
 

    

  

 

  

KWR 2024.090| October 2024 

Modelling of OMPs 

removal in activated 

sludge and advanced 

oxidation systems 

TKI Belissima  

 



 

  

KWR 2024-090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 1 

Collaborating Partners 

 

      

       

 

 

 

 

 

 

 

       

 

 

 

 

 

  

       

       

       

  



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 2 

Report 

Modelling of OMPs removal in activated sludge and advanced oxidation systems  
 
TKI Belissima 

KWR 2024.090 | October 2024 
 

Project number 

402715 

Project manager 

Frank Oesterholt 

Client 

TKI Water Technology 

Authors 

Maria Lousada Ferreira, Wolter Siegers, Johann Poinapen (Chapter 3), Bas Wols (Chapter 2.5 and 

4) (KWR), Marlies van Hoeve (Waterschap Scheldestromen), Kaspar Groot Kormelinck (Van 

Remmen UV Techniek BV), Nelis De Rouck (PureBlue) 

Quality Assurance 

Emile Cornelissen  

Sent to 

TKI Belissima partners 

 

This activity has been co-financed with PPP funding from the Top Consortia for Knowledge and Innovation (TKI) of the Ministry of 

Economic Affairs and Climate Change and the results are in the public domain. 

Keywords 

Wastewater; Organic micropollutants; Activated Sludge systems 
Year of publishing 

2024 
 
More information 

Dr.Eng Maria Lousada Ferreira 
T 0031654295470 
E Maria.Lousada.Ferreira@kwrwater.nl 

PO Box 1072 

3430 BB Nieuwegein 
The Netherlands 
 

T +31 (0)30 60 69 511 
E info@kwrwater.nl 
I www.kwrwater.nl 

 

 

October 2024 © 

All rights reserved by KWR. No part of this publication may be 

reproduced, stored in an automatic database, or transmitted 

in any form or by any means, be it electronic, mechanical, by 

photocopying, recording, or otherwise, without the prior 

written permission of KWR. 

 



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 3 

Summary 

Wastewater treatment plants (WWTPs) play a significant role in the removal of Organic Micropollutants (OMPs). 

WWTPs usually rely on Conventional Activated Sludge (CAS) systems for removal of carbonaceous material and 

nutrients, which provides partial removal of OMPs. Additional removal of OMPs is obtained by a quaternary 

treatment level. However, potential synergies between CAS and quaternary technologies are often overlooked in 

the design phase of quaternary treatment. Furthermore possible optimization of the quaternary step, by optimizing 

CAS operation, is often not considered. To enable optimization studies, potentially leading to improved quality 

effluent discharges and cost savings, tools are required. In TKI Belissima we focused on the production of these 

tools, relying  on modelling of the CAS and Advanced Oxidation Process (AOPs) technologies, namely UV peroxide 

(UV- H2O2) and single-stage Ozone (O3). The core of the project was set on modelling of the water-line of WWTPs.  

 

Initially, the TKI Belissima project focused on the removal of 11 OMPs, as proposed by the Dutch Ministry of 

Infrastructure and Water management (I&W) (RIVM, 2019), namely 4-5 methylbenzotriazole, benzotriazole, 

carbamazepine, clarithromycin, diclofenac, hydrochlorothiazide, metoprolol, propranolol, sotalol, sulfamethoxazole 

and trimethoprim. Since 2020, in the year the project started, additional OMPs were proposed as indicators (Stowa, 

2021). Therefore, when possible in timing and budget, the list of researched OMPs was extended to include 

amisulpride, azithromycin, candesartan, citalopram, furosemide, gabapentine, irbesartan and venlafaxine, reaching 

a total of 19 OMPs.  

 

The project included experimental testing at both laboratory and pilot scales, complemented with monitoring 

campaigns. Experimental materials (influent, activated sludge and secondary effluent) and monitoring campaigns, 

were provided/took place by/at the WWTP of Walcheren (Waterboard Scheldestromen). Two pilots were installed 

at Walcheren WWTP (from October 2023 to April 2024), namely a UV-H2O2 pilot (provided by Van Remmen UV 

Techniek) and a single-stage O3 pilot (provided by PureBlue). The pilots were operated on an on-off basis; and a 

total of four measurement campaigns were conducted.  

 

BioWin software (BioWin ASDM) was used to model the CAS system of the Walcheren WWTP. Notably, the BioWin 

software, which uses the Activated Sludge-Digestion Model (ASDM), does not include an OMP removal model by 

default (as developed by EnviroSim Associates Ltd, Canada). The TKI Bellissima project aimed to develop and 

integrate such a model within BioWin ASDM, utilizing data generated from the various project activities (batch tests 

and literature reviews). The resulting model was validated through a monitoring campaign. For AOP modelling, 

both UV-H2O2 and O3 processes were modelled via a (photo)chemical kinetic model, describing all relevant 

reactions that occur in the wastewater matrix. These models were first calibrated and validated based on lab tests, 

followed by comparison and validation with pilot tests.  Additionally, after sensitivity analysis, 4 (four) scenarios 

were tested, combining the CAS and AOP models, namely: 1- CAS + UV-H2O2 (average conditions: 600 mJ/cm2 and 

20 mg/L H2O2); 2- CAS + UV-H2O2 (high conditions: 1.200 mJ/cm2 and 40 mg/L H2O2); 3- CAS + O3 (average 

conditions: 5 mg/L O3 at 10 mg/L DOC); and 4- CAS + O3 (high conditions: 9 mg/L O3 at 10 mg/L DOC).  

 

The enhanced CAS ASDM model, equipped with OMP removal mechanisms and kinetic coefficients, successfully 

simulated the removal of the 11 tested OMPs, with results validated at full-scale. The removal efficiency of OMPs in 

CAS systems varies significantly, with compounds such as clarithromycin, propranolol and sulfamethoxazole 

showing high removal rates, while others such as carbamazepine, diclofenac, and hydrochlorothiazide exhibit poor 

removal. The model's simulated concentrations matched well with actual measured concentrations, demonstrating 

its validity and potential for optimizing OMP removal mechanisms alongside conventional pollutants. 
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Concerning the AOP technologies, both laboratory and pilot experiments at the WWTP, showed that UV-H2O2 as 

well as O3 systems were able to achieve an average OMP removal of more than 80% for almost all tested 

compounds (19 OMPs). At the highest UV dose (about 1.000 mJ/cm2 and higher) and higher H2O2 concentrations 

(around 40 mg/L) almost all compounds are removed by more than 90%; and at O3 concentration of 0.6 g O3 per g 

DOC most compounds are removed by 70% or more, and at O3 concentration of 0.9 g O3 per g DOC all but one 

compound are removed 80% or above. Walcheren secondary effluent has a high bromide content (on average 10 

times higher than in other wastewater effluents in the Netherlands), therefore bromate formation becomes 

substantial at higher O3 concentrations (10 µg/L BrO3 or more). In practice, bromate can be better controlled by 

applying multiple stages and applying an ozone dose of about 0.6 g O3 per g DOC. 

 

The developed UV-H2O2 model accurately predicted both lab- and pilot-scale 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 particles. Systems with a sand filtration step upstream to the UV-H2O2 provide more reliable model 

results. The developed O3 model predicts accurately the lab-experiments results but is less accurate for the pilot-

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

be related to the ozone reactor using a side-stream ozone injection, which differs from lab conditions. As the 

hydrodynamics of the ozone reactor are not modelled here, spatial differences in ozone concentrations may lead to 

different OMP degradation compared to a perfectly mixed systems. Also the ozone model may be sensitive to the 

DOC composition as it was calibrated using the lab tests while the DOC composition during the pilot tests was 

different. 

 

The sensitivity analysis (11 OMPs) showed that the most important secondary effluent quality parameters were 

DOC and NO2-, and to a lesser extent (bi)carbonate and Br-. All these parameters scavenge OH radicals or react 

with ozone, so that less radicals or ozone are available for the oxidation of OMPs. Operational conditions such as O3 

concentration (for O3 pilot); and UV dose and H2O2 concentration (for UV-H2O2 pilot) are important. The UV 

transmittance of the water, correlated with the DOC concentration, is incorporated in the kinetic model. The 

scenarios testing showed that in moderate AOP operational scenarios (600 mJ/cm2 and 20 mg/L H2O2 or 5 mg/L O3), 

for some OMPs with lower removal percentages (~60%) by the AOP, taking into account both CAS and AOP models 

can improve the degradation up to 80% . Also, for compounds such as benzotriazole and metoprolol, the removal 

percentage can be increased by combining both models. For other OMPs, 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 TKI Belissima, two tools were developed: 1- A CAS-post-treatment tool, integrating the removal of OMPs in CAS 

systems with known quaternary technologies (including other technologies than AOPs); 2-  An AOP post-treatment 

tool, with QSAR models for UV-H2O2 and single-stage O3, for secondary wastewater effluent. Tool 1 has been 

developed in BioWin, therefore it will require BioWin software to be able to use it. Regarding Tool 2, the models for 

UV-H2O2 and single-stage O3, will be available through a KWR-owned tool,  AquaPriori, upon request. The use of the 

developed models in other WWTPs will necessitate prior validation against wastewater quality parameters of the 

intended locations.  
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1 Introduction 

1.1 Background information  

Organic Micropollutants (OMPs) have been detected in all environmental compartments, air, water, and soil, with 

consequences for the ecosystems so far not completely understood. Emissions of OMPs to the aquatic 

environment, providing from discharges of municipal effluent, may reach drinking water abstraction areas, raising 

concerns about antimicrobial resistance (AMR) effects on human health.  Eco-toxicological consequences with 

mutagenic effects for fish and animals, associated to the emissions of OMPs, have been measured. OMPs include a 

very wide variety of compounds such as pharmaceuticals, pesticides and herbicides, personal-care-products, 

industrial chemicals, that enter the aquatic environment by pinpoint and diffuse sources. Discharges of municipal 

effluent are examples of pinpoint sources, while trickling water from plantation fields or animal pastures are 

examples of diffuse sources. Municipal wastewater collects and concentrates pharmaceuticals and personal-care-

products into a single stream, and therefore providing an unique opportunity for studying their removal in 

Wastewater Treatment Plants (WWTPs), preventing OMPs release into the aquatic environment. Currently, the 

discharge limits of municipal WWTPs in the Netherlands do not include OMPs. New discharge limits for urban 

wastewater, including OMP discharge restrictions, are pending on the approval of the European parliament. At 

present, in the terms of surface water regulations, there are no standards for single pharmaceutical compounds 

and only limited standards of 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 OMPs can be increased by applying post-treatment 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 are other technologies able to provide OMP 

removal, such as Ultraviolet (UV) treatment and membrane-based technologies. Nevertheless, the possible 

synergies between CAS and quaternary treatment are often overlooked, namely:  the contribution of the CAS to 

OMP removal 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 minimal OMP 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)). Furthermore, to our knowledge, operational 

optimization of the quaternary technology by optimizing CAS operation is not yet 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 compositions of monitored streams. Based on the WWTP process flow diagrams (PFD’s), 

the data is used on mass-balance equations, providing information about quantity and quality of other streams of 

the WWTP, closing the mass-balances, and allowing control of the operational 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 or data models 

can fully represent processes and operations and have the added ability to, after proper validation, simulate 

scenarios with different operational conditions, without requiring full-scale experimental trials in an operating 

WWTPs.  The modelling of the CAS effluent quality, without OMP removal, has been published (van Loosdrecht et 

al (2015)) and are included in software packages of commercial companies (van Loosdrecht et al (2015)). 

Quantitative structure-activity relationships (QSAR) models of effluent quality of quaternary level technologies are 



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 8 

currently being developed. Combined modelling of OMP removal, that is OMP effluent quality, in CAS and 

quaternary treatment, is, to our knowledge, still to be done.  

 

In wastewater there are various OMPs present and not all are monitored and modelled. However, the QSAR 

models, which are statistical prediction models, can provide indications of the removal efficiencies of OMPs which 

are not measured. QSAR’s are commonly applied in chemical toxicity assessments and have been previously 

developed at KWR for drinking water treatment technologies, such as UV-H2O2 (Wols  et al, 2012) and 

nanomembrane filtration (Vries et al, 2013). The previously developed knowledge can be used to apply QSAR’s to a 

wastewater matrix. To our knowledge QSAR’s have so far not been applied to model quaternary level technology in 

WWTPs. 

 

1.2 Project framework  

The project TKI Belissima started in 2020 and finished in 2024. The project had a consortium of partners with the 

following roles: 

• Technology partners: Van Remmen UV; and PureBlue water;  

• End-users: Waterschap Brabantse Delta; Waterschap Scheldestromen; Waternet; Hoogheemraadschap de 

Stichtse Rijnlanden; and Aquafin;  

• Knowledge institute: KWR water research institute.  

 

In this project we focused on OMP removal in WWTPs, by combining the OMP removal performances 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) technologies. Both technology suppliers participating 

in TKI Belissima supplied AOP technologies.  

The core of the project consists on modelling OMP removal in WWTPs, combining removal of CAS systems with 

removal in AOP technologies as quaternary treatment. The project was divided into two parts, referring to 

industrial and fundamental research, on modelling of OMP removal in wastewater treatment (Figure 1).  The 

industrial research focuses on the CAS system modelling and the fundamental research focuses on UV peroxide and 

Ozone modelling, The fundamental research part also focuses on the combined modelling of CAS and UV or AOP, 

given their innovative character.   

 

Figure 1 shows how the activities in TKI Belissima were organized. Both the industrial and fundamental research 

started with a literature review (activity 2 and 3) focusing on OMP removal in the CAS and quaternary technology, 

respectively. Lab tests followed to support the modelling activities (activity 5 and 8). The CAS lab tests provided 

removal constants, required for the CAS modelling. The AOP lab-tests provided data for model calibration. The 

model of the CAS system with OMP removal included (activity 6), was validated by measurement campaigns at the 

WWTP of Walcheren (Waterboard Scheldestromen), where the UV peroxide (Van Remmen UV) and Ozone 

(PureBlue water) pilots were placed. The industrial research was complemented by a tool (activity 7), to be used as 

support decision on the selection of post-treatment technologies by the waterboards. Information about full-scale 

quaternary technology OMP removal rates, applied in activity 7, were obtained in activity 3. 

 

The models of the UV peroxide and Ozone technologies (activity 9) were validated with results obtained at two 

pilots (activity 13). As aforementioned, two pilots, one from Van Remmen UV (UV peroxide) and one from PureBlue 

(single-stage ozone) were placed at Walcheren WWTP, Waterboard Scheldestromen. The fundamental part of the 

research was completed by combined modelling (activity 11). The combined modelling consisted of using the 

results of the validated CAS model, namely water quality results and OMP removal concentrations, as input 

parameters for the validated QSAR models, namely the UV peroxide and single-stage ozone pilots, obtaining the 

final quality of the treated effluent to be discharged into the aquatic environment (activity 11). 
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Figure 1- Schematics of the TKI Belissima activities. Additionally, Activity 14 for knowledge exchange is considered an transversal activity, taking 
place by default when interactions between partners are taking place. 

1.3 Project objectives  

The overall goal of the project is to produce tools, enabling the waterboards and technology suppliers to optimize 

OMP removal in WWTPs. The optimization of OMP removal can potentially lead to improved effluent quality; 

savings in design and operation of quaternary technology; in WWTPs with validated models, applying quaternary 

level technologies consisting of UV peroxide or Ozone. The tools rely on combining the modelling of both the CAS 

and UV peroxide/Ozone technologies.  

 

To achieve 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. What are the design/operational values of the relevant parameters for the project partners ?  

4. What are the optimal operational values of the relevant parameters to maximize OMP removal in CAS?  

 

Quaternary Technologies (QT) 

5. Which OMPs are removed in the post-treatment steps, according to the post-treatment technology?  

6. What are the removal mechanisms, and respective relevant parameters, of OMPs in the post-treatment? 

7. How is the post-treatment 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 and post-treatment step combined, 

to optimize OMP removal? What are the operational savings?  

 

QSARs modelling 

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 post-treatment removal the most?  

12. What is the removal rate of similar OMPs? 

 

The research questions 1 to 4 were addressed in activity 2 (Figure 1), about which has been reported separately in 

the review report “Fate of Organic Micropollutants in Activated sludge Systems” was produced and published in 

2022 (Lousada-Ferreira (2022), KWR 2022.090). The remaining research questions will be addressed in this report.  

 

1.4 Organic Micropollutants (OMPs) addressed in TKI  Belissima  

The TKI Belissima project initially focused on the 11 OMPs proposed by the Ministerie van Infrastructuur en 

Waterstaat (I&W), namely 4-5 methylbenzotriazole, benzotriazole, carbamazepine, clarithromycin, diclofenac, 

hydrochlorothiazide, metoprolol, propranolol, sotalol, sulfamethoxazole and trimethoprim. The 11 OMP list was 

published by the National Institute for Public Health and the Environment (RIVM), executing the task at the request 

of the Ministry of Infrastructure and Water management (I&W) (RIVM 2019).  

 

The TKI Belissima project was started in 2020 and, 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 in the new EU Urban Wastewater Directive (26-10-2022 proposal). The various lists are shown in Annex I.  

 

Therefore, to produce more added value and when possible due to timing and budget, the experimental work and 

modelling activities of TKI Belissima  were extended to a maximum of 19 OMPs. Therefore, adding to the 11 OMPs 

list proposed by RIVM, the following OMPs were also measured: gabapentin, amisulpride, azithromycin, 

venlafaxine, citalopram, irbesartan, candesartan and furosemide.   

1.5 Report outline  

The report is organized in three main chapters with project results. Chapter 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 modelling, with integrated OMP 

removal models, per compound. Chapter 4 describes the QSAR modelling for UV peroxide and Ozone, for all OMP 

addressed in TKI Belissima. Chapter 4 also addresses the combined modelling of CAS and quaternary technologies, 

namely UV peroxide and single-stage ozone, obtaining OMP concentration results in the treated effluent of the 

WWTP, before being discharged into the aquatic environment. Chapter 5 lists the main conclusions of the project, 

and finally, chapter 6 addresses the tools produced in the TKI Belissima project, and how they can be used.  
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2 Experimental tests at lab- and pilot-scale  

2.1 Introduction 

In TKI Belissima the experimental tests included laboratory tests and pilot tests. The laboratory tests at KWR 

included batch-tests with activated sludge collected at Walcheren WWTP, to obtain biotransformation removal 

rates of the targeted OMPs, as support to the modelling activities of the activated sludge system (CAS); and 

advanced oxidation processes (AOP) tests, with ozone and UV, researching removal of OMP’s by AOP from WWTP 

effluent under optimal circumstances. The lab tests for AOP modelling were performed with Mili-Q water, effluent 

from WWTP Walcheren and effluent from Horstermeer WWTP (Waternet). The pilot tests, aimed at removal of 

OMP’s by AOP from WWTP effluent under practical circumstances, took place at Walcheren WWTP. The pilot tests 

for AOP modelling were performed on site with effluent from WWTP Walcheren. Two parallel pilots were placed at 

the WWTP, one with UV peroxide (UV Remmen) and another with single-stage Ozone (PureBlue). The influent of 

both pilots was effluent from the secondary clarifier of the WWTP. The pilot experimental period was from October 

2023 to April 2024, with four sampling dates during the experimental period.  

 

Section 2.2 to 2.3 provides general information about the Walcheren WWTP and the pilots. Section 2.4 and 2.5 

describe the experimental tests performed addressing materials, methods, and results.  Section 2.4 refers to lab-

scale tests performed with activated sludge from WWTP Walcheren, to support the CAS modelling; section 2.5 

describes the lab-scale and pilot-tests to support the AOP modelling.  

2.2 Wastewater treatment plant (WWTP) of Walcheren 

WWTP Walcheren is a municipal WWTP, operated by Waterboard Scheldestromen (WS). The plant is located at 

Ritthem and treats sewage from the area of Walcheren. It is a conventional activated sludge system (CAS) and 

includes a sludge digestion line, dewatering and treating sludge from local and external WWTPs.  

2.2.1 Configuration and operational parameters  

 

Table 1 provides design, operation and CAS configuration characteristics about Walcheren WWTP.  

 
Table 1-Characteristics of the WWTP of Walcheren. 

Design load [p.e.] 178.700 

Max flow [m3h-1] 7.800 

HRT [h] 6h at RWF, over 2 days 

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 
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2.2.2 Wastewater quality – influent and secondary effluent  

In Figure 2 and Figure 3 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 influent. The 

concentrations of the different compounds in influent and effluent vary over time, following a normal behavior. The 

pilot testing period had quite some rain weather flow days (RWF). In general, the effect of dilution  results in lower 

influent concentrations, which can be clearly seen in Figure 2 and Figure 3.  
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Figure 2- N-tot and P-tot in influent and effluent.  
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Figure 3- COD, BOD and SS in influent and effluent 
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2.3 Secondary effluent advanced oxidation pilot plants 

2.3.1 Van Remmen UV Techniek - H2O2 UV pilot 

An UV pilot of Van Remmen UV Techniek was available at the Walcheren WWTP, with a flow rate of approximately 

2 m3/h to remove the dosed OMP’s.  The pilot was operated and maintained by Van Remmen. The unit was placed 

close to the secondary clarifier of the WWTP; it was fed with secondary effluent from the WWTP, pumped out 

immediately before the secondary effluent collection tank.  

 

A schematic overview of the UV pilot is shown in Figure 4. Figure 5 shows the UV-peroxide pilot placed at 

Walcheren WWTP. 

 
 
Figure 4- Schematics of the UV peroxide Van Remmen pilot.  

 

 

 

  
Figure 5- Van Remmen UV pilot at Walcheren. 
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Due to the instant production of hydroxyl-radicals from hydrogen peroxide with the UVC lamps, the pilot was only 

operated on testing days (see section 2.5.3). During these sampling rounds the operational settings were kept 

stable, with corroborating on-site measurements like UV-absorbance and H2O2 concentration. A sufficient volume 

was flushed through the system between samples and experimental settings to avoid contamination between 

them. At minimum, 5 system volumes (the system volume was estimated at 40 L) were flushed between sampling 

points. The UVC system consisted of four individual Focus-130 Advanox UV reactors tailor made for the pilot. These 

reactors are flow controlled and number of lamps can be adjustable to yield the right UVC dose in combination with 

UV transmittance and flow. Hydrogen peroxide is injected and mixed in the full feed stream before entering the 

UVC reactors by a dosing pump maintaining a precise and stable hydrogen peroxide concentration as defined for 

the project (see Table 8). Residual hydrogen peroxide is removed with a short contact time (<2minutes) Granular 

Activated Carbon bed. 

2.3.2 PureBlue Water O3 pilot 

A mobile ozone pilot of PureBlue Water (see Figure 6 and Figure 7) was available at the Walcheren location, with a 

hydraulic capacity of 7 m3/h. The pilot was monitored, operated and maintained by PureBlue Water throughout the 

duration of the test period. 

 

In Figure 6, a simplified Process Flow Diagram provides all major components of the ozone pilot. The pilot is 

equipped with a modular ozone generator with an adjustable ozone dosing rate between 8 and 60 g O3/h at ozone 

concentrations between 100-300 g/Nm3. 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 self-developed injection method is suitable for smaller ozone reactors keeping the system mobile and 

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

 

 
Figure 6- 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 place in case of dosing/spiking OMP 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 feed gas, and to keep the 

remaining, undissolved ozone in the off-gas. This monitoring procedure allows for an accurate ozone transfer 

efficiency determination. Furthermore, the off-gas that might hold traces of ozone is further treated using a Vent 

Ozone Destruction module (VOD). This prevents any harmful gas emissions to the environment. Samples from the 

raw or spiked WWTP effluent (see 2.5.3) are taken from a sample valve upstream the ozone reactor, and the 

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 operation. Figure 7 shows the pilot at the WWTP of Walcheren, and at the PureBlue facilities.  

 

 

  

a) b) 
Figure 7- PureBlue Ozone pilot at Walcheren with KWR dosing system (a); Ozone pilot at PureBlue facilities at Kapellebrug, 2022.  

 

2.4 Lab-scale activated sludge experiments  

The lab-scale activated sludge experiments were published in Martins et al, 2024 (see Annex II for the complete 

contents). The article provides a comprehensive description of the materials and methodologies applied, and 

results obtained, from CAS sludge batch tests, at different redox conditions, to obtain biotransformation rate 

constants for the targeted OMPs in TKI Belissima. A short description of materials applied and results obtained is 

provided in this section.  

 

The biotransformation rates constants, required to model the removal of OMPs in CAS, were obtained by the 

experimental tests. Sorption rates, also required, were found in literature.  Because biotransformation rates are a 

function of the redox conditions in the CAS tanks, sludge from the aerobic, anoxic and anaerobic CAS tanks of 

WWTP Walcheren, was transported to KWR and tested in batch tests. The results are shown in Table 2. Overall, the 

analyzed OMPs showed higher biotransformation rates under aerobic and anoxic conditions, however compounds 

such as clarithromycin bio-transformed faster under anaerobic conditions.  

 
Table 2- Biotransformation rate constants (kbio) found for CAS in the literature, obtained results for the targeted micropollutants (In bold), and 
average sorption (distribution) coefficients (kd) calculated based on the values found in the literature (source Martins et al, 2024). 

Micropollutants kbio [L.gSS-1.d-1] Kd [L.gSS-1] 

Aerobic Anoxic Anaerobic  

4-, 5-

Methylbenzotriazole 

0,18* 0,06* 0,11* 0,168 (± 

0,032) 

(n=6) 
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Azithromycin <0,13(3); 0,17(4); 0,24(13), 

1,48* 

 1,27* 0,685 

(±0,621) 

(n=3) 

Benzotriazole 0,16(14); 0,21(14); 0,22(14); 

0,30(14); 0,40(14); 0,41(14); 

0,47* 

0,23(14); 0,24(14); 

0,25(14); 0,32(14); 

0,33(14); 0,34(14); 

0,58* 

0,14* 0,177 (± 

0,081) 

(n=6) 

Candesartan 0,05* 0,03* <0,00*  

Carbamazepine 0,00*(13)(10); <0,01(3)(4)(10); 

<0,10(5)(7)(9); 0,10(2); 0,70(15); 

<0,03(7); 0,07* <0,00* 0,123 (± 

0,112) 

(n=20) 

Clarithromycin 0,03(4); 0,20(4); ≤0,40(3); 

0,48(13); <0,50(3); 1,75* 

1,08* 1,87* 0,395 (± 

0,355) 

(n=7) 

Diclofenac <0,00*; <0,02(4); 0,02(10); 

≤0,10(3); 0,10(9)(10); 0,30(15); 

0,40(2); 0,50(15); 0,70(15); 

0,80(2); 0,90(15); 1,20(7) 

<0,04(7); 0,07* <0,00* 0,087 

(±0,173) 

(n=16) 

Gabapentin 0,08(15); 0,13(15); 0,18(15); 

0,86* 

2,36* 0,49*  

Hydrochlorothiazide 0,05* 0,09* <0,00*  

Irbesartan 0,10(15); 0,33*; 0,50(15); 

0,90(15)  

0,25* 0,45* 0,820 

(±0,170) 

(n=2) 

Metoprolol 0,13(11); 0,20(15); 0,35(15); 

0,40(5)(15); 0,60(15); 0,92* 

0,03(8); 0,42* 0,65* 0,340 (± 

0,506) 

(n=4) 

Propranolol 0,36(5); 0,46(5); 1,51* 1,02* 0,76* 0,332 (± 

0,116) 

(n=7) 

Sotalol 0,40(5)(15); 0,43(5); 0,46*; 

0,60(15); 0,80(15) 

0,25* <0,00* 0,132 (± 

0,197) 

(n=3) 

Sulfamethoxazole ≤0,10(3)(9); 0,19(4); 0,20(4); 

0,24(13); 0,30(7)(12); 0,41(6); 

0,42*; 0,60(1)(9) 

0,41(6); 2,02* 0,42* 0,202 (± 

0,149) 

(n=17) 

Trimethoprim 0,05(10); 0,09(10); 0,15(7); 

0,22(4); 0,23*; 0,24(13); 0,65(9) 

 

0,12*; 0,67(8) 1,07* 0,225 (± 

0,106) 

(n=13) 

Venlafaxine 0,48* 0,13* <0,00* 0,270 (± 

0,151) 

(n=10) 

(1) McArdell et al. (2003); (2) Clara et al. (2005); (3) Joss et al. (2006); (4) Abegglen et al. (2009); (5) Wick et al. (2009); (6) Plosz et al. (2010); (7) Suarez et al. (2010); (8) 

Xue et al. (2010); (9) Suarez et al. (2012); (10) Fernandez-Fontaina et al. (2013); (11) Pomies et al. (2013); (12) Fernandez-Fontaina et al. (2014); (13) Blair et al. (2015); 

(14) Mazioti et al. (2015); (15) Nolte et al. (2020); *This study (referring to Martins et al (2024) 
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2.5 Material and methods of advanced oxidation experiments 

2.5.1 OMP Spiking solution  

 

In Table 3 the OMP type and concentrations of the stock solution for the lab- and pilot experiments are shown. This 

stock solution was kept frozen at – 20 °C before every use, and diluted with Milli-Q water to achieve the desired 

dosing solution used for the experiments. 

 
Table 3- Compounds and concentrations of the OMPs stock solution used for the experiments 

Compounds Concentration 

(mg/l) of the stock 

solution at the time 

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  

Ozone and UV lab-scale experiments 

Different amounts of ozone or UV and peroxide were dosed to Walcheren WWTP effluent and ultrapure water 

(MilliQ water) with added OMPs, the generated data was required for the AOP model. Some experiments were 
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performed in combination with hydrogen peroxide.  OMPs (Table 3) were dosed at about 100 times the lowest 

detection limit (ldl).  In Table 4 the details of the laboratory experiments are given.  

For the UV experiments with Milli-Q water, tertiary butyl alcohol (t-BuOH) (10 mg/L)was added as radical scavenger 

to mimic presence of DOC. For most experiments with Walcheren and Horstermeer WWTP effluent, the water was 

filtered by using 0,45 µm nitrocellulose filters. For some experiment the filtered effluents were diluted with Milli-Q 

water to achieve the same amount of DOC of the Milli-Q water with t-BuOH.   

For the ozone experiments with Milli-Q water, it was decided later to use ethanol (5 and 50 mg/L) and buten-3-ol (1 

and 5 mg/L) as a scavenger because of the high removal by ozone without scavenger in Milli-Q water. For the  

experiments with the Walcheren and Horstermeer WWTP effluent, the water was unfiltered. 

 
Table 4- Details of the ozone and UV laboratory experiments  

Parameter Water 

type 1 

Water 

type  2 

Water 

type 3 

Remarks 

Water types Walcheren 

WWTP 

effluent 

Horstermeer 

WWTP 

effluent 

Milli-Q 

water 

Some follow-up experiments with 

quenching took place with Milli-Q 

water 

Dosing of ozone 

(mg/L) 

0-2-4-8 - 0-0.5-1-2 In duplicate 

Dosing of UV 

(mJ/cm2) / H2O2 

(mg/L) / t-BuOH 

(mg/L) 

0-100-300-

600 / 10 and 

20 / 0 

0-100-300-

600 / 20 / 0 

0-100-300-

600 / 10 

and 20 / 8 

With quenching of the hydrogen 

peroxide after the experiment for 

analysis, in duplicate 

Performed 

analyses 

  

OMPs OMPs OMPs In duplicate 

Residual 

Ozone in 

water 

- Residual 

Ozone in 

water 

After 15 min waiting time 

- - H2O2 in 

water 

 

DOC, UV, 

HCO3, pH, 

Turbidity, 

NH4, NO2, O-

PO4, SO4, Br 

DOC, UV, 

HCO3, pH, 

Turbidity, 

NH4, NO2, O-

PO4, SO4, Br 

DOC, UV, 

Turbidity 

In case of Ozone experiments only 

DOC, UV and BrO3 

 

The ozone experiments were carried out with a BMT laboratory setup, see Figure 8. This setup consists of an 

oxygen concentrator (Lenntech), ozone generator (BMT803 BT) , two ozone-in-gas analyzers (BMT 964) to measure 

the ozone concentration in the inflowing and outflowing gas of the reactor, a glass reactor (approx. 1 L), a 

recirculation pump and an ozone-in-gas destructor (all BMT Messtechnik GmbH, Stahnsdorf, Germany). 
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Figure 8- Picture of the BMT Ozone laboratory setup 

 

Milli-Q water was cooled in the reactor, which was placed in crushed ice, to about 4 °C and recirculated in the 

reactor. Ozone gas was dosed to the recirculating Milli-Q water in the reactor at about 60 g/m3 at a flow of 1 N-

L/min for about 0,5 h until ca 20 mg/L of ozone was dissolved in the Milli-Q water. This ozonated water was dosed 

at the desired concentration to PE bottles containing specified volumes of Milli-Q or Walcheren WWTP effluent 

water with the OMPs and shaken for about 10 sec each. After about 15 min the residual ozone was measured to 

control the absence of ozone after the reaction.  

 

The UV experiments were carried out in duplicate with 150 mL of water in the KWR UV collimated beam reactor 

using a Low Pressure (LP) lamp according to a standard procedure for measuring water samples, described in 

Harmsen [2004]. In Figure 9 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 0,45 µm nitrocellulose membranes or irradiated with un-filtrated samples.  

 

 
Figure 9- Picture of the collimated beam setup 
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2.5.3 Pilot- plant experiments at WWTP Walcheren  

Sampling dates 

The sampling dates on which the dosing experiments were performed were the 10th October and 22nd November of 

2023; and 7th February and 17th April  of 2024. 

 

Pilot hydrogen peroxide UV (Van Remmen) and pilot single-stage Ozone (PureBlue)  

At the four sampling dates(approximately every 2 months), a cocktail with OMPs was dosed (Table 3) for a few 

hours (depending on the residence time) at 20 times the lower analytical limit. Duplicate samples were taken at 

regular intervals for analysis for OMPs: after dosing and mixing, and or after the peroxide/UV step or after the 

single- stage ozone. The dosing unit with pump was supplied, installed and operated by KWR. The spiking solution 

was added just before the UV step/ozone dosing. OMPs were spiked at about 20 times the lowest detection limit 

(ldl). KWR took care of transport and analyses of the samples during the dosing days. Ntot, Ptot and COD were 

measured by Waterschap Scheldestromen (WS) or KWR; peroxide in water was measured at the location by Van 

Remmen; ozone in water was measured at the location by PureBlue.  

The UV/peroxide dosages were set to 600/20 and 1.200/40 mJ/cm2. The desired ozone dosages were performed at 

zero, 0,3, 0,6 and 0,9 g O3/ g DOC; the real applied dosages are found at the results section of this report.  

Performed analysis  

Table 5 summarises the analyses performed and methods applied. 

 
Table 5- Performed analyses and methods 

Analyses  Used methods 

OMPs KWR Specials 2 

O3 in water Hach Lange LCK 310 (lab experiments) 

Macherey-Nagel Tube test NANOCOLOR Chlorine / Ozone 2 (0-17)  

https://www.mn-net.com/tube-test-nanocolor-chlorine/ozone-2-985017) 

(pilot experiments); 

Macherey-Nagel Tube test NANOCOLOR COD 160 (0-26) 

(https://www.mn-net.com/tube-test-nanocolor-cod-160-985026) (pilot 

experiments) 

H2O2 in water KWR LAM-048 (lab experiments) 

UVC Transmissie: P200 handheld transmittance meter (pilot experiments) 

Peroxide:  Lovibond MD200 – H2O2 pH (pilot experiments) 

pH, HCO3
- KWR LAM-043 and -042 

UV-abs KWR LAM-033 

DOC KWR LAM-068 (lab experiments) 

Macherey-Nagel COD testkit, calculation of DOC by 3/1 factor  

Turbidity KWR LAM-044 

NH4
+, NO3

-, NO2
-, O-

PO4
3- SO4

2-  
Aqualab Zuid AC1600 

Br-, BrO3
- Aqualab Zuid 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


 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 23 

 

2.6 Results and discussion of advanced oxidation experiments 

2.6.1 Laboratory experiments 

In Table 6 the measured water quality parameters are shown of the water used for the laboratory experiments.  

 
Table 6- Measured water quality parameters 

Water quality parameters Milli-Q with tert-BuOH Walcheren filtered Horstermeer filtered 

UV-absorption (E/m) <0,3 32 29 

pH (-) 6,4 7,3 7,6 

DOC (mg C/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 NO3) n.m. 52 1,4 

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 results of each ozone and UV laboratory experiments are given in Annex V.  

 

In Figure 10 an overview is given of the total removal of the measured OMPs in relation to water type and amount 

of the ozone dosage. The figure shows that Milli-Q water (with ethanol) gave the highest removal, comparable with 

an ozone dosage of 4,2 mg/L with Walcheren water. While with the use of ethanol as a scavenger hardly lower 

removal was achieved, the use of buten-3-ol had significant effect on the removal of the OMPs. In Walcheren 

water, with a higher ozone dose, the removal of the OMPs also increased, as was expected. These data are used for 

the validation of the ozone model.  

 

In Figure 11 an overview is given of the total removal of the measured OMPs in relation to water type and amount 

of the peroxide dosage. For each water type and peroxide dosage the removal at different UV doses (Annex V) 

were translated to a UV dose of 600 mJ/cm2 (by fitting the concentration as exponential function of UV dose). The 

effect of the addition of and concentration of peroxide in Milli-Q water is very clear, showing that UV without 

peroxide hardly gave removal of the OMP’s. Also with the Walcheren and Horstermeer water types the effect of 

the addition of peroxide is clear. Without peroxide the overall removal is relatively low, because only a few 

compounds are sensitive to direct UV photolysis (). When the water was diluted with Milli-Q, the removal also 

increased because the concentration of scavengers are decreased. Horstermeer water showed higher degradation 

results than Walcheren water, because the concentration of scavengers is lower. When unfiltered water is used, 

peroxide clearly had less effect on the removal of the OMPs. The measurement data are used for the validation of 

the UV/peroxide model. 
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Figure 10: Overview of the removal of the measured OMPs in relation to water type and amount of ozone dosed 

 

 
 
Figure 11: Overview of the removal of the measured OMPs in relation to water type and amount of peroxide dosed. Results were interpolated 

for a UV dose of 600 mJ/cm2. 
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2.6.2 Pilot plant experiments 

The water quality parameters of the wastewater effluent from Walcheren at the influent of both AOP pilots is given 

in Table 7 for the four rounds of testing. The water quality parameters influent of the ozone tests from the 3rd 

round show substantial lower values for HCO3
-, DOC and UV-absorption, probably caused by dilution from 

precipitation. The ozone experiments were always performed in the afternoon. The UV/H2O2 experiments were 

performed at the same day, but in the morning and show less effect of the dilution. Some water quality parameters 

show a seasonal effect , like NO3
-, NO2

-, NH4
+, Cl-, Br-, which is also visible in Figure 2 and Figure 3. In round 4, both 

pilots show a better effluent water quality (lower DOC, HCO3
-, UV absorption). The UV/H2O2 influent in round 4 

shows an even lower DOC due to the coagulation/filtration pre-treatment step that worked best in round 4 (in 

previous rounds it did not work very well due to issues with the filter).  

 
Table 7: Water quality parameters measured from the influent of the AOP pilots (ozone and UV/H2O2). 

Parameter Round 1 Round 2 Round 3 Round 4 

 O3 UV/H2O2 O3 UV/H2O2 O3 UV/H2O2 O3 UV/H2O2 

pH 7.1 7.0 7.1 7.1 7.2 7.2 7.0 6.8 

HCO3- (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 2.4 1.1 1.2 4.5 2.1 1.7 1.7 

UV-absorption 

(E/m) 

36 28 30 23 16 27 18 11 

Cl- (mg/L) 515 535 340 330 n.a. n.a. n.a. n.a. 

NO3- (mg/L) 16.5 19 7.5 17 3.2 4.8 3.3 4.7 

NO2- (mg/L) 0.9 0.02 n.a. n.a. 0.36 0.26 0.57 0.013 

P-PO4
3- (mg 

P/L) 

1.25 0.04 2 0.6 0.12 1.3 0.08 0.02 

NH4
+ (mg/L) 2.0 1.8 2.2 0.2 4.6 13 4.3 4.0 

BrO3 (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 (mg O2/L) 2 1 2 1 4.5 3 3 <1 

CZV (mg O2/L) 38 45 18 21 28 32 23 22 
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UV pilot experiments 

In the UV-peroxide pilot the secondary effluent is pre-filtered by a 200 micron screen before entering a sand filter. 

The original goal of the sand filter, with flocculation, was to increase the UV transmittance however due to 

operational constraints, the first three sampling moments were performed with the raw secondary effluent. The 

final sampling moment (April 2024) was performed including the sand filtration step which increased UV-

transmittance from a raw value of 60,7% to 74,4% with 4 ppm powdered activated carbon (PAC) dosage. During the 

first three samplings moments, the sand filtration did not work optimal and the raw untreated transmittances over 

the UV-peroxide pilot were of : 39,9, 60,0 and 52,1%.  

 

During the UV/H2O2 experiments, samples were taken from  the influent and effluent of the UV/ H2O2 reactor. The 

influent sampling port is located after addition of H2O2. Both influent and effluent samples therefore contain H2O2. 

The H2O2 was not quenched, as in drinking water samples the experience is that quenching may interfere the 

analysis, whereas H2O2 has little influence on the results. However, for some OMP compounds the influent 

concentrations are lower than the desired concentration (see Annex IV) and because of analytical measuring ranges 

may even be too low to demonstrate sufficient degradation. The spiked concentration was set to 0.2 µg/L, which 

adds to the background concentrations of OMPs already present in the wastewater effluent. Little effect of the 

spiking could be found in the influent measurements (see Annex IV), in round 2 even lower concentrations were 

found after spiking, and for some compounds the concentration dropped to below detection limit. From round 3 

onwards, therefore also influent samples without H2O2 were taken. In this case after the experiment, the H2O2 

dosing was stopped, while the spiking of OMPs continued and an additional influent sample was taken. In round 3, 

the influent concentrations were closer to the desired spiked concentrations. Also, the difference between the 

influent samples with and without H2O2 were small for most compounds. Only at the highest H2O2 concentration, a 

few compounds (diclofenac, furosemide, propranolol, trimethoprim) show elevated influent concentrations. In 

round 4, again there was a larger difference in influent concentrations with and without H2O2. In round 3 and 4, the 

influent concentrations without H2O2 were used to calculate the removal. 

 

For calculating removal rates, less removal can be shown for compounds with low influent concentrations. This is 

visualized by triangles in the removal figures (see Figure 12 and Annex VII). For compounds that have 

concentrations below detection limit, a value of 2/3 of the detection limit was chosen to calculate removal rates. 

The experimental settings of the UV reactor during the tests are given in Table 8. Depending on the UV-T of the 

influent water, the UV dose was set by changing the flow or number of lamps switched on. In the first 3 rounds, the 

UV-T was low (especially in round 1), because the pre-treatment did not work properly. This was improved in round 

4.  The removal percentages during UV/ H2O2 are shown in Figure 12 for round 4 and Annex VII for round 1-3, and a 

summary of all rounds is shown in Figure 13. The test with the higher UV dose and peroxide concentrations (1.300-

1.400 mJ/cm2 and 40-50 mg/L H2O2)  significantly showed the highest removal percentages: for most compounds 

90% and higher. The moderate setting (500-600 mJ/cm2 and 20-25 mg/L H2O2) showed removal percentages 

between 60-80%, with a few exceptions that showed lower degradations (between 20-50%): Azithromycin, 

Chlarithromycin and Gabapentin. The increase in UV-T (Table 8) also confirms the effect of the UV dose and H2O2 

concentration. In round 1 and 2 (Annex VII), a few compounds could not be measured accurately, as the influent 

concentration was too low (e.g. Furosemide, Trimethoprim, Propanolol, Carbemazepine). In round 2, the non-

spiked experiment showed more accurate (meaning less compounds with too low influent concentrations) 

degradation results. In round 3, for all 19 compounds accurate removal results were obtained, because the influent 

samples without H2O2 were taken to calculate the removal. Except for azithromycin and clarithromycin, there is no 

significant difference in removal percentages between spiking and non-spiking of OMPs. For the tests in round 4 

(Figure 12), also at the lower UV setting (674 mJ/cm2 and 21 mg/L H2O2) high degradations are observed (above 

90% for most of the compounds, and above 80% for Azithromycin, Chlarithromycin and Gabapentin). The better 

performance of the UV/H2O2 process in round 4 can be attributed to the better pre-treatment by the 

coagulation/sand filtration. In the previous experiments, the filtration did not work properly, but in this round the 

UV-T and DOC were improved so that less competition for OH radicals is present and higher degradation could be 



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 27 

obtained. At the higher UV setting (1.370 mJ/cm2 and 44 mg/L H2O2) all compounds were removed with 90-95% or 

higher. 

 
Table 8: Settings of the UV/H2O2 experiments for the four rounds. H2O2 concentrations are given before the UV reactor. 

Setting (intended UV dose 

and H2O2 dose) 

Flow (L/h) # lamps Actual UV 

dose (mJ/cm2) 

Actual H2O2 

(mg/L) 

UV-T (%) 

 
  

  
Before After 

Round 1, 600-20 (no spike) 900 4 478 19 36.9 41 

Round 1, 600-20 900 4 474 19 36.4 39.9 

Round 1, 1200-40 450 4 960 38 38.3 44.2 

Round 2, 600-20 (no spike) 540 2 645 25 56 61.7 

Round 2, 600-20 540 2 659 25 56.1 62.7 

Round 2, 1200-40 540 4 1319 54 54.1 69.5 

Round 3, 600-20 (no spike) 900 4 571 21 47.4 50.8 

Round 3, 600-20 900 4 547 20 49.8 53.8 

Round 3, 1200-40 470 4 1452 36 51.6 61.8 

Round 4, 600-20 (no spike) 770 2 674 26 70.4 77.0 

Round 4, 600-20 770 2 674 21 71.1 76.9 

Round 4, 1200-40 770 4 1370 44 69.0 81.7 
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Figure 12: Removal percentages of micropollutants during UV/H2O2 treatment for round 4. The first number in the legend represents the UV 

dose (mJ/cm2), the second number represents the H2O2 concentration (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 standard deviation of the duplicate 
samples. 
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Figure 13: Summary of UV/H2O2 pilots, removal percentage for each OMP under different conditions during the four rounds of tests. Results are 
only shown if more than 75% removal can be demonstrated calculated from influent concentrations and limit of detection.  
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Ozone pilot experiments 

Next to UV/H2O2, experiments were conducted in the ozone pilot. The influent concentrations of the OMPs are 

given in Annex VI. Here the influent concentrations for all OMPs remained stable and the increase of 0.2 µg/L from 

the spiking can be clearly seen in the results. For round 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 experiments. In round 4 the 

concentration of benzotriazole in the background is much higher, up to 16 µg/L  (compared to between 1 and 4 

µg/L in the other rounds).  

 

The experimental settings of the ozone reactor are given in Table 9. In round 1 and 2 the highest ozone dosages 

(O3/DOC ratio of 0.9) could not be reached in all cases mostly because of technical issues in the field. The ozone 

dose was set according to an onsite measurement of DOC, which could sometimes differ from the laboratory 

measurements of DOC (that was done afterwards). The O3/DOC dose was calculated according to the DOC 

measurement of the laboratory. Therefore, in round 3 and 4, where the laboratory DOC results were almost 2 

times lower than the on-site measured results, the actual O3/DOC ratio was higher than expected.  

 
Table 9: Settings of the ozone pilot experiments for the four rounds. Ozone concentrations are given before the ozone reactor, DO and BrO3 are 
given after the ozone reactor. 

Setting O3 (mg/L) O3/DOC DO (mg/L) T (°C) BrO3 (µg/L) 

Round 1, influent 0 0 4.4 19.7 <0.1 

Round 1, 0.6 O3/DOC (no spike) 6.8 0.52 12.8 19.6 8.8 

Round 1, 0.3 O3/DOC 3.4 0.26 10.2 20.3 <0.1 

Round 1, 0.6 O3/DOC 6.8 0.53 13.2 21.2 6.4 

Round 1, 0.9 O3/DOC 8.6 0.66 15.9 22.2 21 

Round 2, influent 0 0 5.1 12.3 <0.1 

Round 2, 0.6 O3/DOC (no spike) 5.5 0.55 18.0 12.7 18 

Round 2, 0.3 O3/DOC 3.0 0.3 14.0 14.3 <0.1 

Round 2, 0.6 O3/DOC 5.8 0.58 17.6 13.6 18 

Round 2, 0.9 O3/DOC 7.4 0.74 19.7 13.7 n.g. 

Round 3, influent 0 0 5.5 10.7 <0.1 

Round 3, 0.6 O3/DOC (no spike) 6.1 1.10 16.5 10.8 10 

Round 3, 0.3 O3/DOC 3.1 0.56 14.1 10.7 4.6 

Round 3, 0.6 O3/DOC 5.8 1.04 16.5 10.5 11 

Round 3, 0.8 O3/DOC 5.5 0.98 16.9 10.1 15 

Round 4, influent 0 0 5.7 12.8 <0.1 

Round 4, 0.6 O3/DOC (no spike) 5.4 0.90 17.6 13.6 14 

Round 4, 0.3 O3/DOC 3.1 0.52 11.9 13.5 1.5 

Round 4, 0.6 O3/DOC 5.5 0.92 17.4 13.2 15 

Round 4, 0.9 O3/DOC 7.9 1.32 20.5 13.8 26 
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The results of the OMP degradation by ozone are shown in Figure 14 for round 4 and in Annex VII for round 1-3. A 

higher ozone dosage clearly results in a higher degradation of OMPs. At the highest ozone dose in round 3 and 4 

(Annex VII and Figure 14), most of the OMPs can be degraded around 90% and more, except for Gabapentin, 

Irbesartan and Benzotriazole because these compounds slowly react with ozone. At a moderate ozone dosage of 

0.5-0.6*DOC, a large portion of OMPs can be degraded 70% and more, except for Benzotriazole, 4-Methyl-1H-

Benzotriazole and Gabapentin. At the lowest ozone dosage of 0.3*DOC, most of the compounds are removed 

between 40% and 50%. 

 

Bromate formation becomes high at the highest ozone/DOC dosage varying from 10 to 26 µg/L. At the lowest 

ozone dosage (0.3*DOC), bromate formation remains low (<0.1 µg/L). As Walcheren is located close to the sea, the 

bromide concentration is high compared to other wastewater treatment locations, resulting in high bromate 

concentrations. In practice, bromate can be controlled by using multiple stages of lower ozone dosages. 

 

 

 

 

 

 



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 32 

 
Figure 14: Removal percentages of micropollutants during ozone treatment 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 standard deviation of the 
duplicate samples. 
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Figure 15: Summary of ozone pilots, removal percentage for each OMP under different conditions during the four rounds of tests. Results are 

only shown if more than 75% removal can be demonstrated calculated from influent concentrations and limit of detection. 

 

2.6.3 Synthesis  

Figure 16 summarizes and compares the degradation results of all conditions and OMPs in both pilots. The effect of 

operating conditions (UV dose, H2O2 and O3 concentration) can be clearly seen: if more energy (UV dose) or 

oxidants (H2O2 or O3) are supplied, a higher removal will be obtained. For the higher UV dose (at around 1.000 

mJ/cm2 and higher) and higher H2O2 concentration, almost all compounds are degraded more than 80%. For O3, at 

a O3 concentration of 0.6 of the DOC, most compounds are removed by 70% or more, and at a O3 concentration of 

0.9 of the DOC and higher, all but one compounds are removed 80% or higher. However, bromate formation will be 

substantial (more than 10 µg/L). This can be explained by the high bromide concentrations in the effluent (~10 
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times higher than average in Dutch wastewater 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 rounds. For O3, the differences can largely be explained by the 

differences in DOC and therefore O3/DOC ratio. For UV/H2O2, the degradations at moderate UV settings (500-600 

mJ/cm2 and 20 mg/L) show variations between the different rounds, which can only partly be explained by 

differences in operating conditions. Also, differences in water quality (UVT, DOC, etc.) may cause differences in 

degradation results. Especially lowering DOC concentrations will result in higher removal rates for both AOPs (a 

pre-treatment step such as a biological sand filter may also degrade some of the OMPs). In the modelling of the 

AOP processes, these water quality parameters will be taken into account.   

 

 
Figure 16: Removal percentages for different conditions at O3 pilot and UV/ H2O2 pilot. The boxplot shows the minimum, first quartile, median, 
third quartile and maximum degradation for the 19 OMPs. The black dots show the individual degradation of each OMP. Results are only 

shown if more than 75% removal can be demonstrated calculated from influent concentrations and limit of detection. The colors show the 
average removal per experiment (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 wastewater. Activated 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 micropollutant behavior in 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 processes, optimize system 

performance, and design treatment strategies to enhance OMP removal efficiency. Many of these mechanisms are 

not well understood. Accordingly, there is a need to extend the activated sludge models to include OMP 

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

 

Some attempts have been made to develop mathematical models to describe OMP behavior in activated sludge 

systems, ranging from simple empirical models to more complex mechanistic models based on mass balance 

equations and reaction kinetics. However, only a limited number OMPs have been thoroughly modelled in these 

systems. Significant gaps remain in our understanding and data regarding the biokinetics of many OMPs across 

various mechanisms. 

3.2 OMP removal processes in Activated Sludge systems 

In activated sludge systems, the removal of organic micropollutants (OMPs) involves four key processes (Plosz et 

al., 2012): 

1. Biotransformation (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 may be further degraded. Biotransformation rates (Kbio) can vary depending on the 

chemical structure of the OMPs and the environmental conditions within the treatment system, such as oxygen 

levels, temperature, and nutrient availability. 

2. Sorption (Adsorption and Absorption): 

Sorption refers to the attachment of OMPs to sludge particle surfaces (adsorption) or their incorporation into the 

sludge matrix itself (absorption). These process are influenced by the hydrophobicity and charge of the OMPs, as 

well as the characteristics of the sludge, including its composition and surface area. The solid-liquid partition 

coefficient (Kd) is a crucial parameter that quantifies the extent of sorption. 

3. Desorption: 

Desorption is the reverse process of sorption, where OMPs detach from sludge particle surfaces or internal 

structure and re-enter the aqueous phase. This can occur due to changes in environmental conditions, such as pH, 

temperature, ionic strength, hydraulic shear, or the presence of competing substances. Desorption is important 
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because it can affect the bioavailability of OMPs for biodegradation and their overall removal efficiency. The 

desorption rate constant (Kdes) helps in understanding and modelling this process. 

4. Chemical Transformation and Retransformation (Abiotic Processes): 

Besides biotransformation, OMPs can undergo chemical transformations through abiotic processes such as 

hydrolysis, photolysis, and redox reactions. These processes 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 other related substances. 

The retransformation rate constant (qC) captures the dynamics of these conversions. 

 

Each of the above mentioned processes plays a crucial role in the overall removal of OMPs in activated sludge 

systems, and understanding their interactions and relative contributions is essential for optimizing wastewater 

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 modelling (Sin & Al, 2021). The objectives of ASMs are 

to simulate and predict the performance of activated sludge systems in wastewater treatment, optimize biological 

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 decisions, and facilitate the development of advanced treatment technologies. The ASMs have evolved over 

the years with the inclusion of specific 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 Digestion model (ASDM) which is divided 

into six main parts that 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 project supplemented with values extracted from the literature (Plósz et al. ,2012) to 

develop and calibrate the OMP model in this project (see Annex IV). 

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, comprises an anaerobic, anoxic and aerobic process reactors. In Biowin ASDM, no OMP 

removal model is included by the software developer (EnviroSim Associates Ltd, Canada) due to the lack of 

sufficient and validated kinetic parameters and removal mechanisms with regard to OMPs. As mentioned before, 

there is still a lack of understanding and data regarding the biokinetics of many OMPs across various mechanisms to 

develop a robust OMP model. This project aimed to develop and integrate such a model in BioWin ASDM, utilizing 

data generated from the various project activities (batch tests and literature review). 

 

In developing the OMP model in this project, the removal mechanisms of the 11 target OMPs were integrated into 

the ASM section of the  Biowin ASDM. The structured approach of the Peterson Matrix was used in the 

development of the model for the 11 OMPs. The Petersen matrix is a pivotal tool in modelling activated sludge 
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systems, and is 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 useful for complex models with several processes and variables and are used a 

lot in literature (Gujer and Henze, 1991). The biotransformation rates (Kbio) vary with redox conditions of the CAS 

tanks, sludge from the aerobic, anoxic and anaerobic CAS tanks 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 the literature as reported by Martins 

et al. (2024) as summarized in Table 2. The biotransformation and sorption values used in the ASDM model 

development for OMP removal mechanisms are listed in Table 17 below. Retransformation (to parent compound) 

rates were available for only 2 OMPs, namely Diclofenac and Carbamazepine, obtained from Plósz et al. (2012), and 

hence retransformation modelling was not possible for the remaining 9 OMPs. This is an area of future work that 

needs to be conducted. 

 
 

 
Table 10: Biotransformation rates and sorption coefficients used in the ASDM OMP model development. 

    Biotransformation rate,  

Kbio (L/gSS/d) 

Sorption 

coefficient,  

Kd (L/gSS) 

No. Micropollutants Anaerobic Anoxic Aerobic All 

1 4- and 5-methylbenzotriazole 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 are shown in Table 11 . 
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Table 11:Petersen Matrix describing the model structures of the 11 OMPs added to ASDM in BioWin.  

Compound (Micropollutant) Process rate description 

Micropollutant and its 

metabolite components 
Process rate 

U
UD1 (CLI) 

U
UD2 (CCJ) 

U
UD3 (CSL) 

Sulfamethoxazole 

Aerobic processes     

Biodegradation of OMP 

-

1   
𝐾𝐵𝑖𝑜,𝑂𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑆ɳ𝐵𝑖𝑜

(𝐾𝑆ɳ𝐵𝑖𝑜 + 𝑆𝑆)
∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Parent compound 

transformation 1 

-

1  
𝐾𝐷𝑒𝑐,𝑂𝑥 ∗ 𝑈𝐷2 ∗

𝐾𝑆ɳ𝐷𝑒𝑐

(𝐾𝑆ɳ𝐷𝑒𝑐 + 𝑆𝑆)
∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝑂𝑥 ∗ 𝑈𝐷1 ∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

     
Anoxic processes     

Biodegradation of OMP 

-

1   
𝐾𝐵𝑖𝑜,𝐴𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑆ɳ𝐵𝑖𝑜

(𝐾𝑆ɳ𝐵𝑖𝑜 + 𝑆𝑆)
∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Parent compound 

transformation 1 

-

1  
𝐾𝐷𝑒𝑐,𝐴𝑥 ∗ 𝑈𝐷2 ∗

𝐾𝑆ɳ𝐷𝑒𝑐

(𝐾𝑆ɳ𝐷𝑒𝑐 + 𝑆𝑆)
∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝐴𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

     
Anaerobic process     

Biodegradation of OMP 

-

1   
𝐾𝐵𝑖𝑜,𝐴𝑛 ∗ 𝑈𝐷1 ∗

𝐾𝑆

(𝐾𝑆 + 𝑆𝑆)
∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝐴𝑛 ∗ 𝑈𝐷1 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

Diclofenac and 

Carbamazepine 

Aerobic processes     

Biodegradation of OMP 
-

1   
𝑞𝐶,𝑂𝑥 ∗

𝑆𝑆

(𝐾𝑆 + 𝑆𝑆)
∗ 𝐾𝐵𝑖𝑜,𝑂𝑥 ∗ 𝑈𝐷1 ∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Parent compound 

transformation 1 

-

1  
 𝐾𝐷𝑒𝑐,𝑂𝑥 ∗

𝑆𝑆

(𝐾𝑆 + 𝑆𝑆)
∗ 𝑈𝐷2 ∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝑂𝑥 ∗ 𝑈𝐷1 ∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

     
Anoxic processes     

Biodegradation of OMP 
-

1   
𝑞𝐶,𝐴𝑥 ∗

𝑆𝑆

(𝐾𝑆 + 𝑆𝑆)
∗ 𝐾𝐵𝑖𝑜,𝐴𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Parent compound 
transformation 1 

-
1  

 𝐾𝐷𝑒𝑐,𝐴𝑥 ∗
𝑆𝑆

(𝐾𝑆 + 𝑆𝑆)
∗ 𝑈𝐷2 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝐴𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

     
Anaerobic process     

Biodegradation of OMP 
-

1   
𝐾𝐵𝑖𝑜,𝐴𝑛 ∗ 𝑈𝐷1 ∗

𝐾𝑆

(𝐾𝑆 + 𝑆𝑆)
∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝐴𝑛 ∗ 𝑈𝐷1 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

4- and 5-
methylbenzotriazole; 
Benzotriazole; 

Clarithromycin; 
Hydrochlorothiazide; 
Metoprolol; 

Propranolol; 
Sotalol; 
Trimethoprim 

Aerobic processes     

Biodegradation of OMP 
-

1   
𝐾𝐵𝑖𝑜,𝑂𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑆

(𝐾𝑆 + 𝑆𝑆)
∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝑂𝑥 ∗ 𝑈𝐷1 ∗

𝑆𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

     

Anoxic processes     

Biodegradation of OMP 
-

1   
𝐾𝐵𝑖𝑜,𝐴𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑆

(𝐾𝑆 + 𝑆𝑆)
∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption  

-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝐴𝑥 ∗ 𝑈𝐷1 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

     

Anaerobic process     

Biodegradation of OMP 

-

1   
𝐾𝐵𝑖𝑜,𝐴𝑛 ∗ 𝑈𝐷1 ∗

𝐾𝑆

(𝐾𝑆 + 𝑆𝑆)
∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑍𝐵 

Sorption 
-

1  1 
𝐾𝐷𝑒𝑠 ∗ 𝐾𝐷,𝐴𝑛 ∗ 𝑈𝐷1 ∗

𝐾𝑂

(𝐾𝑂 + 𝑆𝑂)
∗ 𝑋𝑠𝑠 

All 11 Micropollutants 
Desorption (same for all 
reactor processes) 1  

-
1 𝐾𝐷𝑒𝑠 ∗ 𝑈𝐷3 

 
 

where: 
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UD1: User Defined parameter in BioWin for parent OMP in liquid (CLI)  

UD2: User Defined parameter in BioWin for retransformation (CCJ) back to parent OMP (CLI) 
UD3: User Defined in BioWin for parent OMP adsorbed in Sludge (CSL) 
ZB: Masses of OHOs, AOB, NOB and PAOs 

XSS: Mixed liquor suspended solids (MLSS) 
 
Kinetic model parameters 

kDes (/d): De-sorption rate coefficient for CSL = 100c (applied for all OMPs) 
KS (mg/L): Half-saturation coefficient for SS (substrate) = 10f 
KO (mg/L): Half-saturation coefficient for dissolved oxygen = 0.2f 

 
Aerobic process parameters 
KD,Ox (L/gXss): Aerobic solids-liquid sorption coefficient  

KDec,Ox (L/g/d): Aerobic biotransformation rate coefficient for CCJ = 5e  
qC,Ox (L/g/d): Aerobic maximum specific co-metabolic substrate biotransformation rate in the presence of growth substrates for CLI = 1.6d and 2d 
KBio,Ox SRT = 16d (L/g/d): Aerobic biotransformation rate coefficient for CLI 

 
Anoxic process parameters 
KD,Ax (L/gXss): Anoxic solids-liquid sorption coefficient  

KDec,Ax (L/g/d): Anoxic biotransformation rate coefficient for CCJ = 5e 
qC,Ax (L/g/d): Anoxic maximum specific co-metabolic substrate biotransformation rate in the presence of growth substrates for CLI = 0.96d and 
1.2d for Diclofenac and Carbamazepine respectively. 

KBio,Ax SRT = 16d (L/g/d): Anoxic biotransformation rate coefficient for CLI 

 
aDiclofenac consumption data is presented by Grung et al. (2008). 
bMore information on the flow boundary conditions are shown by (Plósz et al., 2010c). 
cParameter value derived from literature (Ternes and Joss, 2006; Plósz et al., 2010a). 
dParameter values estimated using the measured batch experimental data and simulation for Diclofenac and Carbamazepine only. 
eParameter values estimated using the full-scale 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 removal configuration (Figure 17) designed for 178,700 population equivalent and an average 

capacity of 1460 m3/h. Apart from predominantly municipal wastewater, the WWTP also receives around 20% 

industrial wastewater flows.  

 

 
Figure 17- Walcheren WWTP configuration as represented in BioWin. 
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The WWTP consists of the following treatment steps - pre-treatment (for screening, grease, and sand removal), 

primary clarifier (for solid particles removal), selector (for controlling the activated sludge processes), anaerobic tank, 

anoxic tank, aerobic tank, and secondary clarifier (for biological sludge separation). This line also includes an 

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. As shown in Figure 17, this system possesses both internal and external circulation routes 

to maximize nutrient removal and guarantee the desired sludge age and mixed liquor suspended solids (MLSS) 

concentration. 

3.2.4 Model calibration and validation  
 
Comprehensive sampling campaigns were conducted to characterize the 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 using design (e.g. volumes, areas and loadings) and operational data (e.g. Dissolved Oxygen 

(DO), flows and temperature), as well as water quality parameters (influent, effluent and activated sludge 

characteristics) from the Walcheren WWTP (Table 12 and Table 13). Initially, the process configuration of the 

treatment process was represented in BioWin by using the physical dimensions of the process units. The influent 

quality data measured from the sampling campaign was entered into the influent specifier function of BioWin, 

providing the characterization of 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 inserted into the biokinetic model. Data quality control was 

performed on the datasets. The data was filtered to identify any extreme anomalous/unfeasible values which were 

then removed. Figure 18 shows the various locations of the sampling conducted at Walcheren WWTP. 
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Figure 18- Walcheren WWTP sampling locations. 
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The average values of the influent parameters at Walcheren WWTP are shown in Table 12.   

 
Table 12- Walcheren WWTP influent parameter values. 

Influent Unit Values 

Flow m3/h 1460 

COD mg/L 572.7 

TKN mg/L 59.46 

TP mg/L 6.58 

ISS mg/L 31.3 

Ca mg/L 85 

Mg mg/L 37 

pH - 7.64 

 

For the operating conditions, online sensor data for key process parameters were used, namely - the influent 

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 in Table 13 below. 

 
Table 13- Walcheren WWTP physical and operational parameters.  

Description Unit Values 

Influent flow rate m3/d 35057 

RAS flow rate m3/d 18624 

Wastage flow rate m3/d 456 

SRT d 19 

Anaerobic reactor volume m3 5920 

Anoxic reactor volume m3 7600 

Aerobic reactor volume m3 11400 

Total bioreactor HRT hr 17 

Secondary Clarifier surface area m2  12120 

Average DO concentration in Aerobic reactor mg/L 1.0 

Average Temperature °C 20 

 

 

The online and laboratory measurements on the effluent quality were used to compare the predictions from the 

model to perform the calibration procedure. The model was calibrated to field data representing the operating 

conditions and system performance of the Walcheren WWTP. A steady-state modelling was conducted where the 

processing units were fine-tuned. The simulations were conducted using the default kinetic 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 values. The actual and simulated data are shown in Table 14. 

 
Table 14- Effluent and bioreactor actual and simulated values.  

Effluent parameters Unit Measured 

(Actual) 

Simulated (ASDM) 

COD mg/L 45.5 40.1 

TKN mg/L 5.02 4.74 

NH4 mg/L 2.4 2.2 

NO3 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 quality parameters 

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 below in Figure 19 to Figure 21 to 

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 concentrations are reported in mg/L. 
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Figure 19- Screenshot of the simulation of Benzotriazole in BioWin ASDM integrated with the developed OMP fate model for Walcheren WWTP 
(where UD1: Parent Benzotriazole; UD2: Retransformed Benzotriazole; UD3: Sorbed Benzotriazole)  
 

 
Figure 20- Modelling of Benzotriazole in the various zones of the activated sludge system.  
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Figure 21- 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 in Table 15. The influent OMP concentrations are also shown. 
 
Table 15- OMP concentrations of influent and effluent (measured vs simulated). 

 
The negative Walcheren removal efficiency can be assumed to be 0%, meaning no net removal of these OMPs (Carbamazepine and Diclofenac) 
was observed.  
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From Table 15, the model simulated OMP effluent concentrations closely match the effluent values observed at the 

Walcheren WWTP. This indicates that the simulation model developed and integrated in ASDM is robust and 

accurately reflects the real-world performance of the activated sludge treatment processes for these specific 

compounds. In addition, it can be seen that the removal efficiency of organic micropollutants (OMPs) varies 

significantly in activated sludge systems. Some OMPs have high removal efficiencies, namely Clarithromycin 

(∼56%), Propranolol (50%) and Sulfamethoxazole (∼45%), while others (such as Carbamazepine, Diclofenac 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 are fairly well removed 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 

OMPs Benzotriazole (4.41 µg/L) and Hydrochlorothiazide (1.73 µg/L). From the model, it can also be deduced that 

the primary removal mechanisms for most OMPs were biotransformation, followed by sorption. While 

biotransformation is a critical removal mechanism for many OMPs, it is not universally the dominant process. The 

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, sorption, desorption, and retransformation 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 crucial for optimizing 

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 understanding of the fate of certain OMPs, but 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 varying two key 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 Benzotriazole. Table 16 below shows the concentrations of Benzotriazole under these changing 

operating conditions. 

 
Table 16- 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 

Temperature (oC) 16.4 16.4 16.4 16.4 

MLSS 3531 4162 4361 5136 

Effluent (µg/L) 4.49 4.41 4.39 4.32 

Conc. sorbed (µg/L) 3.34 3.57 3.64 3.85 

          

Temperature (oC) 10 16.4* 20 25 

Sludge age (d) 18.5 18.5 18.5 18.5 

MLSS (mg/L) 4532 4162 4055 3953 

Effluent (µg/L) 4.27 4.41 4.46 4.53 

Conc. sorbed (µg/L) 4.05 3.57 3.40 3.18 

*Walcheren current operational conditions 
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From the sensitivity analysis reported in Table 16 above, some deductions can be made, namely: 

 

1. Increase in SRT (sludge age) enhances removal of Benzotriazole, 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 sludge ages.  

2. Changing the SRT from 15d to 20d reduced Benzotriazole effluent concentration by 0.10 µg/L, while 

increasing the SRT from 20d to 25d reduced the concentration by 0.07 µg/L. This 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 removal mechanisms, 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 sensitivity analysis to be made before adjusting any 

process operations on-site. 

 

3.5 Conclusions  

3.5.1 Activated sludge modelling  

 

A complex fate model has been developed to enhance the understanding and optimization of OMPs removal 

mechanisms alongside conventional pollutant removal in wastewater treatment plants. The removal mechanisms 

of the model incorporated kinetic rates and coefficients in ASDM and simulated removal using 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 efficiency of 11 OMP 

compounds and their concentrations align with actual (measured) concentrations.  

3.5.2 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 that understanding the complex removal mechanisms for each OMP in 

models still remains a challenge. Moreover, the limited availability of both influent and effluent OMP data is 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 wastewater influent can fluctuate widely over 

time and vary spatially within treatment plants. Modelling these variations accurately requires detailed data which 

unfortunately is not available. 

 

Improvements of the presented OMP fate model as developed in this study are to include retransformation kinetic 

for all OMPs. At present, out of the 11 targeted OMPs investigated and modelled, only retransformation rate 

constants (qC) of Diclofenac and Carbamazepine exist and have been included in the model. Studies on investigating 

and finding the retransformation rates of the remaining OMPs need to be conducted and added to the developed 

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 conditions) before including the reactions in the Peterson Matrix and 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 in these processes. This will 

necessitate further batch tests experiments and validation on-site. 

 

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 treatment plants. 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 contaminants for downstream treatment processes, such as advanced oxidation processes (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  

For advanced oxidation post-treatment steps, UV/ H2O2 and O3 are considered as options. Both processes were 

modelled via a (photo)chemical kinetic model, describing all relevant (photo)chemical reactions that occur in the 

wastewater matrix when treated by the advanced oxidation. The model is first calibrated and validated based on 

laboratory tests. Thereafter the model is compared and validated with the pilot tests. Finally, different scenarios 

are tested combining the results of the activated sludge model and the AOP model. 

4.2 Advanced oxidation modelling 

4.2.1 Model description  

UV/ H2O2 model 

During the UV/H2O2 process, the UV radiation splits the H2O2 into highly reactive OH radicals. The OH radicals react 

non-selectively with all kinds of constituents in the water, including OMPs. Besides reactions with OH radicals, an 

OMP can also directly be degraded by UV radiation, in a process called direct photolysis. The water matrix plays an 

important role in the efficiency of UV/ H2O2 processes, as water matrix components can block UV radiation and can 

also compete for the available OH radicals. 

The UV/ H2O2 model consists of a (photo)kinetic model that contains all the relevant (photo)chemical reactions that 

occur in the water matrix during the UV/ H2O2 treatment. The UV/ H2O2 model was initially developed for drinking 

water treatment processes (Hofman-Caris and Wols, 2020; Wols et al., 2024), and included reaction of OH radicals 

with (bi)carbonate (depending on pH), phosphate, H2O2 and DOC competing for the reaction of OH radicals with 

OMPs. In the current project, this model is extended to wastewater effluent, allowing chemical reactions of OH 

radicals with Br-, NO3
-, NO2

-, NH4
+ and DOC (specific for wastewater effluent). The reaction of OH radicals with 

effluent DOC is an important factor in the model and this reaction rate constant may vary depending on the DOC 

composition. In literature values between 1E8 and 8E8 MC
-1s-1  (L·mol−1·s−1) are reported (Wols and Hofman-Caris., 

2012). (MC indicates that for the molar mass of DOC moles of C are taken). In the model, the OH radical reaction 

rate constant with DOC is determined from the laboratory scale experiments (see 4.2.3). 

Ozone model 

During ozonation, the ozone can directly degrade the OMPs, but also the highly reactive OH radical can be formed. 

This occurs in the reaction of ozone with OH- and in the reaction of ozone with a part of the DOC. Similar as in the 

UV/ H2O2 process, the OH radicals react non-selectively with background components and with OMPs. All the 

reactions of OH radicals with background components that are in the UV/ H2O2 model are also included in the 

ozone model. The ozone model was initially developed for drinking water treatment processes (Hofman-Caris and 

Wols, 2020; Wols et al., 2024) and extended to wastewater effluent. The background components in the water 

matrix included in the model that directly react with ozone are (bi)carbonate, OH-, NO2
-, Br- and DOC. DOC is split 

into a fast reacting part generating OH radicals (via the ozone radical O3.-, Buffle and von Gunten, 2006) and a 

slower reacting part only consuming O3. The reaction rate constants of ozone with both parts of DOC are calibrated 

from the laboratory scale experiments (see 4.2.3). 
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4.2.2 Model implementation and parameter values 

The model is built into a Python scripts that solves a system of ordinary differential equations (using the module 

odeint from the Python package scipy, Virtanen et al. (2020)) for each water matrix component (including the 

OMPs) that is included. The model is solved over a time frame in which the process takes place (for collimated 

beam experiments: 2-10 minutes, for ozone laboratory experiments: 20 minutes), so that for each component the 

concentration is calculated as a function of time. 

A stochiometric matrix N is used containing all reactions and all compounds. The system of differential equations 

that needs to be solved reads (see Wols et al., 2014): 
𝑑𝑪

𝑑𝑡
= 𝑁𝒗 

 

Where v is the reaction rate, that consist of a photolysis part and a part for the other chemical reactions. The 

photolysis reactions are first order (see Wols et al., 2014):  

 

𝑣𝑝ℎ𝑜𝑡𝑜,𝑖 = ln(10) 𝜀𝑖Φ𝑖𝐶𝑖𝐸𝑝 

 

Where εi is the molar extinction (m2/mol) and Φi the quantum yield (mol/Einstein) of compound i, Ep the fluence 

rate (Einstein/m2/s). The other chemical reactions are second order reactions (see Wols et al., 2014):  

 

𝑣𝑟𝑒𝑎𝑐,𝑖 = 𝑘𝑖𝑗𝐶𝑖𝐶𝑗  

 

Where kij the reaction rate constant between compound i and j.  

Initial concentrations of the water matrix components in the model were set according to the water quality 

measurements of the treated water. 

For the UV/H2O2 model the (mean) irradiation needs to be set, so that the UV dose (fluence) is equal to the 

irradiation multiplied with the residence time. The irradiation in W/m2 is divided by the energy of a photon 

(J/Einstein) to get the fluence rate in Einstein/m2/s. 

Reaction constants OMPs 

The reaction rate constants of the 19 OMPs used in the model were obtained from (Table 17 and Table 18): 

1. Literature data if constants are available from literature. 

2. Fitted from collimated beam data performed in MQ water (see 2.6 and Annex III). This was only possible 

for UV/H2O2 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 values of quantum yield in Table 18 are set to 1. 

3. If no literature and no fit was possible, values were obtained from QSPRs. These are statistical models that 

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

another project, see Hofman-Caris and Wols, 2020 and Wols et al., 2024. 
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Table 17: Reaction rate constants used in model for different OMPs. If no literature data was available, data was fitted from laboratory 
experiments, and if no fit was possible, data was obtained from QSPR.  

Compound OH. Reaction rate constants (M-1s-1 or 

L·mol−1·s−1) 

O3 reaction rate constant (M-1s-1 or  

L·mol−1·s−1) 

 Value Reference Value Reference 

4-Methyl-1H-

benzotriazole 

8.6E0E+9 Lee et al. (2014) 5.89E+03 Lee et al. (2014) 

Amisulpride 5.88E+09 Fit (current data) 1.50E+05 Bourgin et 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. 

(2012), Pereira et al., (2007) 

2.93E+05 Huber et al. (2003), Lee et al. 

(2014) 

Citalopram 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. 

(2012), Lee et al., (2013) 

7.08E+05 Zimmerman et al. (2011), Lee 

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+02 Lee et al. (2014) (pH=7) 

Hydrochlorothiazide 5.70E+09 Real et al. (2010) 1.26E+05 Borowska et al. (2006), Bourgin 

et al. (2017) 

Irbesartan 7.89E+09 Fit (current data) 2.40E+01 Bourgin et al., (2018) 

Metoprolol 7.907+09 Wols et al. (2014), Wols et al. 

(2012) 

2.49E+03 Javier Rivas et al., (2011) 

Propranolol 1.10E+10 Wols et al. (2014)  1.25E+05 Mathon et al. (2021) 

Sotalol 7.90E+09 Wols et al. (2014) 1.38E+05 Mathon et al. (2021) 

Sulfamethoxazole 5.96E+09 Wols et al. (2014), Wols et al. 

(2012) 

5.68E+05 Lee et al. (2014), Bourgin et al. 

(2017) 

Trimethoprim 7.15E+09 Wols et al. (2014), Wols et al. 

(2012) 

3.07E+05 Hubner et al. (2013), Bourgin et 

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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Table 18: Quantum yield values and molar absorption values  used in model for different OMPs. If no literature data was available, data was 
fitted from laboratory experiments (where quantum yield was set to 1), and if no fit was possible, data was obtained from QSPR.  

Compound Quantum yield (mol.Einstein-1) Molar absorption (M-1cm-1) 

 Value Reference Value Reference 

4-Methyl-1H-

benzotriazole 

2.39E-02 QSPR 2.22E+03 QSPR 

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

Azithromycin 5.23E-02 QSPR 1.43E+03 QSPR 

Benzotriazole 1.60E-02 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 1.50E-03 Wols et al. (2014), Wols et al. 

(2012), Pereira et al. (2007) 

5.97E+03 Wols et al. (2014), Pereira et al. 

(2007), Vogna et al. (2004) 

Citalopram 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 2.98E-01 Wols et al. (2014), Canonica 

et al. (2008), Meite et al. 

(2010) 

5.17E+03 Wols et al. (2014), Kim et al. 

(2009), Canonica et al. (2008), 

Meite et al. (2010) 

Furosemide 2.20E-02 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 1.88E-02 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 5.04E-02 Wols et al. (2014), Wols et al. 

(2012) 

4.48E+02 Wols et al. (2014), Wols et al. 

(2012) 

Propranolol 3.20E-02 Wols et al. (2014) 1.30E+03 Wols et al. (2014) 

Sotalol 3.90E-01 Wols et al. (2014) 3.70E+02 Wols et al. (2014) 

Sulfamethoxazole 6.09E-02 Wols et al. (2014), Wols et al. 

(2012) 

1.31E+04 Wols et al. (2014), Wols et al. 

(2012) 

Trimethoprim 1.04E-03 Wols et al. (2014), Wols et al. 

(2012) 

9.47E+03 Wols et al. (2014), Wols et al. 

(2012) 

Venlafaxine 9.70E-02 Wols et al. (2014) 3.80E+02 Wols et al. (2014) 

 

4.2.3 Model calibration and validation for laboratory experiments 

UV/ H2O2 model 

For the UV/H2O2 model, the reaction rate constant of OH radicals with DOC was initially set to 2.0E+08 MC
-1s-1 (MC 

indicates that for the molar mass of DOC moles of C are taken), which is in the range of DOC scavenging values 

used in literature (Wols et al., 2012). No further calibration was needed to improve the model. 
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Figure 22: Comparison between model and measurements for the laboratory experiments (collimated beam). Each subfigure shows the 

concentration of OMP as a function of UV dose.  

  

The model was validated for various water types and experimental conditions from the collimated beam tests. The 

modelled and measured degradation for the 19 compounds at each experimental condition are shown in Annex VII. 

Figure 23 provides a summary of the absolute error in removal percentage between model and measurement for 

the different conditions. For most conditions a good agreement between model and measurement can be found 

(within 10% difference between model and measurement), only the unfiltered Walcheren water is more difficult to 

model. Scattering and or shielding of UV light by particles may be an explanation for these differences. Figure 24 

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 conditions. Compounds 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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Figure 23: Absolute error (%) between predicted and measured removal percentage for the laboratory UV/H2O2 experiments for the different 
conditions and water types (a negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, 
upper quartile and maximum error in degradation for the 19 OMPs. The black dots show the individual error in degradation of each OMP. 
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Figure 24: Absolute error (%) between predicted and measured removal percentage for the laboratory UV/H2O2 experiments for the different 
OMPs (a negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, upper quartile and 
maximum error in degradation for the different conditions and water types. The black dots show the individual error in degradation of each 

condition or water type. 

Ozone model 

The ozone model in Walcheren wastewater effluent is calibrated for four compounds varying in O3 and OH radical 

reaction rate constants (OH radical reaction rate constant ranges between 6E9 and 11E9 M-1s-1, O3 reaction rate 

constants ranges between 2.5E3 and 5.7E5 M-1s-1, see Table 17). About 10% of the DOC is marked as fast reacting 

DOC and the remaining 90% is marked as slower reacting DOC. The fast reacting DOC reacts with ozone with a 

reaction rate constant of 2E5 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 O3-. radicals with a stochiometric factor of 0.33 that react with H2O to form 

OH. radicals.  The slow reacting DOC does not result in other radicals. The reaction of DOC with OH radicals is 

similar as in the UV/H2O2 model. The above mentioned factors can be different depending on the composition of 

the DOC and may need to be calibrated for a specific wastewater effluent (in Buffle and von Gunten (2006) some of 

these factors are determined for specific NOM moieties). For Walcheren effluent, the above mentioned factors 

were calibrated and the modelled degradation for the four compounds closely matched the measurements (see 

Figure 25). 

Furthermore, all the 19 compounds for the three laboratory scale settings were modelled using the ozone model. 

The modelled and measured degradation for the 19 compounds at each experimental condition are shown in 

Annex VII. An overview of the absolute errors (difference in percentage removal between model and 

measurements) is given in Figure 26 (summarizing over the three conditions) and Figure 27 (summarizing over the 

19 compounds). In general, the absolute errors are small (on average for all compounds within 10% absolute 

difference). As expected, metoprolol, sulfamethoxazole, trimethoprim and venlafaxine show a good agreement, as 
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they were used for the calibration. Also, most of the other compounds show a good agreement between model 

and measurement. Only azithromycin, furosemide and hydrochlorothiazide show some deviations between the 

model and measurements. A possible explanation could be that the reaction rate constants used for these 

compounds are less accurate, or for compounds that show an underprediction (azithromycin, furosemide ) addition 

pathways (e.g. with other radicals) occur that are not in the model.  

 

 

 
Figure 25: Calibration of ozone model for compounds Metoprolol, Sulfamethoxazole, Trimethoprim and Venlafaxine. 

 



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 57 

 
Figure 26: Absolute error (%) between predicted and measured removal percentage for the laboratory O3 experiments for the different 
conditions and water types (a negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, 
upper quartile and maximum error in degradation for the 19 OMPs. The black dots show the individual error in degradation of each OMP. 

 

 
Figure 27: Absolute error (%) between predicted and measured removal percentage for the laboratory O3 experiments for the different OMPs (a 

negative value means under prediction of the model).. The boxplot shows the minimum, lower quartile, median, upper quartile and maximum 
error in degradation for the different conditions and water types. The black dots show the individual error in degradation of each condition or 
water type. 
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4.2.4 Model validation for pilot experiments 

UV/ H2O2 model 

The kinetic UV/H2O2 model, calibrated and validated using the laboratory tests is used to predict degradation 

during pilot trials. Interactions between hydrodynamics and the photochemical reactions are not considered in the 

model, as this would require a computational extensive CFD model, which is beyond the scope of the project. Also, 

for AOP processes, the effect of the hydraulics on the performance of the reactors is less critical, as the removal 

levels are lower (typically between 60-90%) compared to disinfection processes (more than 99%)1. For the UV/H2O2 

model, the UV dose calculated by Van Remmen UV Techniek is used, which is based upon interpolation of former 

CFD calculations of the reactor using the UV transmittance, number of lamps switched on and flow rate. So, 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/H2O2 model gives on average accurate predictions (within 10% absolute difference of removal percentage) 

of the removal of OMPs in the pilot systems, see Figure 28. The comparison between measured and modelled 

removal for each of the 19 OMPs at experimental condition is shown in Annex IX, and a summary per OMP is given 

in Figure 29. Diclofenac and sulfamethoxazole are a bit overpredicted by the model (20%), whereas trimethoprim is 

underpredicted (+/- 20 %). For diclofenac and sulfamethoxazole, which are known to be very sensitive to UV/ H2O2, 

the measurements in round 1 were bound by the initial concentrations and detection limits (in reality a higher 

degradation could have occurred) and the measurements in round 1 seem to have an unrealistic low degradation. 

Trimethoprim also had issued with low influent concentrations, so that not for all rounds measurement results 

could be used.  

 
Figure 28: Absolute error (%) between predicted and measured removal percentage for the laboratory UV/H2O2 experiments for the different 

conditions and water types (a negative value means under prediction of the model).. The boxplot shows the minimum, lower quartile, median, 
upper quartile and maximum error in degradation for the 19 OMPs. The black dots show the individual error in degradation of each OMP. 

 

1 E.g. if 1% of the UV reactor is not irradiated because of non-ideal hydraulics, no more disinfection than 99% can be obtained.  
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Figure 29: Absolute error (%) between predicted and measured removal percentage for the pilot UV/H2O2 experiments for the different OMPs 
(a negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, upper quartile and maximum 

error in degradation for the different conditions and water types. The black dots show 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 pilot trials. 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 is used in the model, that is calculated by PureBlue using the incoming gas flow and ozone gas 

concentration, and outcoming gas flow and ozone gas concentration, from which the ozone gas transfer efficiency 

from gas to water can be determined. 

The comparison between measured and modelled removal for each of the 19 OMPs at each experimental 

condition is shown in Annex IX, and an overview per experimental condition and round is shown in Figure 30. The 

ozone model is less accurate than the UV/ H2O2 model, some compounds seem to show substantial deviations from 

the measurements (Figure 31). Benzotriazole, candersartan, gabapentin, irbesartan and metoprolol seem to be 

under predicted and diclofenac (for some conditions) and hydrochlorothiazide seem to be over predicted. 

Interestingly, these compounds, except for hydrochlorothiazide, were well predicted in the laboratory experiments. 

For diclofenac, similar as in UV/ H2O2 the degradation results in round 2 seem to be unrealistic low. Benzotriazole, 

candersartan, gabapentin, irbesartan and metoprolol have the lowest O3 reaction rate constant (Table 17), so 

possibly omitting the ozone injection via bubbles in the model, where locally high concentrations of ozone and of 

OH radicals may occur, may lead to these under predictions. An other explanation may be that the ozone model is 
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more sensitive to the DOC composition. The reaction parameters with DOC were calibrated using the laboratory 

tests and the DOC composition during the pilot tests may have been different from the laboratory tests (the DOC 

concentrations were also lower in some test). 

 

 
Figure 30: Absolute error (%) between predicted and measured removal percentage for the pilot O3 experiments for the different conditions and 

water types (a negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, upper quartile 
and maximum error in degradation for the 19 OMPs. The black dots show the individual error in degradation of each OMP. 
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Figure 31: Absolute error (%) between predicted and measured removal percentage for the pilot O3 experiments for the different OMPs (a 
negative value means under prediction of the model). The boxplot shows the minimum, lower quartile, median, upper quartile and maximum 
error in degradation for the different conditions and water types. The black dots show the individual error in degradation of each condition or 

water type. 
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4.3 Activated sludge and advanced oxidation models-scenario’s testing  

4.3.1 Concept description 

The CAS model predicts the removal of 11 OMPs by the CAS (Chapter 3). For the AOP treatment, first a sensitivity 

analysis with respect to the water quality parameters of the wastewater effluent is performed for four compounds 

that differ in terms of direct UV photolysis and sensitivity towards OH radical and O3 reaction rate constants to 

demonstrate which parameters are most important for the removal of OMPs. Then the AOP model is combined 

with the CAS model to predict the total removal of 11 OMPs for four scenarios: 

• CAS + UV/ H2O2 (average conditions: 600 mJ/cm2 and 20 mg/L H2O2) 

• CAS + UV/ H2O2 (high conditions: 1200 mJ/cm2 and 40 mg/L H2O2) 

• CAS + O3 (average conditions: 5 mg/L O3 at 10 mg/L DOC) 

• CAS + O3 (high conditions: 9 mg/L O3 at 10 mg/L DOC) 

 

For each scenario, the removal is predicted for the AOP with and without CAS. For the water quality parameters, 

typical concentrations for Walcheren effluent were taken: 

• pH: 7.2 

• DOC: 10 mg/L 

• Dissolved inorganic carbon: 250 mg/L  

• NO3
-: 10 mg/L  

• NO2
-: 0.2 mg/L  

• NH4
+: 5 mg/L 

• Phosphate: 0.037 mg/L 

• Br-: 1 mg/L 

4.3.2 Results and discussion  

The effect of water quality and process conditions on the performance of the AOP is shown in Figure 32 for 

UV/H2O2 and in Figure 33 for the O3 process. As already shown by the pilot experiments, the UV dose and H2O2 

concentration are very important parameters for the performance of the UV/H2O2 process. The most important 

water quality parameters are concentrations of DOC and NO2
-, and to a lesser extent (bi)carbonate and Br-. The 

higher the concentrations of these parameters are, the lower the degradation of micropollutants. All these 

parameters scavenge OH radicals, so that less radicals are available for the oxidation of OMPs.  

For the O3 process, obviously the O3 concentration itself is an important process parameter. Similar as for the 

UV/H2O2 process, the most important water quality parameters are DOC and NO2
-, and to a lesser extent 

(bi)carbonate and Br-. 

Note that UV transmittance of the water is also an important parameter for the performance of the UV/H2O2 

process, which is incorporated in the UV dose.  So if the water has a low UV transmittance, more energy is required 

to obtain the same UV dose. But the UV transmittance is also inversely correlated to DOC concentrations, so that at 

a low UV transmittance more OH radicals will be scavenged by DOC and less OH radicals are available to degrade 

organic micropollutants. This is incorporated in the kinetic model. Also, UV reactors can be more efficient at higher 

UVT (better distribution of UV radiation). A pre-treatment step in addition to the treatment of the CAS (for example 

a sand filtration step, as installed in the pilot set-up) can therefore significantly reduce the energy consumption of 

the UV/H2O2 process. Tertiary treatment, using for instance sand filters, is common in WWTPs and having this 

treatment step before the AOP is important in reducing the OPEX. 
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Figure 32: Sensitivity study of process conditions and water quality parameters for UV/H2O2 model. The predicted removal percentage for four 

OMPs is plotted over the range of each parameter given.  
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Figure 33: Sensitivity study of process conditions and water quality parameters for O3 model. 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 shown in Figure 34, predicting the removal using 

only the AOP model and the removal using both CAS and AOP models. For the moderate AOP scenarios (600 

mJ/cm2 and 20 mg/L H2O2 or 5 mg/L O3), the removal percentage of some OMPs is around 60% and can be 

improved by the combination of CAS + AOP models up to about 80%. For compounds that are more recalcitrant to 

ozone and are also more difficult to remove at higher ozone dosages, such as benzotriazole and metoprolol, the 

predicted removal is higher by the combination of CAS + AOP. For other OMPs, the predicted  removal of the 

combination of CAS + AOP is not much higher  than the removal of only the AOP.. Depending on the influent 

concentrations of OMPs and the required effluent concentration after AOP, taking into account the removal of the 

CAS may assist in obtaining the desired removal percentage or to lower the energy consumption of the AOP. This is 

demonstrated in Figure 35, where it shows the concentrations of 11 OMPs after the four AOP scenarios with and 

without taking into account the removal by the CAS. For the influent concentrations, typical concentrations that are 

encountered in Walcheren water were used. The results show that for some compounds (metoprolol, 

benzotriazole) the concentration after the AOP is substantially lower by accounting the effect of the CAS. If these 

compounds are critical for the juridical targets, accounting for the CAS removal can reduce the energy demand of 

the AOP.  
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Figure 34: Removal scenario’s for 11 OMPs with and without CAS. De left side of the bar is the removal percentage of the AOP, and the right 
side of the bar is the removal percentage of both CAS and AOP.  
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Figure 35: Removal scenarios for 11 OMPs with and without CAS removal. The left side of the bar is the predicted effluent concentration after 
the CAS and AOP , and the right side of the bar is the predicted effluent concentration after AOP without the removal of the CAS. The triangles 

represent the influent concentrations. Note that the x-axis is not equidistant.  
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4.4 Conclusions and recommendations 

For the UV/H2O2 model, 19 OMPs can be accurately predicted both at laboratory scale as in the pilot scale 

experiments. On average, predictions of the model are within 10% of the measured data (Table 19), and none of 

the 19 OMPs showed large deviations between model and measurements (Figure 36). Only unfiltered Walcheren 

water is difficult to predict by the UV/ H2O2 model, possibly due to shadowing, light reflection or scavenging of 

radicals by the particles. In practice the water will be filtered by for example a coagulation/ sand filter upstream of 

the UV/ H2O2 treatment.  

 

For the O3 model, in general good results can be obtained for the laboratory experiments, but for the pilot 

experiments the model is less accurate (for some conditions, deviations are higher than 15%, see Table 19). A few 

compounds are more difficult to predict (e.g. Gabapentin, Irbersartan, Metoprolol, Diclofenac), see Figure 36. A 

possible explanation is that the local effects at the ozone inlet system (via a side-stream) in the pilot are not 

incorporated into the model (in the laboratory the ozone is dissolved first before the OMPs are added).  

 

The AOP models can be applied to scenario studies, design studies and model predictive control. In scenario 

studies, the effect of the AOP on the effluent quality can be predicted for different scenarios (e.g. operational 

conditions of the AOP, seasonal effects or changes in water quality parameters). In 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 control full-scale systems to match the desired effluent quality or reduce 

energy consumption. Due to the large variations in effluent water quality, the models can be used to set the UV, 

H2O2 or O3 dose based upon incoming water quality parameters in order to obtain a specific effluent OMP 

concentration.  

 

The model has been built for Walcheren water. For use in other wastewater effluents, first the water quality 

parameters (pH, DOC, HCO3
-, NO2

-, Br-, etc.) need to be set. In addition the most important parameter that needs 

to be tuned in the model is the DOC reaction rate constant with OH. radicals and/or ozone. These constants were 

calibrated for Walcheren water, but also worked well for Horstermeer water in the UV/H2O2 lab-scale tests. But for 

other effluents, these constants may need to be set from additional laboratory experiments for a particular 

effluent.  

 

For drinking water purposes, the AOP models are built into a webtool called AquaPriori, that calculates AOP 

removal percentages for an arbitrary organic micropollutant using the combination of QSPR models (statistical 

models that predict the relevant kinetic parameters based upon molecular structure) and AOP models. This tool 

can be used to make a quick assessment of how the AOP system would remove a new micropollutant. The AOP 

models developed in the current project for wastewater effluent can be added to the AquaPriori tool by adding the 

reaction scheme described in this report. 

 

The formation of by-products and specifically bromate during ozone treatment could be added to the model in the 

future. In the experiments high bromate concentrations were formed at high ozone dosages, however experience 

from practice learn that ozone dosage of around 0.6 g O3/DOC are often sufficient to reach juridical targets, and 

applying multi-staging ozonation and other measures are still possible to control bromate formation. Using a model 

that predict bromate formation could also help in finding an optimization between bromate formation and OMP 

removal. 
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Table 19: Overview of average modelled removal and mean absolute error (MAE) between measured and modelled removal percentage for all conditions in laboratory experiments and pilot experiments for 
UV/H2O2 and O3 process. 

Process Condition Removal (%) MAE (%)  Process Condition Removal (%) MAE (%) 

Lab UV/H2O2 

(600 mJ/cm2) 

MQ 0 mg/L H2O2  25.8   7.5  Lab O3 Walcheren 0.84 mg/L O3  29.6   7.4  

MQ 10 mg/L H2O2  76.3   4.9  Walcheren 1.68 mg/L O3  50.8  11.0  

MQ 20 mg/L H2O2  92.3   2.9  Walcheren 4.2 mg/L O3  83.4   5.3  

Walcheren 0 mg/L H2O2  25.8   9.1   

Walcheren 20 mg/L H2O2  48.0   7.8  Pilot O3 Round 1, 0.26 O3/DOC 53.6  11.1  

Walcheren 40 mg/L H2O2  66.5   8.4  Round 2, 0.30 O3/DOC 53.2  23.6  

Walcheren ongefilterd 0 mg/L H2O2  25.9   12.6  Round 3, 0.56 O3/DOC 83.3  5.5  

Walcheren ongefilterd 20 mg/L H2O2  48.0   17.9  Round 4, 0.52 O3/DOC 78.5  6.8  

Walcheren verdund 20 mg/L H2O2  75.6   9.2  Round 1, 0.53 O3/DOC 82.8  7.0  

Horstermeer 20 mg/L H2O2  62.1   9.7  Round 2, 0.58 O3/DOC 81.7  15.5  

Horstermeer verdund 20 mg/L H2O2  81.7   4.3  Round 3, 1.04 O3/DOC 88.1  9.3  

 Round 4, 0.92 O3/DOC  84.2   12.5  

Pilot 

UV/H2O2 

Round 1, 960 mJ/cm2-38 mg/L H2O2 95.2 6.6 Round 1, 0.66 O3/DOC 86.1  7.1  

Round 2, 1319 mJ/cm2-54 mg/L H2O2 99.6 3.1 Round 2, 0.74 O3/DOC 85.5  13.8  

Round 3, 1452 mJ/cm2-36 mg/L H2O2 98.6 2.2 Round 3, 0.98 O3/DOC 87.9  11.0  

Round 4, 1370 mJ/cm2-44 mg/L H2O2 100.0 2.5 Round 4, 1.32 O3/DOC 88.3  10.6  

Round 1, 474 mJ/cm2-19 mg/L H2O2 62.3 10.7 Round 1, 0.52 O3/DOC (no spike) 82.6  7.1  

Round 2, 659 mJ/cm2-25 mg/L H2O2 83.0 10.3 Round 2, 0.55 O3/DOC (no spike) 80.5  16.6  

Round 3, 547 mJ/cm2-20 mg/L H2O2 67.0 11.0 Round 3, 1.10 O3/DOC (no spike) 88.2  13.3  

Round 4, 674 mJ/cm2-21 mg/L H2O2 92.8 4.1 Round 4, 0.90 O3/DOC (no spike) 87.1  12.0  

Round 1, 478 mJ/cm2-19 mg/L (no spike) 62.5 12.4  

Round 2, 645 mJ/cm2-25 mg/L (no spike) 82.6 10.8 

Round 3, 571 mJ/cm2-21 mg/L (no spike) 69.8 9.3 

Round 4, 674 mJ/cm2-26 (no spike) 95.2 4.0 
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Figure 36: Overview of differences between modelled and measured degradation percentage for the 19 compounds in laboratory and pilot experiments for UV/H2O2 and O3. 
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5 Conclusions  

The overall conclusions of TKI Belissima are summarized as follows:  

• The CAS ASDM model, enhanced with OMP removal mechanisms and kinetic coefficients, was able to 

successfully simulate the removal of the 11 tested OMPs, with results validated by measurements at the full-

scale Walcheren WWTP. The model's simulated concentrations matched well with actual measured 

concentrations, demonstrating its validity and potential for optimising OMP removal mechanisms alongside 

conventional pollutants.  

• The removal efficiency of OMPs in activated sludge (CAS) systems 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 

additional 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 concentrations in the effluent. 

• Laboratory and pilot experiments at the WWTP, showed that both UV-H2O2 and O3 systems are able to achieve 

an average OMPs removal of more than 80% for almost all tested compounds (19 OMPs); at the highest UV 

dose (about 1.000 mJ/cm2 and higher) and high H2O2 concentrations (around 40 mg/L) almost all compounds 

are removed more than 90%; and at O3 concentration of 0.6 g O3 per g DOC most compounds are removed by 

70% or more, and at O3 concentration of 0.9 g O3 per g DOC all but one compound are removed 80% or above. 

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 higher O3 concentrations in a 

single-stage system (forming 10 µg/L BrO3 or more). In practice, bromate can be better controlled by applying 

multiple stages and an ozone dose of about 0.6 g O3 per g DOC. 

• The developed UV-H2O2 model can accurately predict both lab- and pilot-scale 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 particles. Therefore more reliable model results are obtained for systems with a 

sand filtration step upstream to the UV-H2O2. 

• The developed O3 model predicts accurately the lab-experiments results but is less accurate for the pilot-scale 

experiments, for compounds such as gabapentin, irbesartan, metoprolol and diclofenac; an explanation might 

be related with the side-stream ozone injection, which differs from the lab conditions. Also the ozone model 

may be more sensitive to the DOC composition, it was calibrated using the lab tests, but the DOC composition 

may be different during the pilot tests. 

• In the combined scenario testing (enhanced CAS ASDM model with AOP models), the most relevant secondary 

effluent quality characteristics are DOC, NO2
- and to a lesser extent (bi)carbonate and Br-. A pre-treatment step 

(coagulation/sand filtration) can be applied to reduce DOC concentrations, resulting in a more efficient 

degradation. UV transmittance is also relevant for the energy consumption of the UV-H202 and can be 

improved by applying the same pre-treatment step. A techno-economical comparison would be needed to 

judge if an additional pre-treatment 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 operational conditions (600 mJ/cm2 and 20 mg/L H2O2 or 5 mg/L 

O3). 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 models may assist in obtaining the desired removal 

percentage or to lower the energy consumption or chemical dosing of the AOP. Regarding 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 policy development 

• Despite promising results, capturing the complex removal mechanisms in the CAS for 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, especially 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 integrated in the CAS modelling. Further research is 

needed to determine removal kinetic rates and coefficients for other OMPs under varying redox conditions.  

• The QSAR AOP models were built for Walcheren water. To use the QSAR AOP models in other wastewater 

effluents, requires measurement of the water quality parameters (pH, DOC, HCO3-, NO2-, Br-, etc.). The most 

important parameter is the DOC reaction rate constant with OH-radicals and/or ozone. In TKI Bellissima these 

constants were calibrated for Walcheren water, but also worked well for Horstermeer water in the UV/H2O2 

lab-scale tests. Nevertheless, for other effluents, these constants may need to be set, requiring additional 

laboratory experiments. 

• The QSAR O3 AOP model could be extended with the formation of by-products and specifically bromate. In the 

experiments, high bromate concentrations were formed at high ozone dosages, however practice shows that 

ozone dosage of around 0.6 g O3/DOC is often enough to reach legal targets. Applying multi-staging ozonation 

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

formation can also help in finding an optimization between bromate formation and OMP removal. 

• In practice, the validated models can 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 conclusions can 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 was to develop tools that enable  the project partners to optimize OMP removal in 

WWTPs. The tools created are based on modelling the CAS system and AOP post-treatment technologies, 

specifically UV-H2O2 and single-stage O3. In both modelling exercises, existing models and knowledge were used, 

followed by calibration and validation using wastewater samples (influent, sludge and secondary effluent) from the 

Walcheren WWTP.  

 

Modelling of operations and processes in WWTPs is complex, thus, the success  of TKI Belissima relied on prior 

relevant knowledge - both from wastewater treatment processes modelling (in the case of the CAS model) and 

drinking water modelling (in the case of UV-H2O2 and single-stage O3). 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 actual plant data 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, leading to improved OMP 

removal.  

 

In this project, two tools were developed:  

1- A CAS-post-treatment tool: This tool integrates the removal of OMPs in the CAS with known post-

treatment technologies (referring to Activity 7, in Figure 1) – Tool 1  

2- An AOP post-treatment tool: This tool includes QSAR models and kinetic models for UV-H2O2 and single-

stage O3 applied for secondary wastewater effluent – Tool 2  

 

Regarding Tool 1, integrating the OMP removal model in Conventional Activated Sludge (CAS) systems with post -

treatment technologies, into a single tool can enhance the ability of waterboards, end-users and practitioners to 

design, operate, and optimise wastewater treatment plants (WWTPs) for OMP removal. In TKI Belissima, this 

integration was done using the comprehensive commercial wastewater modelling software BioWin, which supports 

many other models, like ASM, ADM, pH model and N2O model. Using the model builder functions in BioWin helped 

to code and input the four (4) processes of OMP removal in activated sludge systems (Section 3.2). The model 

builder function of Biowin also allowed to include post-treatment removal efficiencies as a white box. The removal 

efficiencies, as fixed percentages of removal, can be derived from various data sources, such as literature, 

experimental or modelling exercises (such as kinetic models with QSAR, as applied in tool 2). Data integration 

involved merging datasets required for CAS and post-treatment technologies, ensuring consistent data formats and 

units, including influent characteristics, design and operational parameters, and kinetic data. The CAS and post-

treatment processes 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 for the post-treatment tool.  

 

An illustration of the CAS post-treatment tool is shown in Figure 37, in this case for the CAS-AOP combination.  

Figure 37 shows the removal of OMP 4-5-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% for 4-5-methylbenzotriazole) and integrated into the BioWin ASDM. Users can adjust the 

removal percentage for each OMP within the tool, tailoring it to reflect the specific removal efficiencies achieved 

by the post-treatment. As aforementioned the removal percentages can be obtained from literature, experiments 

or modelling. This integration allows for more precise modelling and optimization of OMP removal processes in 

wastewater treatment using a combination of activated sludge systems and post-treatment technologies, in this 

example the advanced oxidation processes. In summary, the influent 4-5-methylbenzotriazole concentration is 0.92 
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µg/L, after the CAS, the treated effluent 4-5-methylbenzotriazole concentration is 0.85 µg/L and after the AOP, the 

final concentration in the effluent is 0.17 µg/L.  
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Figure 37: Integration of CAS and AOP processes in BioWin to be used as a combined tool for OMP removal

CAS system 
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Concerning other post-treatment technologies, Table 20 shows OMP removal efficiencies, obtained in literature, 

than can be used as a reference. As previously mentioned, users can adjust the removal percentage for each OMP 

within the tool, in order to reflect the specific removal efficiencies achieved by the post-treatment. 

 
Table 20- Removal rates of OMPs per post-treatment technology [%] obtained in full-scale WWTP campaigns. Sources: (1) Bourgin, Beck et al. 

(2018), 0.54±005 gO3 /g DOC as recommended ozone dosage, removal rates excluding conventional activated sludge removal; (2) several 
references referred by Mulder, Antakyali et al. (2015), PAC added to the effluent in a dosage of 1,1 g PAC/g DOC; contact time 35 min for 
effluent DOC of 11 mgL-1; (3)several references referred by Mulder, Antakyali et al. (2015); GAC 30 min of empty bed contact time, standing time 

of 6 months, bed volumes of 8.800. 

OMP Ozone (1) PAC (2) GAC (3) 

 

benzotriazole 74 ± 3 > 80 93 

Clarithromycin > 95 ± 1 > 80 > 80 

Carbamazepine > 98 ± 1 > 80 90 

diclofenac 100 ± 1 60-80 79 

metoprolol 94 ± 1 > 80 91 

Hydrochlorothiazide > 98 ± 2   

4- and 5-

methylbenzotriazole 

89± 4 > 80 95 

propranolol    

sotalol   46 

Sulfamethoxazole  > 97±1 60-80 30-60 

Trimethoprim > 61± 15   

 

 

Tool 1 has been developed in BioWin, therefore it will require BioWin software to be able to use it. BioWin is 

owned by EnviroSim Associates Ltd and the licence can be purchased by contacting them. All the BioWin files 

produced for the removal of the 11 target OMPs can be made available to the partners of this project on request.  

 

Tool 2, relying on QSAR models and kinetic models for UV-H2O2 and single-stage O3, for secondary effluent, will  

provide more accurate results about AOP performance, than through the use of fixed removal percentages 

obtained in literature, as applied in tool 1. In tool 2, changes in water quality of the secondary effluent (such as 

DOC, bicarbonate, etc.) can be used to update the removal percentages of the AOPs.  As for Tool 2, the QSAR 

models and kinetic models for UV-H2O2 and single-stage O3, for secondary wastewater effluent, developed within 

TKI Belissima, can be integrated into a KWR-owned web-tool AquaPriori. AquaPriori is designed primarily for 

drinking water companies and estimates the removal of organic micropollutants in membrane filtration, activated 

carbon filtration, advanced oxidation and soil passage. The web-tool AquaPriori can also be made available to the 

partners of this project, upon request, for a yearly subscription fee.  
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I Annex – Organic Micropollutants (OMPs) 

Indicators Lists 

OMPs indicators list- I&V (RIVM, 2019)  

1. 4-5 Methylbenzotriazole,  

2. Benzotriazole  

3. Carbamazepine,  

4. Clarithromycin,  

5. Diclofenac,  

6. Hydrochlorothiazide,  

7. Metoprolol,  

8. Propranolol,  

9. Sotalol,  

10. Sulfamethoxazole  

11. Trimethoprim 

OMPs indicators list- Stowa- 2021  

1. 4-5 methylbenzotriazole (addition of the 2 compounds) 

2. Amisulpride 

3. Azithromycin  

4. Benzotriazole  

5. Candesartan  

6. Carbamazepine 

7. Citalopram  

8. Clarithromycin  

9. Diclofenac 

10. Furosemide 

11. Gabapentine 

12. Hydrochlorothiazide 

13. Irbesartan  

14. Metoprolol 

15. Propranolol 

16. Sotalol 

17. Sulfamethoxazole  

18. Trimethoprim 

19. Venlafaxine  

OMPs indicators list – new EU Urban Wastewater Directive (26-10-2022 proposal)2 

1. 4- and 6- methylbenzotriazole (mixture of the 2 compounds) (category 2) 

2. Amisulpride (category 1) 

3. Benzotriazole (category 2) 

4. Candesartan (category 2) 

 

2 The new EU Urban Wastewater Directive (26-10-2022 proposal) divides the OMP substances in the 2 categories: category 1 as substances that can be 

easily treated; category 2 as substances that can be easily disposed of. The 80% average percentage removal, proposed in the new law, is calculated for at 

least 6 substances, with category 1 substances being twice the number of substances of category 2.   
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5. Citalopram (category 1) 

6. Clarithromycin (category 1) 

7. Diclofenac (category 1) 

8. Hydrochlorothiazide (category 1) 

9. Irbesartan (category 2) 

10. Metoprolol (category 1) 

11. Venlafaxine (category 1) 
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II  Annex- Biotransformation constant rates  
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III Annex – Fitted (photo)chemical constants 

For the 19 OMPs, (photo)chemical constants that were performed in the laboratory set-up (collimated beam) in 

MQ with different H2O2 dosages (0, 10 and 20 mg/L) were fitted (minimizing least-squares errors). Two constants 

were fitted: 

• The product of quantum yield and molar extinction of an OMP (k_UV), which represents the direct 

photolysis degradation pathway. 

• The reaction rate constants of an OMP with OH radicals, which represents the oxidative degradation 

pathway. 
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IV Annex – ASM-X model parameter values  

Reproduction of Table II, as published by Plósz, B.G., Langford, K.H., Thomas, K.V. 2012. An activated sludge 

modeling framework for xenobiotic trace chemicals (ASMX): assessment of diclofenac and carbamazepine. 

Biotechnol Bioeng., 109(11),2757–69, presenting the information on diclofenac and carbamazepine, and model 

parameter values, applied to simulate the ASM-X and ASM1 models.  
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V Annex – Laboratory AOP results 

UV/peroxide laboratory results 

 
Removal (%) of the dosed compounds in Milli-Q water with t-BuOH with UV without peroxide 

 

 
Removal of the compounds by 10 mg/L of peroxide in Milli-Q water with t-BuOH 
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Removal of compounds by UV/peroxide with Milli-Q water with t-BuOH 

 

 

 

 
Removal of the compounds by UV without peroxide in unfiltered Walcheren WWTP effluent 
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Removal of the compounds by UV with 20 mg/L peroxide in unfiltered Walcheren WWTP effluent  

 

 

 
Removal of the compounds by UV without peroxide in filtered Walcheren WWTP effluent  
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Removal of the compounds by UV with 20 mg/L peroxide in filtered Walcheren WWTP effluent  

 

 

 
Removal of the compounds by UV with 40 mg/L peroxide in filtered Walcheren WWTP effluent  
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Removal of the compounds by UV with 20 mg/L peroxide in filtered diluted Walcheren WWTP effluent 

 

 
Figure 38- Removal of the compounds by UV with 20 mg/L peroxide in filtered Horstermeer WWTP effluent 
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Removal of the compounds by UV with 20 mg/L peroxide in filtered diluted Horstermeer WWTP effluent 

 

Ozone laboratory results 

 
Removal of compounds by ozone with Milli-Q water 
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Removal of compounds by ozone with Milli-Q water with Buten-3-ol or EtOH with 0,5 mg O3/L 

 

 

 
Removal of compounds by ozone with Walcheren WWTP effluent 

 

In the figure below the decline of ozone by the water type is given, which was used for the validation of the ozone 

model. In Milli-Q water the ozone decline takes a longer time than in Walcheren effluent and Milli-Q with ethanol  

because of the absence of organic matter.  
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Figure: Decline of ozone in water 
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VI Annex – Influent concentrations of AOP pilots 

UV/H2O2 pilot experiments 
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Ozone pilot experiments 
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VII Annex – AOP pilot experimental results 
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UV/H2O2 pilot experiments 

 
Removal percentages of micropollutants during UV/H2O2 treatment for round 1. The first number in the legend represents the UV dose 
(mJ/cm2), the second number represents the H2O2 concentration (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 standard deviation of the duplicate 
samples. 
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Removal percentages of micropollutants during UV/H2O2 treatment for round 2. The first number in the legend represents the UV dose 

(mJ/cm2), the second number represents the H2O2 concentration (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 standard deviation of the duplicate 
samples. 
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Removal percentages of micropollutants during UV/H2O2 treatment for round 3. The first number in the legend represents the UV dose 

(mJ/cm2), the second number represents the H2O2 concentration (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 standard deviation of the duplicate 
samples. 
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Ozone pilot experiments 

 

 
Removal percentages of micropollutants during ozone treatment for round 1. 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 standard deviation of the duplicate 
samples.   
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Removal percentages of micropollutants during ozone treatment for round 2. 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 standard deviation of the duplicate 
samples. 
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Removal percentages of micropollutants during ozone treatment for round 3. 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 standard deviation of the duplicate 
samples. 
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VIII Annex – Model validation of laboratory AOP 

tests 

This Annex shows the figures of measured and modelled degradation for the laboratory tests. The blue bars show 

the model and the orange bars the experiments. The origin of the constants used in the model is shown as text in 

the bar. If no reliable measurement was possible, the text no data is shown in the bar of the measurement. 

UV/H2O2 laboratory experiments 

UV/H2O2 Horstermeer effluent 20 mg/L H2O2 
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UV/H2O2 Horstermeer diluted effluent 20 mg/L H2O2 
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UV/H2O2 MQ 0 mg/L H2O2 
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UV/H2O2 MQ 10 mg/L H2O2 
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UV/H2O2 MQ 20 mg/L H2O2 
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UV/H2O2 Walcheren effluent 0 mg/L H2O2 
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UV/H2O2 Walcheren effluent 20 mg/L H2O2 
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UV/H2O2 Walcheren effluent 40 mg/L H2O2 
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UV/H2O2 Walcheren effluent unfiltered 0 mg/L H2O2 
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UV/H2O2 Walcheren effluent unfiltered 20 mg/L H2O2 
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UV/H2O2 Walcheren effluent diluted 20 mg/L H2O2 
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Ozone laboratory experiments 

 

Ozone Walcheren effluent 0.84 mg/L O3 
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Ozone Walcheren effluent 1.68 mg/L O3 
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Ozone Walcheren effluent 4.2 mg/L O3 
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IX Annex - Model validation of pilot AOP tests 

Figures of measured and modelled degradation 

 

UV/H2O2 pilot experiments 

UV/H2O2 pilot 478 mJ/cm2 and 19 mg/L H2O2 round 1 (without spike) 
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UV/H2O2 pilot 474 mJ/cm2 and 19 mg/L H2O2 round 1 (with spike) 
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UV/H2O2 pilot 960 mJ/cm2 and 38 mg/L H2O2 round 1 (with spike) 
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UV/H2O2 pilot 645 mJ/cm2 and 25 mg/L H2O2 round 2 (without spike) 
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UV/H2O2 pilot 659 mJ/cm2 and 25 mg/L H2O2 round 2 (with spike) 
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UV/H2O2 pilot 1319 mJ/cm2 and 54 mg/L H2O2 round 2 (with spike) 
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UV/H2O2 pilot 571 mJ/cm2 and 21 mg/L H2O2 round 3 (without spike) 
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UV/H2O2 pilot 547 mJ/cm2 and 20 mg/L H2O2 round 3 (with spike) 
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UV/H2O2 pilot 1452 mJ/cm2 and 36 mg/L H2O2 round 3 (with spike) 
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UV/H2O2 pilot 674 mJ/cm2 and 26 mg/L H2O2 round 4 (without spike) 
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UV/H2O2 pilot 674 mJ/cm2 and 21 mg/L H2O2 round 4 (with spike) 
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UV/H2O2 pilot 1370 mJ/cm2 and 44 mg/L H2O2 round 4 (with spike) 
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Ozone pilot experiments 

Ozone pilot 6.8 mg/L O3 (0.52 O3/DOC) round 1 (without spike) 
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Ozone pilot 3.4 mg/L O3 (0.26 O3/DOC) round 1 (with spike) 
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Ozone pilot 6.8 mg/L O3 (0.53 O3/DOC) round 1 (with spike) 
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Ozone pilot 8.6 mg/L O3 (0.66 O3/DOC) round 1 (with spike) 
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Ozone pilot 5.5 mg/L O3 (0.55 O3/DOC) round 2 (without spike) 
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Ozone pilot 3.0 mg/L O3 (0.30 O3/DOC) round 2 (with spike)

 
 

 
  



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 152 

Ozone pilot 5.8 mg/L O3 (0.58 O3/DOC) round 2 (with spike) 
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Ozone pilot 7.4 mg/L O3 (0.74 O3/DOC) round 2 (with spike) 

 
  



 

KWR 2024.090 | October 2024  Modelling of OMPs removal in activated sludge and advanced oxidation systems 154 

Ozone pilot 6.1 mg/L O3 (1.10 O3/DOC) round 3 (without spike) 
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Ozone pilot 3.1 mg/L O3 (0.56 O3/DOC) round 3 (with spike) 
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Ozone pilot 5.8 mg/L O3 (1.04 O3/DOC) round 3 (with spike) 
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Ozone pilot 5.5 mg/L O3 (0.98 O3/DOC) round 3 (with spike) 
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Ozone pilot 5.4 mg/L O3 (0.90 O3/DOC) round 4 (without spike) 
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Ozone pilot 3.1 mg/L O3 (0.52 O3/DOC) round 4 (with spike) 
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Ozone pilot 5.5 mg/L O3 (0.92 O3/DOC) round 4 (with spike) 
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Ozone pilot 7.9 mg/L O3 (1.32 O3/DOC) round 4 (with spike) 
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