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a b s t r a c t 

Ozonation is increasingly applied in water and wastewater treatment for the abatement of micropollu- 

tants (MPs). However, the transformation products formed during ozonation (OTPs) and their fate in bio- 

logical or sorptive post-treatments is largely unknown. In this project, a high-throughput approach, com- 

bining laboratory ozonation experiments and detection by liquid chromatography high-resolution mass 

spectrometry (LC-HR-MS/MS), was developed and applied to identify OTPs formed during ozonation of 

wastewater effluent for a large number of relevant MPs (total 87). For the laboratory ozonation experi- 

ments, a simplified experimental solution, consisting of surrogate organic matter (methanol and acetate), 

was created, which produced ozonation conditions similar to realistic conditions in terms of ozone and 

hydroxyl radical exposures. The 87 selected parent MPs were divided into 19 mixtures, which enabled 

the identification of OTPs with an optimized number of experiments. The following two approaches were 

considered to identify OTPs. (1) A screening of LC-HR-MS signal formation in these experiments was per- 

formed and revealed a list of 1749 potential OTP candidate signals associated to 70 parent MPs. This list 

can be used in future suspect screening studies. (2) A screening was performed for signals that were 

formed in both batch experiments and in samples of wastewater treatment plants (WWTPs). This second 

approach was ultimately more time-efficient and was applied to four different WWTPs with ozonation 

(specific ozone doses in the range 0.23-0.55 gO 3 /gDOC), leading to the identification of 84 relevant OTPs 

of 40 parent MPs in wastewater effluent. Chemical structures could be proposed for 83 OTPs through the 

interpretation of MS/MS spectra and expert knowledge in ozone chemistry. Forty-eight OTPs (58%) have 

not been reported previously. The fate of the verified OTPs was studied in different post-treatment steps. 

During sand filtration, 87-89% of the OTPs were stable. In granular activated carbon (GAC) filters, OTPs 

were abated with decreasing efficiency with increasing run times of the filters. For example, in a GAC 

filter with 16,0 0 0 bed volumes, 53% of the OTPs were abated, while in a GAC filter with 35,0 0 0 bed vol- 

umes, 40% of the OTPs were abated. The highest abatement (87% of OTPs) was observed when 13 mg/L 

powdered activated carbon (PAC) was dosed onto a sand filter. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Oxidative treatment such as ozonation has been applied in wa- 

er treatment for decades. Traditionally, ozone-based technologies 

ere mainly applied for disinfection of drinking waters, but since 

he 1990s, the possibility to simultaneously abate micropollutants 
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MPs) (mainly with ozone or ozone-based advanced oxidation pro- 

esses (AOPs) involving OH radicals ( •OH)) has gained importance 

 von Sonntag and von Gunten 2012 ). The same processes are cur- 

ently being evaluated and increasingly applied for enhanced treat- 

ent of municipal wastewater effluents ( von Gunten 2018 ). While 

nitially the abatement of parent compounds was the sole goal of 

uch treatments, the fact that MPs are not mineralized during re- 

ctions with ozone and/or •OH, but largely unknown transforma- 

ion products are formed, required a paradigm shift ( von Gunten 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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003 , 2018 ). In previous studies, in vitro bioassays revealed sig- 

ificantly reduced ecotoxicological effects after ozonation of sec- 

ndary wastewater effluents ( Margot et al. 2013 ), and it has been 

hown that the formed transformation products have lower bio- 

ogical activity ( e.g ., antimicrobial, estrogenic or herbicidal activity) 

ompared to the parent compounds ( Lee and von Gunten 2016 ). 

owever, some studies showed an increased toxicity after ozona- 

ion ( Magdeburg et al. 2014 , Stalter et al. 2010 ), and it is unknown

o what extent transformation products from MPs or by-products 

ormed during oxidation of matrix components ( i.e ., dissolved or- 

anic matter, DOM) are involved in these observations ( Lee and 

on Gunten 2016 , Mestankova et al. 2011 , Mestankova et al. 2014 ,

estankova et al. 2012 , von Gunten 2018 ). Fortunately, increased 

zonation-induced toxicity is often abated during biological post- 

reatment ( Stalter et al. 2010 ). Since assimilable organic carbon 

AOC) or biodegradable dissolved organic carbon (BDOC), which is 

ormed during ozonation, is usually well-degraded in the biological 

ost-treatment, it can be assumed that a significant portion of the 

nduced toxicity is related to compounds contributing to these bulk 

arameters ( Zimmermann et al. 2011 ). In analogy to AOC or BDOC, 

t is often assumed that ozonation transformation products (OTPs) 

re well-biodegradable; however, this and their potential contribu- 

ion to the increased toxicity are still largely unknown. Therefore, 

t is recommended to test the feasibility of ozonation at a spe- 

ific WWTP, before its installation, with a test procedure includ- 

ng chemical and ecotoxicological parameters ( Schindler Wildhaber 

t al. 2015 ). 

Based on general knowledge of ozone chemistry, OTPs resulting 

rom the reaction of ozone with certain structural moieties can be 

redicted based on their reactivity in systems where only ozone is 

onsidered ( Lee et al. 2017 ). However, under realistic conditions, 

zone decomposes to •OH ( von Sonntag and von Gunten 2012 ), 

hich concurrently react less selectively with the MPs or with the 

TPs formed from the direct reaction with ozone, complicating the 

rediction of OTPs. 

Typically, liquid chromatography coupled to high-resolution 

andem mass spectrometry (LC-HR-MS/MS) is applied for the 

dentification of OTPs. OTPs can be elucidated in laboratory ex- 

eriments often in combination with expert knowledge and/or 

odel predictions ( Lee et al. 2017 , von Gunten 2018 ). How- 

ver, the elucidation of OTPs of single substances is very labor- 

ntensive and therefore data remain scarce ( Carbajo et al. 2015 , 

hristophoridis et al. 2016 , Knopp et al. 2016 , Rodayan et al. 2014 ,

osal et al. 2009 ). Moreover, OTPs that are elucidated in labora- 

ory experiments at specific ozone exposures in the absence of •OH 

eactions might not occur or occur in different yields in real wa- 

er matrices because of the contribution of •OH to product forma- 

ion ( Acero et al. 20 0 0 , Kamath et al. 2018 , Stefan and Bolton 1998 ,

tefan et al. 20 0 0 ). For example, during ozonation of secondary ef-

uent at WWTP Neugut with 2 mg/L ozone, a yield of about 40% of 

hlorothiazide from the transformation of hydrochlorothiazide was 

bserved, while in laboratory experiments where •OH were scav- 

nged the yield of chlorothiazide was > 80% ( Borowska et al. 2016 ).

ifferent OTPs may be favored in realistic samples with varying 

ypes and concentrations of DOM determining the ozone and 

•OH 

xposures, compared to laboratory experiments performed in ab- 

ence of •OH. Ozone and 

•OH exposure at a dissolved organic 

arbon (DOC)-normalized ozone dose, together with the rate con- 

tants for the reactions of selected MPs with ozone and 

•OH, were 

ound to be key parameters to predict the abatement efficiency 

f the MPs during ozonation of municipal wastewater effluents 

 Lee et al. 2013 ). 

Non-target analysis with LC-HR-MS/MS can be used to screen 

or peaks that appear after ozonation in laboratory-, pilot- or 

ull-scale studies ( Brunner et al. 2020 , Gago-Ferrero et al. 2015 , 

tzel et al. 2020 , Krauss et al. 2010 , Phungsai et al. 2016 ,
2 
chollée et al. 2018 , Schollée et al. 2021b ). However, with this ap-

roach, it is very difficult to assign chemical structures to transfor- 

ation product candidates and to relate transformation products 

o their parent MPs. It is also challenging to differentiate between 

he OTPs arising from the reaction of ozone with MPs and those 

hat are formed as oxidation by-products from the water matrix 

omponents. 

Furthermore, it is not easily predictable how stable the formed 

roducts are when the oxidants are depleted and what their fate is 

n (biological) post-treatment processes, which typically follow an 

zonation process ( Hübner et al. 2015 ). Overall, there is an impor- 

ant knowledge gap related to the formation of OTPs during ozona- 

ion and their fate during post-treatment in wastewater treatment 

lant (WWTP) effluents. 

The goal of this study was to identify OTPs that are formed 

uring ozonation of secondary WWTP effluent from a large num- 

er of MPs and to assess their fate in different post-treatments. A 

ovel method was developed that enables an efficient and reliable 

dentification of relevant OTPs formed during ozonation of MPs, 

ncluding the elucidation of their chemical structures. To identify 

TPs, laboratory ozonation batch experiments were performed in 

imulated water matrices (with similar ozone- and 

•OH exposures 

s in wastewater samples) with “smart” mixtures of MPs that en- 

bled backtracking of parent MPs, without needing an individual 

xperiment for each MP. In parallel, wastewater samples were col- 

ected from four WWTPs equipped with ozonation in full- or pilot- 

cale and different post-treatment technologies, namely sand fil- 

ration, granular activated carbon (GAC) filtration, and treatment 

ith powdered activated carbon (PAC) dosed onto a sand filter. 

ll samples were measured with LC-HR-MS/MS. Two approaches 

ere tested to identify OTP signals that were formed in laboratory 

zonation batch experiments and during ozonation in the WWTPs. 

he structures of identified OTP signals were elucidated by in- 

erpretation of the MS 2 spectra, as well as expert knowledge on 

zone chemistry. The abatement of the OTPs in the differing post- 

reatment steps was evaluated using the relative difference of the 

orresponding peak areas. 

. Material and methods 

.1. Selection of micropollutants and their distribution into “smart”

ixtures 

Eighty-seven organic MPs were selected based on their abun- 

ance in municipal wastewater effluents ( Bourgin et al. 2018 ) 

nd their relevance in aquatic ecosystems ( Hollender et al. 2018 ). 

n additional criterion for the selection of MPs was the pres- 

nce of different functional moieties in their chemical structures 

hat are known to react with ozone, such as primary, secondary 

nd tertiary amines, olefins, activated aromatic compounds, and 

hioethers ( von Sonntag and von Gunten 2012 ). The selected MPs 

re mainly pharmaceuticals and pesticides. The 87 MPs were sep- 

rated into 19 different mixtures, whereby each MP was present 

n two mixtures, while no other MP occurred twice in these two 

ixtures (details in Text S1, Figs. S1 and S2, SI). The follow- 

ng MPs were selected: 2,4-dichlorophenoxyacetic acid (24D), 2,7- 

aphthalic disulfonic acid (27N), 2-naphthalic sulfonic acid (2NS), 

/5-methylbenzotriazole (TBZ), acesulfame (ACE), aliskiren (ALI), 

misulpride (ASP), amitriptyline (ATT), atazanavir (ATA), atenolol 

ATE), atenolol acid (ACD), atenolol-desisopropyl (ADI), atrazine 

ATZ), benzisothiazolone (BIT), benzophenone-3 (BZP), benzotria- 

ole (BZT), bezafibrate (BZF), candesartan (CAN), carbamazepine 

CBZ), cephalexin (CPX), cetirizine (CET), citalopram (CIT), clar- 

thromycin (CLA), clindamycin (CLI), clozapine (CLO), codeine 

COD), caffeine (COF), cyprodinil (CYP), diclofenac (DIC), dilti- 

zem (DIL), diphenhydramine (DIP), diuron (DIU), efavirenz (EFA), 
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o

mtricitabine (EMT), eprosartan (EPR), etodolac (ETO), fenfluramine 

FFA), fenpropidin (FEN), flecainide (FLE), flufenamic acid (FAD), 

abapentin (GAB), hydrochlorothiazide (HCT), ibuprofen (IBU), irbe- 

artan (IRB), ketoprofen (KET), lamotrigin (LAM), levamisole (LVI), 

evetiracetam (LTA), lidocaine (LID), mecoprop (MEC), mefenamic 

cid (MAA), metformin (MET), methoxyfenozide (MFO), methyl- 

rednisolone (MPN), metoprolol (MTO), mycophenolic acid (MYA), 

apropamide (NPP), naproxen (NAP), N -bisdesmethyl tramadol 

BDT), N -desmethyltramadol (DMT), norfenfluramine (NFF), norli- 

ocaine (NLI), oseltamivir (OSE), oxazepam (OXA), oxcarbazepine 

OXC), phenazone (PHE), pravastatin (PRA), progesterone (PGR), 

rometon (PRM), propranolol (PRO), propyzamide (PYZ), raniti- 

ine (RAN), resveratrol (RES), rosuvastatin (ROS), sitagliptin (SIT), 

ucralose (SUC), sulfamethazine (SMZ), sulfamethoxazole (SMX), 

ulfapyridine (SPD), sulpiride (SUL), thiaclopride (THI), tramadol 

TRA), triclosan (TCL), trimethoprim (TRI), valsartan (VAL), valsar- 

an acid (VAA), and venlafaxine (VEN). 

.2. Laboratory ozonation batch experiments 

.2.1. Simulation of water matrix containing organic matter 

A simplified organic water matrix was simulated by substitut- 

ng the organic matter with methanol (radical chain carrier) and 

cetate (radical chain inhibitor) ( Staehelin and Hoigne 1985 ). This 

atrix yields experimental solutions with ozonation conditions 

imilar to real water matrices in terms of ozone and 

•OH exposures 

and concentration ratios •OH/O 3 known as R ct ( Elovitz and von 

unten 1999 )), but with less interferences in the LC-HR-MS/MS 

creening for OTP signals. The experimental solution consisted of 

.15 mM acetate and 0.029 mM methanol in phosphate buffer (1-5 

M depending on the experiment) adjusted to pH 7.5. Ozone ex- 

osure at full depletion was 0.035 Ms with an R ct of 1.3 × 10 −8 ,

epresentative for an environmental matrix ( Elovitz et al. 20 0 0 , 

ee et al. 2013 ). Details of this approach and another simulated 

atrix are provided in Text S2, Table S4, and Figs. S3-S9, SI. 

.2.2. Ozonation batch experiments 

Two types of ozonation batch experiments were conducted. The 

rst set of 19 ozonation batch experiments was spiked with the 

9 different MP mixtures as described in Section 2.1 . These ex- 

eriments are called O3bMix in the following and they were used 

o relate OTPs to the respective parent MPs. We targeted a final 

oncentration of 10 μg/L for each MP (0.013-0.084 μM). Addition- 

lly, a second set of ozonation batch experiments was conducted 

here all MPs were spiked together to a final target concentra- 

ion of 1 μg/L each. These experiments are called O3bAll in the fol- 

owing. The O3bAll samples were analyzed concurrently with the 

WTP samples and processed simultaneously to enable an effi- 

ient screening for OTP candidate signals. The following experi- 

ental set-up was similar for both types of ozonation batch exper- 

ments ( O3bMix and O3bAll ). The MP spike solution ( O3bMix : 32 μL

f 100 mg/L stock solution in methanol, O3bAll : 40 μL of 8 mg/L 

tock solution in methanol) was added to an empty 250 mL Schott 

ottle and left under a gentle nitrogen stream in the dark for 1- 

 days to evaporate the organic solvent. Afterwards, 250 mL of the 

xperimental solution (described in Section 2.2.1 ), augmented with 

.5 μM para-chlorobenzoic acid (pCBA), was added. For the disso- 

ution of the MPs, the solution was kept on a circular shaker table 

t 130 rpm overnight. 

The ozonation batch experiments were adopted from 

ee et al. (2013) . Briefly, we initiated the experiment by adding an 

zone stock solution to a concentration of 1.3 mg O 3 /L in 250 mL

atch reactors. To follow the evolution of the reactions, aliquots 

6 mL) were taken at multiple time points. To quench ozone in 

hese samples, quenching reagents were previously added into 

he sample vials. Two kinds of quenching reagents were used. 
3 
irst, samples quenched with indigo were taken (sampling times: 

efore ozone addition, 15, 45, 90, 150, 240, 300, 480, 900, 1800 

econds after ozone addition) to determine the residual ozone 

oncentration via the indigo method ( Bader and Hoigné 1981 ). 

rom these, the ozone exposures were obtained from the area 

nder the ozone decay curves ( von Gunten and Hoigné 1994 ). 

econd, samples quenched with sulfite (final concentration 0.16 

M) were taken (sampling times: before ozone addition, 23, 53, 

8, 158, 248, 308, 488, 908, 1808 seconds after ozone addition) 

o determine the •OH exposures and consequently the R ct value 

rom the abatement of the ozone-recalcitrant compound p CBA 

easured with high-performance liquid chromatography cou- 

led to an UV-VIS detector (Ultimate 30 0 0, Thermo Scientific) 

 Elovitz and von Gunten 1999 , Elovitz et al. 20 0 0 ). In addition, five

f these sulfite-quenched samples (sampling times: before ozone 

ddition, 53, 158, 308, 488 seconds after ozone addition) were 

sed for analyses by LC-HR-MS/MS as described in Section 2.4 . 

nfortunately, the ozone quenching with sulfite did not work in 

he O3bMix samples (the sulfite solution was not fresh enough, i.e. , 

repared a few hours before the start of the experiment). There- 

ore, all samples, except those collected prior to ozone addition, 

eacted to full ozone depletion (around 15-30 min). Therefore, only 

ne time-point was available and a time-dependent evaluation of 

TP formation was not possible in the O3bMix samples. The O3bAll 

xperiments were not affected. 

.3. Wastewater treatment plant samples 

Four municipal WWTPs in Switzerland with advanced treat- 

ent were sampled after biological treatment (BIO), after ozona- 

ion (OZO) and after a post-treatment (EFF). One WWTP (Neugut, 

übendorf) operates a full-scale ozonation followed by sand fil- 

ration (SF), while the other three WWTPs operated pilot plants 

ith a low-dose pre-ozonation, followed by activated carbon treat- 

ent, either with GAC filtration (GAC1 at WWTP Glarnerland, Bil- 

en, and GAC2 at WWTP Altenrhein, Altenrhein) or with pow- 

ered activated carbon (PAC) dosed on a sand filter (PAC at 

W TP ProRheno, Basel). At WW TP Neugut (described in detail in 

ourgin et al. (2018) ), two flow-proportional 24 h composite sam- 

les (pH 6.8-7.9), taken on March 10, 2015 (transferred ozone 2.76 

g/L or 0.55 gO 3 /gDOC at 5.0 mg/L DOC) and on April 14, 2015

transferred ozone 2.74 mg/L or 0.50 gO 3 /gDOC at 5.5 mg/L DOC), 

ere used for analysis. WWTP Glarnerland operated a pilot plant 

ith pre-ozonation at low dose followed by a GAC filter (empty 

ed contact time of approximately 24 minutes, called GAC1) con- 

aining the GAC-Type Pool W1-3 (CarboTech AC GmbH) sieved to a 

article size of 0.85-2 mm (10 × 20 mesh) ( McArdell et al. 2020 ,

ltramare et al. 2021 ). Three flow-proportional 24 h composite 

amples taken on November 21, 2017 (transferred ozone 2.57 mg/L 

r 0.33 gO 3 /gDOC at 5.4 mg/L DOC, GAC at 16,278 bed volumes 

BV), pH 7.9), April 18, 2018 (transferred ozone 4.08 mg/L or 0.33 

O 3 /gDOC at 10.7 mg/L DOC, GAC at 24,679 BV, pH 8.2) and Oc- 

ober 17, 2018 (transferred ozone 2.79 mg/L or 0.23 gO 3 /gDOC at 

.7 mg/L DOC, GAC at 35,282 BV, pH 7-8) were used for analysis. 

ince significant nitrite concentrations were measured in the efflu- 

nt of this WWTP, the applied ozone dose was corrected by ozone 

onsumption for nitrite oxidation. WWTP Altenrhein operated a pi- 

ot plant with pre-ozonation at low dose followed by a GAC fil- 

er (empty bed contact time 20 minutes, called GAC2) containing 

yclecarb 401 (Virgin, Chemviron Carbon) with a particle size of 

.425-2.36 mm (8 × 40 mesh) ( Schollée et al. 2021b ). One flow- 

roportional 24 h composite sample taken on September 5, 2018 

applied ozone 2.22 mg/L or 0.29 gO 3 /gDOC at 7.6 mg/L DOC, trans- 

erred > 90%, GAC at 48,154 BV, pH 7.9). WWTP ProRheno, treating 

0% municipal wastewater mixed with 10% industrial wastewater, 

perated a pilot plant using a sequencing batch reactor (SBR) with 
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ow-dose pre-ozonation followed by PAC addition onto a sand filter 

called PAC) ( Krahnstöver et al. 2018 , Schollée et al. 2021b ). One

ow-proportional 24 h composite sample was taken on April 20, 

017 (applied ozone 1.5 mg/L or 0.21 gO 3 /gDOC at 7 mg/L DOC and

 PAC dose of 13 mg/L onto a sand filter, pH 7.5-8.0). All samples

ere kept frozen at -20 °C until analyses. 

.4. Chemical analyses 

In general, reverse-phase liquid chromatography coupled to a 

igh-resolution quadrupole Orbitrap mass spectrometry (LC-HR- 

S/MS) was used for chemical analyses. The acquisition method of 

he O3bMix samples that were used to relate OTPs to their respec- 

ive parent MPs differed slightly from the acquisition method of 

he O3bAll and the WWTP samples, which were used in combina- 

ion to (i) identify OTPs forming in O3bAll and the WWTP samples 

nd (ii) to elucidate the structures via the acquired MS 2 scans. 

.4.1. Method for the O3bMix samples 

After ozonation, 1 mL from each O3bMix sample was taken and 

ugmented with 20 μL internal standard (ISTD) stock solution (250 

g/L in methanol and ethanol, for details on the ISTDs, see Ta- 

le S1, SI) and stored at 4 °C in the dark. The analytical method 

as adopted from Gulde et al. (2014) . A sample aliquot of 100 μL

as directly injected onto a C18 Atlantis T3 column (particle size 

 μm, 3.0 × 150 mm, Waters) without enrichment (MP concen- 

ration was 10 μg/L before ozonation). A gradient of nanopure wa- 

er and methanol, both augmented with 0.1% formic acid, enabled 

hromatographic separation. The eluate of the first 4 minutes was 

iscarded to avoid salts from the phosphate buffer from entering 

he HR-MS instrument (Qexactive + , Thermo Scientific). Detection 

as performed by full scan acquisition with a mass resolution (R) 

f 140 0 0 0 (at m/z 200) and data-dependent MS/MS (R = 17 500,

op 10). The scan range was 50-750 m/z and the dynamic exclu- 

ion was set to 3 s. Data-dependent MS 2 were triggered at masses 

f OTPs predicted by O3-PPS ( Lee et al. 2014 , Schollée et al. 2021a ).

amples were measured in separate runs for positive and neg- 

tive electrospray ionization, whereby nine calibration standards 

0.1, 0.25, 0.5, 1, 2.5, 5, 10, 25, 50 μg/L) were acquired in switch 

ode with R = 70 0 0 0 (details on method and MP quantification

n Text S3.1 and Table S1, SI). 

.4.2. Method for the O3bAll , the re-measurement of the O3bMix , 

nd the WWTP samples 

The O3bAll, the re-measured O3bMix, and the WWTP samples 

ere enriched by online solid phase extraction (SPE) prior to the 

C-HR-MS/MS measurement as described by Bourgin et al. (2018) , 

sing 20 mL samples. O3bAll samples (MP concentration of 1 μg/L 

efore ozonation) were obtained by taking 2-5 mL of the sulfite 

uenched sample, adding 16 μL ISTD stock solution (250 μg/L) 

nd filling them up with nanopure water to a volume of 20 mL. 

3bMix samples were re-measured with this method for MS 2 ac- 

uisition and for relating OTPs to their respective parent MPs. 

ere, 16 μL ISTD stock solution (250 μg/L) and 17.5 mL nanopore 

ater were added to a 2.5 mL sample. This procedure resulted in 

3bMix samples with concentrations 25 times higher than in the 

irect measurements. The WWTP samples were filtered through 

wo glass microfiber filters, i.e ., GF/D (top, 2.7 μm pore size, What- 

an) and GF/F (bottom, 0.7 μm pore size, Whatman). The filtrate 

50 mL) was diluted with 50 mL nanopure water and spiked with 

0 μL ISTD stock solution (250 μg/L). The SPE cartridge was filled 

ith four absorbents (9 mg Oasis HLB and 9 mg of a mixture 

f Strata-X-AW/Strata-X-CW/ENV 1/1/1.5). The cartridge was eluted 

ith methanol containing 0.1% formic acid. The extracts were chro- 

atographically separated on a C18 Atlantis T3 column (particle 

ize 5 μm, 3.0 × 150 mm, Waters) using a gradient of nanopure 
4 
ater and methanol both acidified with 0.1% formic acid as elu- 

nts. HR-MS and MS/MS acquisition were obtained by a Qexactive 

nstrument (Thermo Scientific) with R = 140 0 0 0 ( m/z 200) and 

ata-dependent MS/MS (R = 17 500, Top 7). The scan range was 

0-900 m/z and the dynamic exclusion window was set to 5 s. 

ata-dependent MS 2 were triggered at identified OTP masses (see 

ection 2.5 for details). Samples were measured in separate runs 

or positive and negative electrospray ionization. A calibration row 

onsisting of eleven standards (1, 2.5, 5, 10, 25, 50, 100, 250, 500, 

50, 10 0 0 ng/L) was measured at the beginning of each run (for 

etails on method and MP quantification, see Text S3.2 and Table 

1, SI). 

.5. Identification of ozonation transformation products 

In principle, OTPs can be identified in WWTP samples by the 

wo approaches shown in Fig. 1 . Approach 1 resulted in a list of 

uspect OTPs by selecting signals that were formed in the O3bMix 

xperiments for each parent MP (Approach 1A-C). Due to time con- 

trains, this approach was only done for 70 of 87 MPs. After gener- 

tion of the list of suspect OTPs, Approach 2 was applied. However, 

trictly following Approach 1 would also enable the identification 

f OTPs present in WWTPs. 

Within Approach 2, OTP signals were identified that were si- 

ultaneously formed in the O3bAll experiments (for all 87 MPs) 

nd the WWTPs. A re-measurement of O3bMix samples together 

ith the WWTP samples was necessary to acquire MS 2 scans on 

ll identified OTP masses and to assign them to their correspond- 

ng parent MPs. 

.5.1. Generation of a list of suspect OTPs using laboratory ozonation 

atch experiments ( O3bMix ) in Approach 1 (A-C) 

For the identification of OTP signals in laboratory 

atch experiments, we further developed the method from 

ulde et al. (2016) by using the software Compound Discoverer 2.1 

Thermo Scientific). OTP signals were identified for each parent MP 

nd separately for positive and negative ionization mode. To do 

o, the samples of the two mixtures, in which the respective MP 

as spiked, and the sample of another mixture, where no struc- 

urally related MP was spiked (used as control), were uploaded. 

o identify likely OTP signals, a non-target approach ( i.e ., without 

revious knowledge or expectation of, e.g ., OTP masses) was used 

n these O3bMix samples by applying the following automatic and 

anual filter criteria: (i) a minimal five-fold increase in peak area 

or the ozonated samples compared to the non-ozonated samples; 

ii) presence in both mixtures containing the respective MP; (iii) 

bsence in the control mixture; and (iv) reasonable peak shape 

for details, see Text S4.1, Figs. S10-13, and Table S5, SI). In general, 

he goal of this evaluation was to get a complete list, while 

ccepting a certain number of false positives, since confirmation of 

he signal being a relevant OTP followed only after its detection in 

WTP samples. Therefore, also no component ( i.e. , isotope and/or 

dduct) grouping was performed at this stage. 

.5.2. Identification and confirmation of OTP signals in WWTP 

amples using Approach 2 

To identify OTP signals that were formed in our reference lab- 

ratory ozonation batch experiment ( O3bAll ) and in the WWTPs, 

e used Compound Discoverer 2.1 (Thermo Scientific) for a sep- 

rate evaluation in positive and negative mode. We uploaded the 

amples from the O3bAll experiments and from the four different 

WTPs. For signal identification, an automatic filter and a man- 

al selection was applied. The automatic filter had the following 

riteria: (i) presence of a signal in at least one O3bAll sample after 

zone addition; (ii) a minimal two-fold increase in peak area in the 
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Fig. 1. Two possible approaches to identify OTPs in WWTPs: Approach 1 was only followed until the generation of a list of suspect OTPs (A-C) and Approach 2 was taken 

further. However, the light grey boxes show which steps would be necessary to complete Approach 1. 
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3bAll experiment for the ozonated samples compared to the non- 

zonated samples; (iii) a minimal five-fold increase in peak area in 

he O3bAll samples compared to the blank samples (20 mL nanop- 

re water spiked with 16 μL ISTD stock solution); (iv) peak reten- 

ion time between 4 and 28 min; and (v) a maximal peak area 

f at least 10 0 0 0 / 10 0 0 in positive / negative mode (for details,

ee Text S4.2, Figs. S14-16, and Table S6, SI). Signals were manually 

elected based on their pattern over time in the ozonation batch 

xperiments and their occurrence in the WWTP samples. Since we 

ad knowledge of suspect OTPs of 70 MPs from Approach 1, we 

sed this information by uploading the list of all exact masses of 

he identified OTP signals. That way, an easier selection of match- 

ng OTP signals was possible, since MS 2 spectra were available. 

owever, Approach 2 can be applied without this prior knowledge. 

For the parent MP assignment, as well as for the confirmation 

f identified OTP signals in the WWTP samples, a sample of each 

f the 19 O3bMix experiments, the O3bAll samples, and an OZO 
5 
ample of all WWTP campaigns were re-measured for MS 2 spec- 

ra acquisition for all OTPs of the 87 MPs; the samples were then 

ploaded into Compound Discoverer 2.1. The assignment of OTPs 

o their respective parent MPs was achieved by examining which 

arent MP was spiked into the O3bMix experiments in which the 

TP signal was observed. 

For confirmation of the OTP signal, a clean MS 2 spectrum of 

he O3bMix or O3bAll samples was manually selected as a refer- 

nce spectrum. Afterwards, the reference MS 2 spectrum was com- 

ared to the highest acquired MS 2 spectrum for the respective 

ass of each WWTP OZO sample. Similarity of the MS 2 spectra 

ere calculated using the modified cosine or dot product using the 

SMSsim package ( Schollée 2017 ). Weighting factors for m/z and 

ntensity were 0 and 0.75, respectively; further details are available 

n Schollée et al. (2017) . Generally, the better the agreement be- 

ween the MS 2 spectra, the closer are the scores to 1.0. The scores 

ere categorized in the following five groups by visual inspection 
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f MS 2 spectra of known compounds: 1.0-0.6 very good ( +++ ), 

.6-0.4 good ( ++ ), 0.4-0.2 ok ( + ), 0.2-0.1 bad (-), and 0.1-0.0 very

ad (–). All values > 0.2 were treated as sufficient. The MS 2 spectra 

atch of the whole OTP was classified as sufficient if > 40% of all

S 2 scores of OZO samples, for which a signal was detected, were 

ated as sufficient ( > 0.2). 

.6. Structure elucidation of OTPs 

Multiple components of an OTP, e.g., different adducts (also in 

oth modes) or in-source fragments, could be identified as OTP 

ignals by our approaches. Therefore, related signals were grouped 

anually by comparing RTs and peak shapes within Compound 

iscoverer 2.1. Assumed adducts, e.g. , [M + H] + , [M-H] –, or [M + FA-

] −, were assigned and chemical formulas were proposed using 

calibur QualBrowser 4.1 (Thermo Scientific). Based on the MS 2 

pectra and on known ozonation reaction pathways, plausible OTP 

tructures were proposed either using Compound Discoverer 2.1 or 

y visual interpretation. Confidence levels were assigned as pro- 

osed by Schymanski et al. (2014) . 

.7. Evaluation of the fate of the OTPs in the WWTPs 

To investigate the fate of the identified OTPs during ozona- 

ion and the different WWTP post-treatment steps, the peak ar- 

as (as calculated by Compound Discoverer 2.1) were used. The 

ercent difference between the WWTP samples BIO and OZO or 

etween the WWTP samples OZO and EFF were calculated as 
are a BIO −are a OZO 

max ( are a BIO ,are a OZO ) 
× 100 or 

are a OZO −are a EF F 
max ( are a OZO ,are a EF F ) 

× 100 , respectively. 

ignals were defined as predominately forming during the ozona- 

ion step of the WWTPs if their relative difference between BIO 

nd OZO samples was < -33% in ≥50% of the WWTP samples. Only 

hese signals were used for further analyses. To evaluate the fate 

n the different WWTP post-treatment steps, a classification of rel- 

tive differences was introduced (see Section 3.3.4 .). 

. Results and discussion 

.1. Ozonation conditions of the laboratory ozonation batch 

xperiments 

OTP identification is simplified if experimental solutions are 

ree of DOM. However, the ozonation conditions, i.e. , ozone expo- 

ure, •OH exposure, and R ct value, are controlled by complicated 

nteractions between O 3 / 
•OH with DOM ( Elovitz and von Gunten 

999 , Elovitz et al. 20 0 0 , von Sonntag and von Gunten 2012 ). To

vercome the inherent problems of DOM for the chemical anal- 

sis of OTPs, the ozone-relevant properties of DOM were simu- 

ated by methanol and acetate as promoter and inhibitor, respec- 

ively, thereby adjusting the ozone and 

•OH exposures to values 

imilar to real water matrices (see Text S2.1 for details). The re- 

ulting ozone exposures were 0.011 ±0.003 Ms in the O3bMix ex- 

eriments (note that the samples of all 19 experiments reacted 

o complete ozone depletion due to problems with ozone quench- 

ng) and in the O3bAll experiment 0.0 0 048, 0.0 024, 0.0 058, 0.0 071,

nd 0.023 Ms in the samples at 45 s, 150 s, 300 s, 480 s, and at

ull ozone depletion, respectively. These results are in the range of 

zone exposures determined for nine different municipal wastew- 

ters ( Lee et al. 2013 ), which were reported to be 0.0 0 02-0.0 028

s for a specific ozone dose of 0.5 gO 3 /gDOC and 0.004-0.013 Ms 

or a specifc ozone dose of 1 gO 3 /gDOC. Also, the ozone expo- 

ures of 0.0015-0.024 Ms determined by Elovitz et al. (20 0 0) for 

ve lake and two river waters with specific ozone doses of 0.67- 

.0 gO 3 /gDOC were in the same range. The estimated average R ct 

alue for the O3bMix experiments was (2.3 ±0.7) × 10 −8 and for 

he O3bAll experiments 1.4 × 10 −8 , which is in a similar range as 
6 
or nine municipal wastewater effluents (2.2 × 10 −8 –19 × 10 −8 ) 

 Lee et al. 2013 ) and seven surface waters (0.12 × 10 −8 –5.8 × 10 −8 )

 Elovitz et al. 20 0 0 ). Overall, the ozonation conditions in the simu-

ated water matrix were similar to those in municipal wastewater 

ffluents and surface waters, indicating that the simulated water 

atrices were representative of real water matrices. Furthermore, 

he good agreement between the observed and predicted abate- 

ent of four MPs (from experimentally determined second-order 

ate constants for their reactions with ozone and 

•OH radicals (see 

ext S5 and Fig. S17, SI)) confirms the significance of such batch 

xperiments. 

.2. Detected suspect OTPs using laboratory ozonation batch 

xperiments ( O3bMix ) in Approach 1 (A-C) 

The 87 MPs were divided into 19 smart mixtures for indi- 

idual ozonation batch experiments ( O3bMix ). The distribution in 

ixtures significantly reduced the number of batch experiments 

eeded to relate the OTPs to the corresponding parent MPs. A 

ist of suspect OTPs was generated by identification of signals that 

ere formed in the O3bMix experiments for each parent MP. The 

0 selected parent MPs, which are expected to occur in the high- 

st concentrations in wastewater ( Bourgin et al. 2018 ), resulted in 

749 OTP signals. These OTP signals are listed in Table S2 (SI) and 

ere identified in positive (777) and negative (972) modes. Differ- 

nt components ( e.g. , isotopes, adducts, in-source fragments) were 

ot grouped together, since a rather comprehensive list is benefi- 

ial for a subsequent screening in WWTP samples. 

For our final identification of OTPs in WWTPs, Approach 2 was 

aken (see Section 3.3 ). However, the list generated with Approach 

 was also consulted and can be used in other studies to screen 

or potential OTPs. 

.3. Results from ozonated WWTPs samples 

.3.1. Identification of OTPs in ozonated samples from WWTPs 

The samples of four WWTPs were screened for the 87 selected 

arent MPs and for OTPs formed from them that had matching 

ignals in the ozonation batch experiments ( O3bAll, containing all 

Ps), as described in Approach 2 in Fig. 1 . In the WWTP Neugut, 

he full-scale ozonation (0.5 gO 3 /gDOC) was followed by sand fil- 

ration (SF), while the other three WWTPs operated pilot plants 

ith a pre-ozonation (0.21-0.33 gO 3 /gDOC) followed by activated 

arbon treatment. Different numbers of MPs (from the selected 

7 MPs) were abundant in the samples after biological treatment 

BIO) in the different WWTPs: 71-73 in Neugut, 64-68 in Glarn- 

rland, 59 in Altenrhein, and 63 in ProRheno (concentrations are 

rovided in Table S1 and Text S6, SI). MPs found in the highest av- 

rage concentrations of > 1 μg/L were acesulfame, metformin, su- 

ralose, and 2,7-naphthalic disulfonic acid. 

In total, 153 OTP signals matching with signals formed in the 

3bAll samples were detected in the WWTP samples (Table S3, SI). 

fter grouping component signals together and filtering for sig- 

als that were predominantly formed during the ozonation step, 

4 OTPs remained, which originated from 40 of the 87 investigated 

Ps. Of the 47 MPs for which no OTP was assigned, 15 MPs were 

ot detected or detected in BIO with average concentrations < 10 

g/L and 19 MPs < 50 ng/L. No OTPs were assigned to atenolol 

cid and valsartan acid, however, their OTPs could be the same as 

or atenolol and valsartan. Four MPs occurring in higher concentra- 

ions in BIO with no OTP assigned were poorly abated, on average 

y < 30%, during ozonation (2,7-naphthalic disulfonic acid, acesul- 

ame, levetiracetam, and metformin) and two MPs by 40-50% (4/5- 

ethylbenzotriazole and benzotriazole). These are MPs known to 

xhibit low reactivity with ozone at the pH of the wastewater ef- 

uents ( Bourgin et al. 2018 , Lee et al. 2014 , Mathon et al. 2021 ).



R. Gulde, M. Rutsch, B. Clerc et al. Water Research 200 (2021) 117200 

Fig. 2. Structure elucidation of an OTP of irbesartan: (a) MS 2 spectrum and (b) structure of the parent irbesartan and proposed structure of OTP IRB_p_195.1491_12.8. 
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etween 1 and 7 of the detected 84 OTPs were assigned to the 

ame parent MPs (Fig. S18 and Text S6, SI). For most parents (22), 

nly 1 OTP was found, for 17 MPs 2-4 OTPs, while 6 OTPs were

bserved for carbamazepine and 7 OTPs for sitagliptin. 

From the 84 OTPs, 22 were not found in the evaluation of the 

3bMix samples in Approach 1. Ten of them were assigned to six 

arent MPs which were not evaluated (only 70 of all 87 MPs ex- 

ected to occur in the highest concentrations in wastewater were 

creened in Approach 1 due to time constraints). The other 12 

TPs may be fast-reacting OTPs, since the O3bMix samples re- 

cted until full ozone depletion and fast-forming OTPs, which fur- 

her degraded at higher ozone exposure, were most likely abated 

gain and hence not identified in these samples. Moreover, OTPs 

ith less intense signals might be found by Approach 2, since the 

3bAll samples (measured with online-SPE enrichment) were con- 

entrated by a factor of 2-5 compared to O3bMix samples in Ap- 

roach 1. 

.3.2. Chemical structure of identified OTPs in WWTPs 

The structures of 84 OTPs were elucidated. Figs. 2 and 3 show 

he available data exemplarily for OTP IRB_p_195.1491_12.8 (details 

or all OTPs in Table S3, Text S6, and Fig. S19, SI). Table 1 summa-

izes the most relevant data for all 84 OTPs (OTP name, parent MP, 

dduct, formula, confidence level, reference, evaluation of the MS 2 

atch of the OZO WWTP samples to the ozonation batch sample, 

ate of OTPs in the different WWTPs, and proposed structure). 

OTP IRB_p_195.1491_12.8 was detected in positive mode at a 

easured m/z 195.1491 and RT 12.8 min ( Fig. 2 ). Since it was

resent in the O3bMix samples where irbesartan was spiked, it 

as assigned to this MP. The formula C 11 H 18 ON 2 + H 

+ fit best to

he measured mass ( �ppm -0.31). A modification of -C 14 H 10 N 4 

etween the parent irbesartan (C 25 H 28 N 6 O) and this OTP likely 

esults from a cleavage of the tetrazolebiphenylmethyl moiety, 

hich was also detected as an OTP (sartans_p_251.0924_17.9). 

his moiety is common for all sartans and its cleavage was 

lso observed for candesartan (CAN_p_207.0766_17.0) and valsartan 

VAL_n_200.1289_18.1). The MS 2 spectrum of RB_p_195.1491_12.8 

s shown in Fig. 2 a and is publicly available on MassBank, together 

ith all available spectra of the other OTPs ( MassBank 2006 ). 

or the structure elucidation, MS 2 fragments were annotated by 

ompound Discoverer 2.1 and compared with the measured frag- 

ents. The predicted structures of the MS 2 fragments are drawn 
7 
bove the fragments. Highlighted in green are measured MS 2 

ragments that can be explained by predicted fragments for the 

roposed structure, showing a fit for all relevant fragments for 

RB_p_195.1491_12.8. The proposed structure ( Fig. 2 b) was assigned 

 confidence level 3 according to Schymanski et al. (2014) . The MS 2 

ragments and neutral losses of other OTPs were also manually an- 

otated, if the Compound Discoverer 2.1 annotation was not suffi- 

ient. 

From the 84 identified and structure-elucidated OTPs, 6 were 

ssigned with level 1 (confirmed structure by reference stan- 

ard), 6 with level 2a (probable structure by library spectrum 

atch), 71 with level 3 (tentative candidate structure) and one 

ith level 5 (exact mass). The OTP without structure assignment 

nk_n_293.1148_16.2) will not be further discussed below. 

Only 35 (42%) of the remaining 83 OTPs with proposed struc- 

ure from 40 MPs were previously reported in literature ( Table 1 

nd Text S6, SI). OTPs of 20 MPs have, to the best of our knowl-

dge, not been previously described, and for 8 MPs, additional, 

ovel OTPs were observed. However, we did not find all OTPs 

hat were proposed in literature. For diclofenac, for example, di- 

lofenac 2,5-quinone imine was reported elsewhere as a major 

TP ( Coelho et al. 2009 , El-taliawy et al. 2018 , Faber et al. 2014 ,

ein et al. 2008 ). We saw a signal for this OTP in some wastewater

amples, however, it was not present in our batch experiments and 

as therefore not discovered with our workflow. 

Cleavage of part of the molecule was observed for more than 

alf of the parent MPs (52), 14 of which were N -dealkylations, 

 well-known ozone reaction ( Lim et al. 2019 ). Nearly all cleav- 

ges co-occurred with an oxidation. The following atomic mod- 

fications of the OTP relative to its parent were observed: plus 

ne oxygen ( + O), minus two hydrogens plus one oxygen (- 

 2 + O), minus two hydrogens plus two oxygens (-H 2 + O 2 ), mi-

us two hydrogens (-H 2 ), or a combination thereof. A modifi- 

ation of ( + O) can occur through the formation of an N -oxide, 

n S -oxide or a hydroxylation. N -oxides were found in 13 OTPs 

7 OTPs with only this modification). Their formation from MPs 

ith tertiary amine functional groups is well-known and has 

een detected in wastewater previously ( Bollmann et al. 2016 , 

ourgin et al. 2018 , Hörsing et al. 2012 , Knopp et al. 2016 ,

ajeunesse et al. 2013 , Lester et al. 2013 , Lim et al. 2019 ,

erel et al. 2017 , Zimmermann et al. 2012 , Zucker et al. 2018 ). N -

xides of amisulpride, citalopram, clindamycin, diphenhydramine, 



R. Gulde, M. Rutsch, B. Clerc et al. Water Research 200 (2021) 117200 

Table 1 

The detected 84 OTPs with their proposed structures. The OTPs are ordered alphabetically according to the abbreviation of their parent 

compounds. The following information is provided in the top left cell: OTP name; parent name; formula; (a-g) fate defined as (A) abatement , 

(S) stable , or (F) formation in the following post-treatments: (a) SFa, (b) SFb, (c) GAC1a, (d) GAC1b, (e) GAC1c, (f) GAC2, (g) PAC; (h) assumed 

adduct; (i) reference, if available; (j) confidence level ( Schymanski et al. 2014 ); (k) evaluation, if MS 2 spectra match was sufficient as yes (y) 

or no (n); proposed structure. For more detailed information for each OTP see Text S6, SI. 

( continued on next page ) 

8 
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Table 1 ( continued ) 

( continued on next page ) 

9 
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Table 1 ( continued ) 

1 ( Quaresma et al. 2019 ), 2 ( Tay et al. 2011 ), 3 ( Xu et al. 2019 ), 4 ( Acero et al. 20 0 0 ), 5 ( Beltrán et al. 1998 ), 6 ( Barletta et al. 2003 ), 7 ( Sui et al. 2017 ), 
8 ( Azais et al. 2017 ), 9 ( McDowell et al. 2005 ), 10 ( Hübner et al. 2014 ), 11 ( Hörsing et al. 2012 ), 12 ( Merel et al. 2017 ), 13 ( Rosal et al. 2009 ), 14 

( Feng et al. 2008 ), 15 ( Borowska et al. 2016 ), 16 ( Keen et al. 2014 ), 17 ( Miao et al. 2015 ), 18 ( Favier et al. 2015 ), 19 ( Diehle et al. 2019 ), 20 

( Hermes et al. 2020 ), 21 ( Willach et al. 2017 ), 22 ( Martín de Vidales et al. 2012 ), 23 ( Abellan et al. 2008 ), 24 ( Rodayan et al. 2010 ), 25 ( Gomez- 

Ramos et al. 2011 ), 26 ( Gao et al. 2014 ), 27 ( Hu et al. 2017 ), 28 ( Bollmann et al. 2016 ), 29 ( Zimmermann et al. 2012 ), 30 ( Zucker et al. 2018 ), 31 

( Lester et al. 2013 ), 32 ( Lajeunesse et al. 2013 ). 

10 
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Fig. 3. Fate of irbesartan and the OTP IRB_p_195.1491_12.8 (for structure see Fig. 2 b) during biological treatment (BIO), ozonation (OZO) and post-treatment 

(SF/GAC1/GAC2/PAC) (a) Formation of the OTP in the ozonation batch experiment O3bAll , (b) fate of the parent irbesartan and (c) the OTP in the samples from four dif- 

ferent WWTPs, (d) evaluation of the abatement of the OTP in the different post-treatments, and (e) MS 2 spectra evaluation of the OTP: the score of MS 2 spectra match 

between each WWTP OZO sample and the reference spectra of a batch sample, and an overall evaluation of the sufficiency of the match (see Section 2.5.2 for details). 

Sample numbers show sampling date (yymmdd). Post-treatment were a sand filter (SF), GAC1 sampled at a: 16,0 0 0, b: 25,0 0 0, and c: 35,0 0 0 bed volumes, GAC2 sampled 

at 48,0 0 0 bed volumes, and PAC dosed with 13 mg/L onto a SF. 
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enpropidin, lidocaine, sulpride, tramadol, and venlafaxine were 

lso detected in the current study ( Table 1 ). For clindamycin, the 

ormation of a sulfoxide ( S -oxide) from the thioether was ob- 

erved. Hydroxylation can occur via reaction with 

•OH at aro- 

atic rings forming a phenol, on an aliphatic carbon or on a ni- 

rogen and was observed in 13 OTPs. Since phenols react fur- 

her quickly during ozonation ( von Sonntag and von Gunten 2012 ) 

nd therefore are unlikely to be found, hydroxylations are ex- 

ected to mostly occur on aliphatic carbons through various •OH- 

nduced pathways ( von Sonntag and Schuchmann 1997 ) (in 10 

TPs) ( Table 1 ). A modification of (-H 2 + O) can be assigned to

 formation of a carbonyl group (11 OTPs) or an aldehyde (7 

TPs); for another 10 OTPs this modification could not be defini- 

ively assigned. Such modifications were observed for aliskiren, 

ezafibrate, carbamazepine ( Azais et al. 2017 , Hübner et al. 2014 , 

cDowell et al. 2005 ), citalopram, caffeine ( Rosal et al. 2009 ), 

yprodinil, diclofenac, fenprodin, flufenamic acid, gabapentin, lido- 

aine, phenazone ( Favier et al. 2015 , Miao et al. 2015 ), propyza-

ide, rosuvastatin, sitagliptin ( Hermes et al. 2020 ), tramadol, ven- 

afaxine, and the sartans ( Diehle et al. 2019 ) ( Table 1 ). The same

odification was observed in sitagliptin for the potential formation 

f a nitroso- or an oxime-group from the primary amine (also pos- 

ulated by Hermes et al. (2020) ). A modification of (-H 2 + O 2 ) can

e observed for the formation of a carboxylic acid, as detected in 

3 OTPs of aliskiren, candesartan, carbamazepine ( Azais et al. 2017 , 

übner et al. 2014 , McDowell et al. 2005 ), fenfluramine, flecainide, 
11 
rbesartan, lidocaine, phenazone ( Miao et al. 2015 ), propyzamide, 

itagliptin ( Hermes et al. 2020 ), and valsartan ( Diehle et al. 2019 )

 Table 1 ). Benzisothiazolone was transformed into an OTP with a 

enzoquinone-type structure with the same atomic modification, 

hich could occur via an ozone reaction of a phenol, which is 

ormed as a transient product by ozone and/or •OH ( Ramseier and 

on Gunten 2009 , Tentscher et al. 2018 ). Ten more OTPs showed 

he addition of oxygen atoms that could not be precisely localized, 

specially in OTPs after a cleavage of the molecule (for candesar- 

an, carbamazepine, clindamycin, diclofenac, flufenamic acid, lev- 

misole, mefenamic acid, and rosuvastatin) ( Table 1 ). The modifi- 

ation (-H 2 + O 2 ) can also be a combination of a formation of a car-

onyl group and the addition of a hydroxyl group. It also occurs in 

he transformation of a primary amine to a nitro group, which is a 

ommon reaction pathway ( Lim et al. 2019 ), and was observed for 

 OTPs of sitagliptin ( Hermes et al. 2020 ), 3 OTPs of sulfamethoxa- 

ole ( Abellan et al. 2008 , Gao et al. 2014 , Gomez-Ramos et al. 2011 ,

odayan et al. 2010 , Willach et al. 2017 ), and 1 OTP of amisulpride

here from an aniline-type moiety, which is not very common). A 

odification of (-H 2 ) occurs by a transformation of an alcohol to 

 carbonyl group via H-abstraction at the C-H by •OH, formation 

f a peroxy radical from the reaction of the carbon-centered radi- 

al with oxygen and the formation of the corresponding carbonyl 

ompound ( von Sonntag and Schuchmann 1997 ), as in OTPs of ox- 

zepam and potentially of aliskiren and sucralose ( Hu et al. 2017 ). 

n abstraction of hydrogen atoms was observed in 6 more OTPs, 
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hich cannot be easily explained. An transformation of a C-C or 

-N bond to a double bond is not likely. An exception is the for- 

ation of chlorothiazide from hydrochlorothiazide by the oxidation 

f a C-N bond ( Borowska et al. 2016 ). The modification of (-H 2 )

bserved in 5 OTPs (for aliskiren, N-desmethyltramadol, lidocaine, 

nd sitagliptin ( Hermes et al. 2020 )) is unclear. Finally, the forma- 

ion of a sulfonic acid (-H 2 + O 3 ) was found for levamisole ( Table 1 ).

.3.3. Abatement of parent MP and formation of OTPs 

In Fig 3 a, the evolution of irbesartan OTP IRB_p_195.1491_12.8 

s shown in the O3bAll experiment. It is formed quickly and peak 

rea remains rather stable with increasing ozone exposure. For 

ther OTPs (Text S6, SI), a continuous formation or a formation fol- 

owed by a decrease can be observed. 

The concentrations of the corresponding parent compound irbe- 

artan after biological treatment (BIO), ozonation (OZO), and post- 

reatment in the four investigated WWTPs are shown in Fig 3 b. 

rbesartan, as well as most other investigated MPs, were still 

resent after biological treatment in all measurement campaigns 

f the four WWTPs. The selected MPs were abated to different 

xtents during ozonation. In general, abatement was smaller in 

WTPs Glarnerland and Altenrhein, since the specific ozone doses 

ere lower (0.23-0.33 gO 3 /gDOC) compared to WWTP Neugut 

0.5-0.55 gO 3 /gDOC). WWTP ProRheno claimed to have applied 

ow specific ozone doses (0.21 gO 3 /gDOC); however, the evalua- 

ion of parent MPs (here and in Krahnstöver et al. (2018) ) revealed 

hat the specific ozone doses must have been higher than planned. 

lease note that the quantification of the parent MPs included cor- 

ection through internal standard in this study (27 of the 40 MPs 

ad matching isotopically-labeled ISTD). However, no corrections 

or matrix factors or relative recoveries for MPs without match- 

ng ISTD were performed, to keep a rather similar level of un- 

ertainty as for the OTP area estimation. Nevertheless, the results 

re in agreement with full quantification results (including recov- 

ries) done elsewhere for selected MPs ( Krahnstöver et al. 2018 , 

ltramare et al. 2021 , Schollée et al. 2021b ). 

.3.4. Fate of the OTP of irbesartan in different post-treatments 

The fate of OTP IRB_p_195.1491_12.8 of irbesartan in the post- 

reatments of the four WWTPs is shown in Fig. 3 c. Different 

ost-treatments were investigated: WWTP Neugut had a sand fil- 

er (SF), while the other WWTPs either had GAC filtration, sam- 

led at different bed volumes (GAC1 at WWTP Glarnerland and 

AC2 at WWTP Altenrhein), or PAC dosed onto a sand filter (at 

WTP ProRheno). IRB_p_195.1491_12.8 was already present in 

mall amounts in the BIO samples of some WWTPs. This can occur 

f the OTP is also formed during biological transformation in the 

uman body or the activated sludge treatment. All transformation 

roducts that were not predominately increasing during the ozona- 

ion step were already filtered out during the processing of the 

ata, because this study focuses only on OTPs. IRB_p_195.1491_12.8 

as mainly formed during ozonation in each WWTP. Different pat- 

erns were observed in the subsequent post-treatments. In WWTP 

eugut, the peak area of the OTP was rather stable during sand 

ltration. In WWTP Glarnerland with GAC1 filtration, the OTP was 

bated to a certain extent or was stable, while in WWTP Al- 

enrhein with GAC2 filtration at higher bed volumes, the OTP was 

table. In WWTP ProRheno with a PAC treatment, it was signif- 

cantly abated. Since the fate of the OTPs in the different post- 

reatments is of special interest, the relative difference between 

he OZO and EFF ( i.e. , SF, GAC1, GAC2, and PAC) samples was fur-

her evaluated and illustrated in Fig. 3 d for IRB_p_195.1491_12.8. 

he relative difference was categorized as abatement if > 50%, sta- 

le between 50% and -50%, and formation < -50%. A rather broad 

ange of 50% to -50% was chosen as stable to account for the uncer- 

ainties of the estimated OTP peak areas, which arise through the 
12 
utomatic fitting of the signal peaks, the lack of correction with 

nternal standards and for matrix effects, and the lack of LOQ val- 

es. The fate of each OTP categorized as abatement (A), stable (S), 

nd formation (F) in the seven different sampling campaigns is also 

ummarized in Table 1 and will be further discussed below. 

.3.5. Verification of OTP occurrence in WWTPs via MS 2 spectra 

omparison 

To confirm that an OTP signal in the WWTP samples and the 

zonation batch samples truly originated from the same OTP pre- 

ursor, the MS 2 spectra were compared. An MS 2 score was cal- 

ulated for the OTP signal measured in the OZO sample of each 

WTP campaign and a selected reference MS 2 spectrum of an 

zonated batch sample. The results of the MS 2 spectra match for 

RB_p_195.1491_12.8 for all OZO samples are provided in Fig. 3 e 

nd was rated overall as sufficient (five out of the seven samples 

esulted in a very good MS 2 score; see Section 2.5.2 . for details on 

ategorization). The rating of the MS 2 spectra match for all OTPs is 

ummarized in Table 1 . From the 84 OTPs, the MS 2 spectra match 

as sufficient for 56. However, the remaining 28 OTPs might still 

e present in the WWTPs but possibly in low concentrations, lead- 

ng to meaningless MS 2 spectra or with an interfering compound 

t a similar mass. 

.4. Overall fate of OTPs in the different post-treatments after 

zonation 

To assess the fate of OTPs during post-treatment, the 56 OTPs 

ith sufficient MS 2 spectra matches were used. Fig. 4 illustrates 

he fate of these OTPs in the seven WWTP campaigns assigned ac- 

ording to their relative signal reduction into abatement ( > 50%), 

table (between 50% and -50%), and formation ( < -50%). Between 

2 and 53 OTPs were identified in seven WWTP campaigns. These 

umbers can differ due to varying occurrence and concentration 

atterns of parent compounds in the wastewater effluents, and 

ue to different specific ozone doses, pH of wastewater and ma- 

rix compositions. 

At WWTP Neugut, which has a sand filtration as post- 

reatment, the result of the two campaigns were very consistent. 

ost (89%) of the 53 identified OTPs were stable during sand 

ltration. N -oxides, for example, and most other OTPs were found 

o have low abatement, as has been observed previously for 

TE_p_283.16 6 6_21.2, LAM_p_259.9988_13.7, PHE_p_165.1021_17.6, 

nd SMX_n_282.0188_18.0 ( Bollmann et al. 2016 , Bourgin 

t al. 2018 , Merel et al. 2017 ). Only 6% were abated, most probably

hrough biotransformation, namely CBZ_p_251.0812_17.9 (known 

s BQM, for which a biological transformation to BaQM and fur- 

her to BaQD (here CBZ_p_283.0711_17.3) was previously reported 

 Hübner et al. 2014 )), FAD_n_232.0224_21.7, FAD_n_258.038_19.6, 

nd LID_p_247.1438_17.8. Furthermore, 6% of the identified OTPs 

ere formed during post-treatment, which is possible if these 

ransformation products are forming through biotransforma- 

ion from either remaining parent MPs or other OTPs ( e.g. , OTP 

BZ_p_283.0711_17.3, above). A systematic evaluation of the 

batement of OTPs in comparison to their parent MPs based on 

zone-reactive functional groups was conducted in another study 

or ozonated surface water followed by a biological sand filter 

 Gulde et al. 2021 ). 

At WWTP Glarnerland, a GAC filter (GAC1) was used as a post- 

reatment. Samples were taken at three different run times at (a) 

6,0 0 0, (b) 25,0 0 0, and (c) 35,0 0 0 BV. With 40-58% abatement of

he 42-43 identified OTPs, a better abatement was observed than 

n the biological sand filter (described above). Less OTPs (33-45%) 

ere stable and 7-14% were formed. When comparing the abate- 

ent of OTPs as a function of the bed volumes treated, similar 

esults were obtained at 16,0 0 0 and at 25,0 0 0 BV (23/25 OTPs
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Fig. 4. Relative fate of OTPs in different post-treatment processes, assigned according to their relative signal reduction to three categories: abatement ( > 50%), stable (between 

50% and -50%), and formation ( < -50%). Two campaigns at WWTP Neugut with a biological sand filter (SFa and SFb), three campaigns at WWTP Glarnerland with a GAC filter 

sampled at GAC1a: 16,0 0 0 bed volumes (BV), GAC1b: 25,0 0 0 BV, GAC1c: 35,0 0 0 BV, one campaign at WWTP Altenrhein with a GAC filter (GAC2) sampled at 48,0 0 0 BV, and 

one campaign at WWTP ProRheno with 13 mg/L PAC dosed onto a sand filter (PAC). The numbers of OTPs in the different categories are also indicated in the graph. 
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bated, 53/58%), but less abatement was observed at 35,0 0 0 BV (17 

TPs abated, 40%). 

WWTP Altenrhein was also equipped with GAC filtration 

GAC2) and was sampled once, at 48,0 0 0 BV. In this WWTP, 

he share of abatement was smaller (23%, 11 OTPs) than for 

WTP Glarnerland. More OTPs were stable (53%, 25 OTPs) or 

ormed (23%, 11 OTPs). This confirms the trend of less effi- 

ient OTP abatement with longer GAC filter run times, which 

an be explained by the lower sorption capacities of GAC fil- 

ers over time ( Crittenden et al. 2005 ). The OTPs chlorothiazide 

HCT_n_293.9415_10.8), tramadol N -oxide (TRA_p_280.1905_14.4), 

nd venlafaxine N -oxide (VEN_p_294.2064_16.1) were found to 

orb well on GAC, in agreement with Bourgin et al. (2018) and 

nopp et al. (2016) , and consequently showed also a clear drop 

f abatement at higher bed volumes. In addition to adsorption 

ites, GAC filters exhibit a biofilm that may enable biotransfor- 

ation, which can enhance abatement ( Reungoat et al. 2012 ). 

owever, it is difficult to delineate sorption and biotransforma- 

ion. Several OTPs that were formed in ozonation were also 

ormed during GAC filtration. Four of them had a pronounced 

ncrease, with a tendency of higher formation with higher 

ed volumes: CAN_p_207.0766_17.0, CBZ_p_283.0711_17.3 (see also 

iscussion of sand filtration above), DIC_n_257.9729_16.7, and 

HE_p_237.0868_15.1. Most probably, these OTPs are also biotrans- 

ormation products of the parent MPs or other OTPs. 

In general, it can be concluded that GAC filtration is more ef- 

cient in abating OTPs than biological sand filtration. This is in 

greement with a previous study based on a trend analysis of un- 

nown OTP signals ( Schollée et al. 2018 ). Note that in the WWTP

ith sand filtration, a higher specific ozone dose was used than in 

he WWTPs with GAC filtration, yielding different OTP peak areas, 

hich may have partly biased the results. 

In the WWTP ProRheno, the ozonated water was treated with 

3 mg/L PAC dosed onto a sand filter. The PAC performed signifi- 

antly better than GAC or SF, with 87% abatement of OTPs (46 of 

3 OTPs were abated). This result was expected because fresh PAC 

s continuously dosed to the sand filter, enabling better sorption 

f MPs and OTPs compared to a GAC filter, which loses adsorption 

apacity with increasing operation time. 
13 
. Conclusion 

- Laboratory experiments with aqueous solutions containing ac- 

etate and methanol to simulate real water ozonation conditions 

(O 3 / •OH exposure, R ct ) are adequate to mimic ozonation con- 

ditions in wastewater treatment and enable the detection of 

environmentally-relevant OTPs. 

- Laboratory ozonation experiments with 87 micropollutants 

(MPs) were performed by dividing them into 19 “smart” MP 

mixtures. This approach allows identification of OTPs, as well as 

assignment of OTPs to their corresponding parent MPs, while 

reducing the number of necessary experiments and sample 

analyses. 

- Two data-evaluation approaches for the identification of OTPs 

in WWTPs with aid of laboratory ozonation experiments were 

developed: 

◦ Approach 1: LC-HR-MS signals formed in laboratory batch 

experiments were identified as OTP candidates for each par- 

ent MP. This resulted in a comprehensive list of OTP signals 

(1749 OTP signals for 70 MPs, without MS 2 spectra), which 

can be used for suspect screening in other studies. This ap- 

proach was not further applied, but a workflow was pro- 

posed for the identification of OTPs in WWTPs. 

◦ Approach 2: Relevant OTPs were identified by directly 

screening for LC-HR-MS signals that were present in the 

WWTP samples and were formed in the batch experiments. 

Even though a re-measurement of the samples was neces- 

sary for the acquisition of MS 2 spectra for OTP confirmation, 

this is a very efficient high-throughput approach. 

- Eighty-four OTPs from 40 different MPs could be identified dur- 

ing ozonation of secondary wastewater effluents from four dif- 

ferent WWTPs (specific ozone doses, 0.23-0.55 gO 3 /gDOC): 

◦ Structure elucidation, via interpretation of MS 2 spectra and 

expert knowledge on ozone chemistry, revealed 6 confirmed 

structures (level 1, reference standard), 6 probable structures 

(level 2a, library spectrum match), 71 tentative candidate 

structures (level 3), and one exact mass of interest (level 5) 

( Schymanski et al, 2014 ). To the best of our knowledge, 48 
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(58%) of the OTPs with proposed structures have not been 

reported in literature previously. 

◦ For 56 OTPs, their occurrence in the WWTP could be ver- 

ified through MS 2 spectra comparison by calculating MS 2 

scores. MS 2 spectra of most of the 84 OTPs were made pub- 

licly available in MassBank (2006) to extend the community 

knowledge and support the identification of OTPs. 

- The overall abatement of the OTPs in the different post- 

treatments was poor in biological sand filtration, better in GAC 

columns (but with decreasing efficiency with higher bed vol- 

umes), and best in PAC treatment. 

- Information on OTPs formed in laboratory systems with sim- 

ulated water matrix or real systems should be used in future 

studies to better understand mechanisms of OTP formation dur- 

ing ozonation to include both ozone and hydroxyl radical re- 

actions ( Gulde et al. 2021 ). This will improve predictions and 

opens up the possibility to couple them to structural alerts for 

toxicity assessment ( Lee et al. 2017 , von Gunten 2018 ). 
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