
environmental and financial impact of the operation of WPK, as shown in Table 1.
However, changing the current design will lead to investments and to activities that
will have an environmental impact. These are not quantified within this research.

Drinking water treatment concept
Instead of changes in the process design also a change in the drinking water
treatment concept of WPK was investigated. In order to comply with the AOC
standard of 10 pg-C/l, part of the NOM can be removed before ozonation,
especially the part of the NOM leading to AOC formation during ozonation. For an
ozone dosage of 0.95 mg-Oa3/l, this will lead to higher disinfection with lower AOC
formation and with lower total DOC concentrations of the produced drinking water.
From experiments discussed in Chapter 5, where part of the NOM was removed by
either ion exchange (IEX) or granular activated carbon (GAC) filtration, it was
concluded that for the same ozone dosages the CT is higher when NOM is
removed by IEX or GAC compared to the situation without NOM removal. In
addition it was concluded that the humic substances fraction (molecular weight ~
1000 g/mol) and the building blocks fraction (molecular weight 300-500 g/mol) of
NOM, as determined by size exclusion chromatography with DOC detection, are
the ozone reactive fractions. Ozonation efficiency improved more with the removal
of the humic substances fraction as compared to the removal of the building blocks
fraction because it led to less bromate formation and less AOC formation. It was
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concluded that for NOM removal before ozonation, IEX is preferred, because the
IEX resin that was tested removed more humic substances than the GAC tested.
By removing half of the NOM with the IEX tested, lowering DOC concentrations
from 6 mg-C/l to 3 mg-C/l, and subsequently dosing of 0.95 mg-Os/l, the
disinfection during ozonation will improve significantly and the AOC and DOC
concentrations in the produced drinking water will be lower than 10 ug-C/l and 2.5
mg-C/I, respectively.

An additional treatment step will lead to an added environmental impact and
significant investment costs. It will also lead to changes in the environmental and
financial impact of the operation of the WPK drinking water treatment plant. These
changes have not been quantified within this research but should be further
investigated when considering additional processes.

Integrated modeling

Integrated modeling has proven to be the driving force for operational optimization,
based on explicit objectives, for new developments in design and for exploring
changes in the concept of a drinking water treatment plant, as shown schematically
in Figure 2. The most important property of an integrated model is its ability to
predict the water quality parameters that are influenced by preceding processes, or
influence subsequent processes. The integrated model for ozonation is able to
predict ozone decay, CT value, E. coli disinfection, the decrease in UV absorbance
at 254 nm (UVAzs4), the increase in AOC concentration and bromate formation on
the basis of influent water quality parameters and the applied ozone dosage, see
Chapters 3, 4 and 6.

In the tested bench-scale DOPFR and pilot-scale DOPFR it was possible to
measure ozone concentrations starting from 1 to 2 seconds, in contrast to other
research where the first samples are usually taken after 30 seconds or one minute.
This gave the possibility to measure rapid ozone consumption that occurs due to
the reaction between ozone and NOM upon the first contact of ozone with natural
water. From modeling the measured rapid ozone consumption it was found that the
rate of rapid ozone consumption in the first 20 seconds of contact time follows
diffusion-limited kinetics.
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From the experimental work, model calibration runs and validation runs, it can be
concluded that the UVA,s4 is an effective parameter for the estimation of rapid
ozone consumption. The majority of the ozone-sensitive organism E. coli is
inactivated during the rapid ozone consumption phase. The disinfection capacity
for E. coli is 3 to 5 times higher in a PFR compared to a CSTR for the same
amount of ozone dosed. CT values in ozone bubble column reactors are not
determined by the rapid ozone consumption rate but by the amount of ozone
consumed during rapid ozone consumption in combination with the slow ozone
decay rate. The integrated ozonation model is a valuable tool for controlling the
balance between disinfection, bromate formation and AOC formation and can be
used for evaluation of control strategies for operational support and for process
control. It is a tool that directly shows the consequences of changes in operation of
the ozone installation. It enables water supply companies to make more objective
choices for operational settings, see Chapter 6.

Figure 2 Integrated modeling as the driving force for increasing knowledge
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When the Promicit project started in January 2003 (of which this research is a part,
see Chapter 1), the ideas for integrated modeling and model-based control of
drinking water treatment plants were just starting to develop. In the Netherlands
only a select group was involved in the modeling of drinking water treatment
processes and the benefits and results of the research were difficult to predict. The
project is not finished yet, so not all of its results can be presented, but a number
can be mentioned here. From this research, insight has been gained regarding the
processes that take place during ozonation, NOM characterization, disinfection,
costs of operation, environmental impact of operation, interactions between
treatment processes, model calibration and validation, model development, on-line
measuring methods, laboratory analyses and new data logging methods. Besides
the modeling efforts described in this research, other modeling activities are also
being carried out within the Promicit project, such as:

e modeling pellet softening (van Schagen et al., 2005 and 2006);

e modeling integrated pH control;

e modeling the behavior of organic micro-pollutants in drinking water treatment
processes using quantitative structure-activity relationships (van der Horst et al.,
2006);

e modeling clogging of BAC filters (Ross et al., 2007a);

e modeling slow sand filtration (Schijven et al. 2007);

e modeling nitrification in rapid sand filters.

In general it can be stated that in order to be able to model a process, the process
has to be understood. Thus, modeling efforts lead to the increase in knowledge,
application of knowledge and recordation of knowledge.

Related ongoing research
The integrated ozone model will be used in further research for control of the ozone
bubble column pilot-plant at the WPK drinking water treatment plant. That research
focuses on the application of water quality models for on-line model-based control
of water treatment plants and is being carried out within the Promicit project, in
which the present work was also conducted (van Schagen et al., 2005 and 2006).

As a continuation of the present work, the integrated ozone model will be validated
on several other drinking water production plants in Europe. The research is being
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carried out by the Delft University of Technology and is part of the European
Union’s 6th framework project TECHNEAU, that started in January 2006. The
UVA,s4 has been used for prediction of AOC formation during ozonation, but the
use of differential UV absorbance spectra determined on-line before and after
ozonation seems to give better results and will be further investigated within the
TECHNEAU project (van den Broeke et al., 2007; Ross et al., 2007b).

The step-tracer experiments for determining the hydraulic properties of the bench-
scale and pilot-scale dissolved ozone plug flow reactors were used in research
focusing on the use of CFD in drinking water treatment (Wols and Hofman, 20073;
Wols et al., 2007b). The research started in January 2006 and is being carried out
at Delft University of Technology in cooperation with Waternet and Kiwa Water
Research. The full-scale ozonation plant LDN of Waternet will be modeled using
particle tracking, and the CFD model will be extended with the integrated ozone
model developed in the present thesis.

The integrated ozone model will also be used within the Waterspot simulator for
off-line and on-line optimization, training and education (Worm et al., 2007). The
model will be applied to full-scale drinking water treatment plants and control
strategies can be further developed. The Waterspot simulator is the subject of
research carried out by the water supply companies Duinwaterbedrijf Zuid-Holland,
Waternet, PWN Water Supply Company North-Holland, Vitens and by Ureason,
DHV B.V., ABB B.V., Delft University of Technology and Kiwa Water Research.
The project started in November 2006.

The removal of specific NOM fractions by different types of IEX resins and sorbent
resins and their effect on treatment efficiency is being studied within the IS NOM
project (Cornelissen et al., 2007; Grefte et al., 2007). Within the IS NOM project
different aspects of NOM and biological stability during drinking water treatment
and distribution are being investigated. The model can be used for predicting the
effect of NOM removal on ozonation. The IS NOM project, that started January
2006, is a joint research project of Kiwa Water Research, UNESCO-IHE, Delft
University of Technology, the water supply companies Vitens and Waternet.
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Nomenclature

AOC assimilable organic carbon

BAC biological activated carbon

CFD computational fluid dynamics

CSTR completely stirred tank reactor

CT ozone exposure ((mg-Oas/l)*min

DOC dissolved organic carbon

DOPFR dissolved ozone plug flow reactor

GAC granular activated carbon

IEX ion exchange

LDN drinking water treatment plant Leiduin of Waternet

LNV pre-treatment plant Loenderveen of Waternet

PFR plug flow reactor

Si saturation index

UVAs4 UV absorbance at 254 nm

Waternet water cycle company for Amsterdam and surrounding areas

WPK drinking water treatment plant Weesperkarspel of Waternet
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