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Abstract 

The United Nations (UN) has adopted 17 “Sustainable Development Goals” 

(SDGs) to achieve a clean, better and sustainable future. SDG 6 is to ensure that 

everyone has access to clean water and sanitation by 2030. According to the UN 

Educational, Scientific and Cultural Organization (UNESCO), more than 80% of 

wastewater produced from human actions is discharged into rivers or seas 

without any pollution removal. Thus, the presence of micropollutants (MPs: 

including, inter alia, pharmaceuticals, biocides and personal care products) in 

wastewaters is a major challenge that poses potential threats not only to aquatic 

system but also to humans due to their potential toxicity and potential to induce 

antibiotic resistance. Wastewater treatment plants (WWTPs) are considered 

hotspots for release of MPs as the current treatment processes are not designed 

to remove them. This thesis is based on studies described in four appended 

papers (Papers I-IV) designed to help efforts to solve these problems by 

investigating the factors involved and developing advanced treatment processes 

for removing MPs. 

Ozonation is one of the most intensively studied and widely used advanced 

treatment processes for removing MPs. However, due to ozone’s (O3) chemical 

selectivity, it cannot remove resistant MPs so its use (without additional 

treatments) results in their release into the environment. Thus, key objectives 

were to evaluate effects of switching to a new emerging process called electro-

peroxone (E-peroxone) on MPs’ removal, by inserting two electrodes into an 

ozonation reactor. Its potential utility for other applications were also 

investigated. 

  
Paper I addresses effects of upgrading from ozonation to E-peroxone on 

pharmaceuticals’ removal at lab-scale, using a quantitative structure-activity 

relationship (QSAR) model. For this purpose, the relationship between QSAR 

model-predicted second-order rate constants of ozone’s reactions with 

pharmaceuticals (kO3 values) and ratios of experimentally determined pseudo-

first order rate constants of E-peroxone and ozonation (kEP/kOZ values) was 

examined. Results showed that E-peroxone accelerated the removal of O3-

resistant pharmaceuticals. In addition, the QSAR model predicted kO3 values for 

491 pharmaceuticals, which suggested that large numbers of pharmaceuticals 

have high O3 resistance. Paper II addresses the removal of antimicrobials, 

including biocides and antibiotics, by E-peroxone and ozonation in relation to the 

water matrix. The results indicated that all studied antibiotics were effectively 

removed by both processes. In contrast, most of the biocides were at most 

moderately reactive with ozone, so their removal rate by ozonation was lower. 

The E-peroxone process increased their removal rate (i.e. removed them much 
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more rapidly) by enhancing formation of hydroxyl radicals (•OH). Paper III 

reports the design, construction and tests of a pilot-scale mobile E-peroxone and 

ozonation system for removing naturally occurring MPs in secondary wastewater 

effluents. The tests included assessments of a new, scalable graphene modified 

carbon brush cathode for the E-peroxone process, which was found to enhance 

removal of moderately O3-reactive MPs significantly, and O3-resistant MPs 

moderately, while consuming similar amounts of electrical energy, or even less, 

for removing most of the MPs used in the experiments. Paper IV describes the 

regeneration of spent activated carbon, used for removing ionic MPs, by E-

peroxone and ozonation. Both processes restored the activated carbon’s sorption 

efficiency to similar (or even higher) levels than that of virgin activated carbon, 

for all tested MPs except perfluorooctanoic acid (PFOA). It was concluded that 

sorption of MPs on regenerated activated carbon is mainly driven by interactions 

between ionic forms of the MPs with activated carbon’s charged surfaces rather 

than their interactions with pores in the activated carbon.  
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Sammanfattning på svenska 

Förenta Nationerna (FN) har inom ramen för Agenda 2030 satt upp 17 globala 

mål (de sk Sustainable Development Goals, SDGs) för hållbar utveckling. Målen 

syftar till att utrota fattigdom, stoppa klimatförändringar och skapa fredliga och 

trygga samhällen. Ett av dessa mål, SDG 6 ska tillse att alla har tillgång till rent 

vatten och sanitet till år 2030. Enligt UNESCO, FN:s organ för utbildning, 

vetenskap och kultur, släpps mer än 80% av människors avloppsvatten ut till 

sjöar, floder eller hav utan rening. Innehållet av sk mikroföroreningar (Micro 

Pollutants, MP:s) i avloppsvatten inkluderar bland annat läkemedelrester, 

biocider och hygienprodukter vilka utgör ett potentiellt hot inte bara för 

vattenmiljön utan också för människor på grund av många substansers 

potentiella toxicitet och antibakteriella ämnens potential att bidra till 

antibiotikaresistens. Således är uppgiften att rena avloppsvatten från 

mikroföroreningar en stor och viktig utmaning för samhället. 

Avloppsreningsverk utgör en uppsamlingspunkt för mikroföroreningar, men 

nuvarande konventionella reningsprocesser i avloppsreningsverken är inte 

anpassade för rening av dessa föroreningar. Denna avhandling har i fyra artiklar 

(Artikel I-IV) undersökt viktiga faktorer i mer avancerade 

behandlingsprocesser i syfte att förbättra reningen av organiska 

mikroföroreningar.    

 

Ozonering är en av de mest använda och undersökta avancerade 

behandlingsprocesserna för rening av mikroföroreningar från vatten. Ozons (O3) 

kemiska reaktivitet för nedbrytning av mikroföroreningar är selektiv vilket 

medför att behandlingsprocessen inte ensam kan rena alla typer av 

mikroföroreningar. Det leder till att ozon-resistenta mikroföroreningar 

fortfarande släpps ut till miljön om inte behandlingsprocessen kompletteras med 

annan reningsmetodik. Ett av de viktigaste målen i denna avhandling har varit 

att studera behandlingseffekten hos mikroföroreningar genom att utveckla 

ozoneringsprocessen med en nyligen framkommen process kallad 

elektroperoxon (E-peroxon).  E-peroxon innebär kortfattat att 

ozoneringsprocessen uppdateras med två elektroder i reaktorn för ozonering. E-

peroxon processens potentiella nytta har också undersökts för andra 

applikationer.  

 

Artikel I redovisar utfallet av läkemedelsrening genom behandling av 

avloppsvatten med E-peroxon processen jämfört med konventionell ozonering. 

För utvärdering av data från försöken i laboratorieskala skapades en modell för s 

k kvantitativa struktur-aktivitetssamband (QSAR). Vid tillämpningen av QSAR 

modellen undersöktes samband mellan kemiska struktur hos 

läkemedelssubstanser och andra ordningens nedbrytningskonstanter för ozons 
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reaktioner med olika läkemedel (s.k. kO3-värden) samt experimentellt bestämda 

pseudo-första ordningens nedbrytningskonstanter för E-peroxon och ozonering 

(kEP/kOZ-värden). Resultaten visar att E-peroxon påskyndar avlägsnande av O3-

resistenta läkemedel. Vidare förutspådde QSAR-modellen kO3-värden för 491 st 

läkemedel och identifierade ett stort antal läkemedel har hög O3-resistens. 

Artikel II undersöker nedbrytbarhet och reningseffekt för antimikrobiella 

kemikalier, inklusive biocider och antibiotika, vid behandling med ozonering och 

E-peroxon processen i förhållanden till vattnet sammansättning. Resultaten visar 

att alla studerade antibiotikum effektivt avlägsnas genom behandling i båda 

processerna. Studerade biocider däremot, är måttligt nedbrytbara med ozonering 

och dess nedbrytningshastigheter ökar mycket vid behandling med E-peroxon 

som avsevärt förbättrar avlägsnandet av biocider. Den förbättrade 

behandlingseffekten genom E-peroxon beror av effektivare bildning av 

hydroxylradikaler (•OH). Artikel III redogör för design, konstruktion samt 

tester i ett mobilt system för E-peroxon och ozonering i pilotskala, och dess 

förmåga att avlägsna mikroföroreningar i avloppsvatten som redan genomgått 

konventionella reningssteg. Testerna inkluderade utvärdering av en ny, skalbar, 

grafenmodifierad och borstformad kolelektrod för E-peroxonprocessen. 

Tillämpningen av den nya kolelektroden förbättrade nedbrytning och 

avlägsnandet av måttligt O3-resistenta mikroföroreningar avsevärt och medförde 

även förbättring i nedbrytningen av O3-resiststenta mikroföroreningar.  

Energiåtgången för E-peroxon under behandling av avloppsvatten var 

motsvarande eller mindre jämfört med energiåtgång för ozonering för 

motsvarande försök. 

  

Artikel IV studerar regenerering av använt aktivt kol (som nyttjats för att rena 

mikroföroreningar) med E-peroxon och ozonering. Med undantag av 

perfluorooktansyra (PFOA) reaktiverade bägge processerna det aktiva kolets 

förmåga att binda mikroföroreningar till motsvarande eller t.o.m. högre 

sorptionsförmåga jämfört med ursprungligt aktivt kol (aktiverat kol som ej 

använts). Slutsatser från försöken är att sorptionen av mikroföroreningar på 

regenererat aktivt kol främst styrs av interaktionen mellan jonformer av 

mikroföroreningar och laddade ytor hos det aktiva kolet, snarare än interaktion 

och inbindning till kolets porstruktur. 



 

vii 
 

Abbreviations 

UN United Nations 

SDGs Sustainable Development Goals 

MPs Micropollutants 

E-peroxone Electro-peroxone 
•OH Hydroxyl radical 

O3 Ozone 

EAOP Electrochemical advanced oxidation process 

AOP Advanced oxidation process 

QSAR Quantitative structure activity relationship 

WWTP Wastewater treatment plant 

SEPA Swedish environment protection agency 

PE Population equivalent 

DC Direct current 

ORR Oxygen reduction reaction 

CEC Critical environmental concentration 

PEC Predicted environmental concentration 

CR Concentration ratio 

IS Internal standard 

SPE Solid phase extraction 

DOM Dissolved organic matter 

H2O2 Hydrogen peroxide 

LOD Limit of detection 

MLR Multiple linear regression 

PLS Partial least square 

OPLS Orthogonal projection to latent structures 

HOMO Highest occupied molecular orbital 

LUMO Lowest unoccupied molecular orbital 

DOC Dissolved organic carbon 

SOD Specific ozone dose 

IOD Instantaneous ozone demand 

TP Transformation product 

PAC Powdered activated carbon 

GAC Granular activated carbon 

RE Regeneration efficiency 

 

 



 

viii 
 

List of Publications 

All following papers are provided as appendices of the book. 

 

I. Majid Mustafa, Huijiao Wang, Richard Lindberg, Jerker Fick, Yujue 
Wang, Mats Tysklind, 2020. Identification of resistant pharmaceuticals 
in ozonation using QSAR modeling and their fate in electro-peroxone 
process. (Submitted to Frontiers of Environmental Science & 
Engineering) 
 

II. Huijiao Wang, Majid Mustafa, Gang Yu, Marcus Östman, Yi Cheng, 
Yujue Wang, Mats Tysklind, 2019, Oxidation of emerging biocides and 
antibiotics in wastewater by ozonation and the electro-peroxone process. 
Chemosphere. 235: 575-585. 

III. Majid Mustafa, Richard Lindberg, Daniel Ragnvaldsson, Mats 
Tysklind, 2020, Removal of micropollutants from secondary wastewater 
effluent using a mobile pilot E-peroxone process and ozonation. 
Manuscript 

IV. Majid Mustafa, Ivan Kozyatnyk, Christine Gallampois, Pierre Oesterle, 
Marcus Östman, Mats Tysklind, 2020. Regeneration of saturated 
activated carbon by electro-peroxone and ozonation: Fate of 
micropollutants and their transformation products (Submitted to 
Science of the Total Environment) 

 

 

 

 

 

 

 

 

 

https://www.umu.se/find_v2/_click?_t_id=1B2M2Y8AsgTpgAmY7PhCfg%3d%3d&_t_q=Christine&_t_tags=language%3asv%2csiteid%3a169b0c94-14e7-440d-86fd-1a584eecfdc6&_t_ip=130.239.220.195&_t_hit.id=EPiUmU_Models_Pages_Personalsida/_62b854dd-4b46-47dc-a929-6a2ee9c33531_sv&_t_hit.pos=2&_t_redirect=https%3A%2F%2Fwww.umu.se%2Fpersonal%2Fchristine-gallampois%2F
https://www.umu.se/find_v2/_click?_t_id=1B2M2Y8AsgTpgAmY7PhCfg%3d%3d&_t_q=Pierre&_t_tags=language%3asv%2csiteid%3a169b0c94-14e7-440d-86fd-1a584eecfdc6&_t_ip=130.239.220.195&_t_hit.id=EPiUmU_Models_Pages_Personalsida/_5ee3fc11-17e8-4892-87b7-5b9ba56a6643_sv&_t_hit.pos=1&_t_redirect=https%3A%2F%2Fwww.umu.se%2Fpersonal%2Fpierre-oesterle%2F


 

ix 
 

Author’s contributions 

 

Paper I 

The author was involved in planning and designing the study, performed 

experiments, did all the computational and analytical work, processed the data, 

and drafted the manuscript.  

Paper II 

The author was involved in planning and designing the study, performed 

experiments and analytical work, and participated in the data processing and 

writing of the manuscript. 

Paper III 

The author designed the pilot system, played a lead role in its construction, did 

all the experiments, processed the data and drafted the manuscript.  

Paper IV 

The author planned, designed and performed all experiments related to 

regeneration, participated in sorption and extraction experiments, and played a 

lead role in writing of the manuscript. 

 





 

1 
 

Introduction 

Member states of the United Nations (UN) adopted 17 Sustainable Development 

Goals (SDGs) on September 25th, 2015 (https://sdgs.un.org/goals). The aims of 

these goals are to end poverty, reduce inequality, tackle climate change and 

preserve our oceans and land while applying strategies to optimize use of 

available resources by 2030. Goal 6 is to ensure that everyone has access to water 

and sanitation, which is crucial because water scarcity affects more than 40% of 

the global population. In addition, more than 80% of wastewater is discharged 

into seas and rivers without any pollution removal 

(https://www.un.org/sustainabledeveloment/water-and-sanitation/).  

Among diverse classes of compounds that cause water pollution, 

pharmaceuticals, biocides, personal care products and industrial chemicals are 

highly important in today’s society. However, their occurrence in the 

environment as micropollutants (MPs) raises concerns about their ecological 

impacts on water bodies. Although MPs are found at trace (ng/L to µg/L) 

concentrations in wastewater ( Loos et al., 2013; Lin et al., 2014; Lindberg et al., 

2014; Östman et al., 2017;  ) they still can pose threats to aquatic organisms 

(Gunnarsson, 2008; Brodin et al., 2014) as well as humans (Li, 2014). Occurrence 

of MPs in different water systems including surface waters, seawater and drinking 

water is strongly related to discharges from wastewater treatment plants 

(WWTPs) (Li, 2014) as current conventional WWTPs are not typically designed 

to remove MPs. In addition, diverse characteristics of MPs complicate their 

removal in WWTPs, and hence avoidance of their discharge into surface waters 

(Petrie et al., 2014). Therefore, there is an urgent need for advanced tertiary 

treatments capable of removing MPs in order to improve overall water quality 

and meet SDG 6. The work underlying this thesis was intended to help efforts to 

meet these needs and SDG. 

Ozonation is one of the most commonly used advanced tertiary treatment 

processes for removing MPs as molecular ozone (O3) efficiently oxidizes double 

bonds present in many MPs’ chemical structures. However, removing many 

emerging contaminants by ozonation is challenging due to their diverse structural 

features and physico-chemical properties. An emerging ozone-based advanced 

oxidation process (AOP) called electro-peroxone (E-peroxone) reportedly 

increases MPs removal efficiency and overcomes some challenges related to 

ozonation. In this process, reaction between in-situ electrochemically generated 

hydrogen peroxide (H2O2) and ozone accelerates formation of hydroxyl radicals 

(•OH). As •OH is a non-selective oxidant, while molecular ozone has selective 

features, it oxidizes MPs non-selectively. 
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Due to the early stage of development, it is yet not clear if E-peroxone will 

efficiently remove numerous, diverse MPs under environmentally relevant 

conditions. Thus, detailed investigations and evaluations of the process are 

required, including comparisons with ozonation, and analyses of both matrix 

effects and scalability. 
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Aims and objectives 
 
One of the main overall aims of the work underlying this thesis was to evaluate 

the utility of the electrochemical advanced oxidation process (EAOP) called E-

peroxone for removing chemically diverse MPs in comparison to the more 

conventional ozonation process. Another was to develop and test a pilot-scale E-

peroxone process system under environmentally relevant conditions. In addition, 

potential applications of these processes for regeneration of activated carbon 

were studied.  

Specific aims for the studies reported in each appended paper are discussed below 

and illustrated in the graphical abstract presented in Figure 1.  

 

 

Figure 1. Schematic overview of the objectives of studies this thesis is based upon and 

appended papers that addressed them.  

Briefly, they were to: 

 

 Evaluate the effectiveness of the E-peroxone process and ozonation for 

oxidizing a broad range of chemically diverse pharmaceuticals using a 

quantitative structure activity relationship (QSAR) model (Paper I) 

 

 Investigate oxidation of antimicrobial compounds including antibiotics 

and biocides in relation to water matrix effects and the exposure, 

formation and contribution of the oxidants, i.e. O3 and •OH (Paper II) 
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 Evaluate the possible scaling-up of the E-peroxone process for removing 

MPs under environmentally relevant conditions (Paper III) 

 
 Explore and test potential applications of the E-peroxone process for 

regeneration of spent activated carbon (Paper IV) 
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Background 

Occurrence of MPs in the environment 

Chemical compounds that are detected in the environment within the ng/L to 

μg/L range (or even lower) are referred as micropollutants (Hollender et al., 

2008; IKSR-CIPR-ICBR., 2010). According to the treatment of wastewaters and 

drinking waters, MPs can be classified into two sub-classes. These are legacy 

contaminants (for which toxic effects have been addressed and safety 

measurements have been taken) and emerging contaminants (ECs, most of which 

are not yet regulated and are thought to pose potential threats to human health 

and ecosystems) (La Farre et al., 2008; Klamerth et al., 2009). Current work 

mainly focuses on removal of emerging MPs in wastewaters. 

 

MPs have been detected worldwide in surface waters and wastewaters (Ternes, 

1998; Gracia-Lor et al., 2012; Loos et al., 2013; Lindberg et al., 2014; Luo et al., 

2014; Barbosa et al., 2016; Östman et al., 2017). For example, Loos et al. (2013) 

detected 125 of 156 screened polar organic contaminants in effluents of 90 

WWTPs scattered across the European Union (EU). These results clearly 

highlight a need for an efficient treatment process for chemically diverse 

emerging MPs. Similarly, Lindberg et al. (2014) detected 51 out of 105 

pharmaceuticals in the aqueous phase of effluents from a WWTP in Umeå 

municipality, Sweden. Release and occurrence of these MPs in aquatic systems 

may have adverse effects, mainly on aquatic organisms. For instance, Triebskorn 

et al. (2007) observed cellular changes in several rainbow trout organs caused by 

carbamazepine, diclofenac and metoprolol. Antibiotic resistance is another major 

challenge worldwide, connected to occurrence of antibiotics in the environment 

(Guardabassi et al., 1998; Sengupta et al., 2013). Hence there are compelling 

reasons for the scientific community and management authorities to take 

appropriate steps to reduce amounts of these MPs in water resources. 

 

There are two apparent approaches to address this problem. One is to prevent 

MPs entering water sources at all, and the other is to treat wastewater 

appropriately. The second option seems more feasible since WWTPs receiving 

large proportions of the broad range of chemicals used in our society, and thus 

are the convenient funneling points for eliminating MPs before they are released 

into aquatic ecosystems. However, most current WWTPs do not apply advanced 

treatments for efficient removal of MPs, which are therefore spreading through 

the environment. 
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Evolution of WWTPs in Sweden 

The establishment of municipal WWTPs started slowly in Sweden in 1940. By 

1955, 30 municipal WWTPs were operating in the country. A major turning point 

occurred around 1960, when eutrophication and contamination by heavy metals 

in Swedish wasters gained public attention. As a result, the Swedish environment 

protection agency (SEPA) was established in 1967. Numbers and capacities of 

Swedish WWTPs subsequently expanded significantly during the 1970s, resulting 

in the (continuing) connection all households in urban areas to WWTPs. These 

WWTPs mainly applied secondary biological treatment for removal of organic 

matter, and tertiary chemical treatment (primarily for removal of phosphorous), 

as shown in Figure 2. Further development resulted in introduction of another 

treatment step in the 1990’s for removal of nitrogen (Swedish Environmental 

Protection Agency, 2014). 

 

 
Figure 2. Evolution of wastewater treatment steps in Sweden during 1940-2014, image 

reproduced with permission of the Swedish EPA (Swedish Environmental Protection 

Agency, 2014). 

 

Many non-polar MPs with low water solubility have high affinity to particles and 

thus preferentially associate with the sludge fraction and are removed from the 

water during conventional treatment. MPs with higher polarity, and higher water 

solubility, are usually detected in treated effluent. In an illustrative example, 

Östman et al. (2017) examined the occurrence of selected biocides, antibiotics and 

quaternary ammonium compounds in incoming sewage water, treated effluent 

and digested sludge from 11 Swedish WWTPs. They found that quaternary 
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ammonium compounds were most abundant in the particulate phase and 

benzotriazoles were most common in the aqueous phase. Moreover, although 

70% of benzotrioazole was removed by the WWTPs, due to the high loads they 

received, high levels were still detected in the treated effluent (Östman et al., 

2017).   

 

Advanced oxidation processes (AOPs) and sorption by activated carbon are two 

processes that have been tested in Swedish WWTPs as advanced tertiary 

treatment options for removing MPs. Activated carbon has been tested on pilot 

scale (Kårelid et al., 2017) while advanced oxidation processes have been 

developed and tested on medium to full scale due to their effectiveness for 

oxidizing MPs. 

 

In Sweden, the first small to medium size advanced oxidation (ozonation) 

treatment plant, with 12000 population equivalents (PE) capacity, was 

introduced for removal of pharmaceuticals in 2015 at Knivsta WWTP (Björlenius, 

2018a). The first full-scale ozonation facility was built in 2016 at Nykvarn WWTP, 

Linköping, and is still in trial phase. This plant has a connected population of 

145 200 people, and organic matter load corresponding to 235 000 PE (Tekniska 

verken, 2018). Although advanced tertiary treatments at WWTPs are not yet 

regulated, SEPA is encouraging and supporting municipalities to introduce these 

processes. In this regard, Switzerland is the first country in the world with a legal 

requirement for advanced tertiary treatments, introduced in January 2016 to 

reduce MP loads in effluents from 100 Swiss WWTPs (Bourgin et al., 2017a).  

  

Advanced oxidation processes (AOPs) 

Aqueous reactions mainly driven by highly reactive radicals, especially •OH are 

called advanced oxidation processes (AOPs). Various oxidants generated in 

different AOPs are listed, in descending order of oxidation strength, in Table 3.  

 
Table 1. Comparison of oxidant strengths of selected chemical species. 

 

Chemical species 

Standard 

oxidization 

potential (V) 

Relative strength  

(chlorine= 1.0) 

Hydroxyl radicals (•OH) 2.8 2.0 

Sulphate radical (SO4
•) 2.5 1.8 

Ozone (O3) 2.1 1.5 

Sodium persulfate (Na2S2O8) 2.0 1.5 

Hydrogen peroxide (H2O2) 1.8 1.3 

Permanganate (Na/K MnO-
4) 1.7 1.2 

Chlorine (Cl2) 1.4 1.0 

Oxygen (O2) 1.2 0.9 
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AOPs are classified according to the method of generating oxidants and the 

nature of the oxidants. The strongest of these reagents, in terms of oxidizing 

potential, are •OH, which are generated in many chemical oxidation processes. 

Examples of developed AOPs, discussed below, are Fenton-reagent, photo-

Fenton, ozonation, and the peroxone process. 

 

Fenton and photo-Fenton processes 

The oxidation of organic substrates by H2O2 in the presence of Fe2+ in acidic 

conditions was first described by Fenton in 1894, and thus named the Fenton 

process (Fenton, 1894). Later, in the 1930s, Weiss and Haber showed that the 

catalytic decomposition of H2O2 by the iron salt involves a complex radical and 

chain mechanism. Subsequent mechanistic studies showed that the Fenton 

process is initiated by formation of •OH, which can degrade various organic MPs. 

This reaction is efficient at pH 2.8-3.0 due to the Fe3+/Fe2+ couple’s catalytic 

behavior and ability to propagate the reaction at this pH (Gallard et al., 1998; 

Oturan et al., 2014). Other variables that affect the reaction are the H2O2 

concentration, temperature and catalyst concentration. This is an inexpensive 

technique for wastewater treatment with no energy requirement (Bautista et al., 

2008). 

 

There are challenges, due to the risks associated with H2O2 storage and 

transportation to the site, the need for significant amounts of chemicals to acidify 

effluents (to pH 2-4) before treatment and return them to an appropriate pH for 

release after treatment, and (most importantly) accumulation of iron sludge that 

must be removed at the end of the treatment. However, several approaches have 

been developed to overcome these challenges. Furthermore, coupling the Fenton 

reaction with UV or solar radiation (as in the ‘photo-Fenton’ process) improves 

the efficiency of MP removal (De la Cruz et al., 2012), and several studies have 

reported effective removal of MPs in water by both Fenton and photo-Fenton 

processes (De la Cruz et al., 2012; Michael et al., 2012). 
 

Ozonation 

Ozonation is one of the most frequently used AOPs, and it has been studied 

extensively by many researchers at lab scale (e.g. Dodd et al., 2006; Tizaoui et al., 

2011; Antoniou et al., 2013; Rodríguez et al., 2013; Hey et al., 2014), pilot scale 

(e.g. Huber et al., 2005; Quiñones et al., 2015) and full scale (e.g. Nakada et al., 

2007; Domenjoud et al., 2011; Bertanza et al., 2013). Ozone has high oxidizing 

potential (2.1 eV relative to the reference reagent chlorine; Table 1). However, 

ozone is a selective oxidant, so its effectiveness for oxidizing MPs depends on 

their chemical structures and corresponding physico-chemical properties. Inter 

alia, MPs lacking double bonds or active sites for electrophilic ozone attack are 
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resistant to ozonation. Simultaneously, •OH radicals are also generated by the 

reaction of ozone with dissolved organic matter (DOM) and MPs present in the 

wastewater (Von Sonntag and von Gunten, 2012). High ozone doses are required 

for removal of ozone-resistant MPs, which cause bromate formation in bromide-

containing wastewater (von Gunten and Hoigné, 1994). Bromate is formed by the 

reaction of bromides with O3 and/or •OH via series of reactions during ozonation 

(von Gunten and Hoigné, 1994). Bromate is a regulated carcinogenic compound 

that poses a significant threat to human life (Kurokawa et al., 1990) and many 

countries have regulated its concentration e.g., to 10 µg/L in drinking water (Von 

Gunten, 2003).   

Peroxone process 

To overcome selectivity issues of ozone, externally provided H2O2 can be 

supplemented with ozone in the ozonation process to accelerate formation of •OH 

in the so-called peroxone process. As stated above, •OH is a non-selective oxidant, 

with higher oxidizing potential (2.8 eV) than ozone (2.1 eV). Studies on the 

peroxone process have reported that it can efficiently remove MPs (De Witte et 

al., 2009; Cruz-Alcalde et al., 2020). Moreover, addition of H2O2 inhibits 

formation of bromates by reducing HBrO/BrO- (a key intermediate in bromate 

formation) to Br- (Von Sonntag and von Gunten, 2012). However, a major 

practical challenge connected to the peroxone process is the transportation of 

H2O2 to the site. H2O2 is a flammable solvent, which raises safety issues in all 

steps of its transportation, handling and storage.  

 

E-peroxone process 

E-peroxone is a recently proposed, emerging ozone-based electrochemical-

catalytic process, in which H2O2 electrochemically generated in-situ reacts with 

ozone and accelerates formation of •OH. Ozonation can be easily retrofitted to E-

peroxone by inserting two electrodes, with direct current (DC) input, in the 

reaction chamber. Unlike peroxone processes in which H2O2 is provided 

externally, thereby raising handling and safety issues, the E-peroxone process 

generates H2O2 in-situ at the cathode via oxygen reduction. The efficiency of the 

E-peroxone process depends on the pH, current density, ozone concentration and 

electrolyte (Li et al., 2015a). Previous studies have shown that in addition to 

inhibiting bromate formation it is more efficient for removing pharmaceuticals, 

dyes and some other organic contaminants than ozonation and electrolysis 

(Bakheet et al., 2013; Li et al., 2013; Yuan et al., 2013; Li et al., 2014; Li et al., 

2015b; Wang et al., 2015a; Wang et al., 2015b; Yao et al., 2015; Frangos et al., 

2016; H. Wang et al., 2018; Yao et al., 2018a). However, detailed evaluation of 

the process is still required, including its efficiency for removing diverse MPs, 

matrix effects, scalability, and life cycle cost-benefits. 
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Selection of target Compounds 

The test compounds selected for the studies underlying this thesis included target 

candidates representing three classes of emerging chemicals: pharmaceuticals, 

biocides, and per-/poly-fluorinated compounds (PFAS). More than 1200 

pharmaceuticals were available on the Swedish market according to statistics 

from Apoteket AB, Sweden, in 2005. Fick et al. (2010) presented a selection 

strategy combining volume and biological activity. After removing proteins and 

vitamins, 500 pharmaceuticals were prioritized based on critical environmental 

concentrations (CECs) (Fick et al., 2010) using a fish plasma model (Huggett et 

al., 2003). A set of 100 prioritized  pharmaceuticals was selected from this group 

of 500, based on CECs (Fick et al., 2010) (derived from predicted water 

concentrations) and predicted environmental concentrations (PECs) based on 

amounts sold in Sweden in 2005, as shown in Equation 1. 

Concentration ratio (CR)= CEC/PEC  (1) 

Here, CEC = HTPC/(CR × Pblood:water), CR is 1 for each pharmaceutical (i.e. 

FssPC=HTPC) (Fick et al., 2010) and PEC = A × (100-R)-365 × P × V × D × 100 

(Grabic et al., 2012).  

The final selection of the pharmaceuticals was made based on low CRs and 

commercially available standards for analysis. Low CRs (≤ 1) indicate that the 

concentrations in exposed fish will be equal to or higher than the concentrations 

required to induce a pharmacological interaction, and thus pose higher potential 

risks than chemicals with higher CRs. It should be noted that the pharmaceuticals 

considered in this thesis are top priority substances in terms of potentially 

adverse effects on fishes and amphibians. Thus, efficient processes are required 

in Swedish WWTPs for their removal. Following further practical consideration, 

a few pharmaceuticals were removed from the set and a few others were added, 

resulting in the final set of 95 pharmaceuticals for analyses listed in Table 2. 

Biocides (used for antimicrobial purposes) are emerging contaminants that have 

received increasing attention in recent years due to human health and 

environmental concerns, not least presumed connection with antibiotic 

resistance. Thus, four biocides were included as highly relevant for studies related 

to wastewater treatment. For example, benzotriazoles are reportedly a major 

class of MPs in wastewater, present in µg/L concentrations in treated effluents in 

Sweden (Östman et al., 2017) and other European countries (Loos et al., 2013). 

 

Similarly, per- and poly-fluorinated compounds (PFAS) have gained substantial 

concern due to toxicity for humans and the environment. They have been used in 

various industrial applications, including as components of fire-fighting foam, 
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which has led to contamination of drinking water reservoirs in Sweden and 

elsewhere (Post et al., 2012). Perfluorooctanoic acid (PFOA) was selected as a 

representative of this class of emerging contaminants. 
 

Table 2. Selected pharmaceuticals, biocides and flame retardants investigated in the 

studies underlying this thesis and their CAS numbers. 

 

Compound CAS No. Compound CAS No. 

Pharmaceuticals 

Alfuzosin I, III 81403-80-7 Fluphenazine I 69-23-8 

Alprazolam I 28981-97-7 Glibenclamide I 10238-21-8 

Amitriptyline I, III 50-48-6 Glimepiride I 93479-97-1 

Atenolol I, IV 29122-68-7 Haloperidol I 52-86-8 

Atorvastatin I, III 134523-00-5 Hydroxyzine I 68-88-2 

Atracurium I 64228-81-5 Irbesartan I, III 138402-11-6 

Azelastine I 58581-89-8 Levomepromazine I 60-99-1 

Azithromycin I 83905-01-5 Loperamide I, III 53179-11-6 

Beclomethasone I 5534-09-8 Maprotiline I 10262-69-8 

Biperiden I 514-65-8 Memantine I, III 19982-08-2 

Bisoprolol I, III 66722-44-9 Metoprolol I, III 37350-58-6 

Bromocriptine I 25614-03-3 Metronidazole II 443-48-1 

Budesonide I 51333-22-3 Mianserin I 24219-97-4 

Buprenorphine I 52485-79-7 Miconazole II 22832-87-7 

Bupropion I, III 34911-55-2 Mirtazapine I, III 61337-67-5 

Caffeine I, III 58-08-2 Naloxone I 465-65-6 

Carbamazepine I, III, IV 298-46-4 Nefazodone I 83366-66-9 

Cetirizine III 83881-51-0 Norfloxacin I, II 70458-96-7 

Cilazapril I 88768-40-5 Ofloxacin I, II 82419-36-1 

Ciprofloxacin I, II, IV 85721-33-1 Orphenadrine I 83-98-7 

Citalopram I, III 59729-33-8 Oxazepam I, III 604-75-1 

Clarithromycin I, III 81103-11-9 Oxytetracycline I 79-57-2 

Clemastine I 15686-51-8 Paracetamol I 103-90-2 

Clindamycin I, III 18323-44-9 Paroxetine I 61869-08-7 

Clomipramine I 303-49-1 Pentamidine II 100-33-4 

Clonazepam I 1622-61-3 Perphenazine I 58-39-9 

Clotrimazole I, II 23593-75-1 Pizotifen I 15574-96-6 

Codeine I, III 76-57-3 Promethazine I 60-87-7 

Cyproheptadine I 129-03-3 Propiconazole II 60207-90-1 

Desloratadine I 100643-71-8 Propranolol I, III 525-66-6 

Diclofenac I, III, IV 15307-79-6 Ranitidine I, III 66357-35-5 

Dicycloverine I 77-19-0 Repaglinide I 135062-02-1 

Dihydroergotamine I 511-12-6 Risperidone I 106266-06-2 

Diltiazem I, III 42399-41-7 Rosuvastatin I, III 287714-41-4 

Diphenhydramine I 58-73-1 Roxithromycin I 80214-83-1 

Dipyridamole I 58-32-2 Sertraline I, III 79617-96-2 

Donepezil I 120014-06-4 Sotalol I, III 3930-20-9 

Duloxetine I 116539-59-4 Sulfamethoxazole I, III 723-46-6 

Econazole II 24169-02-6 Telmisartan I, III 144701-48-4 

Eprosartan I 133040-01-4 Terbutaline I, III 23031-25-6 

Erythromycin I, III 114-07-8 Tetracycline I 60-54-8 

Fexofenadine I, III 83799-24-0 Tramadol I, III 27203-92-5 

Finasteride I 98319-26-7 Trihexyphenidyl I 144-11-6 

Flecainide I, III 54143-55-4 Trimethoprim I, II, III, IV 738-70-5 

Fluconazole I, II, III 86386-73-4 Venlafaxine I, III 93413-69-5 

Flunitrazepam I 1622-62-4 Verapamil I 52-53-9 
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Fluoxetine I, III 54910-89-3 Zolpidem I 82626-48-0 

Flupentixol I 2709-56-0   

Biocides 

Benzotriazole II, III, IV 95-14-7 Methyl-benzotriazole II, III 136-85-6 

Bixafen II 581809-46-3 2-(methylthio)benzothiazole III 615-22-5 

Perfluorinated compounds (e.g. Flame retardants) 

PFOA IV 335-67-1   

I, II, III, IV indicate papers in which respective compound was studied. 

 

Together, the selected compounds were intended to provide a set of target 

compounds with a broad range of physico-chemical properties and thus high 

potential ability to substantially enhance the breadth of tested treatment 

processes’ applications and effectiveness. The selected pharmaceuticals included 

in Studies I-IV and biocides and PFOA in Studies II-IV are shown in Table 2. 
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The E-peroxone process and ozonation 
experimental set-up 
 

Ozone reactivity plays an important role in MPs’ removal in ozone-based 

processes such as peroxone and E-peroxone. Thus, ozonation was studied as a 

reference process and the E-peroxone process was compared with ozonation 

throughout the work underlying this thesis, covering aspects from removal of 

MPs, mechanistic understanding and practical applications. The lab-scale E-

peroxone and ozonation set-ups are discussed in detail in Papers I, II and IV, 

and briefly discussed below.   

 E-peroxone and ozonation lab-scale set-up 

An undivided acrylic column reactor of 5 cm diameter and 15 cm height was used 

for the investigation of MPs’ removal in Studies I and II and regeneration of 

activated carbon in Study IV. A schematic diagram of the E-peroxone and 

ozonation experimental set-up is shown in Figure 3. Li et al., (2016) used similar 

set-up  for degradation of ibuprofen (Li et al., 2014). Semi-batch ozonation and 

E-peroxone treatments were conducted with 250 ml portions of two secondary 

wastewater effluents (designated SE-1 and SE-2) and milliQ water. Each of the 

effluents and milliQ were spiked with 1 μg/L of all of the test chemicals except 

propiconazole, metronidazole, bixafen, pentamidine, benzotriazole, miconazole, 

econazol and methyl-benzotriazole (Me-benzotriazole), which were added to 10 

μg/L. These concentrations are much lower and much closer to environmentally 

relevant ranges than the concentration (20 mg/L) used by Li et al. (2014). At high 

concentrations MPs might be affected by mass transfer limitations, so anodic 

oxidation may contribute more to their reactions than at low environmental 

concentrations of MPs. 

For ozonation, O3 was produced from pure O2 gas using an ozone generator and 

sparged into the reactor using a bubble diffuser. In Studies I and II, the O3 

concentration used for MPs’ removal was 4.8 and 4.5 mg/L, respectively 

(monitored by an ozone analyzer) and the flow rate of the ozone gas was 0.35 

L/min (regulated by a flowmeter) while in Study III, O3 was used at a 

concentration of 28 mg/L for regeneration of activated carbon.  

 

For the E-peroxone process, a platinum anode (2 cm × 2 cm) and carbon 

polytetrafluoroethylene (carbon-PTFE) cathode (2 cm × 5 cm) were inserted into 

the reactor while providing O3 at the same concentration and flow as in the 

ozonation experiments. A DC power supply provided a constant current of 35 mA 

for MPs’ removal and 100 mA for activated carbon regeneration to the electrodes 
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to generate H2O2 from the oxygen reduction reaction at the cathode, as shown in 

Equation 2.  

                        O2 + 2H+ + 2e− → H2O2                                        (2) 

The treatment time for MPs’ removal and AC regeneration were 20 and 120 

minutes, respectively. 

 

 

Figure 3. Schematic diagram of the reactor used for ozonation and the E-peroxone 

process. 

 

Chemical analysis of MPs 

To quantify MPs’ removal from the effluents and milliQ water, they were 

subjected to analysis by liquid chromatography (LC) coupled to triple stage 

quadrupole mass spectrometry (MS/MS). Samples were spiked with internal 

standards (ISs) prior to analysis, to follow the analytical losses. Online solid phase 

extraction (SPE) was used to extract MPs in Study I and off-line SPE in Studies 

II and IV.  
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Removal of MPs by E-peroxone process and 
ozonation 
 
MPs are removed by O3 and •OH in ozone-based AOPs. Thus, their removal 

kinetics can be described by Equation 3.  

−
𝑑[𝑀𝑃]

𝑑𝑡
= 𝑘𝑂3[𝑂3][𝑀𝑃] + 𝑘•𝑂𝐻[•𝑂𝐻][𝑀𝑃]                   (3)       

 

Here, kO3 and k•OH are second-order rate constants of reactions of O3 and •OH with 

MPs, respectively, while [O3] and [•OH] indicate O3 and •OH exposures, 

respectively. 

 

 Electrolysis (electrochemical anodic 

oxidation) may also contribute to MPs’ 

removal in the E-peroxone process, but its 

contribution is negligible compared to that of 

O3 and •OH oxidation (Wang et al., 2019b). 

Thus, as shown by Equation 3, kO3 and k•OH 

are key factors to understand the removal of 

MPs in the E-peroxone process and 

ozonation. 

 

As a selective oxidant, ozone reacts with 

unsaturated moieties in molecules and its 

reactivity is strongly affected by substituents. 

Thus, due to their diversity in structural 

features, MPs’ reactivity with ozone, as 

expressed by kO3 (M-1s-1) values, may vary over 

8-10 orders of magnitude, from < 0.1 to > 107 

M–1 s–1 (Von Sonntag and von Gunten, 2012). 

Depending on their kO3, MPs can be classified into three groups: O3-reactive (kO3 

> 104 M–1 s–1), moderately O3-reactive (102 < kO3 < 104 M–1 s–1), and O3-resistant 

(kO3 < 102 M–1 s–1) (Lee et al., 2014; Zucker et al., 2016). In contrast, k•OH values 

vary within a factor of just 3, typically in the range of 3 × 109 to 1 × 1010 M–1 s–1 

due to the non-selective nature of •OH as an oxidant (Von Sonntag and von 

Gunten, 2012). 

 

During ozonation, •OH is formed via decomposition of O3 by reacting with DOM 

and other water constituents (Von Sonntag and von Gunten, 2012) and often its 

formation is slow. The E-peroxone process accelerates the formation of •OH by 

facilitating transformation of O3 (already present in bulk in the chamber) through 
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reaction with H2O2, which is generated in-situ electrochemically at the cathode 

via oxygen reduction reactions (Yao et al., 2016), as shown in Figure 4. As a 

result, the enhanced rate of •OH formation during E-peroxone is expected to 

accelerate removal of MPs, as confirmed for a few model compounds (Yao et al., 

2016).   

 

The removal of 97 MPs in secondary wastewater effluent (SE-2) during ozonation 

and the E-peroxone process was evaluated. The results are summarized in 

Figure 5, in which the MPs are ordered from left to right along the x-axis in 

ascending order of the treatment time required for their removal (reduction in 

level to below the limit of detection, LOD). Of the 97 MPs, 42 were removed 

within just 1 minute of ozonation treatment, as shown in Figure 5a. The fast 

removal of these MPs can be attributed to high kO3 values (> 1×104 M-1s-1), with 

few exceptions, as shown in Table 3.  Likewise, 37 MPs that were removed in 1-

3 minutes had higher kO3 values than 1×103 M-1 s-1, except ofloxacin, paracetamol 

and tetracycline (which had somewhat higher kO3 values). Moreover, 18 MPs 

required ≥5 minutes for their elimination below LOD. The kO3 values of these MPs 

that were removed relatively slowly are in the range < 0.1–1×103 M-1 s-1, except 

for telmisartan. The MP with the lowest removal rate was fluconazole (kO3= <1 M-

1 s-1 and k•OH = 4.6 × 109 M-1 s-1), which was still detected after 20 minutes of 

ozonation. These results confirm that removal kinetics of MPs during ozonation 

are mainly governed by their kO3. 

 

The removal of the same set of 97 MPs by the E-peroxone process was also 

investigated and the results are summarized in Figure 5b. Similarly, to the 

results obtained with ozonation, O3-reactive 42 MPs and moderately reactive 37 

MPs were removed within 1 minute (with five exceptions) and 3 minutes (with 

seven exceptions) again during E-peroxone treatment. Details of these 

compounds can be found in Papers I and II. In contrast, 18 MPs that had lowest 

kO3 were removed significantly faster during the E-peroxone process than 

ozonation. These MPs were eliminated in 5-20 minutes during ozonation but 

within 3-10 minutes during the E-peroxone process. It can be concluded that E-

peroxone process shortens the treatment time of MPs with low kO3 in wastewater 

effluents as compared to ozonation which requires longer treatment due to the 

slow formation of •OH from O3 decomposition. 



 

 

 
Figure 5. Removal of 97 MPs during (a) conventional ozonation and (b) E-peroxone treatment of selected wastewater SE-2. The MPs are 

ordered from left to right along the x-axis in order of descending rapidity of removal. (Reaction conditions: volume = 250 mL, concentration of 

each pharmaceutical = ~1-10 μg/L).
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Removal kinetics 

The removal of MPs follow pseudo-first order kinetics in both E-peroxone and 

ozonation (Yao et al., 2016). The kinetics can be expressed by apparent rate 

constants, designated kEP (min-1) and kOZ (min-1) for E-peroxone and ozonation, 

respectively. Although pseudo-first order apparent rate constants (kEP and kOZ) 

are dependent on the water matrix and operational parameters, they can provide 

insights into the MPs’ removal patterns during E-peroxone and ozonation. 

 

 
Figure 6. Linear (1:1) relationship between pseudo-first order rate constants of 

ozonation (kOZ) and E-peroxone (kEP). 

 

The pseudo first order rate constants of 51 MPs’ removal by E-peroxone and 

ozonation are provided in Table 3. It can be seen that kOZ was ranging from 0.21-

4.47 (min-1) while kEP was ranging from 0.44-4.64 (min-1). To compare removal 

rates of MPs by E-peroxone and ozonation, their kEP and kOZ values were plotted 

and compared to a 1:1 line (Figure 6). Data points for 33 MPs were above the 

line, so they have higher kEP than kOZ values, and thus were removed more quickly 

by E-peroxone than ozonation. In contrast, data points of 17 are below the line, 

so their kOZ values exceed their kEP values and they were removed more quickly 

by ozonation. Generally, the pseudo first order apparent rate constants of MPs 

with low ozone reactivity (except maprotiline) were higher for the E-peroxone 

process than the corresponding ozonation rate constants. For instance, the kEP of 

fluconazole (the MP that was most slowly removed in ozonation) was more than 

two times higher (0.50 min-1) than its kOZ (0.21 min-1). The higher kEP value can 
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be attributed to the enhanced rate of formation of non-selective •OH by the 

reaction of ozone with in-situ electrochemically generated H2O2 during the E-

peroxone process. These results also indicate that ozone reactivity (expressed as 

kO3) plays an important role for MPs’ removal in both processes and can help to 

understand the mechanisms and kinetics of their elimination in the E-peroxone 

process. 

 
Table 3. pKa values, previously published and QSAR model-predicted apparent second 

order rate constants of ozone (kO3), hydroxul radical second order rate constants (k•OH), 

pseudo-first order rate constants obtained for abatement during conventional ozonation 

(kOZ) and the E-peroxone process (kEP), and kEP/kOZ ratios for the tested pharmaceuticals. 

Compound pKa 

kO3 (M
–1 s–1) 

k•OH b 
(M–1 s–1) 

kOZ 

(min–

1) 

kEP 

(min–

1) 

kEP/kOZ Reported 
a 

Predicted 

Alfuzosin   1.11×105     

Alprazolam   2.79×10–1  0.458 0.662 1.45 

Amitriptyline   2.53×102  1.554 1.657 1.07 

Atenolol 9.6 c 1.7×103 c 2.24×103 8×109 c 1.004 0.865 0.86 

Atorvastatin   1.63×104 1.19×1010 d    

Atracurium   -  3.028 3.291 1.09 

Azelastine   5.62×101  1.499 2.214 1.48 

Azithromycin 8.7, 9.5 e 1.1×105 e 1.24×105 2.9×109 e    

Beclomethasone   2.49×103     

Benzotriazole  240 c - 7.6×109 c 0.66 0.79 1.21 

Biperiden   2.14×103  1.304 0.963 0.74 

Bisoprolol   1.83×104  1.694 1.189 0.70 

Bixafen   -  0.36 0.44 1.22 

Bromocriptine   6.90×101     

Budesonide   5.10×102  0.508 0.583 1.15 

Buprenorphine   1.70×105     

Bupropion   2.16×102 3.3×109 f 0.779 0.808 1.04 

Caffeine  650 g 591 5.9×109 h 0.490 0.709 1.45 

Carbamazepine  3×105 i - 8.8×109 i 2.959 2.828 0.96 

Cilazapril   5.14×102   2.056  

Ciprofloxacin 6.2, 8.8 e 1.9×104 e 3.59×104 4.1×109 e 1.633 1.626 1.00 

Citalopram   1.11×103  0.868 1.301 1.50 

Clarithromycin 9.0 c 4.0×104 c 6.07×104 5×109 c 2.458 1.842 0.75 

Clemastine   6.51×102  1.558 2.463 1.58 

Clindamycin 7.6 c 4.3×106 c 4.97×105 1010 c    

Clomipramine   1.32×102     

Clonazepam   2.35  0.362 0.690 1.91 

Clotrimazol   8.36×101  0.728 1.065 1.46 

Codeine   4.82×104     

Cyproheptadine   1.87×102     

Desloratadine   4.07×101  0.904 1.033 1.14 

Diclofenac 4.2 i 1×106 i  7.5×109 i    

Dicycloverine   5.06×103     

Dihydroergotamine   1.46×102     

Diltiazem 
8.2, 12.9 
j 

 5.65×105 8.3×109    

Diphenhydramine   3.27×103 5.42×109 d 1.993 1.942 0.97 

Dipyridamole   3.28×103     

Donepezil   1.67×106  1.590 2.523 1.59 

Duloxetine 9.7  3.04×105 9.72×109 f    
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Econazole   -  2.32 1.65 0.71 

Eprosartan  4.9×105 k 1.00×106     

Erythromycin 8.4 c 7.9×104 c 5.21×104 5×109 c    

Fexofenadine 9 l 9.0×103 l 2.26×104  0.860 1.016 1.18 

Finasteride   1.97×102  1.334 1.185 0.89 

Flecainide   1.17×104  1.714 1.261 0.74 

Fluconazole  <1 c 0.69 4.6×109 c 0.207 0.501 2.43 

Flunitrazepam   1.70  0.300 0.487 1.62 

Fluoxetine 8.7 m 2.5×104 6.14×103 8.4×109 n 0.974 1.439 1.48 

Flupentixol   1.68×107     

Fluphenazine   3.24×107     

Glibenclamide   5.77×103  0.625   

Glimepiride   1.53×103  0.474 0.693 1.46 

Haloperidol   6.39×103  2.440 2.190 0.90 

Hydroxyzine   2.87×103   2.376  

Irbesartan  24 k 6.99 1010 k 0.326 0.631 1.93 

Levomepromazine   2.07×107     

Loperamide   1.29×102  2.650 2.391 0.90 

Maprotiline   4.03×102  0.765 0.525 0.69 

Me-benzotriazole  780 c - 8.6 × 109 c 1.28 0.84 0.66 

Memantine   7.75  0.474 0.843 1.78 

Metoprolol 9.7 o 2.0×103 c 1.37×104 7.3×109 p 1.268 0.980 0.77 

Metronidazole  <1 c - 6.0 × 109 c 0.39 0.55 1.40 

Mianserin   6.31×102     

Miconazole   -  0.66 0.69 1.06 

Mirtazapine   1.25×103     

Naloxone   7.06×104     

Nefazodone   1.01×103     

Norfloxacin 8.8 c 1.9×104 c 3.14×104 5×109 c 1.900 2.007 1.06 

Ofloxacin 7.9 q 1.95×106 r 4.70×105 4.2×109 r 3.480 4.103 1.18 

Orphenadrine   2.84×103  2.272 1.759 0.77 

Oxazepam  ~1 c 1.55 9.1×109 c 0.518 0.797 1.54 

Oxytetracycline   1.48×106 6.96×109 s 2.606   

Paracetamol  2.57×106 t - 4.94×109 t 4.472 4.635 1.04 

Paroxetine   6.91×104 9.6×109 f    

Pentamidine   -  0.59 0.92 1.56 

Perphenazine   3.75×106     

Pizotifen   6.44×103   2.545  

Promethazine   1.67×106     

Propiconazole   -  0.37 0.49 1.32 

Propranolol 9.5 c 1×105 c 1.95×104 1010 p    

Ranitidine 8.2 c 4.1×106 c 2.01×107 1010 c    

Repaglinide   6.31×103     

Risperidone   2.25×103   2.828  

Rosuvastatin   5.02×104  0.785 0.918 1.17 

Roxithromycin 9.2 e 6.3×104 e 3.88×104 5.4×109 e    

Sertraline   1.60×101     

Sotalol 9.4 c 1.9×104 c 6.06×104 ~1010 c    

Sulfamethoxazole 5.6 o 5.5×105 e 1.72×105 5.5×109 e    

Telmisartan  1.2×105 k 4.29×104  0.702 0.823 1.17 

Terbutaline 8.6 u  1.23×105 6.87×109 j    

Tetracycline 
3.3, 7.7, 
9.7 e 

1.9×106 e 1.63×106 7.7×109 e 3.205   

Tramadol 9.4 c 4.0×103 c 1.57×104 6.3×109 v 0.856 0.981 1.15 

Trihexyphenidyl   2.02×103  1.192 1.008 0.85 

Trimethoprim 3.2, 7.1 o 4.1×105 c 4.57×105 6.9×109 e  3.398  

Venlafaxine 9.4 c 8.5×103 c 1.60×104 1010 c 0.842 0.977 1.16 
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Verapamil 9.7 c 2.7×106 c 3.74×106 1010 c    

Zolpidem   1.01×103     

kO3 is the apparent second-order rate constant of the reaction of the indicated pharmaceutical with 

O3 at pH 7 unless otherwise stated; b k•OH is the apparent second-order rate constant of the reaction 

of the indicated pharmaceutical with •OH at pH 7 unless otherwise stated; c (Lee et al., 2014); d 

(Razavi et al., 2011); e (Dodd et al., 2006); f (Santoke et al., 2012); g (Broséus et al., 2009); h (Shi et 

al., 1991); i (Huber et al., 2003); j (Zhu et al., 2015); k (Bourgin et al., 2017a); l (Borowska et al., 

2016); m (Zhao et al., 2017); n (Lam et al., 2005); o (Bourgin et al., 2017b); p (Benner et al., 2008); q 

(Okeri and Arhewoh, 2008); r (Rodríguez et al., 2013); s (López-Peñalver et al., 2010); t (Hamdi El 

Najjar et al., 2014); u (Allen et al., 1998); v (Zimmermann et al., 2012).  

Relationship between kEP/kOZ and kO3 

To understand the effect of switching from ozonation to E-peroxone on MPs’ 

removal, the relationship between kO3 values and ratios of pseudo-first order rate 

constants of MPs’ removal during E-peroxone and ozonation (kEP/kOZ values) was 

examined for a few model compounds (shown in blue in Figure 7)(Yao et al., 

2016). kEP/kOZ =1 indicates that the removal kinetics of the relevant MP in the E-

peroxone process are identical to its removal kinetics in ozonation, while high 

ratios indicate that E-peroxone provides faster removal. The results indicated a 

strong correlation (R2=0.94) between kO3 and kEP/kOZ ratios, and the ranges od 

kEP/kOZ ratios obtained for MPs with low and high ozone reactivity were 2.2-2.7 

and ~0.85-0.9, respectively. These results clearly showed that E-peroxone 

process could potentially accelerate removal of O3-resistant MPs (Yao et al., 

2016), but due to very few (only 6) MPs, further exploration of this possibility was 

required. 

 
Figure 7. Ratios of pseudo-first order rate constants for pharmaceuticals' abatement 

during the electro-peroxone and ozonation treatments (kEP/kOZ) as a function of 

published second-order rate constants for their reactions with ozone (kO3). 
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For 20 of the 97 focal MPs, both published second-order rate constants (kO3) and 

kEP/kOZ ratios experimentally determined in Study I and II were available. The 

relationship between kO3 values and kEP/kOZ ratios was examined for a set of 26 

MPs including these 20 and six for which relevant data were published by Yao et 

al. (2015). A similar trend to that reported by Yao et al. (2015) was observed 

(Figure 7) but the relationship was only valid for O3-resistant and moderately 

O3-reactive MPs (kO3: 0-104 M-1 s-1), not for ozone-reactive MPs (kO3 > 104 M-1 s-1). 

The range differs from the range (kO3: 0-107) reported by Yao et al. (2015). In fact, 

no relationship between the variables was detected for MPs with kO3 > 104 in 

Study I, as the E-peroxone process provided no improvement in the removal 

kinetics of MPs relative to ozonation. These findings cannot be generalized, as 

there are few published kO3 values for the MPs addressed in studies underlying 

this thesis, and more data points are required to identify general trends and 

ranges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 



 

23 
 

Fate of E-peroxone for MPs removal in 
relation to kO3 by QSAR modeling 
 
The fate of MPs in ozone-based processes including E-peroxone and ozonation 

can be assessed by ozone reactivity, expressed as the second-order rate constant 

of O3 (kO3). However, the kO3 values were unknown for most of the MPs studied in 

the work this thesis is based upon (Table 3). The kO3 is determined 

experimentally but with increasing number of compounds, the data availability is 

prohibitive due to long experimental procedures and use of expensive chemicals. 

Alternatively, kO3 values can be predicted by computer-based models. Quantum 

chemical calculations provide one approach for estimating them. Another method 

to predict kO3 is quantitative structure-activity relationship (QSAR) modeling, 

which is based on the assumption that ozone reactivity (kO3) is intrinsically linked 

to structural and physico-chemical properties of the target compounds (Borhani 

et al., 2016). QSAR models can also be developed for predicting MPs’ removal (as 

percentages) (Sudhakaran et al., 2012). Such QSAR models are dependent upon 

the water matrix and operating conditions, and thus cannot be used to predict 

MPs’ removal from different water matrices. In constrast, QSAR models based on 

kO3 are not affected by water matrices or operational parameters and have broad, 

more general applications.  

 

Orthogonal projection to latent structures (OPLS) for 

QSAR model development 
 

Various statistical methods can be used to develop mathematical relationships 

(QSAR models) between the physico-chemical properties (X-matrix) and kO3 (Y-

response variable), e.g. multiple linear regression (MLR) and partial least square 

(PLS) regression. MLR works well if there are few X-variables that are not 

strongly correlated (Wold et al., 2001), but with strongly correlated and noisy 

variables (properties), which is often the case, MLR is not appropriate for QSAR 

modeling. The PLS method can overcome these challenges and successfully 

handle large numbers of correlated and noisy variables. Including large numbers 

of variables describing different facets of the molecules can be powerful for 

characterizing the inherent chemistry, but many of the included variables will 

probably lack correlation with the Y (response) variable. Thus, their inclusion will 

increase error in the QSAR model, and complicate its interpretation. To handle 

this, an extension of PLS (with a new way of preprocessing X-variables) was 

developed, known as orthogonal projection to latent structures, OPLS) (Trygg 

and Wold, 2002). OPLS divides X-variables (here: physico-chemical descriptors) 

into two sets, one correlated to Y (predictive) and another that is not correlated 

(orthogonal) to Y (here: kO3) and hence should be removed, as shown in Figure 

8. Partitioning of the X-variables improves interpretability and model 
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transparency as well as reduce the number of variables (Trygg and Wold, 2002). 

Thus, the methodology can allow inclusion of large numbers of physico-chemical 

properties initially, thereby covering the diverse chemistry of MPs, and then 

extract the relevant properties for predicting a property of interest (here kO3). 

 

 

 

Figure 8. Schematic overview of the OPLS method used for developing QSAR model. 
 

 

In Study I, a QSAR model was developed using OPLS method to establish the 

relationship between MPs’ ozone reactivity (kO3 values) and a set of physico-

chemical descriptors. Previously published kO3 values, mainly for MPs of the 

ozone-reactive group, were complemented with data for another 16 O3-resistant 

MPs reported in Paper I. This extended the kO3 range covered by the included 

MPs to 0-106 (M-1s-1), thereby broadening the model’s domain and applicability. 

 

Initially, 45 MPs (N=45) and 266 physico-chemical properties (descriptors) 

(K=266) were chosen to represent all possible important features that may affect 

ozone reactivity. The orthogonal descriptors found by OPLS were removed and 

the QSAR model was further refined by removing non-significant predictive 

descriptors and outlier MPs. Details of the descriptors, their calculations and 

model diagnostics to obtain the final model are available in Paper I. 

 

QSAR model-predicted kO3 values 

The final QSAR model, based on 40 MPs and 44 descriptors, showed high 

goodness of fit (R2: 0.96) and good internal validation (Q2: 0.84), indicating that 

it was robust and had high prediction power. A plot of kO3 values predicted by the 

model versus published values for the 40 MPs (Figure 9) showed that they were 
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generally within a factor of 3 (as indicated by the dashed lines in the plot). This 

variation in reported and predicted kO3 values can be considered acceptable. 

Further, the established QSAR model was used for predicting second-order rate 

constants of the other MPs considered in Paper I, for which data were lacking 

(see Table 3 for predicted kO3 values). The few inconsistencies in poorly 

predicted kO3 values and fast removal kinetics may be due to unconsidered 

molecular forms of the MPs, as pH-dependent protonation and deprotonation of 

MPs can play important roles in their removal by increasing or decreasing ozone 

reactivity. 

 

Figure 9. Correlation between the literature-reported and QSAR model-predicted 

second-order rate constants for the O3-reactivity of compounds used for model training. 

The solid line represents the linear regression line obtained, while the lower and upper 

dashed lines represent the prediction error ranges of factors of 1/3 and 3, respectively.  

Effects of MPs’ physico-chemical properties on their 

ozone reactivity 

QSAR models are based on the assumption that physico-chemical properties 

affect molecules’ reactivity, and thus their fate and behavior in both natural and 

artificial processes, such as oxidation and adsorption. Understanding the 

properties involved in a specific process can provide essential information for 

predicting molecules’ behavior in the process. In this context, physico-chemical 

properties used in the development of the QSAR model for ozone reactivity 

provide a general overview of ozone’s reactivity with MPs with a diverse set of 
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physico-chemical properties. The reaction between ozone and aromatic 

compounds involves electrophilic substitution and is strongly influenced by 

substituents attached to compounds. The reaction is favorable when the energy 

difference between the highest occupied molecular orbital (HOMO) of the donor 

(aromatic compound) and lowest unoccupied molecular orbital (LUMO) of the 

acceptor is small (Von Sonntag and von Gunten, 2012). Substituents and 

properties that enhance the electron density at MPs’ active sites increase their 

reactivity with ozone (Von Sonntag and von Gunten, 2012). 

 

The developed QSAR model found similar electron-donating functionalities and 

high HOMO energy for MPs with high ozone reactivity (ko3) as shown in Table 

4. In addition, some size-related properties, conformation-dependent charge 

descriptors and surface area-related properties enhanced their ozone reactivity. 

Interestingly, halogens connected to aliphatic carbons enhance ozone reactivity 

more than halogens connected to aromatic carbons. 

 

Table 4. List of properties positively and negatively correlated to ko3. 

O3 reactivity-enhancing properties O3 reactivity-reducing  

properties 

Electron donating functionalities (H 

attached to C1(sp3)/C0(sp2), aliphatic 

amines, O%, a_nS, Al-O-Ar /Ar-O-Ar / 

R..O..R / R-O-C=X , R2S / RS-RS, ethers 

(aromatic), sulfides, phenol/enol/carboxyl 

OH, aromatic ketones, nArOH  

Electron withdrawing functionalities 

(tertiary amides, RCO-N< / >N-X=X, N%, 

nArC=N, X-C(=X)-X, Cl attached to 

C1(sp2), n-triazoles, nROCON, nC(=N)N2), 

X--CR--X 

Size-related properties, conformation-

dependent charge descriptors 

Shape-related properties (molecular 

globularity, branching and atomic 

connectivity) 

Surface area (positive accessible surface 

area, absolute difference in surface area) 

Partial charges (relative positive partial 

charge) and surface area (fractional polar 

positive vdw surface area) 

High HOMO energy High LUMO energy 

Halogens connected to aliphatic carbons 

(CH3X, R--CR..X, R--CH--X, =CRX, R--

CX--R) 

Halogens connected to aromatic carbons 

Others (adjacency and distance matrix 

descriptors VDisEq [vertex distance 

equality index]) 

Others (7-membered rings, number of ring 

quaternary C(sp3)) 

 
In contrast, the QSAR model confirmed previous findings (Von Sonntag and von 

Gunten, 2012) that substituents and properties that decrease electron density 

reduce pharmaceuticals’ reactivity with ozone (Table 4). For example, electron-

withdrawing groups and functionalities including halogens connected to 

aromatic carbons decrease reactivity with ozone by reducing electron density at 

the site of ozone attack (Von Sonntag and von Gunten, 2012). Moreover, charges 
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and some shape-related properties, including branching decrease reactivity with 

ozone. Contrary to previous results, high LUMO energy was also found to 

negatively affect reactivity with ozone. For further and more detailed discussion 

of the properties, see Paper I.    

 

Fate of E-peroxone for MPs removal in relation to kO3 

To assess the effectiveness of the E-peroxone process for removing MPs, the 

correlation between experimentally determined kEP/kOZ and kO3 values predicted 

by the QSAR model and available published values for MPs of varying reactivity 

(51 in total) was plotted and examined, as shown in Figure 10.  

 
Figure 10. The ratio of pseudo-first order rate constants for MPs' abatement during E-
peroxone and ozonation treatments (kEP/kOZ) as a function of second-order rate 
constants for their reactions with ozone (kO3) including QSAR model predicted (black and 
red), literature reported kEP/kOZ (blue) and literature reported kO3 (green). 

 

Like the previous trend observed in Figure 7, the E-peroxone process 

accelerated the removal of all 14 O3-resistant MPs (with kO3 ranging from 10-1 to 

102 M-1s-1). The overall acceleration, i.e. kEP/kOZ ratio, decreases with increases in 

kO3. The increase (kEP/kOZ) for these MPs ranged from factors of 1.4 to 2.4, except 

for desloratadine (1.14). E-peroxone had mixed effects, relative to ozonation, on 

moderately O3-reactive MPs (20, in total), accelerating the removal of some but 

retarding removal of others (kEP/kOZ: ~0.7-1.6). It seems that the effect of E-
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peroxone on moderately O3-reactive MPs is influenced by variations in ozone 

reactivity due to variation in structural features. Furthermore, the E-peroxone 

process had least effect on removal of (17) O3-reactive MPs, with kEP/kOZ ranging 

from 0.7 to 1.2, except for donepezil (1.59). No improvement in removal kinetics 

by E-peroxone was detected for atracurium (kEP/kOZ =1.1), another O3-reactive 

MP not shown in Figure 10 due to a very high predicted kO3 (4.84 x 1011 M-1s-1). 

 

The studies underlying thesis mainly focused on 100 MPs, particularly 

pharmaceuticals, few of which were found to be O3-resistant. In reality, 

thousands of compounds are present in the environment and many may be 

resistant to ozonation. To obtain an overview solely of the resistance of 

pharmaceuticals that are available on the Swedish market, the developed QSAR 

model was used to predict the second-order rate constants of 491 

pharmaceuticals (including model compounds). In total, 418 pharmaceuticals 

were within the model’s applicability domain, as shown in Figure 11, showing 

developed QSAR has high predictive power for a broad range of pharmaceuticals. 

All predicted pharmaceuticals were classified into the three previously defined 

groups (O3-reactive, moderately O3-reactive and O3-resistant) based on their 

second-order rate constants. Predicted second-order rate constants for individual 

pharmaceuticals by the model can be found in Table S9 of Paper I.  

 
 
Figure 11. QSAR model-predicted ko3 values of pharmaceuticals versus their distances 

to the model (DmodY). 
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Of the 491 pharmaceuticals, 73 were identified as O3-resistant compounds. In 

contrast, 214 and 204 pharmaceuticals appeared in the moderately O3-reactive 

and O3-reactive groups, respectively. The small number of pharmaceuticals 

placed in the O3-resistant class, compared to the other two classes, indicates more 

specific chemistry for ozone refractory pharmaceuticals.  

 

To understand the challenges in conventional ozonation in removing numerous 

compounds that are highly diverse, the positions of 89 MPs were plotted in two 

graphs using QSAR model predicted kO3 as the x-axis. The y-axis was the pseudo 

first order rate constants of the same set of MPs removal by ozonation i.e. kOZ 

(min-1) in the first plot (Figure 12a), and the treatment time required (in 

minutes) for elimination by ozonation in the second plot (Figure 12b). The kO3 

versus kOZ plot in Figure 12a shows that MPs’ removal kinetics during 

conventional ozonation depends upon their kO3. Similarly, the plot of kO3 values 

versus time required for MPs’ removal by ozonation can be used to understand 

MPs’ elimination in real time process at WWTPs where the hydraulic residence 

time (referred to as treatment time here) for ozonation is determined by the 

removal of the most resistant MPs. As shown in Figure 12b, O3-resistant MPs 

are not removed completely (e.g., fluconazole was incompletely removed in 

experiments reported here) due to their slow abatement, which is attributed to 

slow formation of •OH during ozonation. As a result, many MPs of low kO3 like 

fluconazole, might not be removed completely in real time processes (with 

current residence times and conditions). Thus, they will likely be present in 

treated wastewater effluent after ozonation. 

 

 
Figure 12. Second-order rate constants of studied MPs’ reactions with ozone predicted 

by the QSAR model (kO3) versus pseudo-first order rate constants for pharmaceuticals' 

abatement during ozonation treatments (kOZ) (a), and time required for complete 

removal of specific MPs. The empty symbols in both plots indicating values for 73 MPs 

that are O3-resistant according to the model’s predictions. 
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Considering the 73 O3-resistant pharmaceuticals predictions by the QSAR model, 

also shown in Figure 12a and 12b, indicate that many MPs will poorly be 

removed in real time process and will most likely be present in treated effluent by 

ozonation. In contrast, the E-peroxone process is expected to accelerate removal 

of such O3-resistant MPs by accelerating transformation of O3 into •OH. 

 

Generalizing the overall features of the E-peroxone process, it can be concluded 

that it is effective for removing O3-refractory MPs, which is a major limitation of 

ozonation. On the other hand, 214 and 204 pharmaceuticals had kO3 values in the 

moderately O3-reactive (102-104 M-1 s-1) and O3-reactive (> 104 M-1 s-1) groups, 

which can generally be effectively abated by both ozonation and the E-peroxone 

process. Considering the large number of O3-resistant pharmaceuticals and other 

classes of MPs, the E-peroxone process seems to provide better overall removal 

of emerging contaminants. However, the optimal process for MPs removal will 

also depend on which MPs are harmful for the environment, their occurrence in 

relevant matrices (e.g. wastewater), and the efforts required to reach safe levels.   
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Mechanisms and effects of water matrix on 

E-peroxone process  
 
The benefit of E-peroxone lies in utilization of oxygen already present in the 

O2/O3 mixture in ozone generator effluent, which will otherwise be discarded, and 

is sufficient for acceleration of •OH formation via the E-peroxone process. 

Formation of •OH involves two steps: in situ electro-generation of H2O2, and the 

conventional peroxone process between O3 and H2O2. 

 

Electro-generation of H2O2 at the cathode surface 

The electrochemical in situ generation of H2O2 is a key step in the E-peroxone 

process, which improves removal of MPs by accelerating formation of •OH. The 

H2O2 is generated at the cathode surface with various side reactions. Various 

possible reactions that may occur at the cathode surface during the process with 

their standard electrode potentials (E°) are presented in Table 5.  

 
Table 5. Possible reactions that may occur at the cathode during the E-peroxone 

process and their standard electrode potentials (E0). 

Reactions at cathode  E° (vs. SCE) 

O2 + H2O + 2e‒ → HO2
− + OH− (4) -0.076 a 

O2 + 2H2O + 4e‒ → 4OH− (5) 0.401 a 

2H2O + 2e‒ → H2 + 2OH− (6) -0.828 a 

HO2
 ̶ + H2O + 2e‒ → 3OH−  (7)   0.878 a 

O3 + H2O + 2e‒ → O2 + 2OH− (8) 1.24 a 

O3 + e‒ → O3
−• (9) 1.23 b 

a(Haynes, 2014), b(Kishimoto et al., 2005) 

 
The generation of H2O2 at the cathode, by a two electron transfer oxygen 

reduction mechanism (Equation 4), is favored by the selectivity of the electrode 

material. The other reactions (equations 5-8: four electron transfer O2 reduction, 

evolution of H2, and further reduction of H2O2) are negligible (Šljukić et al., 2005; 

Brillas et al., 2009s). The selective (two electron transfer) reduction of O2 is 

favored by carbon-based electrodes because they have high overpotential for H2 

evolution and low catalytic activity for H2O2 decomposition (see E° values in 

Table 5) (Xia et al., 2017).  
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Several carbon-based cathodes have reported efficiency for generating H2O2, 

including carbon polytetrafluoroethylene (carbon-PTFE), carbon felt, activated 

carbon fiber (ACF), carbon nanotubes (CNTs) and reticulated vitreous carbon 

(RVC) cathodes (Brillas et al., 2009). 

 
Figure 13. H2O2 concentrations during electrolysis and E-peroxone treatment in 

synthetic milliQ water (SW) and secondary wastewater effluent (SE-2). 

 
Carbon-PTFE cathodes were used in Studies I, II and III, and their efficiency 

for generating H2O2 is shown in Figure 13. The concentration of generated H2O2 

was measured by the potassium titanium (IV) oxalate method (Sellers, 1980). As 

can be seen in the figure, H2O2 accumulated in both synthetic milliQ water (SW) 

and secondary effluent (SE-2) (to 23 and 21 mg/L in 15 minutes, respectively) 

when only oxygen was sparged into the system without any ozone. In contrast, 

during the E-peroxone process in SW (with added ozone), very little H2O2 (< 2 

mg/L) accumulated due to its reaction with ozone. However, H2O2 still 

accumulated during the E-peroxone process in SE-2 and its concentration 

reached as high as 15 mg/L within 15 minutes of reaction time. This may be 

related to water matrix effects due to parallel competing reactions of ozone with 

DOM in SE-2, which could reduce the availability of ozone for reaction with H2O2 

(Von Sonntag and von Gunten, 2012; Y. Wang et al., 2018).   

 

Reduction of O3 at the cathode is another side reaction that occurs at much higher 

oxidizing potential (see Equations 8 and 9, Table 5) than the O2 reduction 

potential. Cathodic O3 reduction is limited by the applied current (Xia et al., 

2017). Sufficiently high quantities of O3 in the cathode diffusion layer would also 
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limit O2 reduction due to acceptance of all electrons at the cathode (Equation 9). 

However, as the O2/O3 gas ratio is < 10% (v/v), O3 is rapidly consumed by the 

water matrix and H2O2 in the E-peroxone process, so the dissolved O3 

concentration is usually substantially lower than the dissolved O2 concentration 

(Zhou et al., 2018). Consequently, O3 reduction at the cathode is limited by the 

dissolved O3 mass transfer conditions and favoured cathodic O2 reduction results 

in H2O2 formation. 

 

Chemical reactions in bulk and oxidants’ exposure 

The electro-generated H2O2 diffuses into the bulk solution and reacts with 

dissolved O3. The reaction between O3 and H2O2 is slow, but the conjugate base of 

H2O2, i.e. HO2
¯, reacts more rapidly over a wide pH range (although the reaction 

is favored by increases in pH) as expressed by Equation 10 (Sein et al., 2007). 

 

kobs = k (HO2
¯ + O3) x 10(pH–pKa)  (10) 

 

Here, k (HO2
¯ + O3) (the second order rate constant for the reaction of O3 with 

HO2
¯ ) = 9.6 x 106 M-1 s-1, and pKa (H2O2) = 11.8. 

 
The rate constant of O3 and H2O2 reaction is 150-4800 M-1 s-1 in wastewater with 

pH ~7-8.5, which is higher than the rate constants of the O3 reactions with O3-

refractory constituents and lower than the O3-reactive fractions in wastewater 

(Von Sonntag and von Gunten, 2012). Thus, the transformation of dissolved O3 

into •OH depends on the water matrix in the peroxone process, as confirmed by 

previous experimental work (Wang et al., 2017). The optimum molar ratio of 

[O3]:[H2O2] is reportedly 0.5-2 (Bourgin et al., 2017c) which is very similar to the 

range (~0.5-1.7) presented in Paper I. 

 

The transformation of O3 to •OH by reaction with H2O2 can also be assessed using 
•OH and O3 exposures (i.e., ∫[•OH]dt and ∫[O3]dt, respectively). •OH exposure can 

be back-calculated from removal of an O3-refractory compound (fluconazole) 

which is removed exclusively by •OH during both E-peroxone and ozonation (Von 

Sonntag and von Gunten, 2012) as presented in Paper I and II. Whereas O3 

exposure can be determined using Me-benzotriazole as a probe compound. Me-

benzotriazole is removed by both O3 and •OH (Zucker et al., 2016), so applying 

the previously calculated •OH exposure in its removal equation, O3 exposure was 

calculated as shown in Equation 11. 

              (11) 
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Figure 14. O3 and •OH exposure during E-peroxone and ozonation treatment of the SW 

and secondary wastewater effluent (SE-1). (re-used from (Wang et al., 2019a)). 

 
Exposure of both oxidants in SW and secondary effluent SE-1 during both 

processes is discussed in Paper II, and illustrated in Figure 14. During 

ozonation, the highest O3 exposure was observed in SW (Figure 14a) due to the 

absence of DOM and other ozone-reactive constituents, while the lowest O3 

exposure in the same water during the E-peroxone process can be attributed to 

enhanced transformation of O3 by reaction with H2O2. As a result, acceleration in 
•OH exposure was seen during E-peroxone as compared to ozonation (Figure 

14b). A similar trend was observed for both processes in SE-1, but O3 exposure 
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was substantially lower than in SW because of the presence of DOM and other 

ozone-reactive constituents. O3 exposure was lowest during the E-peroxone 

process in SE-1 due to O3 transformation by parallel reactions with H2O2 and 

DOM (Figure 14a). In contrast, the inversely related •OH yield was substantially 

higher during the E-peroxone process than during ozonation in SE-1 (Figure 

14b). Differences in oxidants’ exposures in SW and SE indicate that the water 

matrix has substantial effects. Reported •OH yields for the reaction of O3 and 

water constituents in real water matrices — 8-17% for alkoxybenzenes, 15% for 

tertiary amines and 24-43% for phenols (Tobias et al., 2009; Von Sonntag and 

von Gunten, 2012) — are significantly lower than the theoretical •OH yield for the 

O3 reaction with H2O2 (50%: Fischbacher et al., 2013). 

 

Effect of the water matrix on removal kinetics 

Increases in ozone’s stability increase the removal of MPs (Von Sonntag and von 

Gunten, 2012). Thus, the water matrix significantly affects MPs’ removal in 

ozonation and ozone-based (peroxone and E-peroxone) processes due to the 

dependence of ozone’s stability on various constituents of the water matrix. 

Effects of some of these constituents can be quantitatively assessed, while others, 

currently can only be described qualitatively. Examples of quantitative 

relationships include findings by Elovitz et al. (2000) that ozone stability in 

selected water sources was negatively related to their DOC concentrations and 

positively related to their carbonate alkalinity. They also found that increases in 

ozone stability are quantitatively associated with increases in carbonate alkalinity 

at a given DOC level (Elovitz et al., 2000). However, the quality of DOC (i.e., its 

composition, which is highly complex)  also affects its reaction with ozone (Von 

Sonntag and von Gunten, 2012).  

 

Another parameter that contributes to MPs’ removal and is affected by the 

quantity and quality of DOC is •OH. DOC acts as both an initiator and inhibitor 

of radicals, thus its quality has complex effects, but its concentration is negatively 

related to •OH concentration. Inorganic water constituents that also affect 

abatement of MPs by influencing •OH formation include HCO3
–, NH3, Cl– and 

SO4
2–. HCO3

– has been widely used for •OH scavenging and negatively affects 

MPs’ removal. For example, Miao et al. (2015) found a 31% decrease in the 

degradation rate of phenazone due to inhibition of radical pathways. NH3 also 

scavenges •OH in the same fashion, as reported in Paper II. Ions including Cl– 

and SO4
2–, which are often abundant in wastewater, also found reportedly reduce 

the degradation rate of phenazone due to their reactions with •OH (Miao et al., 

2015). 

 

In a real water matrix, the reaction of O3 with H2O2 occurs in parallel with 

reactions of O3 and DOM. The rate constant for the reaction of H2O2 with O3 is 
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~150-4800 M-1s-1, while rate constants for O3 reactions with O3-reactive moieties 

of DOM are 103-107 M-1s-1. This implies that O3 will react with DOM more readily 

than with H2O2. On the other hand, O3 reaction rate constants for O3-resistant 

moieties are 0.01-100 M-1s-1 which are lower than those for the O3 reaction with 

H2O2 (Von Sonntag and von Gunten, 2012). Hence, the electro-generation of 

H2O2 mainly accelerates O3 decomposition to •OH in the water matrix after the 

ozone-reactive constituents, including DOM has been consumed in their reaction 

with ozone (H. Wang et al., 2018). This is why, effects of DOM quantity and 

quality on ozone stability in peroxone and E-peroxone processes also affect its 

reactivity with H2O2, formation of •OH, and (hence) removal of MPs. In addition, 

increases in ozone’s stability in water enhance the transformation of O3 into •OH 

(Wang et al., 2017). For example, a switch from ozonation to the E-peroxone 

process reportedly accelerated the transformation 10- to 15-fold in groundwater 

and surface water with low DOC concentration and high ozone stability, but only 

~5-fold in secondary wastewater effluent that had much higher DOC 

concentration and more O3-reactive moieties in the DOM (Wang et al., 2017). 

Results obtained in Study II, presented in Figure 14, followed the same trend 

of O3 exposure being lower in the secondary effluent SE-1 (DOC: 6.8 mg L–1) due 

to ozone’s lower stability than in the DOC-free SW system, in which ozone 

accumulated. Consequently, less •OH was formed in both processes. Generally, 

this may affect the removal efficiency and abatement rate of MPs. 

 

In Study I and II, the removal of MPs was evaluated in wastewaters (SE-1 and 

SE-2) from two WWTPs in Beijing, China, and SW by the E-peroxone process and 

compared it to removal by ozonation. Removal of three representative MPs — 

norfloxacin, benzotriazole and fluconazole of varying ozone reactivity (kO3: 1.9 

×104 M-1 s-1, 240 and <1 M-1 s-1, respectively) — is shown in Figure 15 to illustrate 

the effect of the wastewater matrix. Characteristics of all three water matrices are 

presented in Table 6.  

 

As expected, the O3-reactive norfloxacin (Figure 15a) was quickly removed from 

SW within the first few seconds of both E-peroxone and ozonation processes. In 

contrast, the removal rate was slower in both effluents, due to matrix effects 

(which also consumes ozone in competition with MPs’ removal) and completely 

abated in 2-3 minutes. The E-peroxone process did not improve norfloxacin 

removal kinetics than ozonation, due to its high reactivity with ozone. Further, its 

removal rate was not significantly affected by variation in DOC in SE-1 and SE-2. 

Similarly, removal of both the moderately O3-reactive benzotriazole and O3-

refractory fluconazole (Figure 15b and 15c) was slower in both wastewater 

effluents than in SW water during both E-peroxone and ozonation processes due 

to matrix effects.  
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Figure 15. Removal rates of (a) norfloxacin, (b) benzotriazole, (c) Fluconazole in SW 

and the SE-1 and SE-2 secondary wastewater effluents during E-peroxone and 

ozonation. 
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Table 6. Characteristics of wastewaters used in the studies underlying this 

thesis. 
Variable or constituent Synthetic 

water (SW) 

SE-1 SE-2 SE-3 

pH 7.9 7.5 7.3 7.6 

Dissolved organic carbon (DOC, 

mg L–1) 

0 6.8 8.4 9.4 

HCO3
– (mg L–1) 0 240 244 – 

Alkalinity (mg L–1
 as CaCO3) 0 197 201 160 

Ammonia (mg L–1) 0 1.69 0.63 – 

Na+ (mg L–1) 2300 87.0 101 66 

K+ (mg L–1) 2613 – – – 

Ca2+ (mg L–1) 0 60.4 80.6 26 

Mg2+ (mg L–1) 0 20.6 25.7 4.2 

Cl– (mg L–1) 0 56.6 128 140 

H2PO4
– (mg L–1) 576 – – – 

HPO4
2–(mg L–1) 2790 – – – 

SO4
2– (mg L–1) 4800 56.0 67.4 40 

Total dissolved solids (TDS, mg 

L–1) 

13079 a 486 602 380 

Turbidity (NTU) 0 1.31 0.19 3.8 b 

Conductivity (μS cm–1) 12140 730 970 920 
•OH scavenging rate from EfOM 

(s–1) c 

– 2.4 × 105 2.9 × 105 – 

•OH scavenging rate from HCO3
– 

(s–1) d 

– 3.3 × 104 3.4 × 104 – 

•OH scavenging rate from NH4
+ 

(s–1) e 

– 8.5 × 103 3.3 × 103 – 

Overall scavenging rate (s–1) – 2.8 × 105 3.3 × 105 – 

a Calculated based on the amounts of Na2SO4, K2HPO4, and KH2PO4 added to the solution; b In 

Formazin Nephelometric (FNU) Units; c k•OH/EfOM = 3.5 × 104 L mg C–1 s–1 (von Sonntag and von 

Gunten, 2012); d k•OH/HCO3
–
 = 8.5 × 106 M–1 s–1 (Buxton et al., 1988); e k•OH/NH3 = 9.0 × 107 M–1 s–1 

(Buxton et al., 1988). 

In contrast to norfloxacin, benzotriazole was removed slightly more rapidly 

(Figure 15b) from SE-2 during the E-peroxone process than ozonation, but 

similarly abated in SE-1 by both processes. This indicates that the water matrix 

affects O3 stability and scavenging of •OH, and hence MPs’ removal kinetics. 

Despite of lower DOC content, overall less scavanginging rate of SE-1 and low Cl– 

and SO4
2–, where E-peroxone effect should have been more pronounced for 

benzotriazole in SE-1 than SE-2, no improvement in removal kinetic was 

observed for E-peroxone than ozonation in SE-1. The only variable that seems to 

support this finding is that SE-1 had higher contents of the •OH scavenger NH4
+ 

than SE-2. 

 

The O3-resistant fluconazole removed significantly more rapidly (Figure 15c) by 

the E-peroxone process than by ozonation. For instance, it was not completely 
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remove from either secondary effluent within 20 minutes of ozonation treatment, 

while completely removed in 7.5 minutes in SW. As reported in previous chapters, 

the E-peroxone process accelerated the removal of fluconazole and it was 

completely removed in 7.5-10 minutes in both secondary effluents, and 

completely eliminated in just 1 minute in SW without any water matrix effect. 

These findings corroborate the significance of the water matrix effect on MPs’ 

removal by E-peroxone and ozonation. However, their reactivity with ozone does 

affect the removal kinetics in both processes, which explains why E-peroxone 

accelerates removal of O3-resistant MPs. Similar to benzotriazole, the fluconazole 

removal rate was slightly lower in effluent SE-1 than in effluent SE-2, highlighting 

complexity of the water matrix effect.  

 

Relative contributions of O3 and •OH to MPs’ abatement 

As shown by results presented in previous sections, the fate and removal of MPs 

in the E-peroxone process depend on their reactivity with ozone. In efforts to 

elucidate the mechanism involved, the contribution of each oxidant (O3 and •OH) 

to MPs’ removal in relation to their kO3 and k•OH values was studied. For this, 

Equation 11 was rearranged to calculate the contributions of O3 fractions to the 

removal of a few representative MPs, as shown in Equation 12 (Elovitz and von 

Gunten, 1999; Wang et al., 2017). Further, •OH fractions were calculated from the 

O3 fractions (see Equation 13). The results are shown in Figure 16. 

 

        (12) 

 

         (13) 
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Figure 16. Contributions of O3 (fO3) and •OH (f•OH) oxidation to removal of selected MPs 

from effluent SE-1. The left and right bars for each compound indicate the contributions 

in the ozonation and E-peroxone processes, respectively (re-used from (Wang et al., 

2019a)). 

 

All tested O3-reactive MPs (ofloxacin, trimethoprim, norfloxacin and 

ciprofloxacin) were mainly removed by O3 during both the E-peroxone process 

and ozonation. In contrast, the O3-resistant metronidazole and fluconazole were 

almost exclusively removed by •OH. Due to the accelerated transformation of O3 

into •OH by the generation of H2O2 in the E-peroxone process, removal rates of 

O3-resistant MPs were also accelerated, hence E-peroxone removes them more 

efficiently. Interestingly, the E-peroxone process and ozonation differed 

significantly in terms of the mechanism through which moderately O3-reactive 

benzotriazole and Me-benzotriazole were removed. In ozonation, direct oxidation 

by O3 dominated (i.e. fO3 > 50%) while oxidation by •OH (f•OH > 50%) prevailed 

during the E-peroxone process. These differences can be attributed to the inverse 

relationship between O3 and •OH exposures during ozonation and E-peroxone 

process, as shown in Figure 14. 
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Mobile unit for upscaling the E-peroxone 
process and ozonation  
 

Construction and operation of a mobile pilot E-peroxone 

and ozonation unit 
 

Removal of MPs by the E-peroxone process has mainly been studied at bench 

scale, and there have been few pilot-scale studies (Yao et al., 2018a; Wang et al., 

2019a; Li et al., 2021). Thus, a pilot scale system was built to test the removal of 

MPs of varying ozone reactivity under environmentally relevant conditions using 

a scalable cathode material. 

A pilot-scale E-peroxone system was constructed in a 20-foot (6.1 m) shipping 

container, and a conventional ozonation system was installed with a Venturi 

injection system (Mazzei Injector Co., LLC, Bakersfield, CA, USA). The ozone gas 

was generated by a GM1 series ozone generator (Primozone Production AB, 

Löddeköpinge, Sweden). Oxygen was supplied in gas cylinders for ozone 

generation. A schematic diagram of the ozonation system is shown in Figure 17.  

The reaction chamber, with a capacity of 1 m3, was connected to a DFX ozone 

destructor (Primozone Production AB, Löddeköpinge, Sweden) to decompose 

residual O3 in the off-gas. The capacity of the conventional ozonation system 

(based on wastewater flows) ranged from 0.12 to 2.4 m3/h (for a retention time 

of 20 minutes). Further, the system was retrofitted with an E-peroxone reactor, 

after the point of ozone injection in the water flow, consisting of four parallel cells 

(1 m long with 10 cm internal diameter), each with 6 L water-holding capacity. 

For the experiments, only one cell was operated. A graphene modified carbon 

brush cathode (Gr-brush) and Pt anode were inserted in the cell and connected 

with a DC power supply (Elfa Electric, Sweden). Further details of the pilot 

configuration are given in Paper III. 
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(a) 

(b) 

 
 

Figure 17. Schematic diagram (a) and photo (b) of the mobile pilot E-peroxone and 

ozonation system in a 20 foot shipping container  

 

Occurrence of MPs in studied secondary wastewater 

effluents 

Before conducting treatment experiments, we screened a sample of secondary 

wastewater effluent (designated SE-3, see Table 6 for water characterization 
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parameters) from the discharge point of the WWTP in Umeå municipality, Sweden, 

for 106 potentially present MPs. Twenty-eight of the 100 screened MPs were 

detected, including pharmaceuticals, biocides and benzotriazoles. The detected 

level of each MP is presented in Figure 18. Generally, the detected 

concentrations (50 ng/L to 11.3 µg/L) were consistent with previously reported 

results with few variations (Grabic et al., 2012; Loos et al., 2013; Lindberg et al., 

2014; Östman et al., 2017). The detected MPs had diverse properties, including 

wide variations in ozone reactivity, as shown in Table 2 in Paper III. No 

additional MPs were spiked in the effluent prior to the pilot treatment 

experiments in order to conduct the tests under environmentally relevant 

conditions. 

 

Figure 18. Levels of detected MPs in secondary wastewater effluent from Umeå 

wastewater treatment plant. (MTBT= 2-(methylthio)-benzothiazole, MBT= methyl-

benzotriazole) 

Effect of ozone dose on ozonation 

Due to the competition between DOC and MPs for reaction with ozone, and the 

much higher concentration of DOC, it must be considered when assessing the 

concentration of ozone required for MPs’ removal. Hence the ‘specific ozone dose’ 

(SOD, gO3/gDOC) is considered more relevant in conventional ozonation than 

the provided ozone concentration (g/m3). There is no universal SOD for MPs’ 

removal because it depends on the quality and quantity of DOC, carbonates, and 

other O3 and •OH scavengers so it must be determined experimentally for any 

specific wastewater. For the pilot ozonation experiments, three ozone 

concentrations (4, 7 and 10 g/m3) were tested for removal of MPs, corresponding 

to SODs of 0.4, 0.7 and 1.1 gO3/gDOC, respectively. The removal of MPs during 
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ozonation at these three SODs are shown in Figure 19, where MPs are arranged 

in decreasing order of kO3 (M-1 s-1) from left to right. Of 28 MPs, 13 were removed 

completely at the lowest SOD, i.e. 0.4 gO3/gDOC, while removal of the other MPs 

was poor or negative. Negative removal indicates an increase in MP 

concentration, which has been previously observed at wastewater treatment 

plants, and attributed to the conjugation and de-conjugation of MPs (Vieno et al., 

2007; Zorita et al., 2009). Increases in concentrations of MPs may also be 

associated with their sorption to particles, which protects them from oxidation 

(Marc M. Huber et al., 2005; Zimmermann et al., 2011). During treatments, 

desorption of these MPs from the particles may occur (Zimmermann et al., 2011), 

leading to increases in their concentration. However, depending on the oxidation 

kinetics, released MPs may be oxidized, as observed in Study III. 

 

Increasing the SOD to 0.7 gO3/gDOC, significantly increased the removal of MPs 

and all 15 O3-reactive (kO3 > 104 M-1s-1) and 6 moderately O3-reactive (kO3 > 

102˗104 M-1s-1) MPs were eliminated completely. Increases in removal of other 3 

moderately O3-reactive and all 4 O3-resistant MPs (kO3 < 102 M-1s-1) were also 

observed, but they were partially removed, in the range 36-81%. Further 

increasing the SOD to 1.1 gO3/gDOC did not improve removal of the MPs, except 

for benzotriazole. Thus, in this case a SOD of 0.7 gO3/gDOC appeared to be 

optimal for effective removal of MPs. Hollender et al. (2009) also found that 0.47 

gO3/gDOC was effective for removal of O3-reactive MPs while the optimum SOD 

for slowly-reacting MPs was 0.7 gO3/gDOC. Detailed discussion on removal of 

MPs at three SOD is available in paper III. 

 
Figure 19. Removal of MPs by ozonation at three doses (0.4, 0.7 and 1.1 g O3/g DOC). 

MPs are arranged in decreasing order of their kO3 (M-1 s-1) from left to right. (MTBT= 2-

(methylthio)-benzothiazole, MBT= methyl-benzotriazole) 
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Removal of MPs by pilot-scale E-peroxone process versus 
optimized ozonation 
 
Several previous studies have observed insignificant improvement in removal of 

O3-resistant MPs in wastewater effluent by E-peroxone (Wang et al., 2017; Yao et 

al., 2018a) and peroxone processes (Huber et al., 2003; Von Sonntag and von 

Gunten, 2012; Wang et al., 2017;) in comparison to conventional ozonation. 

However, Cruz-Alcalde et al. (2020) suggested continuous addition of H2O2 at 

ozone dose significantly exceeding instantaneous ozone demand (IOD) of 

wastewater effluent. This allowed a 36% reduction in overall O3 requirement, with 

a 28% reduction in energy consumption, which was attributed to a significant 

increase in •OH exposure (Cruz-Alcalde et al., 2020).  

In Study III, an ozonation system was retrofitted with an E-peroxone system by 

directing water flow via an E-peroxone reactor after ~45-60 seconds of ozone 

injection for in-situ electrochemical generation of H2O2, as shown in Figure 20. 

An optimized SOD, of 0.7 gO3/gDOC, was used for the E-peroxone process to 

improve removal of O3-resistant MPs, which usually require a much higher SOD  

for their elimination (Cruz-Alcalde et al., 2019). The results showed that use of 

the amended system significantly enhanced removal of few moderately O3-

reactive MPs and moderately enhanced three, out of four, O3-resistant MPs, as 

shown in Figure 20. For instance, it increased removal of the moderately O3-

reactive compounds bupropion and benzotriazole by 64 and 45% (from 36% and 

55%, respectively to 100%). Removal of methyl benzotriazole was also increased, 

by 13% to 94%. Among O3-resistant MPs, removal of irbesartan was increased by 

the E-peroxone process, by 70% during ozonation to 100%. Similarly, it increased 

oxazepam and fluconazole removal by 24% and 27%, respectively. These 

improvements in removal of O3-resistant MPs are significantly higher than those 

recorded in previous studies, in which insignificant improvements (< 10%) were 

observed (Yao et al., 2018b; H. Wang et al., 2018). Interestingly, the set SOD was 

almost 2 times higher (1.5 gO3/gDOC) in the cited studies than in our 

experiments. One possibility for improved removals could be ozone injection, 45-

60 seconds prior to the E-peroxone process. This could oxidize reactive 

constituents in the water matrix, allowing stable residual ozone to reach the E-

peroxone cell, react with electrochemically generated H2O2 at the cathode, and 

accelerate formation of •OH. As a result, it improved removal of the moderately 

O3-reactive pharmaceuticals benzotriazole and bupropion, for which a moderate 

increase in •OH sufficed (as shown in Figure 16) due to their relatively high kO3 

values (<103 M-1s-1). On the other hand, E-peroxone showed only moderate 

increase in removing O3-resistant MPs as the limited amount of ozone residuals 

did not provide sufficient •OH exposure for their complete removal. The quality 

of the secondary effluent’s matrix effect may also have contributed to the 

differences. However, neither explanation for the observed differences could be 
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validated by the available data. Only memantine followed the trend observed in 

previous studies (Yao et al., 2018b; H. Wang et al., 2018), and no improvement 

in its removal by the E-peroxone process was observed. 

 

Figure 20. Removal of MPs by the E-peroxone process in comparison to ozonation 
during the optimized treatment sequence. MPs are arranged in decreasing order of their 
kO3 (M-1 s-1) from left to right. (MTBT= 2-(methylthio)-benzothiazole, MBT= methyl-
benzotriazole) 

 

Energy consumption by E-peroxone and ozonation 
The cost, in terms of energy consumption, is one of the key considerations for 

full-scale application of oxidation processes. Ozonation and the peroxone process 

are thoroughly studied and established processes, and estimates of their energy 

consumption are already available in the literature. For example, assuming an 

average energy requirement of 15 kwh/kg O3 produced (Rosenfeldt et al., 2006), 

the energy consumption will range from 0.0015 to 0.9 kWh/m3 of water for 90% 

removal of MPs. The variation in the energy requirement is due to variations in 

the water matrix and types of MPs present (Katsoyiannis et al., 2011). Switching 

from ozonation to the peroxone process increases energy requirements for 

production of H2O2 (externally) of 10 kWh/kg (Rosenfeldt et al., 2006). Addition 

of H2O2 does not reportedly increase the MP removal, although it accelerates, 

resulting in an increase in energy consumption from 0.035 to 0.043 kWh/m3 (0.2 

to ~0.25 kWh/m3 for wastewater), corresponding to a 23% increase in energy 

requirement (Katsoyiannis et al., 2011). In contrast, the approach of Cruz-Alcalde 

et al. (2020) described above reportedly reduces the overall energy consumption 

for removing O3-resistant MPs, relative to the requirements for conventional 

ozonation, by 28%.  
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Our analysis, presented in Paper I, of the E-peroxone process with a carbon-

PTFE cathode, showed that it reduced the required ozone dose due to the 

accelerated formation of •OH by electrochemical generation of H2O2 in-situ. 

However, the energy consumption for the two processes was very similar 

(~2.80×10-5 and 2.57×10-5 kWh for E-peroxone and ozonation, respectively), 

because savings associated with the lower dose of ozone required in the E-

peroxone process were balanced by the energy consumption needed to produce 

H2O2. 

In the pilot experiments (described in Paper III) with a Gr-brush cathode, the 

energy consumption required to remove individual MPs to below their respective 

LODs, expressed as electrical energy per log-order removal (EEO, kWh/m3-log 

order removal of MPs) from secondary wastewater effluent by ozonation (EEOo3 

was calculated according to Equation 14. 

𝐸𝐸𝑂𝑂3 =  
0.001𝑟𝐶𝑂3𝑄𝑂3 𝑡

𝑉𝑙𝑜𝑔(
𝐶0
𝐶𝑡

)
                                                                        (14) 

The energy consumption for E-peroxone (EEOEP) was calculated as follows: 

𝐸𝐸𝑂𝐸𝑃 =  𝐸𝐸𝑂𝑂3 +  𝐸𝐸𝑂𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑙𝑦𝑠𝑖𝑠                                                      (15) 

 

Inserting equations for the two components: 

 

𝐸𝐸𝑂𝑂3 =  
0.001𝑟𝐶𝑂3𝑄𝑂3𝑡

𝑉𝑙𝑜𝑔(
𝐶0
𝐶𝑡

)
+ 

𝐼𝑈𝑡

60𝑉(𝑙𝑜𝑔
𝐶0
𝐶𝑡

)
                                         (16) 

Thus: 

𝐸𝐸𝑂𝑂3 =  
0.0023 𝑟 𝐶𝑂3 𝑄𝑂3+0.038 𝐼 𝑈

𝑉 𝑘
                                            (17) 

Here: r is the energy requirement for O3 production (15 kWh/kg); CO3 is the gas 

phase O3 concentration in the ozone generator effluent (g/L); QO3 is the flow rate 

of sparged gas (L/min); t is the treatment time (min); V is the solution volume 

(m3); C0 and Ct are the concentrations of a specific pharmaceutical at times t=0 

and t, respectively; k is a pseudo-first order rate constant (min-1); I is the applied 

current (A); and U is the average cell voltage (V). 
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Figure 21. Electrical energy consumption (kWh/m3 per log-order removal) for MPs’ 

removal by ozonation and the E-peroxone process. (MTBT= 2-(methylthio)-

benzothiazole, MBT= methyl-benzotriazole)  

The electrical energy consumption of ozonation and E-peroxone for each MP is 

shown in Figure 21. The energy consumption range for ozonation was 0.002-

0.06 kWh/m3 per log-order removal, which is consistent with previous work 

(Katsoyiannis et al., 2011). For E-peroxone, the energy consumption was 0.004-

0.05 kWh/m3 except for memantine (0.09 kWh/m3). As can be seen, ozonation 

requires less energy for O3-reactive MPs than the E-peroxone process because the 

extra energy input for H2O2 production does not improve removal of O3-reactive 

MPs. However, the additional energy input for H2O2 generation is compensated 

by improvement in removal kinetics of moderately O3-reactive and O3-resistant 

MPs. Hence, the energy consumption is lower for removing most of these MPs by 

the E-peroxone process than by ozonation, although slightly higher for a few. In 

addition, we found a substantially higher energy requirement for memantine 

removal by E-peroxone, which is attributed to the lack of improvement in 

removal kinetics it provides.  Generally, it can be concluded that upgrading 

ozonation to E-peroxone improves the removal of MPs with varying ozone 

reactivity (O3-reactive to O3-resistant) without increasing the overall electrical 

energy requirement. 
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Other potential applications of AOPs  
 

Activated carbon for removing MPs 

MPs in wastewater effluents can also be removed by adsorption mechanisms 

using commercially available adsorbents. Among different adsorption materials, 

activated carbon is one of the most popular and has capacity to remove MPs from 

wastewater. The main advantage of adsorption using activated carbon as an 

advanced tertiary treatment is that it does not generate secondary active products 

like oxidation processes. This is important, as transformation products (TPs) and 

by-products may increase the toxicity of treated effluent (Wu et al., 2019). Several 

studies have reported successful use of activated carbon for removal of MPs  

(Kovalova et al., 2013; Altmann et al., 2014; Mailler et al., 2016; Zhang et al., 

2016; Kårelid et al., 2017).  

 

Activated carbon’s ability to remove MPs is usually attributed to its highly porous 

surface area due to micro- and mesopores in its structure. The surface area of 

commercially available activated carbon materials usually varies in the range 

500-1500 m2/g (Björlenius, 2018b), and they are usually available in two forms: 

powdered activated carbon (PAC) and granular activated carbon (GAC), 

depending on their particle sizes (Çeçen and Aktaş, 2011). PAC particles (0.015-

0.025 mm) are very small in comparison to GAC particles (0.2-5 mm). PAC has 

higher capacity for removing MPs than GAC due to its larger surface area (Mailler 

et al., 2016). 

 

However, two major challenges are encountered with AC use. One is the poor 

removal of many MPs due to their structural diversity and the other is handling 

of saturated (or spent) AC containing adsorbed MPs. Saturated AC must be 

properly managed because the MPs simply transfer from water to the solid phase. 

To overcome the first challenge, combinations of two processes have been tested 

in recent years and shown better removal than single process. One such option is 

the combination of ozonation followed by AC, which provided better removal of 

mixtures of diverse and emerging MPs from wastewater than a single tertiary 

treatment process. For example, Östman et al. (2019) reported poor removal of 

persistent benzotriazole (31%) and fluconazole (14%) by ozonation alone, but use 

of an activated carbon filter after ozonation significantly improved their removal 

MPs (to >90% for benzotriazole and >65% for fluconazole).  

 

Various strategies are opted for disposing of or recycling activated carbon. For 

example, PAC is used in mixing tanks to remove MPs and collected together with 

activated sludge from wastewater, and in Sweden activated sludge from WWTPs 

is used as fertilizer in agriculture and land restoration (Okawa et al., 2007). Spent 

activated carbon can also be incinerated, although this is associated with high 
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costs, CO2 footprints and potential formation of toxic products (Okawa et al., 

2007). Moreover, activated sludge mixed with polluted activated carbon cannot 

be utilized for agricultural purposes and must be disposed of by incineration. 

Incineration may also be used to destroy organic contaminants captured by the 

carbon, especially in countries where use of sludge is banned, e.g. Switzerland 

(https://www.admin.ch/gov/en/start/documentation/media-releases.msg-id-

1673.html). Such handling inevitably increases the cost of using activated carbon, 

in addition to causing the abovementioned problems. Hence, various 

regeneration methods have been proposed and tested for spent activated carbon, 

including thermal treatment to destroy adsorbed MPs (Marques et al., 2017), 

microwave heating (Foo and Hameed, 2012), bio-regeneration (Klimenko et al., 

2009), solvent extraction (Cooney et al., 1983) and electrochemical advanced 

oxidation processes (EAOPs) (You et al., 2013).  

 

Considering sustainability and economic aspect, use of the processes from same 

wastewater treatment train at a given wastewater treatment plant (WWTP) is 

highly valuable. In this regard, ozonation can also be used for regeneration of 

activated carbon. Using a process applied in the same wastewater treatment train 

(ozonation) is a highly interesting and potentially sustainable approach. Due to 

selectivity issues of ozonation for MPs’ removal, other advanced treatment 

processes have also been studied. For example, E-peroxone has proved very 

efficient not only for removal of diverse MPs (Wang et al., 2015a; Yao et al., 2015; 

Wang et al., 2019a), but also for regeneration of activated carbon saturated with 

rhodamine B (RhB) dye (Liu et al., 2017), p-nitrophenol (Zhan et al., 2016a) and 

phenol (Zhan et al., 2016b). 

 

Regeneration of activated carbon by E-peroxone and 

ozonation 

Regeneration of PAC is much more difficult than regenerating GAC and in 

practice can only be used once, until it is almost completely saturated with MPs 

(spent). GAC can be regenerated varying numbers of times but eventually also 

becomes too saturated with strongly adsorbed compounds or particles for further 

regeneration.  

 

Only a few studies have reported regeneration of PAC by oxidation processes (Liu 

et al., 2017; Sarasidis et al., 2017) in comparison to GAC regeneration   

(Crittenden et al., 1995; Valdes et al., 2003; Alvárez’ et al., 2009; Wang and 

Balasubramanian, 2009; Bañuelos et al., 2013; You et al., 2013) due to the smaller 

particle size, which makes PAC regeneration more demanding. Liu et al., (2017) 

recently reported >90% recovery of PAC adsorption capacity by both the E-

peroxone process and ozonation. However, ozonation did not mineralize the 

https://www.admin.ch/gov/en/start/documentation/media-releases.msg-id-1673.html
https://www.admin.ch/gov/en/start/documentation/media-releases.msg-id-1673.html
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desorbed transformation products (TPs) due to the selectivity of ozone while E-

peroxone completely mineralized the studied TPs (Liu et al., 2017). Due to its high 

efficiency for MPs’ removal and one-time use, regeneration of commercially 

available PAC by E-peroxone and ozonation was investigated in Study IV.  

  

On the other hand, a survey based on 900 active pharmaceutical substances in 

the Australian medicine handbook found that >60% are ionic substances at ca. 

neutral pH or have more than one ionizable functional group (ECETOC, 2013). 

Likewise, approximately 50% of industrial chemicals covered by the European 

Union’s REACH (Registration, Evaluation, Authorization and Restriction of 

Chemicals) regulations are ionizable: 27 % are acids, 14% bases and 8% 

zwitterions (Franco et al., 2010). This emphasize that the sorption mechanisms 

involve charge-dependent interactions between them and the activated carbon 

surface should be considered for regeneration of activated carbon. Hence, MPs 

investigated in Study IV (benzotriazole, trimethoprim, ciprofloxacin, 

carbamazepine, PFOA and diclofenac) were selected from different groups of 

ionic compounds. PAC was saturated with the selected compounds to assess their 

adsorption behavior before and after regeneration of the activated carbon. It is 

worth mentioning that different activated carbon materials have different 

properties and adsorption capacities, depending on their specific surface area.    

 

The amount of each MP required to saturate the activated carbon used in this 

study was determined by adsorption isotherm experiments, as presented in 

Paper IV. Virgin PAC was saturated with selected ionic MPs, and subsequently 

regenerated by E-peroxone, ozonation and soft oxidation (water regeneration in 

the presence of oxygen). PAC was characterized before and after regeneration, 

and concentrations of MPs and TPs following each of the steps were analyzed 

both in regeneration effluent and adsorbed on the PAC as shown in Figure 22. 

 
Figure 22. Schematic overview of the stages and steps of powdered activated carbon 

regeneration and solutions. 
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The regeneration efficiencies (REs) were calculated using Equation 18. 

   (18) 

Here, qe,r and qe,v are the adsorption capacities of regenerated and virgin 
activated carbon, respectively. 

The results of the regeneration experiments showed that E-peroxone and 

ozonation both restored the sorption capacity of PAC for benzotriazole, 

trimethoprim, ciprofloxacin, carbamazepine and diclofenac to similar, or even 

higher (>100%), levels than the virgin activated carbon used (see Figure 23). In 

contrast, both processes reduced the activated carbon’s sorption capacity of 

PFOA by 67-69%. The similarity of regeneration results by E-peroxone and 

ozonation can be attributed to the catalytic activity of activated carbon enhancing 

the transformation of O3 in ozonation, resulting in a similar yield of •OH to the 

peroxone process (Jans and Hoigné, 1998). In a previous study, regeneration by 

UVC+H2O2 and photo-Fenton processes have also reportedly restored adsorption 

capacities of powdered activated carbon to 122 % and 132% of the virgin state 

(Sarasidis et al., 2017). 

 

 
Figure 23. Regeneration efficiencies (capacities to adsorb indicated target 

micropollutants after AC regeneration by soft oxidation, ozonation and E-peroxone. 
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Surface properties of regenerated PAC and mechanism of 

ionic compounds’ sorption to it  
 

Virgin PAC removes MPs from wastewaters predominantly by adsorbing them in 

pores, as shown by Brunauet-Emmett-Teller (BET) area results before and after 

sorption experiments reported in Table 2, Paper IV. During its use the porosity 

of the carbon substantially declines, corroborating the pores’ role in removal of 

MPs by virgin PAC. After regeneration of saturated PAC, micro- and mesopores 

were expected to recover because oxidants (O3 and •OH) resulting from the 

ozonation and E-peroxone processes are expected to desorb and oxidize MPs 

from PAC pores (Liu et al., 2017). However, no improvement in porosity was 

observed after any oxidative regeneration method, as shown in Table 2, Paper 

IV. These results suggested that pore-blocking did not adversely affect 

resorption, and may have even contributed to it, as previously observed 

(Berenguer et al., 2010), and that other mechanisms were responsible for MPs’ 

sorption to PAC after regeneration.  

 

Furthermore, 49 selected TPs resulting from MPs’ oxidation were screened in 

regeneration effluents and on the surface of regenerated PAC. Of the 16 detected 

TPs, 15 tended to sorb mainly to regenerated PAC rather than remain in the 

regeneration effluent as presented in Paper IV. These TPs may account for the 

low porosity of regenerated PAC. 

 

Two parameters played key roles in the sorption of MPs to regenerated PAC: the 

surface charge on the activated carbon, and the ionic state of MPs at the working 

pH. This is because oxidative regeneration changes surface functionalities of 

activated carbon to more acidic groups, causing surfaces to have a negative 

overall charge at neutral pH (Boehm, 1994). Oxidative processes also affect the 

basal plane and porosity of the activated carbon. Consequently, the shift in the 

activated carbon’s nature and surfaces substantially changes the sorption 

mechanism of ionic compounds. Ionic states of MPs play equally important roles 

in their sorption to the charged carbon surface.  

 

Thus, to understand the sorption mechanism, changes in the surfaces and 

functionalities were analyzed by XPS and, as expected, the regeneration processes 

introduced more acidic groups on activated carbon (see Table 3 in Paper IV) 

and the sorption mechanism might have altered to more ionic interactions. These 

interactions include electrostatic interactions, electron donor-acceptor 

interactions, hydrogen bonding, charge-assisted hydrogen bonding, non-specific 

London van der Waals forces, ligand exchange, Lewis acid-base reactions, 

covalent bonding, and oxidative coupling, as shown in Figure 24. A thorough 
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review of interactive forces between ionic compounds and sorbents is available 

(Kah et al., 2017). 

 

 
Figure 24. Schematic diagram of mechanisms of MPs’ sorption to virgin and 

regenerated activated carbon. 

 
The efficiency of regenerated activated carbon’s sorption of MPs depends on 

active interactions between them, and hence on the ionic state of MPs as 

discussed in Paper IV. For example, in our investigations the regenerated 

carbon’s sorption capacity was lowest for PFOA, which exists in anionic form in 

solutions at neutral pH, presumably because of repulsive forces from negatively 

charges on the activated carbon surface (see Figure 24), and highest for 

ciprofloxacin, which was zwitterionic (both positively and negatively charged) in 

the solution pH while neutral MPs’ sorption was intermediate. Similar trends 

were found for other MPs. Thus, it can be concluded that the ionic compounds’ 

sorption on oxidatively regenerated activated carbon increases in the order 

cationic > neutral > anionic.  
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Conclusions and future perspectives 

In many cases, the occurrence of MPs in aquatic environments is related to 

WWTPs’ efficiency because the plants were not traditionally designed to remove 

them. This problem is generally recognized and upgrading WWTPs with facilities 

enabling advanced tertiary treatment, including removal of MPs, is essential. The 

processes most commonly applied at full scale for this purpose are ozonation and 

absorption by activated carbon. However, both processes have several 

limitations, including selective removal of MPs, bromate formation during 

ozonation, and problems associated with handling spent activated carbon. To 

overcome these limitations, a process called E-peroxone has been developed to 

enhance efficiency of ozonation. For this, two electrodes are inserted in the 

ozonation reactor and DC current is passed through them. The working electrode 

(cathode) starts oxygen reduction reaction and electrochemically generates H2O2 

in the solution in situ. This H2O2 accelerates the transformation of O3 into •OH, 

which oxidizes MPs non-selectively, unlike the selective oxidation by O3.   

 

In Study I, the effect of switching from ozonation to the E-peroxone process for 

removing pharmaceuticals at lab scale was evaluated using a QSAR model 

developed to predict second-order rate constants of reactions between diverse 

pharmaceuticals and ozone (kO3). The relationship between kO3 values generated 

by the model and ratios of experimentally determined pseudo-first order rate 

constants of the E-peroxone and ozonation processes (kEP/kOZ) was then 

examined. The results showed that E-peroxone accelerated removal of O3-

resistant pharmaceuticals. The predicted kO3 values indicated that 73 of 491 

considered pharmaceuticals are O3-resistant, and thus unlikely to be effectively 

removed by ozonation. Further evaluation of the identified compounds is 

recommended, including assessment of associated environmental concerns, their 

abundance in wastewaters that may contain them, and development of optimized 

treatment processes to remove them if necessary. 

 

In Study II, removal of antimicrobials including biocides and antibiotics by the 

E-peroxone process and ozonation was investigated in relation to the water 

matrix. The results indicated that all the tested antibiotics were effectively 

removed by both processes, but most of the biocides were moderately reactive or 

non-reactive with ozone, thus ozonation removed them more slowly. The E-

peroxone process accelerated the removal of biocides (i.e. eliminated them much 

more quickly) by enhancing formation of •OH. Analysis of fractions of oxidants’ 

contributions to MPs’ removal showed that the E-peroxone process increased 
•OH’s contributions to removal of moderately O3-reactive benzotriazoles.   

 

In Study III, a pilot-scale mobile E-peroxone and ozonation system was 

designed and constructed, then its effectiveness for removing MPs present in 
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typical secondary wastewater effluents was tested. The tests included 

assessments of a new, scalable Gr-brush cathode for the E-peroxone process, 

which was found to enhance removal of moderately O3-reactive MPs significantly, 

and O3-resistant MPs moderately, while consuming similar amounts of electrical 

energy, or even less, for removing most of the MPs used in the experiments. 

 
Although E-peroxone has emerged as a promising process for removing MPs with 

low ozone reactivity, many aspects require further exploration before full-scale 

application at WWTPs. Identifying a low-cost, environment friendly and efficient 

cathode with long service life and possibility of up-scaling is one challenge for 

large-scale applications. Sufficient amounts of H2O2 must be produced by in situ 

electro-generation during the process, especially for treatment at high water 

flows. The optimal O3 to H2O2 ratio for the peroxone process is in the range 1.0-

2.0 (Von Sonntag and von Gunten, 2012), corresponding to in situ electro-

generation of ~0.5-10 mg L-1 H2O2, based on ozone doses (~1-15 mg L-1) typically 

applied in wastewater treatment (Y. Wang et al., 2018). To electro-generate such 

high doses of H2O2, a cathode with a surface area of several square meters is 

required to treat high water flows (hundreds of cubic meters per hour). Ensuring 

sufficient mass transfer of oxygen to the cathode surface for the required oxygen 

reduction reaction might also be challenging with such large cathodes. If 

insufficient oxygen reaches the cathode, other side reactions, such as further 

reduction of electro-generated H2O2 to H2O, will occur and significantly decrease 

the electro-generation of H2O2, thereby impairing MPs removal (Y. Wang et al., 

2018). Thus, further optimization of reactor design and operational conditions 

(such as O2 mass transfer rates) is required. In addition, integration of the E-

peroxone process in a continuous wastewater treatment train requires more 

systematic evaluation before its full-scale application in wastewater treatment. 

Scaling up the step to full-scale is still challenging for pharmaceuticals’ removal 

in WWTPs, but the method can be used for purposes where the pilot system’s 

scale is already sufficient, such as groundwater treatment at quite substantial 

flows (e.g. 10-50 m3/day). The process can also be successfully used in batch-wise 

treatment of contaminated water, and hence large volumes if sufficient time is 

available. 

 

Generally, following easy retrofitting, the process can potentially improve the 

efficiency of ozonation in terms of simultaneous removal of MPs ranging from O3-

reactive to O3-resistant, and avoid problems of handling and transporting H2O2 

associated with the conventional peroxone process by in-situ generation of H2O2. 

Due to the effective formation of •OH, E-peroxone also has promising potential 

to remove other classes of contaminants, such as surfactants, quaternary 

ammonium compounds, and petrochemicals. 
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Regarding the cost of in-situ generation of H2O2, a recent pilot study estimated 

the overall cost of H2O2 production to be about US$ 0.88/kg H2O2 including costs 

of raw materials, total production of H2O2 over the electrode’s lifetime and energy 

consumption for H2O2 (Li et al., 2021), which is similar to the cost (US$ 0.7-

1.2/kg) of externally supplying H2O2 (Ciriminna et al., 2016). Although the E-

peroxone process has emerged as a promising option in terms of cost and 

efficiency, a more holistic comparison with competing processes is still required, 

from a life cycle perspective, including other aspects such as the toxicity of treated 

effluents. For instance, studies have shown that partial oxidation of 

pharmaceuticals with O3 and/or •OH is sufficient to eliminate the biological 

activity of parent molecules (Dodd et al., 2009; Cruz-Alcalde et al., 2018). 

However, the formation of TPs in AOPs generally, and the E-peroxone process in 

particular, is one of the most unexplored aspects and requires much more 

investigation. Likewise, the toxicity of treated effluents towards aquatic 

organisms (and humans if the effluents are mixed with drinking water) associated 

with TPs and by-products of oxidation processes requires further evaluation. 

Oxidation TPs might have less, similar or even more biological activity than their 

parent compounds. Thus they may cause corresponding toxicity in treated 

wastewater, and treatments that generate them may merely move from one 

problem to another (Dodd et al., 2009; Cruz-Alcalde et al., 2018).   

 

In recent years, combinations of process have been proposed to ensure effective 

removal of MPs and maintain high water quality (Hollender et al., 2009; Östman 

et al., 2019). A combination that is gaining increasing popularity, due to its 

effectiveness, is to apply an AOP followed by activated carbon sorption, but 

handling spent activated carbon (saturated with MPs) is challenging. One option 

for this is to regenerate the activated carbon using a process applied in the same 

wastewater treatment train. To assess this possibility, activated carbon saturated 

with ionic MPs of varying ozone reactivity (benzotriazole, carbamazepine, 

ciprofloxacin, diclofenac, PFOA and trimethoprim) was regenerated by the E-

peroxone process and ozonation in Study IV. Both processes restored activated 

carbon’s sorption efficiency to similar, or even higher, levels than that of virgin 

activated carbon for all the MPs except PFOA. However, the driving forces for 

MPs’ sorption to regenerated activated carbon appeared to be the interactions 

between activated carbon’s charged surface and ionic forms of the MPs rather 

than absorption in the material’s pores. A limitation of these experiments is that 

pure aqueous solutions of a few MPs were used and the conditions were tightly 

controlled, with no variations in the water matrix. Thus, to understand the 

mechanisms involved, experiments with more realistic systems prepared using 

real wastewater matrices and large numbers of MPs are required before larger 

application of this approach. For example, DOM blocks pores of activated carbon 

and competes with MPs for sorption on activated carbon (Guillossou et al., 2020), 
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which might change their sorption behavior, the regeneration of activated carbon 

by oxidation, and the sorption of MPs on the regenerated material. 
 

Another important priority is to develop new compounds that are either less 

environmentally harmful than MPs they could replace, and/or have physico-

chemical properties that reduce their persistence and increase their susceptibility 

to standard treatments. For this, organic chemists should work in close 

collaboration with environmental scientists. For example, this thesis and other 

studies have highlighted physico-chemical properties and fragments of the 

molecules that promote their persistence. If these features could be avoided and 

replaced by more easily degradable functionalities, elimination of new emerging 

compounds in water systems particularly, and the environment generally, could 

be significantly improved. Overall, more efforts and support are needed from 

both researchers and governmental bodies to overcome future water problems 

and achieve the UN’s SDG 6. 
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