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Summary

Wastewater treatment plants (WW3)lay a significant role in the removal of Organic Micropollutants (OMPS).
WWTR usually rely on Conventional Activatelddge (CASYystensfor removal of carbonaceous material and
nutrients, which provides partial removal of OMPs. Additional removal of OMPs is obtained by a quaternary
treatment level. Howevepotentialsynergies between CAS and quaternary techirdage often overlooked in

the design phase afuaternarytreatment Furthermorepossible optimization of the quaternary step, by optimizing
CAS operation, tften not consideredToenable optimization studies, potentially leading to improved quality
effluent discharges and cosavings, tools are required. In TKI Belissima we focused on the production of these
tools,relying on modelling othe CASand Advanced Oxidation Process (AOPs) techregammely UV peroxide
(UM H02) andsinglestageOzone (G). The core of the project was set on modelling of the whiber of WWTPs

Initially, the TKI Belissimaroject focused omhe removal ofLl1 OMPsasproposed by théutchMinistry d

Infrastructure and Watamanagemen{l&W)(RIVM, 2019namely 45 methylbenzotriazole, benzotriazole,
carbamazepine, clarithromycin, diclofenac, hydrochlorothiazide, metoprolol, propranolol, sotalol, sulfamethoxazole
and trimethoprim.Since2020,in theyear the project startecadditional OMPs were proposed as indicators (Stowa,
2021). Thereforewhenpossible irtiming and budget, thést ofresearched OMRsasextendedto include

amisulpride azithromycin candesartandtalopram furosemide gabapentine irbesartanand \enlafaxingreaching

atotal of 19 OMPs.

The projecincluded experimental teistg at both laboratoryand pilotscales, complemented withmonitoring
campaignsExperimental materials (influent, activated sludge and secondary effluent) and monitoring campaign
were provided/took place by/at the WWTP of Walcheren (Waterboard Scheldestromen). Two pilotsiates

at Walcheren WWT@rom October 2023 to April 2024amely a UNH0: pilot (provided byVan RemmetV
Techniek and asinglestageO:s pilot (provided byPureBlug The pilots were opated on an oroff basis; ané

total of four measurementampaignsvere conducted

BioWin softwargBioWin ASDMyas used to model the CAS systerthefWalcherenrWWTRPR Notably, theBioNin
software, which uses the Activat&tlidgeDigestion Model (ASDM)oes not include an OMP removal model by
default (as developed ynviroSim Associates Ltd, Canaflag TKI Bellissimprojectaimed to develop and
integrate such a modelithin BioWin ASDM, utilizing data generated from the various project activities (batch tests
and literature revies). Theresulting modeWwas validatedhrougha monitoring campaigrizorAOP modelling

both UV-H.0O2 and Os processesvere modelled via a (photo)chemical kinetic model, describing all relevant
reactions that occur in the wastewater matithese modelswerefirst calibrated and validated based on lab tests
followed by comparison and validation with pilot tesdglditionally, after sensitivity analysis, 4 (faggnarios
weretested combiningthe CASand AOP mods) namely: 1CAS + UYA0; (average conditions: 600 mJ/éand

20 mg/L HQOp); 2- CAS + U¥R0O: (high conditions: 200 mJ/criand 40 mg/L kDy); 3- CAS s (average
conditions: 5 mg/l0s at 10 mg/L DOCand 4 CAS ;3 (high conditions: 9 mg/s at 10 mg/L DOC)

TheenhancedCAS ASDM modehuippedwith OMP removal mechanisms and kinetic coefficients, successfully
simulated the removal of the 11 tested OMPs, with results validated asdale. The removal efficiency of OMPs in
CAS systems varies significantly, with composuads aslarithromycin,propranolol andsulfamethoxazole

showing high removal rates, while others sucbaalsamazepinediclofenac, andhydrochlorothiazide exhibit poor
removal.The model's simulated concentrations matched well with actual measured concentrations, demonstrating
its validity and potential for optimizing OMP removal mechanisms alorggsigentional pollutants.
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Concerning the AOP technologiesth laboratory and pilot experiments at the WWTP, showed that®¥ as
well asOs systemswvereable to achieve an average OMP removal of rtiae 80% for almost all tested
compounds (19 OMPsA the highest UV dose (abou000 mJ/cmand higher) and highétO, concentrations
(around 40 mg/L) almost all compounds are remdweghore than 90%; and &% concentration of 0.6 @z per g
DOC most compounds are removed by 70% or more, angcan@entration of 0.9 g4{per g DOC all but one
compound are removed 80% or above. Walcheegondaneffluenthas ahigh bromide content (on average 10
times higher than in other wastewater effluents in the Netherlaritisyeforebromate formation becomes
substantial at highe®s concentrations (10 pg/L 85 or more). In practice, bromate can be better controlled by
applying multiple stages and applying an ozone dose of aboutd® ey gDOC.

The developed U¥:0: model accurately predietl both lab and pilotscale experiments for the 19 tested OMPs.
Unfiltered secondary effluent is more difficult to predict possibly due to shadowing, light reflection or scavenging of
radicals by the particleSystems with a sand filtration step upstream to the lp@; provide more reliable model
results.The develope@®: model predicts accurately the laxperiments results but is less accurate for the pilot

scale experiments, for compounds such as gabapeértgsartan, metoprolol and diclofenac; an explanation might

be relatedto the ozone reactor usingsadestream ozone injectigrwhich differs from lab conditionés the
hydrodynamics of the ozone reactor are not modelled here, spiffiatences in 0zone concentrations may lead to
different OMP degradation compared to a perfectly mixed syst&ae the ozone model may be sensitive to the

DOC compositioasit was calibrated using the lab testhilethe DOC composition during the pilot tegatas

different.

The sensitivity analyqis1 OMPs¥howed thathe most importantsecondary effluenquality parametersvere

DOC and N& and to a lesser extent (bi)carbonate and Bt these parameters scavenge OH radicals or react

with ozone, so that less radicals or ozone are available for the oxidation of OpéPational conditions such @s
concentration(for Oz pilot); andUV dose anth0» concentration(for U\VH.O; pilot) are important The UV

transmittance of the water, correlated with the DOC concentratidnc@porated in the kinetic modelhe

scenarios testing showed that in moderate AOP operational sce(@@snJ/criand 20 mg/L b0z or 5 mg/L @),

for some OMPs with lower removal percentages (~60%) by the AOP, taking into account both CAS and AOP models
can improve the degradation up 8%. Also, for compounds such as benzotriazole and metoprolol, the removal
percentage can be increased dymbining both modeld-or othetOMPs, the removal by the CAS is small, e.g.
compounds that already have a high removal by the AOP or a small removal by the CAS.

In TKIBelissimatwo toolswere developedl- A CA$osttreatment tool, integrating the removal of OMPs in CAS
systemswith knownquaternarytechnologiesificluding other technologies than AOPs)AR& AOP postreatment
tool, with QSAR models for WO, andsinglestageOs, for secondary wastewater effluefitool 1 has been
developed in BioWirtherefore it will require BioWin software to be able to use it. Regafdini?, the models for
UV-H20z andsinglestageQs, will be available through a KY8Rned too] AquaPrioriupon requestThe ug of the
developed models in other WWTPs wiltessitate prior validation againshstewater quality parameters of the
intended locations.
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1 Introduction

1.1 Background information

Organic Micropollutants (OMPs)Jedeen detected in all environmental compartments, air, wated soil, with
consequencefor the ecosystemso far not completely understooBEmissions of OMPs to the aquatic
environment providing frontdischarges afmunicipaleffluent, may reachdrinking water abstraction areasising
concernsaboutantimicrobial resistancAMR) effect®n humanhealth. Ecctoxicological consequences with
mutagenic effects for fish and animals, associated to the emissions of OMPs, have been nf@kEesddclude a
very wide variety of compounds such as pharmaceuticals, pesticides and herbicides, paregmatucts,
industrial chemicals, that enter the aquatic environmenpimpointand diffuse source®ischarges ahunicipal
effluent areexamples opinpoint souces, whilgricklingwater fromplantation fields or animal pastures are
examples of diffuse sourcédunicipal wastewater collecend concentrate pharmaceuticals and persorzdre
products into a single stream, and therefore proviginginique opportunity fostudying theiremoval in
Wastewater Treatment Plants (WWJ,Breventing OM&release into the aquatic environment. Currently, the
discharge limits ahunicipal WWTRg the Netherlandslo not include OM$ Newdischargdimits for urban
wastewater,jncludingOMP discharge restrictions, are pendimgthe approval of the European parliament. At
present, in the terms of surface wategulations there are no standards for single pharmaceutical compounds
and only limited standardsf other OMPs.

WWTPs play a significant role in the removal of OMPs, since most OMPs enter the water cycle via wastewater
discharges. Existing WWTPs, mostly relying on conventional activated sludge systems (CAS) provide partial removal
of OMPs. The total removal of OMR® be increased by applying ptgtatment technologies following CAS,

which are also known as a quaternary treatment. Some WWTP already include a quaternary treatment step, such
as activated carbon and/or ozone technologies. Additionally, there aretetftgrologies able to provide OMP

removal, such as Ultraviolet (UV) treatment and membizased technologies. Nevertheless, the possible

synergies between CAS and quaternary treatment are often overlooked, namely: the contribution of the CAS to
OMP remoul is often underestimated on the quaternary technologies design phase; and possible optimization of
the quaternary step, by optimizing CAS operation, is not considered. For the selection of quaternary technology,
Stowa (2020) advises to consider a mini@iglP removal of 10% in the CAS, as an engineering security factor;
however, the data shows 10 OMP compounds with CAS removal rates between 15 to 80%, with 9 (out of 10)
compounds with removal rates above 20% (Stowa (2020)). Furthernmangr, knowledgepperational

optimization of the quaternary technology by optimizing CAS operatim y&t applied.

Modelling approaches in wastewater have progressed immensely in the last decades, aiming to predict effluent
discharges and improving WWTP design. Currently, the WWTPs in the Netherlands register in excel, operational
conditions, flow rates and compositdon 2 F Y2y AG2NBR &AGNBFYad .FaSR 2y GKS
the data is used on madslance equations, providing information about quantity and quality of other streams of
the WWTP, closing the malsalances, and allowing control of the op@aal conditions. However, this control

system relies on regular measurements and analyses. Moreover, this control system does not include removal
mechanisms, able to fully describe the processes and operations taking place at WWTP. Mechanistic deldata mo
can fully represent processes and operations and have the added ability to, after proper validation, simulate
scenarios with different operational conditions, without requiringdcdlle experimental trials in an operating
WWTPs. The modelling oktiCARffluent quality without OMP removal, has been publisiteain Loosdrecht et
al(2015) and are included in software packages of commercial comp@mied.oosdrechdt al (2015))

Quantitative structureadivity relationshipg QSARNodelsof effluent qualityof quaternary level technologiese
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currently being developed€ombined modelling @MP removalthat is OMP effluent qualitin CAS and
quaternary treatmentis, to our knowledgestill to be done.

In wastewater there are various OMPs present and not all are monitored and modelled. HiveeQSAR

models, which aretatistical prediction models, can provide indications ofréimoval efficiencies of OMPs which

FNB y20 YSI&adzZNBR® v{!wQa IINBE O2YY2yteé& | LIWJXASR Ay OKSY,.
developed at KWR for drinking water treatment technolggiesh as WHO; (Wols et al, 2012 and

nanomembrane filtration\(ries et al, 2018 ¢ KS LINB @A 2dzaf & RS@St 2LISR {y2e6f SR3S
61 aiGSel GSNI YFGNRED® ¢2 2dzNJ {y26f SRAS v{!wQa KI @S &2 ¥FI
WWTPs.

1.2 Project framework

Theproject TKI Belissimstarted in 20D andfinished in2024. Theprojecthad aconsortium of partners with the
following roles:
1 Technology partner&/an Remmen U¥nd PureBluevater;
1 Endusers:Waterschap Brabantse Deli#&/aterschap Scheldestromegwaternet;Hoogheemraadschap de
Stichtse Rijnlanderand Aquafin;
1 Knowledge institute: KWR water research institute

In this project we focused on OMP removal in WWTPs, by comtiiei@MP removgberformances of CAS and
quaternary level technology. The quaternary level technologies addressed in this project are UV peroxide and
Ozone, both classified as Advanced Oxidation Processes (AOP) techiBitiyteshnology suppliers partieifing

in TKI Belissinsuppled AOP technologies.

The core of the projeaonsistson modellingOMP removaih WWTPscombining removal of CAS systems with
removal inAOP technologies gsaternary treatmentThe project was divided into two parts, referring to
industrial and fundamental researan modelling of OMP removial wastewater treatmengFigure ). The

industrial researcfocuses orthe CAS system modelliagdthe fundamentatesearch focuses ddV peroxide and
Ozone modellingThe fundamental research part also focusethercombined modellingf CAS and UV or AOP
given their innovative character.

Figure 1 showkow the activities in TKI Belissima were organiBeth the industrial and fundamental research
started witha literature review (activity 2 and 3pcusing @ OMP removal in the CAS andternarytechnology
respectivelyLab testdollowedto support the modelling activities (activity 5 and®@)e CAS lab tegtsovided
removal constants, required for the CAS modelling Albidab-tests provided data famodel calibation. The

model of the CAS system with OMP removal included (activitia$yalidated by measurement campaigns at the
WWTP of Walcheren (Waterboard Scheldestnagmehere the UV peroxid®¥an Remmen U¥nd Ozone
(PureBlue watenyilots were placedThe hdustrialresearchwascomplemented by a tool (activity 7), to be used as
support decision on the selection of péigatment technologies by the waterboardisformationabout fultscale
quaternarytechnologyOMP removal ratesapplied in activity Zyere obtained in activity 3

The models of the UV peroxide and Ozone technologies (actiwigr®yalidated with results obtained at two
pilots (activity 13)Asaforementioned, two pilotsone from Van Remmen WVV peroxideind one from PureBlue
(singlestageozone)were place atWacherenWWTR Waterboard ScheldestromeThe fundamental part of the
researchwascompletedby combined modellinactivity 11) The combined modelling consistedusing the
results of thevalidatedCAS model, namelyater qualityresultsand OMPremovalconcentrationsas input
parameters fothe validatedQSAR modelsaamely theJV peroxide andinglestageozonepilots, obtaining the
final quality of the treate@ffluent to be discharged into the aquatic environm@tivity 11).
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Figurel- Schematics of the TKI Belissiattivities. Additionally, Activity 14 for knowledge exchange is considered an transversal activity, taking
place by default when interactions between partners are taking place.

1.3 Projectobjectives

The overall goal of the projecttésproduce toolsenabling thevaterboards and technology suppli¢osoptimize
OMP removal in WWTPEhe optimizatiorof OMP removal capotentiallyleadto improved effluent quality
savings in design and operatiomgofiternarytechnology in WWTPs with validated modesgpplyingquaternary
level technologies consisting of UV peroxide or Ozone. Trerégobn combining thenodellingof both the CAS
and UV peroxide/Ozone technologies.

Toachieve the overall goal, the following research questions were identified:

CAS
1. Which OMPs are removed/converted in the CAS systems?
2. What are the removal mechanisms, and respective relevant parameters, of OMPs in CAS?
3. Whatarethe design/operational values of the relevant parametershe projectpartners ?
4. What are the optimal operational values of the relevant parameters to maximize OMP removal in CAS?

QuaternaryTechnologies (QT)
5. Which OMPs are removed in the ptatment steps, according to the peseatment technology?
6. What are the removal mechanisms, and respective relevant parameters, of OMPs in thegtiosnt?
7. How is the postreatment affected by the CAS effluent quality?
8. What are the optimal operational values of the relevant parameters to maximize OMP removal in post

treatment?
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CAS+QT
9. What are the operational values of the relevant parameters, for CAS antlgaistent step combined,
to optimize OMP removal? What are the operational savings?

QSARs modeig
10. Can the removal efficiency of other OMPs be predicted based on the properties of similar OMPs and
applying the available information?
11. Which OMP properties affect peseatment removathe most?
12. What is the removal rate of similar OMPs?

The research questions 1 to 4 were addressed in actiiidig@¢ 1), about which has been reported separately
the reviewreportodCl G S 2F hNAF YA O aA ONER LI fwasproduced arfdyublistiéd A @1 G SR
2022(Lousaddrerreira (2022), KWR 2022.090). The remaining research questions will be addressed in this report.

1.4 Organic MicropollutantdOMPs)addressedn TKI Befisima

The TKI Belissima project initiddlgusedon the 11 OMPs proposed the Ministerie van Infrastructuur en
Waterstaat(I&W), namely 6 methylbenzotriazole, benzotriazole, carbamazepine, clarithromycin, diclofenac,
hydrochlorothiazide, metoprolol, propranolol, sotalol, sulfamethoxazole and trimethoprim. The 11 OMP list was
published by théational Institute for Public Health and the EnvironnlehYM), executing the task at the request
of the Ministry of Infrastructure andVater managemeni&Ww)(RIVM 209).

The TKI Belissima project was started ir020@1, since then, other lists of OMPs indicators were published,
namely by Stowa in the Netherlands. More recently, a new list of OMPs indicators is proposed by the EU, to be
included inthe new EU Urban Wastewater Directive{52022 proposal). The various lists are shown in Annex I.

Therefore, to produce more added vakedwhen possible due to timirend budgetthe experimental work and
modelling activities of TKI Belissinvare extendedto a maximunof 19 OMPs. Therefore, adding to the 11 OMPs
list proposed bRIVM the following OMPs were also measured: gabapentin, amisulpride, azithromycin,
venlafaxine, citalopram, irbesartan, candesartan and furosemide.

1.5 Report outline

The report is organized three mainchapterswith project resultsChapter 2 describes all the experimental work
performed in the project, used as base for the modelling of the CAS and UV peroxide/Ozone technologies. Chapter
2 refers to both lab and pilot experimental trials. Chapter 3 describes the CAS modighimgegratedOMP
removalmodels per compound Chapter 4 describes the QSAR miaugfor UV peroxide and Ozgrfer all OMP
addressed in TKI Belissinthapted alsoaddresses the combinedodellingof CAS anduaternary technologies,

namely UV peroxide argihglestageozone obtainingOMPconcentration results in the treated effluent of the

WWTP, before being discharged into the aquatic environn@hapter 5 lists the main conclusiaighe project,

and finally, bapter 6 addresses the tools producedtia TKI Belissimaroject, and how they cahe used.
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2 Experimentaltests at lab and pilot-scale

2.1 Introduction

In TKI Belissima the experimeriggts included laboratory testsdpilot tests. The laboratory tests at KWR
includedbatchtests with activated sludge collected at Walcheren WWoIéhtain biotransformation removal
rates of the targeted OMPas support to the modelling activities of the activated sludge system (CAS); and
advanced oxidatioprocesses (AORsts with ozone and UMesearchinfN\B Y2 @ f 2F hat Qa o0&
effluent under optimal circumstanceBhe lab tests for AOP modelling were performed with@liliater, effluent
from WWTP Walcheren and effluent from Horstermeer WWTP (Watefhetpilottests, aimed atremoval of

hat Qa &an WWTP effluentinder practical circumstancgsok place aiWalcherenWVWTP The pilot tests
for AOP modellingrere performedon sitewith effluent from WWTP Walcherefwo parallelpilots were placed at
the WWTP, one with Uperoxide(UV Remmen) and another wiimglestageOzone(PureBlue)The influent of

both pilots waeffluentfrom the secondary clarifi@f the WWTPThe pilot experimental period was from October
2023 to April 2024with four sampling dates during the experimental period.

Section2.2 to 2.3provides general information aboiuthe WalcherenWWTP and the pilotSection 2.4nd 2.5
describe theexperimental testperformedaddressingnaterials methods and results Section 2.4 refers to lab
scale tests performed with activated sludge from WWTP Walchrsapport the CAS modellingection 2.5
describeghe lab-scaleandpilot-tests to support the AOmodelling

2.2 Wastewater treatment plant (WWTP) of Walcheren

WWTP Walcheren ismaunicipaWWTPpperated by Watdyoard ScheldestromefwsS) The plant is located at
Ritthem and treats sewage from the area of Walcheren. It is a conventional activated sludgéGx&iand
includes a sludgeigestionline, dewatering and treatingludge fromocaland externaWWTR.

221 Configuration and operational parameters

Tablel providesdesign, operation and CAS configuration charactereioat WalcherenWVWTP.

Tablel-Characterists of the WWTP of Walcheren.

Design load [p.e.] 178.700
Max flow [nfh?] 7.800
HRT [h] 6h at RWF, over 2 day
at DWF
Influent- industrial % 20
Configuration CAS PhoRedox
Primary clarifier Yes
Anaerobic tank Yes
Denitrification tank Yes
Nitrification tank Yes
Hydraulic regime mixed

SRT [d] 18.5

h t
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2.2.2 Wastewater qualityq influent and secondary effluent

In Figure2 andFigure3 the water quality of the influent and the effluent during the pilot testing period is provided
for the main treatment parameters. The figures also include water quantity data for the inflhent
concentrations of the different compounds in influent and effluent vary over fotlewinga normal behavioiThe
pilot testing period had quite some rain weather flow days (RWF). In generedffeiticof dilution resulisin lower
influentconcentrations, which can féearlyseen inFigure2 andFigure3.
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2.3 Secondary effluent advanced oxidation pilot plants

2.3.1 VanRemmenUV Techniek H.0z UV pilot

An UV pilot o¥an RemmeJV Technielvas available at the WalchergWVTR with a flow rate of approximately
2mhtoremoveli KS R 2 a STiRe pilolavas@geratedandmaintained byvan RemmenThe unit was placed
close tothe secondaryclarifierof the WWTPIt was fedwith secondaneffluent from theWWTR pumped out
immediately before theecondaneffluent collection tank

A schematic overviewf the UV pilot is shown Figure4. Figure5 shows the U\peroxide pilot placed at
Walcheren WWTP.

H202

/ \ / \ dosing

( \—

GAC
destructor

Sandfiltration 10m3
Flocculation Buffer [
Filtrate

J

J

bufer C ]
' -

Figure4- Shematics of the UV peroxidan Remmen pilot.

Figure5- Van Remmen UV pilot at Walcheren
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Due to the mstantproduction of hydroxytadicals from hydrogen peroxide with th/C lampghe pilot was only
operated on testing daysee sectior2.5.3. During these samplingundsthe operationakettings wereept

stable with corroborating orsite measurementbke UVYabsorbance and3@: concentration A sufficientvolume
was flushed through the system between samplesexperimentakettings to avoid contamination between
them. At minimum5 system volumeghe system volume wasstimated a0 L)were flushed between sampling
points. The UVC system consisdf four individual Focu$30 AdvanoxJVreactorstailor made forthe pilot These
reactors are flow controlled amtimber of lamps can bedjusableto yield the right UVC dose in combination with
UVtransmittance and flow. Hydrogen peroxide is injected and mixed in tHeddbtream beforeenteringthe

UVC reactors by a dosing pumpintaininga precise and stable hydrogen peroxide concentration as defined for
the project(seeTable8). Residual hydroggueroxideis removed with a short contact time (<2minutes) Granular
Activated Carbon bed.

2.3.2 PureBlue Water Os pilot

A mobile ozone pilot d?ureBluéNater (sedrigure6 andFigure7) was available at the Walcheren location, with a
hydraulic capacity of 7 . The pilot was monitored, operated and maintainedPbyeBlueWVater throughout the
duration of the test period.

In Figure6, a simplified Process Flow Diagianovidesall major components of the ozone pilot. The pilot is

equipped with a modular ozone generator with an adjustable ozone dosing rate between 8 abdh6@t@zone
concentrations between 16800 g/Nni. The ozone is generated from pure oxygen and then injected using a self
developed ozone injection method by PureBlue Water. In comparison to conventional fine bubble diffuser columns,
the selfdeveloped injedbn method isuitable forsmaller ozone reactoisepingthe system mobile and

transportable. The ozone generator is supported by a cooling system for optimal ozone production efficiency.

03 analysis

O3 generator

cylinder A

A 4

i PureBlue
lCoolmgI
SAMPLE injection

(SPIKED)
INFLUENT

OMP SPIKING
SOLUTION

Ozone reactor

SAMPLE

TREATED

@ EFFLUENT
X y Treated

" Effluent
WWTP —J

EFFLUENT

Figure6- Process Flow Diagram of mobile ozone pilot provided by PureBlue. Water

The effluent is being pumped directly from the secondary clarifier to the ozone reactor. A dosing pump, injection
nozzle and static mixer are in placease of dosing/spiki@MP solutions to the raw effluent. The pilot is also
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equipped with an ozone gas analyzer to monitor the ozone concentration in the feeddjés keep the

remaining, undissolved ozone in the-g#fs. This monitoring procedure allowsdomlccurate ozone transfer

efficiency determination. Furthermore, the -gfés that might hold traces of ozone is further treated using a Vent
Ozone Destruction module (VOD). Thevents anyharmful gas emissions to the environment. Samples from the

raw or spiked WWTP efflue(stee2.5.3 aretakenfrom a sample valve upstream the ozone reacamigthe

treated effluent can be sampled from a sample valve downstream the pilot. Safety measures are taken to operate
the ozone pilot, including the use of a portable ambient ozone sensor and providing plenty of ventilation in the pilot
unit during operationFigure7 shows thepilot at the WWTP of Walchergandat the PureBlue facilities

b)

2.4 Labscale activated sludge experiments

Thelab-scale activated sludge experimentsre publishedn Martins et al, 2024seeAnnexll for the complete
contentg. The articlgprovidesa comprehensivelescription of thanaterialsand methodolo@gsapplied and
results obtainegdfrom CAS sludge batch tests, at different redox conditions, to obtain biotransformation rate
constants for the targeted OMPs in TKI Belissirsnort description of materiadgpliedand resultobtainedis
provided in this section.

The biotransformation rates constants, requiteanodel the removal of OMPs @ASwere obtained by the
experimental testsSorption ratesalso requiredwerefound inliterature. Becausdiotransformation ratesire a
function of theredox conditionsn the CAS tanksludge from tha@erobic, anoxiandanaerobicdCASanksof
WWTP Walcheren,agtransported to KWR arndstedin batch testsThe result@are shown irrable2. Overall, the
analyzedOMPs showetligherbiotransformation ratesinderaerobic and aaxic conditions, howeveompounds
such as clarithromycipio-transformed fasteunderanaerobic conditions.

Table2- Biotransformation rate constants (kbio) found for CAS in the literatiotained results for the targeted micropollutarita bold) and
average sorption (distribution) coefficients (kd) calculated based on the values found in the literature (source Mdy@4}.a

Micropollutants Koio [L.gSS.d 7] Ki[L.gSY
Aerobic Anoxic Anaerobic

4-, 5 0,18* 0,06* 0,11* 0,168 (£

Methylbenzotriazole 0,032)

(n=6)
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Azithromycin

Benzotriazole

Candesartan

Carbamazepine

Clarithromycin

Diclofenac

Gabapentin

Hydrochlorothiazide
Irbesartan

Metoprolol

Propranolol

Sotalol

Sulfamethoxazole

Trimethoprim

Venlafaxine

(1)McArdellet al.(2003) (2)Claraet al.(2005) (3)Josset al.(2006) (4)Abeggleret al.(2009) (5)Wicket al.(2009) (6) Ploszt al.(2010) (7)Suarezt al.(2010) (8)
Xueet al.(2010) (9)Suarezt al.(2012) (10)Fernande#ontainaet al.(2013) (11)Pomieset al.(2013) (12)Fernande#ontainaet al.(2014) (13)Blairet al.(2015)
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<0,13%; 0,11, 0,24%3),
1,48*

0,16, 0,214, 0,2214)
0,304, 0,46'%; 0,411,
0,47*

0,05*
0,00%13)(19) <0 013A(10)

<0,16®™M® 0,132 0,705

0,039, 0,209T A Z n n

0,48'%; <0,56¢®; 1,75*

<0,00% <0,02%; 0,029
X Bvopd9eo) 0,36
0,40%; 0,50'%; 0,70
0,802: 0,90 1,207
0,08'%: 0,13 0,18
0,86*

0,05*

0,10*®; 0,33* 0,503
0,90

0,13'%; 0,20%; 0,38
0,4090%) 0,60'%; 0,92*

0,36%; 0,46%; 1,51*

0,40945) 0,439 0,46*;
0,605 0,808%5)

Xn LR 0,199; 0,207,
0,243, 0,306712) 0,419,
0,42 0,60V

0,051%: 0,090 0,158":

0,224 0,23* 0,24'%; 0,63%

0,48*

0,23 0,241,
0,254 0,324
0,33, 0,34
0,58*

0,03*
<0,03"; 0,07*

1,08*

<0,04"; 0,07*

2,36*

0,09*
0,25*

0,039 0,42*

1,02*

0,25*

0,41 2,02*

0,12% 0,67

0,13*

(14)Maziotiet al.(2015) (15)Nolteet al.(2020) * This studyreferring toMartins et al (2024)

1,27*

0,14*

<0,00*
<0,00*

1,87*

<0,00*

0,49*

<0,00*
0,45*

0,65*

0,76*

<0,00*

0,42*

1,07*

<0,00*

0,685
(+0,621)
(n=3)
0,177 (+
0,081)
(n=6)

0,123 (=
0,112)
(n=20)
0,395 (+
0,355)
(n=7)
0,087
(£0,173)
(n=16)

0,820
(x0,170)
(n=2)
0,340 (+
0,506)
(n=4)
0,332 (
0,116)
(n=7)
0,132 (+
0,197)
(n=3)
0,202 (+
0,149)
(n=17)
0,225 (+
0,106)
(n=13)
0,270 (
0,151)
(n=10)

18



KWR2024.090| October2024 Modelling of OMPs removal in activated sludge and advanced oxidation systen 19

2.5 Material and methods of dvanced oxidationexperiments
25.1 OMP Spiking solution

In Table3 the OMPtype and concentrationsf the stock solutioffor the lab- and pilotexperiments arshown This
stock solution was kept frozen@R0 °C beforeeveryuse, and diluted witiilli-Q water to achieve the desired
dosing solution used for the experiments.

Table3- Compounds and concentrations of the OMPs stock solution used for the experiments
Compounds Qoncentration
(mg/l) of the stock
solutionat thetime
of preparation

Gabapentine 1,00
Trimethoprim 0,98
Benzotriazole 0,99
Amisulpride 1,00
Metoprolol 1,00
Azithromycine 0,98
Tolytriazool 1,00
Venlafaxine 0,99
Sulfamethoxazool 1,00
Propranolol 1,00
Citalopram 0,99
Carbamazepine 1,00
Irbesartan 1,00
Candesartan 1,00
Diclofenac 0,99
Hydrochloorthiazide 1,01
Furosemide 0,50
Sotalol 1,00
Clarithromycin 1,00

2.5.2 Laboratory experiments

Ozoneand UV labscaleexperiments
Different amounts of ozoner UV and peroxide we dosed taNalcheren WWTP effluent and ultrapure water
(MilliQ water) with adde@®MPsthe generatel datawasrequired forthe AOPmodel. Some experiments were
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performedin combination with hydrogen peroxid®MPs Table3) were dosed at about 100 times the lowest
detection limit (Idl). ITable4 the details of the laboratory experiments are given.

For the UV experiments with M)l water tertiary butyl alcoho{t-BuOH (10 mg/Ljvas added asdicalscavenger

to mimic presence of DOEor most experiments with Walcheren and Horstermeer WWTP effluent, the water was
filtered by using 0,4Am nitrocellulose filters. For some experiment the filtered effluents were diluted withQMilli
water to achieve the same amount of DOC of the-Rilivater with tBuOH.

For the ozone experiments with Milli water, it was decided later to use ethanol (5 and 50 mg/L) and-Bedé(l

and 5 mg/L) as a scavenger because of the high removal by ozone without scaveng«p waikiti For the
experiments with the Walchereand Horstermeer WWTP efflugtiie water was unfiltered.

Table4- Details of the ozone and UV laboratory experiments

Parameter Water
typel
Water types Walcheren
WWTP
effluent
Dosing of ozone 0-2-4-8
(mg/L)
Dosing of UV 0-100-300
(mJlen®) / HOz 600/ 10 and
(mg/L) / t-BuOH 20/0
(mgl)
Performed OMPs
analyses Residual
Ozone in
water
DOC, UV,
HCG, pH,
Turbidity,
NH:, NQ, O
PO, SQ, Br

Water
type 2
Horstermeer
WWTP
effluent

0-100-300-
600/20/0

OMPs

DOC, UV,

HCQ, pH,

Turbidity,
NH:, NG, O
PQ, SQ, Br

Water
type3
Milli-Q
water

0-0.51-2

0-100-300-
600/ 10
and 20/ 8

OMPs

Residual
Ozone in
water
HCOzin
water
DOC, UV,
Turbidity

Remarks

Some followup experiments with
guenchingook place with MilkQ
water

In duplicate

With quenching of the hydrogen
peroxide after the experiment for
analysis, in duplicate

In duplicate

After 15 min waiting time

In case of Ozone experiments only
DOC, UV and BsO

The ozone experiments were carried out with a BAhbratory setupseeFigure8. Thissetupconsists of an
oxygen concentrator (Lennteclogzone generato(BMT803 BT)two ozonein-gas analyzef8MT 964) taneasue
the ozoneconcentration in thenflowing and outflowing gas of the reactor, a glass reactor (apptdxal
recirculation pump and an ozoiegas destructorgll BMT Messtetinik GmbH, Stahnsdorf, Germany).



KWR2024.090| October2024 Modelling of OMPs removal in activated sludge and advanced oxidation systen 21

Figure8- Picture of the BMT Ozéne laboratory setup

Milli-Q water was cooled in the reactor, which was placed in crushed ice, to altband recirculated in the
reactor. Ozone gas was dosed to the recirculating-®lilliater in the reactor at about 60 gimat a flow of 1 N
L/min for about 0,5 h until ca 20 mg/L of ozone was dissolved in th&Nkiter. This ozonated water was dosed
at the desired concentration to PE bottles containing spearbidnesof Milli-Q or Walcheren WWTP effluent
water with the OMPs and shaken for about 10 sec each. Afteit &Bamin the residual ozone was measured to
control the absence of ozone after the reaction.

The UV experiments were carried out in duplicate with 150 milatefin the KWR UV collimated beam reactor
using a Low Pressure (LP) laanpording to a standard procedure for measuring water samples, described in
Harmsen [2004])n Figure9 a picture of the collimated beam setup is given. In case of MilliQ water a scavenger (t
BuOH) was added to mimic DOC. In case of the Walcheren WWTP effluent samples were UV irradiated either
filtrated with 0,45um nitrocellulose membranes aradiatedwith un-filtrated samples

Figure9- Picture of the collimated beam setup
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253 Pilot- plant experiments at WWTP Walcheren

Sampling dates
The sampling dates avhich the dosing experiments were performed were th& O8toberand 22" Novemberof
2023 and 7" Februaryand 17" April of 2024.

Pilot hydrogen peroxide UV (Van Remmegmd plot singlestageOzone(PureBlue)

At thefour sampling datg@pproximately every 2 months), a cocktail vdPsvas dosedTable3) for a few
hours (depending on the residence time) at 20 times the lower analytical limit. Duplicate saenplesken at
regular intervals for analysis fOMPs after dosing and mixing, aod after the peroxide/UV step or after the
single stage ozoneThe dosing unit with pumpas supplied, installed and operated by KWR.spileéngsolution
was added justbefore the UV stepbzone dosingOMPs werespikedat about 20 times the lowest detection limit
(Idl). KWR ook care of transportaind analysesf the samples during the dosing da\s:, Rot and COD were
measured byWaterschap Scheldestrom@Vg or KWRperoxide in water was measured at the locatiorViayn
Remmenozone in water was measured at the locatiorPoyeBlue

The UV/peroxide dosages were set to 600/20 and 1.200/40 mJidredesired ozone dosages were performed at
zero,0,3, 0,6 and 0,9 ga0g DOCthe real applied dosages are found at the results section of this report.

Performed analysis
Table5 summarises thanalyseperformedand methodsapplied

Table5- Performed analyses and methods

Analyses Used methods
OMPs KWR Specials 2
Oz in water Hach Lange LCK 310 (lab experiments)

MachereyNagel Tube test NANOCOLOR Chlorine / Ozor&72 (0
https://www.mn-net.com/tubetest-nanocolorchlorine/ozone2-985017
(pilot experiments);
MachereyNagel Tube test NANOCOLOR COMR0B8)
(https://www.mn-net.com/tubetest-nanocolorcod-160-985026)(pilot
experiments)

HOz in water KWR LAM48 (lab experiments)
UVC Transmissie: P200 handheld transmittance meter égjp@riment$
Peroxide: Lovibond MD2@@H.O; pH (pilot experiment$

pH, HC® KWR LAM43 and-042
UMabs KWR LAM33
DOC KWR LAMGS8 (lab experiments)
MachereyNagel COD testkit, calculation of DOC by 3/1 factor
Turbidity KWR LAM44
NH*, NQ, NQ, O Aqualab Zuid AC1600
PQ*SQ?
Br, BrQ AqualabZuid AC0122/AC0127
Suspended solids Aqualab Zuid AC0225
BOD Aqualab Zuid AC0501

N-tot, P-tot, CZV Respectively Hach Lange LCK 238/338, LCK 349, LCK 314/514


https://www.mn-net.com/tube-test-nanocolor-chlorine/ozone-2-985017
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2.6 Results and discussioof advanced oxidation experiments

2.6.1 Laboratory experiments
In Table6 the measured water qualifyarameters are shown of the water used for the laboratory experiments.

Table6- Measured water quality parameters

Water qualityparameters Milli-Q with tetBuOH Walcheren fikred  Horstermeer filered
U\tabsorption (E/m) <0,3 32 29
pH € 6,4 7.3 7,6
DOC (mg CI/L) 7.9 14 11
Bicarbonate (mg/L) n.m. 315 210
Turbidity (FNE) 0,52 0,52 0,23
Ammonia (mg/L NH4) n.m. 17 0,13
Nitrate (mg/L NXD3) n.m. 52 14
Nitrite (mg/L NO2) n.m. 2,4 0,087
Ortho-phosphate (mg/L P) n.m. 0,041 <0,02
Sulphate (mg/L SO4) n.m. 150 27
Bromide (mg/L Br) n.m. 1,8 0,29

n.m. means not measured
The measured removal resultsezfchozone and Ulaboratory experiments argiven in Anne¥.

In FigurelOan overview is given of thetal removalof the measured OMPSs in relation to water type and amount
of the ozone dosagé&he figure shows thalilli-Q water(with ethanol)gave the highest removal, comparable with
an ozone dosage df2 mg/L with Walcheren watéWhile with the use of ethanol as a scavergadly lower
removal was achievethe use of buter8-ol had significant effect on the removal of the OMRd4/Nalcheren

water, with a higher ozone dose, the removal of the OMPsiaseased, as was expectdthese datare used for
the validation of thezonemodel.

In Figurell an overview is given of the tot@movalof the measured OMPs in relation to water type and amount
of the peroxidedosageFor each water type angeroxide dosage the removal at different UV doses (Adhex
were translated to a UV dose of 600 mX/¢hy fitting theconcentration as exponentifinction ofUV dosg The
effect of the additiorof and concentratiorof peroxidein Milli-Q waterisvery clear showing that UV without
LSNREARS KI NRf @& 3 KD withEhy Waltheren andl Hoiisterfheeiitar typ@sitiee effect of

the addition of peroxide is cleailithout peroxide the overall removalridatively low, because only a few
compounds are sensitive to direct UV photolysié/fen the water was diluted with Mi{), the removal als
increased because the concentration of scavengers are decrétmestermeer water showed higher degradation
results than Walcheren water, because the concentration of scaveisdevger. When unfilteredwvater is used,
peroxide clearly had less effect on the removal of the OWliRsneasurementiata are used for the validation of
the UV/peroxide model.
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lab MQ O3 0.5 mg/L EtOH 5 mg/L

lab MQ O3 0.5 mg/L EtOH 50 mg/L
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lab MQ O3 0.5 mg/L Buten-3-ol 1 mg/L

lab MQ O3 0.5 mg/L Buten-3-ol 5 mg/L.

lab Walcheren O3 0.84 mg/L

lab Walcheren O3 1.68 mg/L

lab Walcheren O3 4.2 mg/L

b
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Figurel0: Overview of theamoval ofthe measured OMPis relation to water typeand amount of ozone des

lab MQ UV-H202 0 mg/L

lab MQ UV-H202 10 mg/L

lab MQ UV-H202 20 mg/L

lab Walcheren ongefilterd UV-H202 0 mg/L

lab Walcheren ongefilterd UV-H202 20 mg/L

lab Walcheren UV-H202 0 mg/L

lab Walcheren UV-H202 20 mg/L

lab Walcheren UV-H202 40 mg/L

lab Walcheren verdund UV-H202 20 mg/L

lab Horstermeer UV-H202 20 mg/L

lab Horstermeer verdund UV-H202 20 mg/L
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Figurel1: Overview of theemoval of the measured OMPs in relation to water type and amount of peroxidd. dtessults wereterpolated

for a UV dose of 600 mJ/ém
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2.6.2 Pilot plant experiments

The water quality parametersf the wastewater effluent from Walcherei the influentof both AOP pilots is given
in Table7 for the four rounds of testindrlhewater qualityparametersinfluent of theozonetests from the 3

round show substantial lower valules HCG@, DOC and Ugbsorption probablycaused bylilution from
precipitation.The ozone experiments weadwaysperformed inthe afternoon The UV/HO; experiments were
performed at the same day, but in theorningand show less effect of the dilutidBome water quality parameters
show a seasonal effeclike N@, NQ', NH:*, Cl, Br, which is also visible Figure2 andFigure3. In round 4, both
pilots showa better effluentwater quality (lower DOC, HEQJV absorption The UV/HQ; influent in round 4
shows an even lower DOC due to tloagulation/filtration prereatment step that worked best in roundié
previous rounds itid not work very wellue to issuesvith the filter).

Table7: Water quality parameters measured from timdfluent of the AOP pilots (0zone and b)@,).

Parameter Round 1 Round 2 Round 3 Round 4

Os UVHC: G UVIHO:  Os UVIHO: GO UV/HO:
pH 7.1 7.0 7.1 7.1 7.2 7.2 7.0 6.8
HCQG- (mg/L) 270 250 320 290 140 275 140 130
DOC (mg/L) 12.5 10 10 8 5.6 9.5 6.0 4.3
Turbidity (FNE) 2.0 24 11 1.2 4.5 2.1 1.7 1.7
U\tabsorption 36 28 30 23 16 27 18 11
(E/m)
CH(mg/L) 515 535 340 330 n.a. n.a. n.a. n.a.
NG- (mg/L) 16.5 19 7.5 17 3.2 4.8 3.3 4.7
NG- (mg/L) 0.9 0.02 n.a. n.a. 0.36 0.26 0.57 0.013
P-PO?* (Mg 1.25 0.04 2 0.6 0.12 1.3 0.08 0.02
PIL)
NH:* (mg/L) 2.0 1.8 2.2 0.2 4.6 13 4.3 4.0
Br& (ug/L) <0.1 n.a. <0.1 n.a. <0.1 n.a. <0.1 <0.1
Br- (mg/L) 1.7 (1.7) 1.2 (1.2) 0.5 (0.5) 0.64 0.62
BZV5 (mgfL) 2 1 2 1 45 3 3 <1

CzV (mg £1) 38 45 18 21 28 32 23 22
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UV pilot experiments

In the UVperoxide pilot the secondary effluentaee-filtered by a 200 micron screen before entering a sand filter.
The original goaif the sand filter, with flocculation, was to incredlse UVtransmittance however due to
operational constraintghe first three samplinghomentswere performed with theaw secondary efflueniThe

final samplingnoment(April 2024) was performadcludingthe sandfiltration step whichincreagd U\-
transmittance from aaw value of 60,7% to 74,4% with 4 ppowdered adivated carbon®PAGdosage During he
first three samplingmoments, the sand filtration did not work optimal and the tavwreated transmittances over
the U\tperoxide pilotwere of: 39,9, 60,0 and 52,1%.

During the UV/ED, experiments, samples were takiEom the influent and effluent of the U\HC; reactor. The
influent sampling port is located after addition-e0,. Both influent and effluent samples therefore contep®;.
TheH:0. was not quenched, as drinking water samples the experience is that quenching may interfere the
analysis, whereds;0; has little influence on the resultdowever, for som@©MPcompounds the influent
concentrations are lowehan the desired concentratiaseeAnnexlV) andbecause of analytical measuring ranges
may even be too low to demonstrate sufficient degradafidre spiked concentration was set to Ag¢ZL, which
adds to the background concentrations of OMPs already present in the wastewater effitiergffect of the
spikingcould befound in the influent measurements (see Aniéxin round 2 even lower concentrations were
found after spikingand forsomecompounds the concentration dropped to below detection lifiom round 3
onwards, therefore also influent sampleghout H.O> were takenn this casafter the experimentthe HOz
dosing was stopped, while the spiking of OMPs continued and an additfarerit sample was takein round 3,
the influent concentrations were closer to the desired spiked concentratdssthe difference between the
influent samples with and withotiO; were smalfor most compoundOnly at the highedt:O: concentration, a
few compounds (diclofenafyrosemide propranolol, trimethoprim showelevatedinfluent concentrationsin
round 4 again there was a larger differenceénfiuent concentrations with and without€b. In round3 and 4 the
influent concentrations withoutO, were used to calculate the removal

For calculating removal rates, less removal can be shown for compounds with low influent conceriftdtioss.
visualized by triangles the removal figuregseeFigurel2 and AnnewI). For compounds that have
concentrations below detection limit, a value of 2/3 of the detection limit was choseiculate removal rates
The experimental settings of the UV reactor during the tests are giV@bie8. Depending on the UV of the
influent water, he UV dose was set by changingfiber or number of lamps switched oim the first 3 rounds, the
UVWT wadow (especially in round 1), because the-peatment did not work properly. This was improved in round
4. The removal percentages during W0, are shown irFigurel2 for round 4 and AnneXllfor round 13, and a
summary of all rounds is shownHigurel3. The test with the higher UV doaad peroxide concentratior{§.300-
1.400 mJ/cm2 and 480 mg/L HO;) significantlyshowedthe highestremoval percentages: for most compounds
90% and higheiThe moderate settinggp0-600 mJ/cm2 and 285 mg/LH.Oz) showed removal percentages
between 6680%, with a few exceptions that showed lower degradaijoesveen 2050%) Azithromycin,
Chlarithromycin and Gabapentifhe increase in UV (Table8) also confirms theffect of the UV dose andO;
concentrationln round 1 and 2AnnexVI), a few compoundsould not be measured accurately, as the influent
concentration was too low (e.Burosemide, Trimethoprim, PropanolBhrbemazepine In round2, the non

spiked experiment showed more accur@teeaningless compounds with too low influent concentratipns
degradation resultdn round 3, for all 19 compounds accurate removal results were obtdreduse the influent
samples withouthOz were taken to calculate the removéixcept for azithromycin and clarithromycin, there is no
significandifferencein removal percentagdsetweenspiking and nospiking of OMP$:or the tests in rouh4
(Figurel2), also at the lower UV setting (674 m#and 21 mg/IH0z) high degradationare observedabove

90% for most of the compounds, and above 80% for Azithromycin, Chlarithromycin and Gabadentielter
performance of the U0, process in round 4 can be attributed to the better-qmeatment by the
coagulationsand filtrationIn the previous experiments, the filtration did not work properly, but in this round the
UV-T and DO@ereimprovedso that less competition for OH radicals is present and higher degradation could be
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obtained.At the higher UV settind. 870 mJ/criand 44 mg/lthOz) all compounds were removed with-898% or
higher.

Table8: Settings of thé&JV/H.0; experiments for the four roundskO, concentrations are given before the UV reactor.
Setting(intended UV dose  Flow (L/h) # lamps ActualUVv ActualH0; UVT (%)
and HO: dose) dose (mJ/crj)  (mg/L)

Before After

Round 1, 6020 (nospike) 900 4 478 19 36.9 41

Round 1, 6020 900 4 474 19 36.4 39.9
Round 1, 120@0 450 4 960 38 38.3 44.2
Round 2, 6020 (no spike) = 540 2 645 25 56 61.7
Round 2, 6020 540 2 659 25 56.1 62.7
Round 2, 120@0 540 4 1319 54 541 69.5
Round 3600-20 (no spike) = 900 4 571 21 47.4 50.8
Round 3, 6020 900 4 547 20 49.8 53.8
Round 3, 120@0 470 4 1452 36 51.6 61.8
Round 4, 60&0 (no spike) = 770 2 674 26 70.4 77.0
Round 4, 6020 770 2 674 21 71.1 76.9

Round 4, 120@0 770 4 1370 44 69.0 81.7
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Figure1l2: Removal percentages of micropollutants during W@#ireatment for round 4. The first number in the legend represents the UV
dose (mJ/crf), the second number represents th&kconcentration (mg/L). The triangles show the maximum degradation that can be
demonstrated given the influent concentration and limit of detection. The error range is calculated from the standamihdefvibié duplicate
samples.
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Figurel3: Summary of U\H:0; pilots, removal percentagior each OMP under different conditions during the four rounds of testsults are
only shownfimorethan 75%emovalcan be demonstratedalculated fromnfluent concentrationand limit of detection.
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Ozone pilot experiments

Next to UVHOz, experiments were conducted time ozone pilotThe influent concentrations of the OMPs are
given inAnnexV| Here the influent concentrations for all OMPs reredistable and the increass 0.2ug/L from
the spiking can be clearly seiarthe resultsForround 3, there is a larger error bar on the influent concentrations,
caused by differences in the duplicates due to the rainfall during and before the experimeods\d 4 the
concentration of benzotriazole in the background is much higher, uppg/L (compared to between 1 and 4
Mg/L in the other rounds)

The experimental settings of the ozone reactor are giva@alite9. In round 1 and 2he highest ozone dosages
(G/DOC ratio of 0.99ould not be reached in all cagesstlybecauseof technical issues in the fielthe ozone
dose was set according &m onsite measurement of DOC, which could sometimes differ from the laboratory
measurements of DOC (that was done afterwards) GeH2OC dose wasalculatedaccording to the DOC
measurement of the ladratory. Therefore, in round @nd 4 where the laboratory DOC results were almost 2
times lower tharthe on-site measured resulishe actualO/DOC ratio wakigher than epected

Table9: Settings of the ozone pilot experiments for the four rou@dsneconcentrations are given before tbeonereactor, DO and Br&are
given aferthe ozone reactor

Setting Oz (mg/L) 0s/DOC DO (mg/L) T (°C) BrG (ug/L)
Round 1, influent 0 0 4.4 19.7 <0.1
Round 1, 0.6 £DOC (no spike) 6.8 0.52 12.8 19.6 8.8
Round 1, 0.3 €DOC 3.4 0.26 10.2 20.3 <0.1
Round 1, 0.6 €DOC 6.8 0.53 13.2 21.2 6.4
Round 1, 0.9 ¢DOC 8.6 0.66 15.9 22.2 21
Round 2jnfluent 0 0 5.1 12.3 <0.1
Round 2, 0.6 &DOC (no spike) 55 0.55 18.0 12.7 18
Round 2, 0.3 ¢DOC 3.0 0.3 14.0 14.3 <0.1
Round 2, 0.6 €DOC 5.8 0.58 17.6 13.6 18
Round 2, 0.9 ¢DOC 7.4 0.74 19.7 13.7 n.g.
Round 3, influent 0 0 55 10.7 <0.1
Round 3, 0.@3/DOC (no spike) 6.1 1.10 16.5 10.8 10
Round 3, 0.8:/DOC 3.1 0.56 14.1 10.7 4.6
Round 3, 0.€:/DOC 5.8 1.04 16.5 10.5 11
Round 3, 0.8:/DOC 55 0.98 16.9 10.1 15
Round 4, influent 0 0 5.7 12.8 <0.1
Round 4, 0.€3:/DOC (naspike) 54 0.90 17.6 13.6 14
Round 4, 0.8:/DOC 3.1 0.52 11.9 13.5 15
Round 4, 0.€©:/DOC 55 0.92 17.4 13.2 15

Round 4, 0.@:/DOC 7.9 1.32 20.5 13.8 26
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The results of th©MPdegradatiorby ozoneare shown irFigurel4 for round 4 andn AnnexVlifor round 3. A
higher ozone dosagdearlyresults in a higher degradation of OMRsthe highest ozone dose in rounéd 4
(AnnexVIlandFigurel4), most of the OMPs can be degrade@dund90% and morgexcept forGabapetin,
Irbesartanand Benzotriazolbecause these compoundbwly react with ozoné\t a moderateozone dosage of
0.50.6*DOCa large portion of OMPs can be degradé& and more, except f@enzotriazole4-Methyl1H
Benzotriazol@and GabapentinAt the lowest ozone dosage of 0.3*DOC, most of the compounds are removed
between 40% and 50%.

Bromate formation becomes higit the highest 0zone/DOC dosageying from 10 to 26g/L At the lowest

ozone dosage (0.3*DOCJpmate formation remains loix0.1ug/L) As Walcheren is located close to the sea, the
bromide concentration is high compared to othestewatertreatment locationsresulting in high bromate
concentrationsin practice, bromateanbe controlled byusing multiple stages of lower ozone dosages.
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Figurel4: Removal percentages of micropollutants during ozoe&tment for round 4. The triangles show the maximum degradation that can
be demonstrated given the influent concentration and limit of detection. The error range is calculated from the standéioh dgthe
duplicate samples.
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Figurel5: Summary of ozone pilots, removal percentage for each OMP under different conditions during the four rounds of testareResult
only shown if more than 75% removal can be demonstrated calculated from irdhurergntrations and limit of detection

2.6.3 Synthesis

Figurel6 summarizesnd compareshe degradation results of all conditions and OMPs in both pilbtseffect of
operating conditions (UV dose;®4 and Q concentration)can be clearly seeif more energy (UV dose) or
oxidants Oz 0r Gs) are supplied, a higher removwaill be obtainedFor the higher UV dose (at aroun@do
mJ/cnt and highey andhigherH0z concentrationalmost all compounds are degradesre than 80%For Q, at

a @ concentration 0.6 of the DOCmost compounds are removédxy 70% or moreand at a @concentration of
0.9 of the DOC and higher, all but one compounds are removed 80% or Higlvexer, bromate formation will be
substantial (more than 1j0g/L) Ths can be explained byethigh bromide concentrations in the effluent (~10
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times higher than average in Dutelastewater effluents)Also,measures could be taken to reduce bromate
formation, for example applying multiple stages of low ozone dosages.

There are differences between the experimental rourkets. Q, the differences can largely be explaitbgdhe
differences in DOC and therefore/OC ratioFor UV/HO;, the degradations ahoderate UV settings (56800
mJ/cnt and 20 mg/L¥howvariations between the different roundshich can only partly be explained by
differences in operating conditions. Alddferences irwater quality(UVT, DOC, etc.) may cause differences in
degradation resultEspeciallyowering DOC concentrations will resualhigher removal rates for both AO@s
pre-treatment step such as a biological sand filter may also degrade some of the [@Ntesinodelling of the
AOP processes, these water quality parameters will be taken into account
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Figurel6: Removal percentages for different conditi@i<D; pilot and UV/HQO; pilot. The boxplot shows thainimum, firstquartile, median,
third quartileand maximundegradationfor the 19 OMPsThe black dots show the individual degradation of each @QdBults are only
shown if more than 75% removal can be demonstrated calculated from influent concentrations and limit of déthetmsiors show the
average removal peexperiment (blue to red: lower to higher removal).
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3 Activated sludge modelling

3.1 Introduction

Activated sludge systems are among the most commonly used biological treatment processes for removing organic
matter and nutrients from wastewatef\ctivated sludge relies on biological activity to remove carbonaceous

material, nitrogen and phosphorus, depending on the design configuration and applied operational parameters.

The removal efficiency of OMPs in these systems can vary widely depending on factors such as compound
properties, system configuration, and operating conditions.

Given the complexity of micropollutaméhaviorin activated sludge systems, mathematical modelling has emerged
as a valuable tool for understanding and predicting their fate within these treatment systems. Modelling
approaches can help elucidate the underlying mechanisms governing OMP removal propgsseesystem
performance, and design treatment strategies to enhadbdPremoval efficiencyMany of these mechanisms are
not well understoodAccordinglythere is a need to extend the activated sludgedels to include OMP

mechanisms, namely biotransformation, sorption, desorption and retransformation processes.

Some attempts have been made to develop mathematical models to describbeDiiRorin activated sludge
systems, ranging from simple empirical models to more complex mechanistic models based on mass balance
equations and reaction kinetiddowever, only éimited numberOMPs have beethoroughlymodelledin these
systemsSignificant gaps remain in our understanding and data regarding the biokinetics dDBgryacross
various mechanisms.

3.2 OMP removal processes in Activated Sludge systems

In activated sludge systems, the removal of organic micropollutants (OMPSs) involves four key fRlosases
al, 2012):

1. Biotransformatior(Biodegradation):

This process involves the metabolic conversion of OMPs by microorganisms present in the activated sludge. The
microorganisms either completely mineralize the OMPs into carbon dioxide, water, and biomass or transform them
into intermediate products that maye further degraded. Biotransformation ratesidikcan vary depending on the
chemical structure of the OMPs and the environmental conditions within the treatment system, such as oxygen
levels, temperature, and nutrieatvailability.

2. Sorption (Adsorption and Absorption):

Sorption refers to the attachment of OMPs to sludge parsigiéaceqgadsorption) or their incorporation into the
sludge matrixtself (absorption). Teseprocessareinfluenced by the hydrophobicity and charge of the OMPs, as
well as the characteristics of the sludge, including its composition and surface area. Hilgrgbpdrtition
coefficient (i) is a crucial parameter that quantifies the extent of sorption.

3. Desorption:

Desorption is the reverse process of sorption, where OMPs detach from sludge partades or internal
structureand reenter the aqueous phase. This can occur due to changes in environmental conditions, such as pH,
temperature,ionic strengthhydraulic sheamr the presence of competing substancBgsorption is important
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because it can affect the bioavailability@¥Ps for biodegradation and their overall removal efficiency. The
desorption rate constant (k) helps in understanding and modelling this process.

4. Chemicallransformation and Retransformation (Abiotic Processes):

Besides biotransformation, OMPs can undergo chemical transformations through abiotic processes such as
hydrolysis, photolysis, and redox reactions. Tipeseesses can either directly degrade OMPs or transform them
into other compounds that may or may not be more easily biodegradable. In some cases, retransformation can
occur, where intermediate transformation products revert to the parent compounds or @laed substances.

The retransformation rate constantdiccaptures the dynamics of these conversions.

Each of theabove mentionegrocesses plays a crucial role in the overall removal of OMPs in activated sludge
systems, and understanding their interactions and relative contributions is essertjatifitizingwastewater

treatment plant performance. Advanced modelling approaches as developed in this study integrate these
processes to simulate the fate of specific OMPs and support the design and operation of more effective treatment
systems.

3.2.1 ASDM Model

Activated sludge models (ASMs) are widely used for process moffiltir Al, 2021 he objectives of ASMs are

to simulate and predict the performance of activated sludge systems in wastewater treatpténizebiological
processes for contaminant removal, and assist in the design and scaling of treatment plants. They aim to improve
operational efficiency, ensure regulatory compliance, evaluate different operational strategies, support process
control decisionsand facilitate the development of advanced treatment technologiks.ASMs have evolved over

the years with the inclusion opscific wastewater treatment unit process models, thereby leading to newer
versions, from ASM1 evolving to Activated Sludge Digestion Model (ASDM).

In this investigation, the simulation software BioWin was used to modelling the removal of OMPs in activated
sludge systems. BioWin comprises a general Activated Sludge/Anaerobic DigestigASaElhich is divided

into six mairpartsthat cover the main processes in wastewater treatment: activated sludge modelling, anaerobic
digestion model, settling models, chemical precipitation modelling, pH modelling, and an aeration and gas transfer
model(Elawwad et al., 2019)

The OMP removal mechanisms, with their corresponding process rates, were added to the ASDM model to create
an uncalibrated model. Subsequently, the kinetic and stoichiometric coefficients were obtained from the batch
experiments conducted in this projectpplemented with values extracted from the literatyRéosz et al. ,2012)

develop and calibrate th@MP model in this proje¢see Annex\).

3.2.2 Model development, implementation and parameter values

In the TKI Belissima project, the BioWin software was used to model the CAS system of WWTP Walcheren. The CAS
configuration at Walcheren, compesan anaerobic, anoxic and aerobic process reactors. In Biowin ASDM, no OMP
removal model is includday thesoftware developer (EnviroSissociates Ltd, Cangdhue to the lack of

sufficientand validatedinetic parameters and removal mechanisms with regard to OMPR®sentioned before,

there is still a lack einderstanding and data regarding the biokineticemmany OMPs across various mechaniems

develop a robust OMP mod#@ihis project aimed to devel@nd integratesuch a modeh BioWin ASDMutilizing
datageneratedrom thevarious project activitiefatch tests and literature review)

In developing the OMP modaelthis project the removal mechanisms of the 11 target OMPs were integrated into
the ASMsection of theBiowinASDM. The structured approach of the Peterson Matrix was used in the
development of the model for the 11 OMPs. The Petersen nig#igivotal tool in modelling activated sludge
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systemsandis a comprehensive framework that integrates stoichiometric coefficients and kinetic rates to describe
and quantify the biochemical transformations and reactions occurring within the wastewater treatment processes.
Petersen matrices are particularly usdéwlcomplex models with several processes and variablé@sre used a

lot in literature(Gujerand Henze, 1991Y he biotransformation ratesk#f vary with redox conditions of the CAS

tanks, sludge from the aerobic, anoxic and anaerob&t@hks of WWTP Walcheren. Accordingly, batch tests were
conducted to determine these rates as well as sorption coefficients for each of the 11 targeted OMPs. These were
supplemented with coefficient values for other removal mechanisms found in theuieege reported by Martins

et al. (2024pssummarizedn Table2. The biotransformation and sorption values used in the ASDM model
development for OMP removal mechanisms are listd@biel7 below. Retransformation (to parent compound)

rates were available for only 2 OMPs, namely Diclofenac and Carbamazepine, obtained from Plész eta@hd(2012)
hence retransformation modelling was not possible forrdmeainingd OMPsThis is an area of future work that

needs to be conducted.

Tablel0: Biotransformation rates and sorption coefficients used in the ASDM OMP model development.

Biotransformation rate, Sorption
Kbio (L/gSS/d) coefficient,
Kd (L/gSS)

No. Micropollutants Anaerobic = Anoxic Aerobic All

1 4- and 5methylbenzotriazole 0.11 0.06 0.18 0.168

2 Benzotriazole 0.14 0.58 0.47 0.177

3 Carbamazepine 0.00 0.07 0.00 0.123

4 Clarithromycin 1.87 1.08 1.75 0.395

5 Diclofenac 0.00 0.07 0.00 0.087

6 Hydrochlorothiazide 0.00 0.09 0.05 N/A

7 Metoprolol 0.65 0.42 0.92 0.34

8 Propranolol 0.76 1.02 1.51 0.332

9 Sotalol 0.00 0.25 0.46 0.132

10 Sulfamethoxazole 0.42 2.02 0.42 0.202

11 Trimethoprim 1.07 0.12 0.23 0.225

The Petersen Matrix describing the model structures of the 11 OMPs added to ASDM ari Jiadnei .
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Tablell:Petersen Matrix describing the model structures of the 11 OMPs added to ASDM in BioWin
Micropollutant and its
Compound (Micropollutant) | Process rate descripti metabolite components Process rate
UD1 (@) | UD2 (G)| UD3 (G)
Aerobic processes
“ Y .
z z z z
Biodegradation of OMF 1 PoeYQrg Y o v °
Parent compound S N , Y
transformation 1 va 0 Y o v ©
20« Z2VYQZ——72 M0 i
Sorption 1 Vi 2 Y@ gt 0l |
Anoxic processes
- 0 0 .
_ . P2 — VeV
Sulfamethoxazole Biodegradation of OMF 1 0 Y Y
Parent compound S N 2 , L
transformation 1 RoeY@r Y o v ¢
0 T\ ll) nor I3
Sorption 1 VRt YR v Y fotl
Anaerobic process
- 0
- Z2YYD 2z z Z )
Biodegradation of OMF 1 R A
20« 2VY@QZ—z2 M0 i
Sorption 1 O 2 Y@ —gr ol
Aerobic processes
Y -
i i Ay Z z | ZVY@QZ —m772 ()
Biodegradation of OMH 1 3 oY v i Y@ oy (&)
Parent compound , Y e, Y
transformation 1 n v Y@t
0 N/ “Y nor I3
Sorption 1 “UR YR v Y fobd
Anoxic processes
Y -

: -z z 24 O XA Z )
Diclofenac and Biodegradation of OMF 1 2 Yer o
Carbamazepine P .

Parent compoun . 2N 2 V] 5
transformation 1 n v Y@t
0 N/ ll) nor I3
Sorption 1 VRt Yer v Y foltl
Anaerobic process
- 0
s 2 YDz z Z 0
Biodegradation of OMF 1 RotYQ o Y o v °
0 N U nor I3
Sorption 1 VR 2 YR v Y fobd
Aerobic processes
. . Y P N S S
Biodegradation of OMF 1 vu Y v Y
z) « 2 Y®2 20 i
4-and 5 Sorption 1 O 2 Y@ g0l |
methylbenzotriazole;
Benzotriazole; Anoxic processes
Clarithromycin_; _ _ _ C YR b} - 0 26
Hydrochlorothiazide; Biodegradation of OMF 1 0 Y 0 Y
Metoprolol; o .o
Propranolol; Sorption 1 VRt YOr v Y folbl
Sotalol;
Trimethoprim Anaerobic process
- 0
A0 X4 z Z )
Biodegradation of OMF 1 R A
. ., 0 .
Sorption 1 U T YQr v Y fobd
Desorption (same for g
All 11 Micropollutants reactor processes) 1 2Y®

where:
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UD1: User Defined parameter in BioWin for parent OMP in ligujd (C

UD2: User Defined parameter in BioWin for retransformatief i6@ck to parent OMP (L
UD3: User Defined in BioWin for parent OMP adsorbed in Sluglge (C

Zs: Masses of OHOs, AOB, NOB and PAOs

Xss Mixed liquor suspended solids (MLSS)

Kineticmodel parameters

kDes (/d): Desorption rate coefficient fordc= 100 (applied for all OMPs)
Ks(mg/L): Halfsaturation coefficient for §substrate) = 10

Ko (mg/L): Halfsaturation coefficient for dissolved oxygen = 0.2

Aerobic process parameters

Ko,ox(L/gXss): Aerobic solidiguid sorption coefficient

Koec,0{L/g/d): Aerobic biotransformation rate coefficient fafs€5

ge.o{L/g/d): Aerobic maximum specific-oetabolic substrate biotransformation rate in the presence of growth substrates fod @ and 2
Kaio,ox srT = 144/9/d): Aerobic biotransformation rate coefficient fas C

Anoxic process parameters

Ko,ax(L/gXss): Anoxic solidiguid sorption coefficient

Koec,a{L/g/d): Anoxic biotransformation rate coefficient faf7€5

ge.ax(L/g/d): Anoxic maximum specific-owetabolic substrate biotransformation rate in the presence of growth substrates fo0®6 and
1.2 for Diclofenac and Carbamazepine respectively.

Kaio,ax srT = 1dd-/g/d): Anoxic biotransformation rate coefficient far C

aDiclofenac consumption data is presented by Grung et al. (2008).

bMore information on the flow boundary conditions are shown by (Plész et al., 2010c).

cParametevalue derived from literature (Ternes and Joss, 2006; Plosz et al., 2010a).

dParameter values estimated using the measured batch experimental data and simulation for Diclofenac and Carbamazepine only.
eParameter values estimated using the-&dhle experimental data.

fASM1 parameter values according to Spanjers et al. (1998).

3.2.3 Case study Walcheren WWTP

The OMP model developed was applied to the CAS system of the Walcheren WWTP. The Walcheren WWTP has as a
biological nutrient removatonfiguration Figurel?) designed for 178,700 population equivalent and an average
capacityof 1460 m3/h.Apart from predominantlynunicipalwastewater, he WWTP also receives around 20%
industrial wastewater flows.
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Figurel7- Walcheren WWTP configuration as represented in BioWin.
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The WWTP consists of the following treatment stepse-treatment for screeninggrease, and sand removal),
primary clarifiefor solid particles removglselector(for controlling theactivated sludge proces9ganaerobic tank,

anoxic tank, aerobic tank, and secondary clarffier biological sludge separatipnThis line alséncludesan
anammox process that treats the remaining water from the sludge separator before being sent to the beginning of
the water line. The sludge treatment line comprises thickeners, a dewatering unit, anaerobic digestion, struvite
production, and anammox. ARown inFigurel?, this system possesses both internal and external circulatiges

to maximizenutrient removal and guarantee the desired sludge age and mixed liquor suspended solids (MLSS)
concentration.

3.24 Model calibration and validation

Comprehensive sampling campaigns were conductedamcterizehe Walcheren influent wastewater parameters

and their fractions, the activated sludge (taken from the tanks under the different redox conditions), and the effluent.
The model was calibrated usidgsign(e.g.volumes, areaand loadingsand operatiomaldata(e.g. DssolvedOxygen

(DO) flows andtemperature) as well as water quality parametefigfluent, effluent and activated sludge
characteristicsfrom the Walcheren WWTPrable12 and Table 13). Initially, the process configuration of the
treatment process was represented in BioWin by using the physical dimensions of the process uniisiefihe
quality data measuredfrom the sampling campaign was entered into the influent specifier function of BioWin,
providing thecharacterizatiorof the physical and chemical components of the influent wastewater. This provided a
list of the wastewater fractions specific to the Walcheren wastewater which can then be mapped into the BioWin
ASDM inputs. Laboratory and online sensor data were insgtiedhe biokinetic model. Data quality control was
performed on the datasets. The data was filtered to identify any extremeaaosiunfeasible values which were

then removedFigurel8 shows the various locations of the sampling conducted at Walcheren WWTP.
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The average values of the influent parameters at Walcheren WWTP are shiattel?.

Tablel2- Walcheren WWTP influent parameter values.

Influent Unit
Flow m3/h
COD mg/L
TKN mg/L
TP mg/L
ISS mg/L
Ca mg/L
Mg mg/L
pH :

Values

1460

572.7

59.46

6.58

31.3

85

37

7.64

For the operating conditions, online sensor data for key process parameters were used;- tizgnefjuent

flowrate, return streams flowrate, internal recycle flowrates, DO concentrations in the different reactors,
temperature of the mixed liquor, and the return activated sludge (RAS) flowrates. The physical and operational
parameters are listed ihablel3 below.

Tablel3- Walcheren WWTP physical and operational parameters.

Description

Influent flow rate

RAS flow rate

Wastage flow rate

SRT

Anaerobic reactor volume
Anoxicreactor volume
Aerobic reactor volume

Total bioreactor HRT

Secondary Clarifier surface area

Average DO concentration in Aerobic reactor

Average Temperature

Unit
ma3/d
m3/d
m3/d
d

m3
m3
m3
hr

m2

mg/L
°C

Values

35057
18624
456
19
5920
7600
11400
17
12120

1.0
20

The online and laboratompeasurements on the effluent quality were used to compare the predictions from the
model to perform the calibration proceduréhe model was calibrated to field data representing the operating
conditions and system performance of the Walcheren WWTP. A sittidymodelling was conducted where the
processing units were fikened. The simulations were conducted using the defeinktic and stoichiometric
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parameters as available in BioWin. Additionally, the sludge retention time (SRT), and hence the wasting of sludge,
was controlled. The SRT was calculated by the model based on the predicted MLSS concentrations which were very
close to the observed valuéghe actual and simulated data are showmablel4.

Tablel4- Effluent and bioreactor actual andwilated values

Effluent parameters  Unit Measured Simulated (ASDM)
(Actual)
COD mg/L 455 40.1
TKN mg/L 5.02 4.74
NH4 mg/L 2.4 2.2
NGs mg/L 4.14 4.58
NOx mg/L 4.49 5.42
TN mg/L 9.51 10.16
TP mg/L 1.05 1.16
OP mg/L 0.71 0.77
TSS mg/L 10.5 11.0
Bioreactor
MLSS mg/L 4164 4162

The very good corroboration between the actual (measured) and the simulated effluent jgai@ityeters
provided evidence that the model was properly calibrated. This was further ascertained by the close reactor MLSS
concentration between the actual and simulated values.

3.3 Simulation results and discussion

After the development of the OMP fate model and its integration into ASDM, the simulation of the OMP removal
mechanisms in the Walcheren activated sludge system was performed for all the 11 targeted OMPs.
Screenshots of the modelling of Benzotriazole (represented as UD1) are shown tbétpuweltdto Figure21to
illustrate the removal of this OMP in the various zones of the activated sludge system and other treatment steps.
The effluent concentration of Benzotriazole is also shown. All concentratiorepartedin mg/L.
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Figure20- Modelling of Benzotriazole in the various zones of the activated sludge system.
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Figure21- Modelling of Benzotriazole in the various zones of the activated sludge system.

The simulated effluent OMP concentrations (after the activated sludge system) are compared with the measured
concentrations imablel5. The influent OMP concentrations are also shown.

Tablel5- OMP concentrations of influent and effluent (measured vs simulated).

Concentration (pg/L)
No. Micropollutants Influent Effluent (Batch test .Effluetlt Mod-e-l Removal Vﬁ::;‘::::‘
results) (Simulation) Efficiency (%) Efficiency (%)

1 4- and 5-methylbenzotriazole 0,92+0,17 1,01+ 0,13 0.85 7.6% 11.3%

2 Benzotriazole 560+0,95 4,45+ 1,20 4.41 21.3% 20.5%

3 Carbamazepine* 0,37+ 0,09 0,40+ 0,01 0.36 2.7% -2.7%

4 Clarithromycin 0,09 + 0,04 0,08 + 0,01 0.04 55.6% 58.9%

D Diclofenac* 0,71+0,29 0,74+ 0,04 0.69 2.8% -1.4%

6 Hydrochlorothiazide 1,76 £ 0,59 1,95+ 0,07 1.73 1.7% 5.1%

7 Metoprolol 1,60 £ 0,70 1,70+ 0,07 1.12 30.0% 24.4%

8 Propranolol 0,02+ 0,01 0,02+0,01 0.01 50.0% 0.0%

9 Sotalol 1,61+0,68 1,70+ 0,07 1.31 18.6% 25.3%
10  |Sulfamethoxazole* 0,38+0,19 0,18 + 0,08 0.21 44.7% 52.6%
11 |Trimethoprim 0,10 + 0,04 0,10+ 0,01 0.09 10.0% 0.0%

* Denotes complex model with all 4 processes (Biotransformation, retransformation, sorption and desorption).

The unmarked micropollutants are modelled with biotransformation, sorption and desorption processes. No

retransformation process kinetics exist for these OMPs.
The negative Walcheren removal efficiency can be assumed to be 0%, meaning no net removal of these OMPs (Carbamaznépieeaaid Di
was observed.
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FromTablel5, the model simulate@MPeffluent concentrationlosely match the effluent values observed at the
Walcheren WWTHhis indicates that the simulation model developed and integrated in ASDM is robust and
accurately reflects the reaorld performance of thactivated sludgéreatment processes for these specific
compoundslin addition,it can be seen that the removal efficiency of organic micropollutants (OMPSs) varies
significantly in activated sludge systems. Some OMPs have high removal efficiencies, namely Clarithromycin
(D56%) Propranolo(50%)and Sulfamethoxazo(®45%) while others (such as Carbamazepine, Dislat and
Hydrochlorothiazide) have poor removal pointing to the need for additional treatment steps or alternative
methods to enhance removal. Another observation is that even though some OMPs avnesfielyoved in

activated sludge systems, their concentrations still remain quite high in the effluent suggesting that these
substances are not being efficiently removed by the biological treatment processes. This is particularly the case for
OMPsBerrotriazole(4.41 ug/L) and Hydrochlorothiazide (1.73 Jgfktom the model, it can also bdeduced that

the primaryremovalmechanism$or mostOMPswere biotransformationfollowed by sorptionWhile
biotransformation is a critical removal mechanism for many OMPs, it is not universally the dominant phecess.
removal efficiency and predominant mechanism depend on the specific properties of the OMPs, the design and
operation of the treatment system, and the prevailing environmental conditions. Thus, a combination of
biotransformation, sorptionjesorption andretransformation typically contributes to the overall removal of OMPs
in activated sludge systems

Overall, while some compounds are effectively biodegraded and removed, others persist, posing challenges for
wastewater treatment processes. Understanding the removal mechanisms and their rates is crofishizing
treatment methods and improving the removal efficiency of persistent pollutants. The use of complex models as
developed in this study, incorporating biotransformation, retransformation, sorption, and desorption processes,
provides a more comprehensive wndtanding of the fate of certain OMFbut still indicates that additional or
improved treatment methods are needed for effective removal of some persistent compounds.

3.4 Sensitivity analysis

The operation of wastewater treatment plants varies widely based on process configuration and effluent
requirements. Accordingly, a sensitivity analysis was conducted by \tewyikgy parameters, namely sludge age

(Rs) and temperature (T). Simulations were run to investigate the effect of different sludge ages and temperatures
on the removal of BenzotriazolEablel6 below shows the concentrations of Benzotriazole under these changing
operating conditions.

Tablel6- Effect of changing sludge age and temperatures on the removal of Benzotriazole in activated sludge system

Sensitivity analysis on Benzotriazole

Sludge age (d) 15 18.5 20 25

TemperatureqC) 16.4 16.4 16.4 16.4
MLSS 3531 4162 4361 5136
Effluent (ug/L) 4.49 4.41 4.39 4.32
Conc. sorbed (ug/L) 3.34 3.57 3.64 3.85
Temperature 9C) 10 16.4 20 25

Sludge age (d) 18.5 18.5 18.5 18.5
MLSS (mg/L) 4532 4162 4055 3953
Effluent (ug/L) 4.27 4.41 4.46 4.53
Conc. sorbed (ug/L) 4.05 3.57 3.40 3.18

*Walcheren current operational conditions
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From the sensitivity analysis reportediablel16 above, some deductions can be made, namely:

1. Increase in SRT (sludge age) enhances remadBeahabtriazole, due to increase in mixed liquor
suspended solids (MLSS) and biomass, which enhances the biotransformation and sorption activities.
Although, this increase in removal efficiency will tend to plateau at much longer alyzige

2. Changing the SRT from 15d to 20d reduced Benzotriazole effluent concentration |by/D, thile
increasing the SRT from 20d to 25d reduced the concentration bydI0.7This shows that increasing
the SRT to a longer value has a diminishing removal efficiency, hence an optimum SRT for the removal of
OMPs can be found using the model.

3. Decreasing the operating temperature reduces the effluent Benzotriazole concentration. This is due to the
fact that a decrease in temperature in the activated sludge systems increases the MLSS which in turn
increases the biomass available for the OMP remechanisms, namely biotransformation and
sorption.

4. Understanding the sensitivity of these 2 parameters and other key parameters by plant
operators/engineers is vital to be able to tune them to improve OMPs removal efficiency. The developed
OMP fate model in activated sludge allows for such sensitivitysitd be made before adjusting any
process operations esite.

3.5 Conclusions
351 Activated sludge modelling

A complex fate model has been developed to enhance the understandingméationof OMPs removal
mechanisms alongside conventional pollutant removal in wastewater treatment plants. The removal mechanisms
of the model incorporate#linetic rates and coefficients in ASDM and simuledetbvalusing the software

BioWin. The model was applied to the Walcheren WWTP and calibrated with the design and operational values of
the plant. The developed and calibrated model successfully simulated the removal@ffafie¢ 1 OMP

compounds and their concentratioaignwith actual (measured) concentrations.

352 Model limitations, applicability and further developments

Although the results of the OMP modelling at Walcheren WWTP showed great promise of the validity of the model
developed, it should be acknowledged thatlerstandinghe complex removal mechanisms for each OMP in

models still remains a challenge. Moreover, the limiteailability oboth influent and effluent OMPBatais often a
drawback when it comes to validation of the model and making it robust. Rigorous and regular OMP analysis is
expensive and not often done in WWTPs. OMP concentrations in wastavilatemt can fluctuate widely over

time and vary spatially within treatment plants. Modelling these variations accurately requires detailed data which
unfortunately is not available.

Improvemens of the presentedOMP fate modehsdeveloped in this studgreto include retransformation kinetic

for all OMPs. At present, out of the 11 targeted OMPs investigated and modellesti@mgformation rate

constants (g) of Diclofenac and Carbamazepine exist and have been included in the model. Studies on investigating
and finding the retransformation rates thie remainingOMPs need to be conducted and added todkgeloped

model. Moreover, the model can be extended to include other OMPs of interest. This will require the

determination of the removal kinetic rates and coefficients of these additional OMPs in all redox conditions
(anaerobic, anoxic and aerobic conditionspbeincluding the reactions in the Peterson Madurixl in the ASDM in
BioWin. Furthermore, additional investigation needs to be performed in the anaerobic zone of the bioreactor and
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the sludge line to better understand the relevant removal mechanisms active irptioesssesThis will
necessitate further batch tests experiments and validaticsitan

This study offers significant knowledge and advancement in understanding the fate of OMPs in activated sludge
systems and how their fate impact the design of advanced treatment systems (such as advanced oxidation
processes) downstream wastewater treatmplents. Activated sludge systems serve as the primary stage for
biological treatment in WWTPs. Therefore, effective degradation of OMPs in this stage reduces the load and
complexity of contaminant®r downstream treatment processes, such as advancedtmidarocesses (AOPS),
membrane filtration, or activated carbon adsorption. This not only improves the efficiency and effectiveness of
these downstream processes but also reduces operational costs and energy consumption.
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4 Advanced oxidation modelling and scenarios
testing

4.1 Introduction

Foradvanced oxidatioposttreatment steg, UV/H.02 and Q are considered as options. Both processes were
modelled via &photo)chemical kinetic modeadescribngall relevant (photo)chemical reactiotiet occur in the
wastewater matrix when treated by the advanced oxidation.mbeel is first calibrated and validatbdsed on
laboratory testsThereafter the model is compared and validateth the pilot testsFinally, differenscenarios
aretestedcombining heresults of theactivated sludgenodel and the AOP model.

4.2 Advanced oxidation modelling
42.1 Model description

UV/ H0z model

During the UV/ED: process, the UV radiation splits thegklinto highly reactive OH radicals. The OH radicals react
non-selectively with all kinds of constituents in the water, including OMPs. Besides meaittiddH radicals, an

OMP can also directly leegradedby UV radiation, in a process called direct photolysis. The water matrix plays an
important rolein the efficiency of U0, procesgs as water matrix components can block UV radiation and can
also compete for thavailableOH radicals.

The UVH:202 model consists of a (photo)kinetic model that contains all the relevant (photo)chemical reactions that
occur in the water matrix during the UMZOz treatment. The UVH.02 model was initially developed for drinking
water treatment processesipfmanCarisand Wols, 2020)Vols et al., 2024 and included reaction of OH radicals
with (bi)carbonate (depending on pH), phospha#, and DOCompeingfor the reaction of OH radicals with

OMPs In the current project, this model is extended to wastewater efflusidwing chemical reactions ©H

radicals with By NQ', NQ", NH" and DO(specific fowastewatereffluent). The reaction of OH radicalsth

effluent DOC is an important factor in the model and this reaction rate comstgnvary depending on the DOC
composition. In literature values betwe&E8 and S8EBIc!s? (L-mot ¥$1) arereported (Wols and Hofmasaris.,

2012) (Mcindicates that for the molar mass of DOC moles of C are tdkehg model, the OH radical reaction

rate constant with DOC determinedfrom the laboratory scale experiments (%2.3.

Ozone model

During ozoation, the ozone can directly degrade the GVt alsahe highly reactive OH radiaan be formed
This occurin the reaction of ozone with Glindin the reaction of ozone with part of the DOCSimilar as in the
UV/H0: process, the OH radicaksactnon-selectively with background components and with OMPshe
reactions of OH radicals with background components that are id\WekO. modelare also included in the
ozone modelThe ozone model was initially developed for drinking water treatment procéssesairCaris and
Wols, 2020; Wols et al., 20rand extended tavastewatereffluent. The backgroundomponents in the water
matrixincluded in the modehat directly react with ozone aigi)carbonateOQH, NQy, Br and DOCDOC s split
into a fast reacting part generag OH radicalsvfa the ozone radical:Q Buffle and von Gunten, 20pénd a
slower reacting part only consimg Os. Thereaction rate constants azonewith both parts of DOC awalibrated
from the laboratory scale experiments (ge2.3.
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422 Model implementation and parameter values

The model is built into a Python scrigitat solves a system of ordinary differential equati@ssng themodule

odeintfrom the Python packageipy Virtanen et al(2020) for each water matrix componefincluding the

OMPs}hat is includedThe model is solved over a time framavhich the process takes place (for collimated

beam experiments:-20 minutes, for ozone labatory experiments: 20 minutgso thatfor each componenthe

concentration is calculated as a function of time.

A stochiometric matriil is usedcontairingall reactionsand all compound&he sysm of differential equations

that needs to be solved reads (see Wols et al., 2014):
9% 4
Qo

Where v is the reaction rate, that consist of a photolysis part and a part for the other chemical re@bgons.

photolysis reactions are first ordésee Wols et al., 2014):

0  Ilpm-B60O

Wheres; is the molar extinction (Amol) ands i the quantum yield (mol/Einstein) of compounéithe fluence
rate (Einstein/r¥s). The other chemical reactions are second oréections(see Wols et al., 2014):

0 5 Q0660

Wherekj the reaction rate constant between compound i and |

Initial concentrations of the water matrix componeintshe modelere set accordingp the water quality
measurement®f the treated water.

For the UV/EHO: model the(mean) irradiation neesto be set, so that the UV dose (fluence) is equal to the
irradiation multiplied with the residence timEhe irradiation in W/rhis divided by the energy of a photon
(J/Einstein) tget the fluence rate in Einsteinffs.

Reaction constants OMPs
The reaction rate constants of the 19 OMPs used in the model were obfeine(rablel7 and Tablel8):
1. Literature data if constants are available from literature.
2. Fitted fromcollimated beam data performed in MQ water (2e@and Annexll). This was only possible
for UV/HQO;: constants (quantum yield, molar extinction and OH radical reaction rate constant). The

photolysis constants quantum yield and molar extinction can only be fitted as their mutual product (and

are also used in this way in the model), so that the fitted gaifiguantum yieldn Tablel8areset to 1.
3. If no literature and no fit was possible, values were obtained from QSPRs. Thetagstieal models that

can predict reaction rate constattased upon the molecular structure. These QSPRs were developed in

another project, se¢dofmanCaris and Wols, 2020 and Wols et al., 2024.
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Tablel7: Reaction rate constants used in model for different OMPs. If no literature data was availabladdttied from laboratory
experiments, and if no fit was possible, data was obtained from QSPR.

Compound OH.Readion rate constantgM-1st or Oz reacton rate constan{M-1s1 or
L-mok ¥ ) L-mok v
Value Reference Value Reference
4-Methyl-1H 8.6EOE+9 Lee et al. (2014) 5.89E+03 Leeet al. Q014
benzotriazole
Amisulpride 5.88E+09 Fit (current data) 1.50E+05 Bourginet al., 2018
Azithromycin 4.13E+09 QSPR 1.10E+05 Dodd et al. (2006)
Benzotriazole 7.60E+09 Naik et al(1995) 2.09E+02 Benitez et al. (2015), Lutze et
al.(2005)
Candesartan 9.12E+09 Fit (current data) 5.60E+02 Bourgin et al. (2018)
Carbamazepine 8.30E+09 Wols et al. (2014), Wols et al. 2.93E+05 Huber et al(2003), Lee et al.
(2012), Pereira et a2007) (2014)
Gtalopram 6.25E+09 Fit (current data) 5.4E+04 QSPR
Clarithromycin 5.00E+09 Lee et al. (2014) 4.0E+05 Lee et al. (2014)
Diclofenac 8.03E+09 Wols et al. (2014), Wols et al. 7.08E+05 Zimmerman et al. (2011), Lee
(2012), Lee et al2013 et al.(2014),Bourgin et al.
(2017)
Furosemide 1.10E+10 Wols et al. (2014) 6.80E+04 Lee et al. (2014)
Gabapentin 3.82E+09 Fit (current data) 2.2E+Q@ Lee et al. (2014pH=7)
Hydrochloothiazide 5.70E+09 Real et al(2010) 1.26E+05 Borowska et al. (2006), Bourgi
et al.(2017)
Irbesartan 7.89E+09 Fit (current data) 2.40E+01 Bourginet al., 2018
Metoprolol 7.907+09  Wols et al. (2014), Wols et al. 2.49E+03 Javier Rivas et al., (2011)
(2012)
Propranolol 1.10EH0 Wols et al. (2014) 1.256+05 Mathon et al. (2021)
Sotalol 7.90E+09 Wols et al. (2014) 1.38E+B Mathon et al. (2021)
Sulfamethoxaza 5.96E+09 Wols et al. (2014), Wols et al. 5.68E+05 Lee et al. (2014Bourgin et al.
(2012) (2017
Trimethoprim 7.15E+09 Wols et al. (2014), Wols et al. 3.07E+05 Hubner et al. (2013Bourgin et
(2012) al.(2017
Venlafaxine 8.80E+09 Wols et al. (2014) 4.39E+04 Lee et al. (2013), Lee et al.

(2014)
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Tablel8: Quantum yield values and molar absorption valused in model for different OMPs. If no literature data was available, data was
fitted from laboratory experiment&vhere quantum yield was set to, Bnd if no fit was possible, data was obtained from QSPR.

Compound Quantum yield (mol.Einsteln Molar absorptn (M-1cnrl)
Value Reference Value Reference

4-Methyk1H 2.39E02 QSPR 2.22E+03 QSPR

benzotriazole

Amisulpride 1.00E+00 Fit (current data) 1.51E+02 Fit (current data)

Azithromycin 5.23E02 QSPR 1.43E+03 QSPR

Benzotriazole 1.60E02  Miklos et al(2018) 6.14E+02 Miklos et al(2018)

Candesartan 1.00E+00 Fit (current data) 7.88E+01 Fit (current data)

Carbamazepine 1.50E03 Wols et al. (2014), Wols et 5.97E+03 Wols et al. (2014), Pereira et al
(2012), Pereira et af2007) (2007, Vogna et al. (2004)

Gtalopram 1.00E+00 Miklos et al(2018) 1.19E+02 Miklos et al(2018)

Clarithromycin 1.00E+00 Fit (current data) 5.92E+01 Fit (current data)

Diclofenac 2.98E01 Wols et al. (2014), Canonice 5.17E+03 Wols et al. (2014), Kim et al.
et al.(2008), Meite et al. (2009), Canonica et al. (2008),
(2010) Meite et al.(2010)

Furosemide 2.20E02 @ Wols et al. (2014) 6.70E+03 Wols et al. (2014)

Gabapentin 1.00E+00 Fit (current data) 6.99E+01 Fit (current data)

Hydrochlorothiazide = 1.88E02 @ Real et al. (2010) 6.65E+03 Real et al. (2010)

Irbesartan 1.00E+00 Fit (current data) 4.89E+01 Fit (current data)

Metoprolol 5.04E02 @ Wols et al. (2014), Wols et ¢ 4.48E+02 Wols et al. (2014), Wols et al.
(2012) (2012)

Propranolol 3.20E02  Wols et al. (2014) 1.30E+03 Wols et al. (2014)

Sotalol 3.90E01 @ Wols et al. (2014) 3.70E+02 Wols et al. (2014)

Sulfamethoxazole 6.09E02 Wols et al. (2014), Wols et ¢ 1.31E+04 Wols et al. (2014), Wols et al.
(2012) (2012)

Trimethoprim 1.04E03  Wols et al. (2014), Wols et 9.47E+03 Wols et al. (2014), Wols et al.
(2012) (2012)

Venlafaxine 9.70E02 = Wols etal. (2014) 3.80E+02 Wols et al. (2014)

4.2.3 Model calibration and validatiorfor laboratory experiments

UV/ H0z model

For he UV/HO: model the reaction rate constant of OH radicals with DOQnitzly set to 20E+08Mc'st (Mc
indicates that fothe molar mass of DOC maslofCare takef), which is in the range &fOC scavenging values
used in literature (Wols et al., 201R)o further calibration was needed to improve the model.
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Figure22: Comparison between model and measurements for ther&tboy experiments @limated beam) Each subfigure shows the
concentration of OMP as a function of UV dose.

The model was validated feariouswater types and experimental conditioflnem the collimated beam test$he
modelled and measured degradatifum the 19 compounds aach experimental conditicare shown ilAnnexVIl
Figure23 provides a summary of thabsolute error in removal percentage betweandel and measurement for

the different conditionsFor most conditions a good agreement between model and measurement can be found
(within 10% difference between model and measuremently the unfiltered Walcheren water is more difficult to
model.Scatteringand or shieldingf UVIight by particlesmay be an explanation for these differendeigure24
summarizes the differences between model and measurements for each of the 19 compounds. Most of the
compounds are well predicted over the range of water types and condi@ongpounds with the largest
differences are sotalol, benzotriazole (under prediction) and azithromycin and clarithromycin (over prediction).
Although the model was calibrated for DOC of Walcheren, the models also worked well for Horstermeer effluent
without additional calibration.
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Horstermeer UV-H202 20 mg/L ’ﬁlEH—'—‘
Horstermeer diluted UV-H202 20 mg/L ’.—JEH
MQ UV-H202 0 mg/L
MQ UV-H202 10 mg/L ‘—*HZ}*—'
MQ UV-H202 20 mg/L }—\%—4—{

Walcheren UV-H202 0 mg/L L T
Walcheren UV-H202 20 mg/L TN P—'i

Walcheren UV-H202 40 mg/L mﬂ
Walcheren unfiltered UV-H202 0 mg/L % % ."' L
L = - l

. |

-80 -60 -40 -20 0 20 40 60 80
Error (%)

Walcheren unfiltered UV-H202 20 mg/L

—.

Walcheren diluted UV-H202 20 mg/L 5

Figure23: Absolute error (%) between predicted andasured removal percentage for the laboratory UXDt+experiments for the different
conditions and water typel® negative value means under prediction of the modéig boxplot shows the minimutower quartile, median,
upperquartile and maximunerror indegradation for the 19 OMPs. The black dots show the indivéd@l indegradation of each OMP.
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4-Methyl-1H-benzotriazole
Amisulpride

Azitromycin

——

Benzotriazole

Candesartan

Carbamazepine
Citalopram
Clarithromycin
Diclofenac
Furosemide
Gabapentine

Hydrochlorothiazide

Irbesartan

Metoprolol

——

Propranolol
Sotalol

Sulfamethoxazole

Trimethoprim

Venlafaxine

40 60 80

Error (%)

Figure24: Absolute error (%) between predicted and measured removal percentage for the laboratos@iéxfderiments for the different
OMPga negative value means under prediction of the modéi@ boxplot shows the minimutower quartile, medianupperquartile and
maximumerror indegradation for thedifferent conditions and water type3he black dots show the individeafor indegradation of each
condition or water type

Ozone model

The ozone modeh Walcheren wastewater effluerst calibratedor four compounds vaiggin G and OH radical
reaction rate constant€)H radical reaction rate constant ranges betw8€f and 11EMs?, &; reaction rate
constants ranges betweeh5E3 andb.7E5SMs?, seeTablel7). About 10% of the DOC imarked as fagteacting
DOCand the remaining 90% is marked as slower reacting DOC. The fast reacting DOC remcdsenmititha
reaction rate constant &E5 L/mol/s and the slow reacting DOC reacts with a reaction rate constant of 1.5E3
L/mol/s. The fast reacting DOC gives @dicalswith a stochiometric factor of 0.3Bat react with HO toform

OH. radicalsThe slow reacting DOC does result inother radicalsThe reaction of DOC with OH radicals is
similar as in the UVA@. model. The above mentioned factorzn be different depending on the composition of
the DOC and may need to be calibrated for a spedifitewatereffluent (in Buffle and von Gunten (&) some of
these factors are determined for specific N@idieties). For Walcheren effluetihe above mentioned factors

were calibrated anthe modelleddegradatiorfor the four compounds closely matched the measurements (see
Figure25).

Furthermore, all the 19 compounds for the three laboratory scale settingsmaatelled using thezone model.
The modelled and measured degradation for the 19 compounds at each experimental condition are shown in
AnnexVIL An overview of the absolute errors (difference in percentage removal betwedal and

measurements) is given ligure26 (summarizing over the three conditions) dfidure27 (summarizing over the
19 compounds). In general, the absolute errors are small (on average for all compihimd$0% absolute
difference).As expectedmetoprolol, sulfamethoxazole, trimethoprim and venlafaxine show a good agreement, as
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they were used for the calibratioAlso, nost of theother compounds show a good agreeméetween model
and measurement. Ongzithromycin, furosemide and hydrochlorothiazide show sdewations between the
model and measurements. A possible explanation could be thag¢dlotion rateconstants usedbr these
compounds are less accurate for compounds that showraunderprediction (azithromycin, furosemidaddition
pathways(e.g. with other radicals) occur that are nothie model.

compound = Metoprolol compound = Sulfamethoxazole

lab Walcheren O3 0.84 mg/L

ype

I'lab Walcheren O3 1.68 mg/L

meas_t

lab Walcheren 03 4.2 mg/L

' T ' calibration
compound = Trimethoprim compound = Venlafaxine g predicted

mmm measured

lab Walcheren O3 0.84 mg/L

ype

I'lab Walcheren 03 1.68 mg/L

meas_t

lab Walcheren 03 4.2 mg/L

T T T
0 50 100 O 50 100
removal (%) removal (%)

Figure25: Calibration of 0zone model foompounds Metoprolol, Sulfamethoxazole, Trimethoprim and Venlafaxine.
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lab Walcheren O3 0.84 mg/L

lab Walcheren O3 1.68 mg/L T . g . ¥ ra— |T

lab Walcheren O3 4.2 mg/L

-80 -60 -40 -20 0 20 40 60 80
Error (%)

Figure26: Absolute error (%) between predicted and measured removal percentage for the laboesgpefdments for the different
conditions and water type@ negative value meanmder prediction of the modelThe boxplot shows the minimufawer quartile, median,
upperquartile and maximum error in degradation for the 19 OMPs. The black dots show the individual error in degradation ofReach OM
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Figure27: Absolute error (%) between predicted and measured removal percentage for the laboezgpefiments for the different OMPs
negative value means under prediction of the modé&Re boxplot shows the minimutayer quartile, medianupperquartile and maximum

error in degradation for the different conditions and water types. The black dots show the individual error in degradstatnooindition or

water type.
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424 Model validation for pilot experiments

UV/ H202 model

ThekineticUV/HO: model calibrated and validated using the laboratory tests is uspecettict degradation

duringpilot trials. Interacionsbetween tydrodynamics anthe photochemical reactiorare not considereth the

model, as this woultequire acomputational extensive CFD model, which is beyond the scope of the project. Also,
for AOP processethe effect of the hydraulics on the performanceha reactors idess criticalas the removal

levels are lower (typically between-80%) compared to disinfection processesie than 9998) For the UV/KHO;
model, the UV dosealculated by Van Remmen UV Techniek is used, which is based upon interpolation of former
CFD calculatiorf the reactorusing the UV transmittancaumber of lamps switched on and flow ra$a, CFD
calculations are only used to determine the mean UV dose, but not to model the interactions between the
hydrodynamics and photochemical reactions.

The UV/EHO: modelgives on average accurate predictigwithin 10% absolute difference of removal percentage)

of the removal of OMPs in the pilot systermseFigure28. The comparison between measuraadd modelled
removalfor each of the 19 OMPs at experimental condition is shown in A¥raad a summary per OMP is given

in Figure29. Diclofenac and sulfamethoxazale a bit overpredicted by the model (20%), wheteasethoprimis
underpredicted (+/20 %) Fordiclofenacand sulfamethoxazolevhichare known to be very sensitive to UMZC,

the measurements in round 1 were bound by ithigal concentrations and detection limits (in reality a higher
degradation could have occurred) and the measurements in round 1 sdwmea@n unrealistic low degradation.
Trimethoprim also had issued with low influent concentrations, so that not for all rowgetsuIrement results

could be used.

UV-H202 pilot 960-38 rnd 1 m
UV-H202 pilot 1319-54 rnd 2 H
UV-H202 pilot 1452-36 rnd 3 %

UV-H202 pilot 1370-44 rnd 4

UV-H202 pilot 474-19 rnd 1 T :- * = ‘?

UV-H202 pilot 659-25 md 2 f LI PO R TR \r
UV-H202 pilot 547-20 rnd 3 } — L M _*‘
UV-H202 pilot 674-21 rnd 4 %H

UV-H202 pilot 478-19 rnd 1 (no spike) T . o .{'

UV-H202 pilot 645-25 rnd 2 (no spike) ‘T — .

UV-H202 pilot 571-21 rnd 3 (no spike) }—‘—lﬂ‘-—"
UV-H202 pilot 674-26 rnd 4 (no spike) '—QH}—W-{

-80 -60 -40 -20 0 20 40 60 80
Error (%)

Figure28: Absolute error (%) between predicted and measured removal percentage for the laboratos@i&xfteriments for the different
conditions and water types (a negative value means under prediction of the model).. The boxplot shows the minimum, tdesengqdan,
upper quartile and maximum error in degradation for the 19 OMPs. The black dotshehowlividual error in degradation of each OMP.

1E.g. if 19f the UV reactor is not irradiated because of 4l hydraulics, no more disinfection than 99% can be obtained.
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Figure29: Absolute error (%) between predicted and measured removal percentage for the pileDb#periments for the different OMPs
(a negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, uppemglLardiémum
error in degradation for the different conditions and water types. The blackstots the individual error in degradation of each condition or
water type.

Ozone model

The kinetic ozone model, calibrated and validated using the laboratory tests is used to predict the degradation in
the pilottrials. The hydraulics and ozone bubbles are not considered in the model, as this would require a
computational extensive multiphase CFD model, which is beyond the scope of the project. Only the dissolved
ozone concentration igsed in the modelhat iscalculated by PureBluesingthe incoming gas flow and ozone gas
concentration, and outcoming gas flow and ozone gas concentrfitbom which theozone gas transfer efficiency

from gas to water can be determined

The comparison between measured and modelled removal for each of the 19 CddEkestperimental

condition is shown in AnnéX and an overview per experimental condition and round is shoigime30. The

ozone model is less accurate than theé/ H.O. model,some compounds seem to show substantial deviations from
the measurementsHigure31). Benzotriazole, candersartaggbapentin, irbesartan and metoproggdem to be

under predicted and diclofenac (for some conditions) layatochlorothiazide seem to be over predicted.
Interestingly, these compounds, except for hydrochlorothiazide, were well predicted in the laboratory experiments.
For diclofenac, similar as in UNAOz the degradation results in round 2 seem to be unrealistic Remzotriazole,
candersartan, gabapentin, irbesartan and metoprolol have the lowesaCtion rate constanfTablel7), so
possiblyomitting theozone injection vidubbles inthe model, where locally high concentratiafozone and of

OH radicals may occur, may lead to these under predictiansther explanation may be that the ozone model is



KWR2024.090| October2024 Modelling of OMPs removal in activated sludge and advanced oxidation systen 60

more sensitive to the DOC composition. Tdeection parameters with DOC were calibrated using the laboratory
testsand the DOC composition during the pilot tests may have been differentifeolaboratory tests (the DOC
concentrations were aldower in some tedt

03 pilot 0.26 03/DOC rnd 1 t eatet = }

03 pilot 0.30 03/DOC md 2 bes T LT e }
03 pilot 0.56 03/DOC md 3 }—A—EH*—‘

03 pilot 0.52 03/DOC d 4 f—steee e

03 pilot 0.53 03/DOC md 1 a4

——

O3 pilot 0.58 O3/DOC rnd 2

03 pilot 1.04 O3/DOC rnd 3

O3 pilot 0.92 O3/DOC rnd 4

O3 pilot 0.52 O3/DOC rnd 1 (no spike)

03 pilot 0.55 O3/DOC rnd 2 (no spike)

03 pilot 1.10 O3/DOC rnd 3 (no spike)

O3 pilot 0.90 O3/DOC rnd 4 (no spike)

O3 pilot 0.66 O3/DOC rnd 1

O3 pilot 0.74 O3/DOC rnd 2

O3 pilot 0.98 O3/DOC rnd 3

O3 pilot 1.32 O3/DOC rnd 4

-80 -60 40 60 80

Error (%)

Figure30: Absolute error (%) between predicted and measured removal percentage for thes pikpie®@ments for the different conditions and
water types (a negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, npedignartpe
and maximum error in degradation for the 19 OMPs. The black dots skeowdividual error in degradation of each OMP.
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Figure31: Absolute error (%) between predicted and measured removal percentage fniott@: experiments for the different OMPs (a
negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, upper guaréiénanm
error in degradation for the different conditions and water types. The blackstots the individual error in degradation of each condition or
water type.
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4.3 Activated sludge and advanced oxidation modelsOSy I NA 2 Qa (SaidAy3

43.1 Concept description
The CAS modptedicts the removal of 11 OMPs by the Q&{&pter3). For the AOP treatmertiiyst a sensitivity
analysis with respect to the water quality parameters ofwthstewatereffluent is performedor four compounds
that differ in terms of direct UV photolysiad sensitivity toward®H radicahnd Q reactionrate constantgo
demonstrate whiclparameters are most importafor the removal of OMP3hen theAOP model is combined
with the CAS modéb predict thetotal removal of 11 OMPs féour scenarios:

1 CAS + U0, (average conditions: 600 mJ/géand 20 mg/IHOy)

1 CAS + UWO: (high conditions: 1200 mJ/érand 40 mg/LH:0y)

1 CAS + gaverage condition& mg/LOz at 10 mg/L DOC)

1 CAS + gdhigh conditions: 9 mg/Ls@t 10 mg/L DOC)

For each scenario, the removal is prediddhe AOP with and without CASir the water quality parameters,
typical concentrations for Walcheren effluent were taken:

pH 7.2

DOC10 mg/L

Dissolved inorganic carba?b0 mg/L

NG 10 mg/L

NG 0.2 mg/L

NH:*: 5 mg/L

Phosphate 0.037 mg/L

Br: 1 mg/L

=A =4 =4 -4 -4 -8 -4 A

4.3.2 Results and discussion

The effect of water qualitgnd process conditioran the performance athe AOP is shown Figure32 for

UV/RO: and inFigure33for the G processAs alreadghown by the pilot experimentdhé UV dose antkO;
concentration arezery importantparametersfor the performance of thaJVH0; processThe most important
water quality parameters ateoncentrations oDOC andNG, and to a lesser extelfbi)carbonate and®r. The

higher the concentrations of these parameters are, the lower the degradation of micropoll@ththese
parameters scavenge OH radicatsthat less radicals are available for thedation ofOMPs.

For theOs processpbviousiythe Oz concentrationitself isan important process parameteSimilar as for the
UVMH:O: process, the most important water quality parameters are DOC apdawd to a lesser extent
(bi)carbonate and Br

Note that UV transmittance of the watsralso an important parametésr the performance of the UV4@:
processwhichis incorporated in the UV dos& if the water has a low UV transmittance, more energy is required
to obtain the same UV dosBut the UV transmittance &so inverselgorrelated to DOConcentrations, so thadt

a low UV transmittancenore OH radicalill be scavenged by DOC and less OH radieabssailable to degrade
organic micropollutantsThis is incorporated in the kinetic dal. Also, UV reactors can be more efficient at higher
UVT (better distribution of UV radiatio®) pretreatment stepin addition to the treatment of the CAfer example

a sand filtration stepas installed in the pilot setp) canthereforesignificantly reduce the energy consumption of
the UVH:Oz processTertiary treatmentusingfor instance sand filters, is common in WWTPsteawvihg this
treatment step before the AGR important in reducing thOPEX
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Figure32: Sensitivity study of process conditions and water quality parameters forOMftédel. The predicted removal percentage for four
OMPs is plotted over the rangeeadch parameter given.
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Figure33: Sensitivity study of process conditions and water quality parameters foo@el. The predicted removal percentage for four OMPs
is plotted over the range of each parameter given.

For the four selected AOP scenarios, the removal of 11 OMPs is shitigur@34, predicting the removal using
only the AOPnodeland the removal using bothAS andOPmodels For themoderate AOP scenarios (600

mJ/cnt and 20 mg/L KDz or 5 mg/L @), the removal percentage of some @k around 60% and can be
improved by theeombination ofCAS+ AORnodelsup to about 80%d-orcompoundghat aremore recalcitranto
ozoneandare also more difficult to remove at higher ozone dosag@sh as benzotriazole and metoprptoke
predictedremovalis highetby thecombination ofCAS+ AOPFor other OMPs, thpredicted removalof the
combination of CAS + A@mRot much higherthan the removal of only the AOBepending on the influent
concentrations of OMPs atide requiredeffluent concentration after AORgKing into account the removal dfe
CAS may assist in obtaining the desired rexinpercentager to lower the energy consumption of the ADRIs is
demonstrated irFigure35, whereit shows the concentrations of 11 OMPs afte four AOP scenarios with and
without taking into accounthe removal by the CAS. For the influent concentrations, typical concentrations that are
encountered in Walcheren water were us&tie results show that for some compounds (metoprolol,
benzotriazole}he concentration after the AOP is substantially lower by accounting the effect of thitGds®
compounds are criticbr the juridical targetsaccounting for the CAS removal can reduce the energy demand of
the AOP.
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Figure35: Removal scenarios for 11 OMPs with and without @A®val The left side of the bar is theredictedeffluent concentration after
the CAS andOP, and the right side of the bar is tipeedictedeffluent concentration after AOP without the removal of @&SThe triangles
represent the influent concentrations. Note that thexis is not equidistant.
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4.4 Conclusionand recommendations

For theUV/HO2 model,19 OMPs can be accurately predicted battaboratory scale as in the pilot scale
experimentsOn average, predictions of the model are within 10%eMmeasured datal@ablel9), andnone of
the 19 OMPs showed large deviations between model and measurer@gntse86). Onlyunfiltered Walcheren
water is difficult to predict by the U¥O. model,possibly due t@hadowing, light reflection or scavenging of
radicaldy the particlesinpracticethe water will be filtered by for examplecaagulation/sand filter upstream of
the UV/H:O; treatment.

For the @model,in generalgood resultsan be obtained fothe laboratory experiments, but for the pilot
experimentghe model is less accurat® some conditions, deviations are higher than 15%Tstde19). A few
compounds are more difficult to predict (e.g. Gabapentin, Irbersavtatgprolol, Diclofenag¢keeFigure36. A
possible explanation is that thacal effectsat the ozonénlet systemyia a sidestream)in the pilotare not
incorporated into thanodel(in the laboratory the ozone is dissolved first before the OMPs are added).

The AOP models can be applied to scenario stutksign studieandmodel predictive controln senario
studiesthe effect of the AOP on the effluent quality can be preditdedifferent scenarioge.g. operational
conditions of the AQReasonal effectsr changes in water quality parameterin design studies, the operational
parameters and energy consumptions can be estimated from the model results to meet the required effluent
quality. The models can also be used to controtdollle system match the desired effluent quality or reduce
energy consumptiorDue to the large variations in effluent water quatig models can be used to set the UV,
HOz or s dosebased upon incoming water quality parametiersrderto obtain aspecific effluent OMP
concentration.

The model has been built for Walcheren water use in other wastewater effluenfist the water quality
parameters (pH, DOC, HC®IQ;, Br, etc.) need to be setn additionthe most important parametethat needs
to be tuned in the modas the DOC reaction rate constant with OH. radicals and/or oZbeee constantsere
calibrated for Walcheren water, but also worked well for Horstermeer vatbe UV/HO: lab-scale testsBut for
other effluens, these constantsmay need to be set from additial laboratory experiments for a particular
effluent.

For drinking water purposes, the AOP models are built into a webtool called AquéiRatice|culates AOP
removal percentages fonaarbitraryorganic micropollutantisingthe combination oQSPRnodels(statistical
models that predict theelevant kinetic parameters based upon molecular structame) AOP model3his tool

can be used to make a quick assessmé&hbw the AOP system would remove a new micropollutant. The AOP
modelsdeveloped in the current project for wastewater efflueahbe added to the AquaPriori toby adding e
reaction schemeescribed in this report

The formation of byproducts and specificallydmateduring ozone treatment could be added to the model in the
future. In the experiments high bromate concentrations were formed at high ozone dphages/erexperience
from practice learn that ozone dosage of aroundgdd/DOC are often sufficient to reach juridical targets, and
applying multistaging ozonation and other measures are still possible to control bromate forntddiog a model
that predict bromate formation could also helgfiimding anoptimization between bromatéormationand OMP
removal
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Tablel9: Overview of average modelled removal and mean absolute error (MAE) between measured and modelled removal percentagdifmmallin laboratory experiments and pilot experiments for

UV/HO; and Oz process.
Process Condition
Lab UV/HO; | MQO mg/L HO
(600 mJer®)  \MQ 10 mg/L HO
MQ 20 mg/L HO;

Pilot
UV/HO,

Walcheren 0 mg/E,O,

Walcheren 20 mg/H,O,
Walcheren 40 mg/H,O;,
Walcheren ongefilterd 0 mg/L,&
Walcheren ongefilterd 20 mg/L.G
Walcheren verdund 20 mg/L.®:
Horstermeer 20 mg/L 4@,
Horstermeer verdund 20 mg/L.Gh

Round 1, 960 mJ/ck88 mg/L HO,
Round 2, 1319 mJ/éh%4 mg/L HO,
Round 3, 1452 mJ/éh86 mg/L HO,
Round 4, 1370 mJ/cx4 mg/L HO,
Round 1, 474 mJ/cti9 mg/L HO,
Round 2, 659 mJ/ct25 mg/L HO,
Round 3, 547 mJ/ck20 mg/L HO,
Round 4, 674 mJ/ci21 mg/L HO,

Round 1, 478 mJ/ct19 mg/L (no spike)
Round 2, 645 mJ/ct#25 mg/L (no spike)
Round 3, 571 mJ/ck#21 mg/L (no spike)

Round 4, 674 mJ/ct26 (no spike)

Removal (%)
25.8
76.3
92.3
25.8
48.0
66.5
25.9
48.0
75.6
62.1
81.7

95.2
99.6
98.6
100.0
62.3
83.0
67.0
92.8
62.5
82.6
69.8
95.2

MAE (%)
7.5
4.9
2.9
9.1
7.8
8.4
12.6
17.9
9.2
9.7
43

6.6
3.1
2.2
2.5
10.7
10.3
11.0
4.1
12.4
10.8
9.3
4.0

Process

Lab Q

Pilot Q
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Condition

Walcheren 0.84 mg/L:0
Walcheren 1.68 mg/L:0
Walcheren 4.2 mg/LO

Round 1, 0.26 4DOC
Round 2, 0.30 4DOC
Round 3, 0.56 §DOC
Round 4, 0.52 §DOC
Round 1, 0.53 4DOC
Round 2, 0.58 4DOC
Round 3, 1.04 4DOC
Round 4, 0.92 4DOC
Round 1, 0.66 £DOC
Round 2, 0.74 4DOC
Round 3, 0.98 4DOC
Round 4, 1.39,/DOC
Round 1, 0.52 4DOC (no spike)
Round 2, 0.55 4DOC (no spike)
Round 3, 1.10 ZDOC (no spike)
Round 4, 0.90 ZDOC (no spike)

Removal (%)

29.6
50.8
834

53.6
53.2
833
785
82.8
81.7
88.1
84.2
86.1
85.5
87.9
88.3
82.6
805
88.2
87.1

MAE (%)

74
11.0
53

111
23.6
55
6.8
7.0
15.5
9.3
12.5
7.1
13.8
11.0
10.6
7.1
16.6
13.3
12.0
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Figure36: Overview oflifferences between modelled and measured degradation percentage for the 19 compolatmsatory and pilot experiments for U\y®B4 and Q.
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5 Conclusions

The wrerall conclusionsf TKI Belissimare summarized as follows:

il

TheCARADM modd, enhancedvith OMP removal mechanisms and kinetic coefficierdasaiie to

successfully simulathe removal othe 11tested OMPs with results validated by measurements at thé-
scaleWalchererlWWTPR The model's simulated concentrations matched well with actual measured
concentrations, demonstrating its validity and potential for oimgi OMP removal mechanisms alongside
conventional pollutants.

The removal efficiency of OMPs in activated sl{@geS}yystems varies significantly, with some compounds
like Clarithromycin, Propranolol and Sulfamethoxazole showing high removal rates, while others such as
Carbamazepine, Diclofenac, and Hydrochlorothiazide exhibit poor removal. This suggests the need for
addtional or alternative treatment steps to enhance the removal of persistent compounds, as even those with
relatively high removal efficiencies can still be present at significant concentratioa<eifidlnt.

Laboratory and pilot experiments at the WWTP, showed that botH:0%and Q systems are able to achieve
an averag®MPgemoval of more than 80% for almost all tested compounds (19 OMPs); at the highest UV
dose (about D00 mJ/criand higher) and high28, concentratiors (around 40 mg/l3Imost all compounds

are removed more tha0%; and at ©€concentration of 0.¢) @ per gDOC most compounds are removed by
70% or more, and atf£goncentration of 0.9 Q per gDOC all but one compound are removed 80%bove.

But for Walcheren effluent with high bromide content (on average 10 times higher than in other wastewater
effluents in the Netherlands) bromate formation becomes substantial at these Kgbencentratiors in a
singlestage systemf@¢rming10 pg/L BrQor more). In practice, bromate can be better controlled by applying
multiple stages and an ozone dose of about 0.6 jge®g DOC.

ThedevelopedU\:H0» modelcanaccuratelypredict bothlab- and pilotscale experimentfor the 19 tested
OMPs Unfiltered secondary effluent is more difficult to predicissibly due to shadowing, light reflection or
scavenging of radicals by the particldseréforemore reliable model results are obtained $gystems with a
sand filtration step upstream to tHé\-Hz0p.

ThedevelopedOs modelpredictsaccurately thdab-experimentgesults butis less accurate for the piletale
experimens,for compounds such as gabapentin, irbesartan, metoprolol and dielcfam explanatiommight

be reldaed withthe sidestream ozone injectigrwhich differs from the labonditions Also the ozone model

may be nore sensitive to the DOC compositidgrwas calibratedisingthe lab testsbut the DOC composition
may be different during the pilot tests.

In the combined scenario testing (enhanced CABVABodel with AOP modeldhe most relevahsecondary
effluentquality characteristics afleOC, N@and to a lesser exterfbi)carbonate and BrA pretreatment step
(coagulation/sand filtration) can be applied to reduce DOC concentrations, resulting in a more efficient
degradationUV transmittance ialsorelevant forthe energy consumption of thg\+H:02 and can be
improvedby applyinghe samepre-treatment step A techneeconomicatomparison would be needed to

judge if a additional pretreatment would be beneficial.

The scenario testing of combined modelling showed that the contribution of the CAS is relevant for the
removal of some OMPs (i.e. OMPs with lower removal percentages by the AOP (~60%), benzotriazole and
metoprolol), when the AOP apply moderate operati@moalditions (600 mJ/cfrand 20 mg/L bz or 5 mg/L

Os). For other OMPs, the removal by the CAS is small, e.g. compounds that already have a high removal by the
AOP.

Depending on the influent concentrations of OMPs and the required effluent concentration after AOP,
combining the prediction of both the CAS and AOP maagysassist in obtaining the desired removal
percentage or to lower the energy consumpta@rchemical dosingf the AOPRegarding summer and winter
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seasons, the influence of temperature in the AOPs is small. Biological systems, such as the CAS, are affected by
temperature, therefore seasonal effects are expected

Implications for further research, practice and palieyelopment

|l

Despite promising results, capturing the complex removal mechaimgiress CA%or each OMP remains
challenging. The limited availability of detailed influent and effluent OMP data hinders model validation and
robustness. Regular and rigorous OMP analysis, which is often costly and infrequent, is essential for accurate
modelling, espcially given the fluctuations in OMP concentrations.

Enhancing the OMP fate model should include incorporating retransformation kinetics for all targeted OMPs,
as currently, only Diclofenac and Carbamazepine are fully integnatteel CAS modellingurther research is
needed to determine removal kinetic rates and coefficients for other OMPs under varying redox conditions.
The QSAR AOP models were builtWaicheren waterTo use the QSAR AOP models in other wastewater
effluents, requires measurement of the water quality paramefgts DOC, HGONQ-, BF, etc.).The most
important parameter ishe DOC reaction rate constant with @ddlicals and/or ozonén TKI Bellissima these
constants were calibrated for Walcheren water, but also worked well for Horstermeer water in th&©JV/H
lab-scale testsNeverthelessfor other effluents, these constants may need to be s=jiringadditional
laboratory experiments.

The QSAR:; AOP model could be extended witie formation of byproducts and specifically bromate the
experimentshigh bromate concentrations were formed at high ozone dosages, hopeaatice showshat

ozone dosage of around 0.6y DOCis often enoughto reachlegaltargets Applying multistaging ozonation

and other measures are still possible to control bromate formation. Using a model thatgivealicate

formation @nalso help in finding an optimization between bromate formation and OMP removal.

In practice, he validated modsican be used by WWTP operators to optimize treatment processes, reduce
operational costs, and enhance the removal efficiency of OMPs, ultimately leading to better environmental
protection.

This research can lead to the development of more comprehensive models and innovative treatment
technologies.

Policymakers can leverage these findings to implement regulations that require detailed and regular
monitoring of OMPs in wastewater, ensuring more robust data for model validation and operational
improvements.

Extended conclusiortsin be found in sections 2.6.3; 3.5 and 4.4.
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6 Produced tools and how to use them

The TKI Belissima project goal wadeeeloptoolsthat enablethe project partners to optimize OMP removal in
WWTPsThe toolscreated are basedn modelling the CAS system and AOP-peatment technologies,
specificallyJ\+H0z andsinglestageOs. In both modelling exercises, existing models and knowledgeused,
followed by calibration and validatiaisingwastewatersampleginfluent, sludge and secondary effluent) frime
Walcheren WWTP.

Modelling of operations and processes in W@igiomplexthus, the successf TKI Belissimalied on prior
relevantknowledge both from wastewater treatment processes modelling (in the case of the CAS model) and
drinking water modelling (in the casel-HO; andsinglestageQs). Calibration and validation are essential steps,
using historical data from WWTPs to calibrate the integrated model and ensure it accurately represents biological,
physical and chemical processes. Validation with actualgddéa ensures the model reliably predicts OMP

removal under various operational conditions. Practitioners can use the tools developed in this project to design
more effective treatment systems that combine biological and chemical processes, leadingved VP

removal.

In this projecttwo toolswere developed
1- A CASosttreatment toot This tool integratethe removal of OMPs in the CAS with knownost
treatment technologies (referring tctivity7, inFigurel) ¢ Tool 1
2-  An AOP postreatment toot This tool include®SAR modeknd kinetic modelfor UV-H.O; andsingle
stageOsappliedfor secondary wastewater efflueqtTool 2

Regardingool 1,integrating the OMP removal model@onventimal Actiated Sludge (CAS) systenith post-
treatment technologies, inta single tool can enhance the abilitywafterboards, endisers angractitioners to
design, operate, and optise wastewater treatment plants (WWTF®) OMP removaln TKIBelissima, this
integrationwas done using theomprehensiveommerciawastewater mod#ing software BioWirwhich supports
many other models, like ASM, ADM, pH model as@iiNodel Using themodel builder functions in BioWin helped
to code andnput the four (4) processes of OMP removalactivatedsludge systemé&ection3.2). The model
builder function of Biowin also allowed to include piosatment removal efficiencies as a white box. The removal
efficiencies, as fixed percentages of removal bessherived from variousdatasources, such as literature,
experimental or modelling exerciggsich akinetic models wittQSARas applied in tool)2Data integration
involved merging datasets required f@ASand posttreatment technologiesensuring consistent data formats and
units, including influent characteristickgsign andperational parameters, and kinetic data. TrSandpost
treatmentprocesses should be sequentially linked within the model, such as simulating the activated sludge
process first to predict the effluent OMP concentrations, which are then used as input postitieeatmenttool.

An illustration of the CAS peséatment tool is shown ifigure37, in this case for the CASP combination.

Figure37 shows theremovalof OMP 45-methylbenzotriazole using a combination of activated sludge and
advanced oxidation processes. In this example, the OMP fate model in CAS is combined with the AOP removal
efficiency (set at 80% forztmethylbenzotriazole) and integrated into tBeoWin ASDM. Users can adjust the
removal percentage for each OMP within the tool, tailoring it to reflect the specific removal efficiencies achieved
by theposttreatment As aforementioned the removal percentages canliiained from literature, experiments

or modelling This integration allows for more precise modelling @gtdmizationof OMP removal processes in
wastewater treatment using a combination of activated sludge systemsoasttteatment technologies, in this
example theadvanced oxidatioprocessesin summary, the influent-8-methylbenzotriazole concentration is 0.92
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pa/L, after the CAS, the treated effluerb4nethylbenzotriazole concentration is 0.85 pg/L and after the AOP, the
final concentration in the effluent is 0.17 ug/L.
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CAS syam

Figure37: Integration of CAS and AOP processes in BioWin to be used as a combined tool for OMP removal























































































































































































