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Abstract 

The identification of unknown carbonyls in complex matrices remains to be a bottleneck in 

analytical chemistry. In this study, a method for the derivatization and non-target analysis of 

carbonyls in different water matrices including wastewater (WW) was optimized. The method 

involved derivatization of carbonyls with p-toluenesulfonylhydrazine (TSH) and the resulting 

TSH-hydrazones were analyzed by liquid chromatography coupled to electrospray ionization 

high-resolution mass spectrometry (LC-ESI-HRMS). The following derivatization parameters 

were optimized: TSH concentration, acid concentration, and reaction time. Along with target 

analysis of 16 carbonyls, non-target analysis of unknown carbonyls was conducted by tracking 

signature fragments originating from the derivatizing agent in laboratory-ozonated WW, lake-

water (LW), Suwannee River Fulvic acid (SRFA) and selected model compounds with and 

without OH radical scavenger. Formaldehyde, acetaldehyde, glyoxylic acid and pyruvic acid 

were observed at relatively high concentrations (total concentration of 3.7-6.3 µM) in WW after 

ozonation at a specific ozone dose (0.5 mgO3/mgDOC) without quenching of OH radicals. The 

non-target analysis of ozonated samples using the developed workflow allowed the detection 

of over 70 unknown carbonyls in some ozonated wastewater samples. Possible and probable 

structures were proposed for some unknown carbonyls. Olefins, phenols and β-diketones and 

presumably such structures within DOM were precursors of carbonyls formed during ozonation 

of WW. The ozonation of such precursors (e.g. sorbic acid, phenol) provided further infor-

mation for the structure elucidation of unknown carbonyls. 
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1. Introduction 

1.1 Ozonation in wastewater treatment 

Chemical oxidants such as ozone are applied in water treatment for (i) disinfection, and (ii) the 

enhanced abatement of organic micropollutants. Ozone is very effective in inactivating viruses, 

bacteria, fungi and protozoa and was first used as a disinfectant for drinking water in the begin-

ning of the 20th century (von Sonntag & von Gunten, 2012). Ozonation is used in drinking water 

and wastewater (WW) treatment and is also widely discussed as a treatment step for municipal 

water reuse, which aims to increase water security and reduce water scarcity issues in arid re-

gions (von Gunten, 2018). In Switzerland, due to Art. 60b in the Waters Protection Act (WPA) 

adopted in January 2016, about 100 out of 700 Swiss wastewater treatment plants (WWTPs) 

have to be upgraded with an advanced treatment step (e.g. ozonation) for micropollutant abate-

ment (Bourgin et al., 2018). The WPA aims to improve surface water quality by reducing the 

load of micropollutants discharged from conventional WWTPs where they are insufficiently 

eliminated. An average 80% of organic micropollutants should be abated over the whole 

WWTP from influent to effluent (Eggen et al., 2014).  

Ozone is a strong oxidant that reacts with water matrix components and micropollutants and 

leads to the formation of ozonation byproducts (OBP) and ozonation transformation products 

(OTP) respectively, among which some might be toxic (von Gunten, 2018). In WW, the largest 

fraction of ozone is consumed by dissolved organic matter (DOM), for the most part by phenolic 

moieties (von Gunten, 2018). Numerous OBPs have been identified so far, but further investi-

gations are needed to reveal the full range of OBPs. More specifically, some carbonyl-contain-

ing byproducts are analytically challenging to detect and could be undetected without derivati-

zation. Besides ozone, also OH radicals play a role, which are produced from various ozone 

decomposition reactions (von Sonntag & von Gunten, 2012). While OH radicals contribute to 

the abatement of micropollutants, they may also contribute to the formation of undesired OBPs. 

Carbonyl compounds such as potentially toxic aldehydes, ketones, diketones and ketoacids may 

be formed from reactions of ozone and/or OH radicals with DOM. Relatively high concentra-

tions of carbonyl compounds (> 7 µM) were measured after ozonation of WW (Marron et al., 

2020). Since these carbonyl-containing OBPs are often easily biodegradable, a biological post-

treatment step is typically implemented after an oxidation in drinking or WW treatment (Von 

Gunten, 2018). Marron et al., 2020 studied the formation and fate of carbonyls in potable water 

reuse systems. The authors measured the concentrations of six saturated aldehydes, seven α,β-

unsaturated aldehydes, and one ketone in several water reuse facilities. In facilities where bio-

logical filtration or biologically active carbon filtration was applied after ozone treatment, the 

observed carbonyl concentrations were reduced by over 90% by those biological post-treatment 

steps (Marron et al., 2020). 

1.2 Toxicity of carbonyls 

Carbonyls elicit toxicity by forming covalent bonds with nucleophilic sites on biological targets 

such as enzymes, proteins, DNA and other macromolecules (Feron et al., 1991; Lopachin & 

Gavin, 2014). The resulting adduct formation thereby impairs cellular processes and may lead 

to cytotoxicity (Lopachin & Gavin, 2014). Exposure to carbonyls has been associated with 
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health risks such as cancer, cardiovascular diseases, diabetes or Alzheimer’s disease (Lopachin 

& Gavin, 2014). Carbonyls in the environment originate both from natural and anthropogenic 

sources (Lopachin & Gavin, 2014). More than 300 unsaturated aldehydes (such as cotonalde-

hyde or cinnamaldehyde) are naturally contained in various foods such as fish or potatoes 

(Lopachin & Gavin, 2014). It is estimated that the daily intake of α,β-unsaturated aldehydes 

through drinking water and food consumption is about 5 mg/kg body weight (Lopachin & 

Gavin, 2014). α,β-unsaturated aldehydes are more toxic than their saturated analogues because 

of an increased electrophilicity due to a double bond between the carbonyl groups (Benigni et 

al., 2005; Lopachin & Gavin, 2014). α,β-unsaturated carbonyls such as acrolein or methylvinyl 

ketone for example are associated with toxicity of most major organs including the hepatic, 

renal, respiratory, and nervous systems (Lopachin et al., 2008). Saturated aldehydes such as 

acetaldehyde and formaldehyde are probable human carcinogens classified by the US EPA 

(group B2 and B1 respectively). Acetaldehyde and formaldehyde are produced during ozona-

tion as well as during disinfection with chlorine and chlorine dioxide in water treatment 

(Weinberg et al., 1993). In ozonated drinking water formaldehyde concentrations of up to 30 

µg/L have been found (Tomkins et al., 1989). Concentrations of these carbonyls in treated wa-

ters should be monitored to prevent undesired health risks. California for example has set a 

notification level of 100 µg/L for formaldehyde in treated water (Cal/EPA, 2010). Oxoalde-

hydes such as glyoxal and methylglyoxal or unsaturated aldehydes may also be generated en-

dogenously during oxidative stress, and possibly interact with other environmental aldehydes 

amplifying the oxidative damage to cells (Lopachin & Gavin, 2014). Due to the abundance of 

carbonyls in dietary components, drinking water and the environment, further investigations 

regarding the toxicity mechanisms of these compounds merit consideration. 

1.3 Analysis of carbonyls 

Carbonyls are difficult to analyse with liquid chromatography coupled to electrospray ioniza-

tion high-resolution mass spectrometry (LC-ESI-HRMS) for several reasons (Siegel et al., 

2014). Firstly, they are insufficiently retained on a C18 column due to their hydrophilicity. 

Secondly, they show a poor ionization in ESI due to the absence of ionizable functional groups. 

Thirdly, they produce no selective fragment ions that help deduce their structure. Thus, the 

identification and quantification of carbonyls remain a major bottleneck in LC-ESI-HRMS, es-

pecially in complex matrices such as WW (Siegel et al., 2014). As a measure against poor 

ionizability, derivatization of carbonyls needs to be carried out prior to analysis. The following 

are two derivatizing agents among many phenylhydrazines that have been used in the past: 2,4-

dinitrophenylhydrazine (DNPH) (Liu et al., 2020; Richardson et al., 2000) and p-toluenesul-

fonylhydrazine (TSH) (Marron et al., 2020; Siegel et al., 2014). When used with LC-MS anal-

ysis, DNPH derivatization suffers from several disadvantages such as a limited solubility in 

aqueous samples, explosiveness, and enhanced deposition in the MS ion-source (Siegel et al., 

2014). In a screening for other commercially available derivatizing agents, Siegel et al., 2014 

identified TSH as a good alternative to DNPH claiming that TSH showed a higher solubility 

and higher volatility compared to DNPH. At higher temperatures (about 150 °C), TSH decom-

poses to gaseous species, which reduces its deposition in the MS ion-source and allows for 

injection of an excess of TSH in a sample (Siegel et al., 2014). Due to these advantages, TSH 

was chosen as a derivatizing agent in this study. This approach facilitates the identifications of 
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unknown carbonyls in WW based on the detection of signature fragment ions originating from 

the derivatizing agent. Carbonyls and TSH (hydrazine) form a carbonyl-TSH-hydrazone cata-

lysed by acid (Siegel et al., 2014). There is a possibility of E/Z isomer formation. The reaction 

proceeds exclusively via aldehyde/keto-carbonyls, carbonyl groups conjugated to heteroatoms 

as found in carboxylic acids or esters are not reactive (Siegel et al., 2014). The acid-catalyzed 

hydrazone formation from the reaction of TSH with benzaldehyde is shown in Figure 1. 

 

 

1.4 Carbonyl formation mechanisms 

Ozone reacts readily with electron rich moieties of organic compounds (von Sonntag & von 

Gunten, 2012). For the carbonyl formation, the two major ozone-reactive sites are olefins and 

activated aromatic compounds. Olefins react with ozone mainly according to the Criegee mech-

anism, which describes the classical reaction mechanism between ozone and a carbon-carbon 

double bond. According to the Criegee mechanism (Figure 2) an ozonide is formed followed 

by the cleavage of a carbon-carbon double bond (Criegee, 1975). The products from this cleav-

age are a zwitterion and a carbonyl. In aqueous solutions, an α-hydroxyalkylhydroperoxide is 

formed from the zwitterion. The α-hydroxyalkylhydroperoxide is in equilibrium with hydrogen 

peroxide and a carbonyl. Ozone in reaction with olefins that consist of two distinct alkyl groups 

(R1 and R2) may form two different carbonyls in aqueous solution (containing R1 or R2) (Fig-

ure 2). 

Similar to olefins, aromatic compounds can also form an ozonide in reactions with ozone and 

then react according to the Criegee mechanism. However, an adduct is formed in the reactions 

of aromatic compounds with ozone prior to the formation of an ozonide (von Sonntag & von 

Gunten, 2012). In aromatic systems, the positive charge that develops upon adduct formation 

is distributed over the entire aromatic ring and thus stabilizes the chemical intermediate. From 

this chemical intermediate, several other reaction pathways can occur (Ramseier & von Gunten, 

2009; Tentscher et al., 2018). Thus, the Criegee mechanism is only one of many reaction mech-

anisms that occur in reactions of aromatic compounds with ozone (von Sonntag & von Gunten, 

2012). 

Figure 1. Acid-catalyzed hydrazone formation from the reaction of TSH with benzaldehyde. 
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Figure 2. Criegee mechanism for reactions of olefins with ozone in aqueous solutions. Modified from von 

Sonntag & von Gunten, 2012. 

1.5 Goals and approach 

The two main goals of this thesis were (i) developing a method for the derivatization and non-

target analysis of carbonyl-containing compounds in WW and (ii) understanding the formation 

of carbonyls from reactions of DOM with ozone. So far, little data exist regarding the applica-

bility of derivatization methods for carbonyl identification in complex water matrices such as 

WW. 

Method development was based on (i) optimizing the TSH derivatization conditions (concen-

tration of the derivatizing agent, acid concentration, reaction time and stability of derivatized 

carbonyls), (ii) application of a non-target workflow which allows screening for carbonyls. 

Samples were analysed with LC-ESI-HRMS, and carbonyls were identified by tracking signa-

ture fragments originating from the derivatizing agent TSH. To achieve a better understanding 

of the formation of carbonyls from DOM during ozonation, the developed method was applied 

to investigate the formation of carbonyls during ozonation of DOM from WW and surface wa-

ters. Three WWs (Neugut, Werdhölzli and Glarnerland), a LW (Greifensee), and Suwannee 

River Fulvic acid (SRFA) as a model for Dissolved Organic Matter (DOM) were ozonated and 
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analysed. An array of target carbonyls was quantified in samples which were ozonated at dif-

ferent doses, along with non-tagret screening to detect unknown carbonyls. Moreover, model 

compounds (three phenols, three olefins and one β-diketone), which are typically contained in 

DOM were ozonated and analysed. This allowed the assess some precursors, which may con-

tribute to the formation of carbonyls during ozonation. 

2. Materials and methods 

2.1 Reagents and solutions 

2.1.1 Chemicals 

In total, 16 different carbonyl compounds were selected as target compounds including satu-

rated and unsaturated aldehydes, unsaturated and cyclic ketones, diketones and ketoacids (Table 

1). Such compounds of different characteristics were chosen to cover a wide range of potentially 

formed carbonyls during ozonation. Benzaldehyde-d6 (Sigma-Aldrich, CAS: 17901-93-8, 99% 

purity, 98% deuterated) and tramadol-d6 hydrochloride (tramadol-d6, TRC Canada, CAS: 

1109217-84-6) were used as internal standards. Furthermore, benzaldehyde tosylhydrazone 

(benzaldehyde-TSH, CAS: 1666-17-7, 98% purity) was purchased from Sigma-Aldrich. Cin-

namaldehyde tosylhydrazone (cinnamaldehyde-TSH, >99.9% purity) was prepared by Dr. 

Samuel Derrer at Eawag (Dübendorf). The derivatizing agent p-toluenesulfonylhydrazide 

(TSH, CAS: 1576-35-8, 97% purity, LOT: WXBC9979V) was purchased from Sigma-Aldrich. 

SRFA was purchased from the International Humic Substances Society (SRFA II, Cat. No.: 

2S10IF, 52.34 % C, 0.67 % N). 

Furthermore, the following substances and solvents were used for the stock and sample solu-

tions: NanoPure (NP) water (≥18MΩ, ASTM type 1) from arium® pro Ultrapure Laboratory 

Water Systems from Sartorius, acetonitrile (ACN, LC/MS grade, Optima®, Fisher Chemical), 

methanol (MeOH, LC/MS grade, Optima®, Fisher Chemical), formic acid (FA, LC/MS grade, 

Optima®, Fisher Chemical), sodium phosphate dibasic dihydrate (Sigma-Aldrich, 98.5-101.0% 

purity), sodium phosphate monobasic dihydrate (Sigma-aldrich, 99 % purity), hypochloric acid 

(32 wt. %, Emsure®), dimethylsulfoxide (DMSO, LC/MS grade, Sigma-Aldrich, 99.9% purity) 

and phosphoric acid (Sigma-Aldrich, 85% purity). 
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Table 1. Target carbonyl compounds used in this study, including name, purity or weight percent, molecular for-

mula, carbonyl class, CAS number and supplier. 

Seven model compounds (three phenols, three olefins and one β-diketone) from Sigma-Aldrich were 

used for the study as possible carbonyl precursors (Table 2). These model compounds were: phenol, 4-

ethylphenol, 4-methoxyphenol, trans-cinnamic acid, sorbic acid, 3-buten-2-ol, acetylacetone. 

Table 2. Selected model compounds for carbonyl precursor evaluation, including name, purity, molecular formula, 

CAS number and supplier of the chemicals. 

2.1.2 Stock solutions 

Carbonyl compound stock solutions at concentrations in the range of 10 to 100 mM were pre-

pared in ACN with the exception of glyoxylic acid, which was prepared in MeOH due to its 

low solubility in ACN. The carbonyl compound stock solutions were stored in amber vials with 

Chemicals 
Molecular 

formula 
Carbonyl class 

CAS num-

ber 
Supplier 

Formaldehyde, 37 wt.% CH2O Aldehyde, saturated 50-00-0 Sigma-Aldrich 

Acetaldehyde, 99.5% C2H4O Aldehyde, saturated 75-07-0 Acros organics 

Decanal, 95% C10H20O Aldehyde, saturated 112-31-2 Sigma-Aldrich 

Benzaldehyde, 99% C7H6O Aldehyde, saturated 100-52-7 Fluka 

Indole-3-carboxaldehyde, 

97% 
C9H7NO 

Aldehyde, saturated, N-

containing 
487-89-8 Sigma-Aldrich 

4-Hydroxy-2-methoxyben-

zaldehyde, 98% 
C8H8O3 Aldehyde, saturated 673-22-3 Sigma-Aldrich 

Crotonaldehyde (cis/tans), 

99.5% 
C4H6O Aldehyde, unsaturated 4170-30-3 Sigma-Aldrich 

Cinnamaldehyde, 95% C9H8O Aldehyde, unsaturated 104-55-2 Sigma-Aldrich 

Methacrolein, 95% C4H6O Aldehyde, unsaturated 78-85-3 Sigma-Aldrich 

Cyclopentanone, 99% C5H8O Ketone, cyclic 120-92-3 Fluka 

1-Acetyl-1-cyclohexen, 

97% 
C8H12O Ketone, unsaturated 932-66-1 Sigma-Aldrich 

3,5-Heptanedione, 97% C7H12O2 Diketone 7424-54-6 Sigma-Aldrich 

Glyoxal, 40 wt.% C2H2O2 Diketone 107-22-2 Sigma-Aldrich 

Glutaraldehyde, 50 wt.% C5H8O2 Diketone 111-30-8 Sigma-Aldrich 

Glyoxylic acid, 98% C2H2O3 Ketoacid 563-96-2 Sigma-Aldrich 

Pyruvic acid, 98% C3H4O3 Ketoacid 127-17-3 Sigma-Aldrich 

Chemicals Molecular formula CAS number Supplier 

Phenol, 99.5% C6H6O 108-95-2 Fluka 

4-Ethylphenol, 99% C8H10O 123-07-9 Sigma-Aldrich 

4-Methoxyphenol, 99% C7H8O2 150-76-5 Sigma-Aldrich 

Trans-cinnamic acid, 99% C9H8O2 140-10-3 Sigma-Aldrich 

Sorbic acid, 99% C6H8O2 110-44-1 Fluka 

3-Buten-2ol, 97% C4H8O 598-32-3 Sigma-Aldrich 

Acetylacetone, 99% C5H8O2 123-54-6 Sigma-Aldrich 
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no or little headspace and kept in the freezer at -20 °C for up to 4 months. Volatile compounds 

such as methacrolein or crotonaldehyde were pipetted using a multipipette (Multipipette® plus, 

Eppendorf). Acetaldehyde was transferred into the stock solution with a syringe, to avoid losses 

of the chemical due to its high volatility. Acetaldehyde and formaldehyde intermediate solu-

tions were prepared freshly every time from a stock solution of 105.7 mM and 100 mM, respec-

tively. Other intermediate solutions containing carbonyl compounds in a range of 0.1-1 mM 

were prepared in ACN and kept stored to one week in amber vials at -20 °C. All other solutions 

were prepared freshly on a daily basis in ACN or NP water. The stock solution of the derivat-

izing agent TSH was prepared in ACN at a concentration of 10 mM and stored up to one month 

at -20 °C in a vial without headspace. Caps of vials containing stock solutions were wrapped 

with parafilm (Parafilm M, Bemis) to provide a better sealing during storage.  

2.2 Ozonation of different water matrices and carbonyl precursor evaluation 

2.2.1 Preparation of ozone stock solution 

To prepare ozone stock solution, ozone-containing gas was produced using an ozone generator 

(BMT 803 BT, BMT Messtechnik, Berlin) from pure oxygen (Carbagas) and bubbled into ice-

cooled NP water. To determine the concentration of the ozone stock solutions, 500 µL of the 

ozone stock solution were added to 2 mL of phosphoric acid (50 mM) in a 1-cm pathlength 

quartz cuvette, and then the UV absorbance was measured with a spectrophotometer (Cary 100, 

Varian, USA) at 260 nm. The UV absorbance was measured twice for each ozone stock solution 

in a short period of time and an average UV absorbance was used to calculate the ozone con-

centration according to the following formula (Equation 1): 

 
[O3] (mM)  =  

Abs × 2.5 mL × 1000

3200 M−1cm−1  × 0.5 mL × 1 cm
 

 
(1) 

Abs: average absorbance,  2.5 mL: total volume of the sample consisting of 2 mL phosphoric 

acid and 0.5 mL ozone stock; 1000: correction factor for converting concentration from M to 

mM; 3200 M-1 cm-1:  molar absorptivity of ozone at 260 nm (von Sonntag & von Gunten, 2012); 

0.5 mL: volume of ozone stock solution in the sample; 1 cm: width of quartz cuvette. 

2.2.2 Ozonation of DOM, wastewater and lake water 

SRFA solutions, lake water (LW) from Lake Greifensee (16.07.2020), and secondary treatment 

effluent WW samples collected from WWTPs Neugut (17.09.2020), Werdhölzli (15.09.2020) 

and Glarnerland (22.06.2017) were ozonated at different ozone doses in laboratory-controlled 

experiments. Water quality parameters including conductivity, pH, alkalinity, hardness, ammo-

nium, nitrite, dissolved organic carbon (DOC) and dissolved nitrogen concentrations were 

measured by the “Ausbildungs und Analytiklabor” (AuA) at Eawag (Dübendorf) (Table 3). 

SRFA was prepared at a DOC concentration of 5.5 mg/L in NP water, equivalent to the DOC 

measured for the WW Werdhölzli. The WWs were stored in the refrigerator (4-8 °C) and were 

filtered using pre-rinsed cellulose-nitrate membranes with a pore size of 0.45 µm prior to the 

experiments. All samples contained phosphate buffer (5 mM) and were adjusted to pH 7.0 ± 

0.1 using 1 M solutions of HCl and NaOH. 
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WW Neugut is constituted of communal and industrial WW from several municipalities. About 

8 million m3 WW are treated annually in the WWTP Neugut, of which about 48% originate 

from inhabitants and commuters (about 55 000 people) and about 52% from trade and industry 

(ARANeugut, 2020). The ARA Werdhölzli is the biggest WWTP in Switzerland and treats the 

WW of the city of Zurich (about 450 000 inhabitants) amounting to about 80 million m3 per 

year (Swisswater AG, 2020; Stadt Zürich, 2020). About 69% of the WW in the ARA 

Werdhölzli originate from inhabitants and about 31% from trade and industry (Micropoll, 

2019). The WW of about 43 000 inhabitants are treated in ARA Glarnerland and about 6-8 

million m3 WW are treated annually, of which about 40% originate from industrial discharges 

(Abwasserverband Glarnerland, 2020). 

Table 3. Water quality parameters measured for each water sample included conductivity, pH, alkalinity, hardness, 

ammonium concentration (NH4
+), nitrite concentration (NO2

-), dissolved organic carbon content (DOC), and dis-

solved total nitrogen content. ND (not determined) indicates that this value was not measured. 

To determine the effect of OH radicals on the formation of carbonyls during ozonation, two 

sets of samples were prepared, one containing OH radical scavenger DMSO (0.5 mM) and the 

other without DMSO. By adding an OH radical scavenger, direct reactions attributed to ozone 

rather than to ozone and OH radicals could be studied (Ramseier & von Gunten, 2009). Ter-

tiary-butanol is a common scavenger, but it forms substantial amounts of formaldehyde in re-

action with OH radicals (von Sonntag & von Gunten, 2012). In an ozonated system tertiary-

butanol yields up to 30 % formaldehyde and also other carbonyls such as acetone and 2-hy-

droxy-2-methylpropanal are produced (Flyunt et al., 2003). However, formaldehyde was one 

of the target analytes to be measured, thus another suitable OH radical scavenger had to be used. 

DMSO reacts only slowly with ozone (k = 1.8 M-1 s-1), while its reaction with OH radicals is 

fast (k = 7  109 M-1 s-1) (von Sonntag & von Gunten, 2012), wherefore it is a suitable candidate 

for scavenging OH radicals. A product from reactions of ozone with DMSO is formaldehyde 

(Yurkova et al., 1999). Yurkova et al., 1999 found that when using a DMSO concentration of 

10 mM at pH 7 about 85 µM formaldehyde were formed. This is equivalent to a formaldehyde 

yield of about 0.85%, and thus much smaller than the yield that has been reported for tertiary-

butanol. When using a higher DMSO concentration of 100 mM at pH 7 a higher formaldehyde 

yield was observed amounting to about 455 µM (Yurkova et al., 1999). Assuming that the re-

lation between the DMSO and formaldehyde concentration is linear, we would estimate a yield 

of about 2 µM formaldehyde for a DMSO concentration of 0.5 mM, which was used in the 

experiments in this thesis. The concentration of DMSO (0.5mM) was chosen as low as possible 

Matrix 

Conductiv-

ity (µS/cm 

at 20 °C) 

pH 

Alka-

linity 

(mmol/

L) 

Hardness 

(mmol/L) 

NH4
+ 

(µg/L) 

NO2
- 

(µg/L) 

DOC 

(mg/L) 

Dissolved 

total ni-

trogen 

content 

(mg/L) 

WW Neugut 1014 8.15 5.14 2.82 42.35 5.81 5.06 10.66 

WW 

Werdhölzli 
ND 7.90 3.59 ND 109.60 43.00 5.50 4.15 

WW Glarner-

land 
ND 8.73 1.76 ND ND 227.50 10.97 ND 

LW Lake 

Greifensee 
273 8.42 3.36 1.62 18.40 26.88 3.40 2.00 
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(to avoid formaldehyde formation from ozonolysis of DMSO) but high enough so that reactions 

of DMSO with OH radicals were at least 10 times faster than reactions of phenol with OH 

radicals. Phenol was used as a proxy for WW. The rate constant for DMSO with OH radicals 

is 7x109 M-1s-1 (Buxton  et al., 1968). For phenol a similar rate constant was assumed (around 

7x109 M-1s-1). Based on the generous assumption that the whole DOC in WW is constituted by 

phenol, the DOC of a typical WW (around 5 mg/L) could be expressed as a phenol concentra-

tion of 50 µM. Therefore, a concentration ten times higher (0.5 mM) was chosen for DMSO. 

Samples were ozonated at different specific ozone doses (Table 4). Volumes of ozone stock 

solution (1.69 mM) spiking are listed in the Supporting Information (SI) (Section S.3). DOC 

concentrations are typically higher in WW than in surface water, invoking faster O3 decompo-

sition rates and higher OH radical exposures (Buffle et al., 2006). The applied ozone doses were 

lower for the WW Glarnerland compared to the other water samples, due to an initial estimate 

of DOC at 6 mg/L instead of the later measured 10.97 mg/L. 

Before derivatization, samples were spiked with 100 nM benzaldehyde-d6, which was used as 

a surrogate to determine the derivatization efficiency based on which the peak areas were cor-

rected. The carbonyl concentrations in the samples were quantified based on external calibra-

tions of the target carbonyl compounds in NP water standard solutions. As a blank, NP water 

containing phosphate buffer (5 mM) with and without addition of DMSO (0.5 mM) was meas-

ured before and after ozonation (with 107 µM O3). Concentrations in the blanks were subtracted 

from the measured concentrations of the target carbonyl compounds. Additionally, the meas-

ured concentrations of the target carbonyl compounds were corrected based on correction fac-

tors taking into account dilution factors from the ozone spiking and from spiking of TSH and 

HCl. The dilution factors are shown in the SI (Section S.8). 

Table 4. Applied specific ozone doses (mgO3/mgDOC) and respective DOC (mg/L) of different samples. 

2.2.3 Ozonation of carbonyl precursors 

Stock solutions containing 50 µM of the model compounds, namely phenol, 4-ethylphenol, 4-

methoxyphenol, cinnamic acid, sorbic acid, 3-buten-2-ol and acetylacetone covering three com-

pounds classes (phenols, olefins and β-diketones) were prepared in NP water. The stock solu-

tions contained phosphate buffer (5 mM) and were adjusted to pH 7.0 ± 0.1. Compounds were 

ozonated at five ozone doses with a molar ratio of ozone to compound of about 0.5, 1, 2, 4 and 

6 (SI Section S.9). Cinnamic acid was only ozonated at three ozone doses with a molar ratio of 

 Specific ozone dose (mgO3 /mgDOC) DOC (mg/L) 

Matrix Dose 0  Dose 1  Dose 2  Dose 3  Dose 4  Dose 5   

SRFA 0  0.25  0.48  0.94  1.8  2.5  5.5 

WW Neugut 0  0.25  0.49  0.94  1.8  2.5  5.1 

WW Werdhölzli 0  0.25  0.48  0.94  1.8  2.5  5.5 

WW Glarnerland 0  0.13  0.26  0.51  1.0  1.3  10.1 

LW Greifensee 0  0.25  0.49  0.96  1.9  2.7  3.4 
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ozone to compound of about 0.5, 1 and 2. DMSO (1 mM) was added to all samples. Addition-

ally, a sample at an intermediate ozone dose (molar ratio of ozone to compound of 2) was ozo-

nated without addition of DMSO. The ozonated cinnamic acid solution was diluted by a factor 

50 with NP water and the rest of the ozonated compound solutions by a factor 5. These diluted 

solutions were derivatized with 50 µM TSH and 0.02 M HCl.  

2.3 LC-ESI-HRMS method 

Samples were analyzed using high-performance liquid chromatography (UltiMate 3000 

UHPLC system, Dionex) coupled to high-resolution hybrid quadrupole-orbitrap mass spec-

trometer (Q Exactive Plus, Thermo Scientific). Separation was performed using an Atlantis 

column (3µm particle size, 3 x 150 mm) at 30 °C and a flow of 300 µL/min. An autosampler 

(PAL HTS-xt system, McKinley scientific) was used for sample injection (50 µL sample in-

jected into a 100 µL loop) and for sample storage at 4 °C during measurement sequences. Elu-

ents consisted of NP water (A) and MeOH (B) each containing 0.1% FA. The LC method ran 

for 29 min and the LC gradient started with 95% A. After 1 min, B increased gradually from 

5% to reach 95% at 17 min and stayed constant until 25 min. Afterwards, A increased to reach 

95% (starting gradient) at 27 min and then remained constant until the end of the run. During 

the first 5 min of the run, the LC flow was diverted to waste to avoid contaminating the MS 

with phosphate buffer, which was present in most samples, and the ESI spray voltage was 

meanwhile set to 0. Moreover, the intense peak of the derivatizing agent (RT: 11.9 minutes) 

was cut out by diverting the LC flow to waste between about 11.8 and 12.3 min to avoid any 

contamination of the MS. A NP water blank was injected after each derivatized sample to avoid 

carry-over of derivatized carbonyls from one sample into another. 

Acquisition was achieved by performing an initial MS full-scan (resolution 140’000 at m/z 200) 

followed by data-dependent fragmentation MS/MS experiments (resolution 17’500 at m/z 200) 

in the positive polarity mode. The latter was selected since it provided better detection of the 

derivatized carbonyls than the negative polarity mode (details in Section 3.1.4). MS conditions 

were the following: spray voltage 4000 V, capillary temperature 350 °C, sheath gas 40 arbitrary 

units, and auxiliary gas 10 arbitrary units, mass range from 100 to 1000 Da (exception: 55 to 

550 Da, Section 2.4.4). When charging issues were experienced in the MS, a full scan in the 

negative mode with low resolution (17’500) was added from 5 to 10 min and again from 26 to 

29 min to the MS method. These time windows were selected since no derivatized carbonyls 

eluted within and therefore any decline in peak areas related to the additional scans in the neg-

ative mode could be avoided. 

Properties of the data-dependent (top 5) MS/MS scans included an Automatic Gain Control 

(AGC) of 2 x 105, isolation window of 1.0 m/z, and normalized collision energy (NCE) of 30. 

The masses of the 16 derivatized target carbonyls in positive ESI were added to an inclusion 

list to ensure their fragmentation. 

2.4 Optimization of derivatization 

To optimize the derivatization procedure several factors were studied: the influence of (i) the 

TSH concentration, (ii) the acid addition and (iii) the reaction time. The experiments performed 

for the optimization of the derivatization method were conducted at the initial stages of this 
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study. Thus, the carbonyl compound and TSH concentrations that were spiked to the samples 

were not consistent over all experiments (Table 5). Moreover, an experiment was performed to 

compare the detectability of carbonyl compounds with derivatization using the optimized pro-

cedure to that without derivatization. Table 5 provides an overview of the total carbonyl com-

pound content and TSH concentrations that were used in experiments, in which different con-

ditions for derivatization optimization and assessment were investigated. 

Table 5. Overview on the total carbonyl content (µM) and TSH concentrations (µM) used in the experiments for 

derivatization optimization and assessment.  

* In NP blanks 0.4 µM carbonyls was contained. In ozonated WW and SRFA a minimum of 20 µM carbonyl 

compounds were contained (based on the quantification of target carbonyls in this study). 

2.4.1 Influence of TSH concentration 

The influence of the TSH concentration on the derivatization efficiency was studied by com-

paring the derivatization efficiencies at different TSH concentrations (100, 200 and 300 µM) 

for benzaldehyde and cinnamaldehyde. Calibration standards for a mix of benzaldehyde-TSH 

and cinnamaldehyde-TSH were prepared in NP water. Ozonated and non-ozonated WW Neugut 

and SRFA samples were spiked with 200 nM benzaldehyde and cinnamaldehyde, and derivat-

ized with 100, 200 and 300 µM TSH and an addition of 0.02 M HCl. NP water was spiked and 

derivatized in the same manner as a blank. All samples additionally contained 32.7 nM tra-

madol-d6 and 100 nM benzaldehyde-d6 as internal standards. The sample preparation of a blank 

that was derivatized, a benzaldehyde-TSH/cinnamaldehyde-TSH calibration standard and a 

sample spiked with benzaldehyde/cinnamaldehyde that was derivatized are shown in Figure 3. 

Additionally, Werdhölzli and Glarnerland WWs were used to determine the derivatization ef-

ficiency of 200 µM TSH.  

Peak areas were divided by the internal standard peak area of tramadol-d6 for correction of 

instrumental variability. Furthermore, the samples were blank corrected, and any benzaldehyde 

or cinnamaldehyde that might have been in the samples prior to spiking was accounted for. The 

slope and intercept (calculated with the LINEST function in Excel) of the benzaldehyde-TSH 

and cinnamaldehyde-TSH calibrations, concentrations were calculated in each sample matrix. 

The measured concentrations (conc.) were divided with the expected concentration (conc.) of 

200 nM, and multiplied by 100 to obtain derivatization efficiencies in %, as depicted in equation 

2. 

 Derivatization efficiency (%) =  
Measured  conc.

Expected  conc.
× 100 % (2) 

Investigated condition 
Total carbonyl content 

(µM) 

TSH concentration 

(µM) 

Ratio 

(TSH/carbonyls) 

TSH concentration (Section 

2.4.1) 
0.4 to > 20 * 100, 200, 300 <5 to 750 

Acid addition (0-0.05 M HCl) 

(Section 2.4.2) 
1.6 30 19 

Reaction time (10-120 min) 

(Section 2.4.3) 
8 200 25 
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Increasing carbonyl concentrations were observed with an increasing TSH concentration in 

blank samples, pointing to a contamination of TSH with carbonyl-TSH hydrazones. For this 

reason, acetone, butyraldehyde and 3-pentanone that were derivatized could not be quantified. 

More details regarding the contamination of TSH with carbonyls is provided in the SI Section 

S.2. 

2.4.2 Influence of acid addition 

NP water was spiked with a mix containing 100 nM of each of the 16 target carbonyl com-

pounds used in this study. The total carbonyl compound concentration in the sample was there-

fore 1.6 µM. 30 µM TSH were used for derivatization. After the addition of TSH, different 

amounts of HCl (1M) were added as a reaction catalyst. The following HCl concentrations were 

tested: 0, 0.01, 0.02, 0.03, 0.04 and 0.05 M HCl. Derivatized glyoxal, glyoxylic acid and pyru-

vic acid could not be detected using these conditions (only 30 µM TSH). 

2.4.3 Influence of reaction time 

Four NP water samples spiked with 500 nM of each of the 16 target carbonyls were derivatized 

with 200 µM TSH and 0.02 M HCl. The total carbonyl concentration in the sample was 8 µM. 

The samples were stored at room temperature for varying reaction times: 10, 30, 60 and 120 

minutes. Subsequently, the samples were stored in the fridge at around 4-8 °C until analysis. 

An internal standard of 500 nM benzaldehyde-d6 was added to the samples but was not used 

for correction of instrumental variability. The derivatized benzaldehyde-d6 peak areas would 

also have been affected by the derivatization reaction time, introducing a bias, and were thus 

unsuitable for internal standard correction. 

2.4.4 Influence of derivatization on the detectability of carbonyl compounds 

A mixture of carbonyls in NP water without derivatization was analysed separately in full scan 

mode with positive and negative ESI. For this, the instrument mass range was set to 55-550 Da. 

Figure 3. Scheme of sample preparation of a blank that was derivatized (TSH 200 µM, HCl 0.02 M), a benzal-

dehyde-TSH/cinnamaldeyhde-TSH (B/C-TSH) calibration standard (200 nM) and a sample spiked with benzal-

dehyde/cinnamaldejyde (B/C) (200 nM) that was derivatized. All samples were spiked with the two internal 

standards benzaldehyde-d6 (B-d6) and tramadol-d6 (T-d6) and had a total volume of 1.5 mL. 
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The mixture of carbonyl compounds contained 250 nM crotonaldehyde, benzaldehyde, cin-

namaldehyde, 4-hydroxy-2-methoxybenzaldehyde, cyclopentanone, decanal, indole-3-carbox-

aldehyde, methacrolein, 3,5-heptanedione and 1-acetyl-1-cyclohexene. It also contained glutar-

aldehyde (750 nM), glyoxal (3 µM), pyruvic acid (1.5 µM), acetaldehyde (3 µM), glyoxylic 

acid (4.5 µM) and formaldehyde (3 µM). The total carbonyl concentration in the sample was 

18.25 µM. The same mixture of carbonyls was derivatized with 200 µM TSH and 0.02 M HCl, 

and analysed separately in full scan mode with positive and negative ESI and a mass range of 

100-1000 Da.  

2.5 Method performance characteristics 

2.5.1 Linearity ranges, limits of detection and quantification 

The limits of detection (LOD) and quantification (LOQ) were estimated for each compound 

based on the slope of its calibration curve (s), the standard deviation of the y-intercept of the 

calibration curve (σ), and the equations LOD = 3 x σ/s and LOQ = 10 x σ/s. The calibration 

range was chosen based on the following criteria: (i) the coefficient of determination (R2) is 

above 0.995 and (ii) concentrations of carbonyls detected in ozonated WW samples are within 

the calibration range. The lowest calibration point, for which a clear increase in peak area was 

detected compared to the previous calibration point, was chosen as the lower limit of the cali-

bration range. R2 was calculated and if below 0.995, the highest concentration data point was 

discarded. This procedure was repeated until R2 was ≥ 0.995 with a minimum of six data points. 

If this could not be achieved, calibration points were neglected at the lower range of the cali-

bration, until a range with an R2 ≥ 0.995 was identified. R2 values, the slope, intercept and the 

standard deviation of the intercept of the calibration curves were computed with the integrated 

function LINEST in Excel. For glyoxylic acid and formaldehyde, two calibration ranges were 

established so that the wide concentration range observed in WW could be covered. Peak areas 

were divided by the internal standard peak area of tramadol-d6 for correction of instrumental 

variability. 

2.5.2 Analytical matrix effects 

Analytical matrix effects on the measurement of derivatized carbonyl compounds using HRMS 

in ozonated and non-ozonated SRFA solutions and secondary treated WW effluent were inves-

tigated. Ozonated (specific ozone dose 1 mgO3/mgDOC) and non-ozonated SRFA and WW 

Neugut samples (with DMSO) were derivatized with 200 µM TSH and 0.02 M HCl. Unspiked 

samples and samples spiked with both benzaldehyde- and cinnamaldehyde-TSH hydrazones at 

200nM were prepared. Benzaldehyde- and cinnamaldehyde-TSH hydrazones were spiked in-

stead of benzaldehyde and cinnamaldehyde, so that analytical matrix effects without consider-

ing derivatization efficiencies could be determined. NP water was derivatized in the same man-

ner and spiked with both benzaldehyde- and cinnamaldehyde-TSH hydrazones at 200nM as a 

calibration standard. A blank was prepared by adding 200 µM TSH and 0.02 M HCl to NP 

water. All samples additionally contained 32.7 nM tramadol-d6 and 100 nM benzaldehyde-d6 

as internal standards and were corrected using tramadol-d6. Furthermore, the samples were 

blank corrected. The analytical matrix effects were calculated according to equation 3: 
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 Matrix effect (%) =
Peak areaspiked sample −   Peak areaunspiked sample

Peak areacalibration standard in NP water

× 100 (3) 

 

2.5.3 Stability of derivatized carbonyl compounds 

Experiments in this study involved the measurement of many samples over several days, which 

were prepared in one batch, derivatized and then stored at 4 °C until analysis. Therefore, it was 

crucial to determine the stability of the derivatized carbonyl compounds at 4 °C over the meas-

urement duration. To investigate this, one NP water sample spiked with 100 nM of each of the 

16 target carbonyl compounds was derivatized using 25 µM TSH and 0.02 M HCl. On each of 

five subsequent measurement days the sample was injected and analysed. A spiking with 100 

nM was not enough for the detection for the following compounds: glyoxal, glyoxylic acid and 

pyruvic acid. This was caused by the generally higher LODs for these compounds and a reduced 

derivatization efficiency by addition of only 25 µM TSH. No internal standard was added, as 

this experiment was conducted in a preliminary stage of method development. In hindsight, the 

experiment could have been improved by preparing a larger volume of the sample (10 mL in-

stead of 1.5 mL) and storing the sample at 4 °C. Each day a sample could have been spiked 

freshly with an internal standard, such as tramadol-d6 for example, to account for instrumental 

variability over time, by correcting the peak areas with the internal standard. 

2.6 Data analysis and non-target workflow 

For LCMS data analysis, the software Xcalibur (version 4.1), Trace Finder (EFS version 4.1) 

and Compound Discoverer (version 3.1) were used. Peak areas for the method development 

and quantification were obtained using Xcalibur or Trace Finder. Compound Discoverer was 

used for the development of a workflow to identify unknown carbonyls that were formed during 

ozonation. The Compound Discoverer workflow was based on the pre-defined workflow tem-

plate “Untargeted environmental research ID workflow with statistics: Detect and identify un-

known compounds with differential analysis” that was modified slightly (SI Section S.10). A 

crucial part of the workflow was the node “Compound Class Scoring”, which was linked to the 

node “Group Compounds”, and contained three signature fragments that originated from the 

derivatizing agent, and were used as signature fragments for derivatized carbonyls. The three 

signature fragments (Figure 4) had the exact masses of 139.0212, 155.0161 and 157.0318 Da.  
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The analysis results from Compound Discoverer were exported into excel files, where they 

were further processed. Details on the input files, grouping of samples and generated ratios in 

Compound Discoverer are shown in the SI (Section S.11). Several criteria were applied to 

screen for unknown carbonyl compounds that were formed during ozonation. In the “Predict 

Compositions” node a minimal elemental composition of C8H10N2O2S was set, which is the 

molecular formula of formaldehyde (CH2O, smallest carbonyl) derivatized with TSH. Further-

more, at least one of the three signature fragments (Figure 4) was required in the MS2 data of a 

possible hit, which is equivalent to a compound class scoring of 33 or higher. Additionally, for 

a compound to be considered as a suspect, its group peak area had to be at least two-fold higher 

(defined arbitrarily) in the ozonated samples compared to the derivatized ozonated NP water 

blank. Moreover, the group peak area of the ozonated samples had to be at least five-fold (de-

fined arbitrarily) than the group peak area in the non-ozonated samples, indicating that the car-

bonyl was formed during ozonation. Since the elemental compositions originating from TSH 

are respectively C7H8N2SO and C14H16N4S2O2 for single and double derivatizations, only com-

pounds with a predicted chemical formula that contained either two or three nitrogen and one 

sulphur atom (N2S /N3S) or four nitrogen and two sulphur atoms (N4S2) were considered. Triple 

derivatized compounds or other derivatized compounds containing additional phosphate, sul-

phur or nitrogen for example were not studied. 

Python in the programming environment Spyder was used for plotting figures. 

Figure 4. Signature fragments for derivatized carbonyl compounds originating from the derivatizing agent 

TSH with exact masses of 139.0212, 155.0161 and 157.0318 Da and structures in positive ESI. 
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3. Results and discussion 

3.1 Optimization of derivatization  

3.1.1 Influence of TSH concentration 

Figure 5a and 5b show the derivatization efficiencies at three TSH concentrations (100, 200 

and 300 µM) for benzaldehyde and cinnamaldehyde, respectively. The derivatization efficien-

cies were between 82-98% for benzaldehyde and between 91-105% for cinnamaldehyde at a 

TSH concentration of 200 µM. Derivatization efficiencies at 100 µM TSH were 68-91% for 

benzaldehyde and 81-104% for cinnamaldehyde. This indicates that derivatization with 100 µM 

TSH was less efficient than with 200 µM TSH. With 300 µM TSH, efficiencies between 80-

107% were obtained for benzaldehyde and 85-113% for cinnamaldehyde. The data points at 

300 µM TSH are spread farther apart than at 200 µM TSH. There was no clear increase in 

derivatization efficiencies between 200-300 µM TSH. Therefore, 200 µM TSH was chosen as 

an optimal concentration for derivatization. Overall, derivatization efficiencies were slightly 

higher for cinnamaldehyde than for benzaldehyde. 

Derivatization efficiencies obtained for NP water were within the same range as those obtained 

in the other water samples. This shows that there was no procedural matrix effect in terms of a 

combined effect of all components of a sample on the derivatization efficiencies. The small 

differences in derivatization efficiencies between the different matrices are negligible, and may 

be attributed to pipetting errors, minimal matrix effects or instrument variability. 

The influence of even lower TSH concentrations (12.5-200 µM) on the derivatization of ben-

zaldehyde, cinnamaldehyde and a few other target carbonyls in different water matrices was 

studied in a preliminary experiment and is shown in the SI (Section S.12). Concentrations and 

derivatization efficiencies could not be calculated in said experiment but peak areas still gave 

an indication about the derivatization efficiencies. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Influence of TSH concentration on the derivatization efficiency (%) of (a) benzaldehyde and (b) cin-

namaldehyde in different water matrices. 

(a) (b) 
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3.1.2 Influence of acid concentration and reaction time 

Figure 6a shows the influence of the HCl concentrations on the derivatization efficiency for 13 

target carbonyl compounds. Figure 6b shows the influence of the reaction time at room temper-

ature on the derivatization efficiency for 16 target carbonyl compounds.  

Acid catalyses the reaction between TSH and carbonyl compounds (Marron et al., 2020; Siegel 

et al., 2014). In previous studies, different HCl concentrations were used for TSH derivatiza-

tion. Marron et al., 2020 used a HCl concentration of 0.02 M for WW samples, whereas Siegel 

et al., 2014 used a HCl concentration of 0.04 M in biological samples (yeast cell sample ex-

tracts). The experiment conducted in this master thesis further highlights the need of an acid 

addition as a catalyst. For most carbonyl compounds (10 out of 13), a  HCl dose as low as 0.01 

M resulted in a considerable increase in derivatization efficiency compared to no HCl addition 

(Figure 6a). However, for some compounds including acetaldehyde, formaldehyde and decanal 

the derivatization efficiency decreased when adding 0.01 M HCl compared to no HCl addition. 

The derivatization efficiency for 3,5-heptanedione increased with increasing HCl dose and was 

highest at a HCl concentration of 0.05 M. The other 12 detected target carbonyls showed no 

difference or a slight decrease in derivatization efficiencies when applying HCl doses above 

0.01 M. Since there was not an optimal HCl concentration for all target carbonyl compounds, 

a concentration of 0.02 M HCl was adopted. 

The derivatization efficiencies were independent of the reaction time at room temperature (10 

min-2 h) (Figure 6b). Minimal differences between samples may be attributed to pipetting er-

rors or instrument variability. At spiking levels of 500 nM of each target carbonyl compound 

and derivatization with 200 µM TSH and 0.02 M HCl, all 16 target carbonyl compounds were 

detected with peak areas in the order of 106 to 109. 

 

 

 

 

 

 

 

 

 

 

Figure 6. (a) Influence of HCl concentration on the derivatization efficiency for 13 target carbonyl compounds; 

(b) influence of reaction time at room temperature on the derivatization efficiency for 16 target carbonyl com-

pounds. 

(a) (b) 
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3.1.3 Influence of derivatization on the detectability of carbonyls 

Figure 7 shows the detectability of 16 target carbonyl compounds in positive and negative ESI 

modes with and without derivatization. For all 16 target carbonyl compounds in the mixture, 

the peak areas were highest when analysed in the positive mode after derivatization, with the 

exception of 1-acetyl-1-cyclohexene, whose peak area was about 2.6 times higher with positive 

ESI without derivatization than with derivatization. Formaldehyde, acetaldehyde, cro-

tonaldeyhde and 3,5-heptanedione were only detected in the positive mode with derivatization. 

Decanal, benzaldehyde, methacrolein, glyoxal and glutaraldehyde were only detected with deri-

vatization in both the positive and negative modes. Cinnamaldehyde, cyclopentanone, and 1-

acetyl-1-cyclohexene were detected in both modes when derivatized, and only in the positive 

mode without derivatization. Glyoxylic acid and pyruvic acid were detected in both modes 

when derivatized, and in the negative mode without derivatization. Indole-3-carboxaldehyde 

and 4-hydroxy-2-methoxybenzaldehyde were detected in all four conditions.  

The detection of formaldehyde and acetaldehyde was not possible without derivatization since 

the monoisotopic masses of their molecular ions were outside the mass range (< 55 m/z).  More-

over, these compounds are too polar to be separated on a C18 column. In general, aromatic 

compounds and cyclic compounds such as 4-hydroxy-2-methoxybenzaldehyde or cyclopenta-

none, respectively were detected more easily with LC-ESI-HRMS. The underivatized ketoacids 

(glyoxylic acid and pyruvic acid) were better detected with negative ESI than positive ESI, 

most likely due to their acidic (proton donor) nature. 

The results for method performance characteristics such as linearity ranges, LODs and LOQs 

(Section S.4), analytical matrix effects (Section S.5) and the stability of derivatized carbonyl 

compounds (Section S.6) are described and discussed in the SI. Furthermore, the repeatability 

Figure 7. Detectability of 16 target carbonyl compounds in positive and negative ESI modes. The pink (nega-

tive mode) and magenta (positive mode) coloured bars refer to non-derivatized samples. The lightblue (negative 

mode) and blue (positive mode) coloured bars refer to derivatized samples. 
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of the internal standard spiking for benzaldehyde-d6 and tramadol-d6 is detailed in the SI (Sec-

tion S.7). 

3.2 Identification of unknown carbonyls by non-target analysis 

Unknown carbonyl compounds were identified using a target and a non-target approach. First, 

the non-target approach will be laid out. Then, the non-target results for the ozonation (OH 

radical scavenged) of model compounds (olefins, phenols, β-diketone) will be shown, and ten-

tative and probable structures assigned. Next, the quantified concentrations of the 16 target 

carbonyls in the different ozonated water matrices (with and without OH radical scavenging) 

as a function of the specific ozone dose will be displayed. Lastly, the non-target results for the 

different water matrices will be presented and discussed. 

Figure 8 shows the workflow used for screening for unknown carbonyl compounds. The appli-

cation of the different filtering criteria reduced considerably the number of unknown candidate 

carbonyl compounds. For most compounds, Compound Discoverer only proposed one single 

predicted composition formula and the mass error was very low (between - 1.5 and + 1.5 ppm). 

For a few compounds several predicted composition formulas were possible. Compound Dis-

coverer ranked these predicted compositions based on an algorithm considering the mass error, 

isotope patterns, and fragments of a given compound. The proposed predicted compositions 

were checked to confirm that they were chemically valid with an acceptable mass error (less 

than 5 ppm) and had the minimum elements as derivatized carbonyl compounds. 

 

 

 

 

 

 

 

 

 

 

Figure 8. Scheme of the criteria applied to the outcome of the Compound Discoverer analysis for WW Neugut 

samples (without OH radical scavenging). With five criteria, 42 results were selected from initially 1405 re-

sults. 
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The remaining results from the workflow used for screening for unknown carbonyl compounds 

(Figure 8) were further processed using the workflow for the assignment of possible and prob-

able structures (Figure 9). Chemical formulas of carbonyl compounds (Figure 9, tier (2)) were 

obtained by subtracting a substructure sum formula of the derivatizing agent from the derivat-

ized predicted composition (Figure 9, tier (1)) obtained by the software Compound Discoverer. 

The numbers of nitrogen and sulphur atoms in the derivatized predicted composition formulas 

allowed determining whether a single or double derivatization occurred. A predicted composi-

tion formula containing one sulphur atom and two or three nitrogen atoms indicated that a single 

derivatization took place, while a formula containing two sulphur and four nitrogen atoms in-

dicated that double derivatization took place. To account for the chemical formula of the car-

bonyl compound before derivatization, C7H8N2OS and C14H16N4O2S2 were subtracted from the 

derivatized predicted composition formula for single and double derivatized compounds, re-

spectively. At this stage, the identification of chemical formulas of carbonyls was of confidence 

level 3 (Schymanski et al., 2014). 

Figure 9. Scheme of workflow for assignment of possible and probable structures for unknown carbonyls. Con-

fidence levels of identification according to Schymanski et al., 2014. 
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Out of the 16 target carbonyl compounds only glyoxal (C2H2O2) was double derivatized. The 

chemical formulas of the other target carbonyls (single derivatized) were correctly (except 3,5-

heptanedione) determined when subtracting of C7H8N2OS from the predicted composition for-

mulas. This further confirmed that the assignment of predicted composition formulas according 

to the workflow was reliable. 

For 3,5-heptanedione (β-diketone) an H2O loss occurring in the ion source of the MS was ob-

served. Thus, it was assumed that 3,5-heptanedione is present in its enol rather than keto form 

in aqueous solutions. Keto-enol tautomerization has been extensively studied in the past 

(Emsley, 1984). Carbonyl compounds with at least one α-hydrogen atom can exist in two tau-

tomeric forms (keto and enol), and the equilibrium position depends on the relative stability of 

the keto and enol form (Roy, 2017). Acetylacetone, the simplest member of the β-diketones, is 

predominantly found in its enol form in many cases (Lozada-Garcia et al., 2011). Due to the 

likeness in structure between 3,5-hepanedione and thus chemical properties it is likely that the 

enol form of 3,5-heptanedione is also more stable than its keto form. For acetylacetone the same 

H2O loss was observed as for 3,5-heptanedione. 

Tentative structures (Figure 14, tier (3)) for unknown carbonyl compounds were obtained by 

drawing linear, uncharged carbonyl compounds with no C≡C or  C=C=C bonds because they 

are generally expected to react further with ozone. Single and double derivatized compounds 

had to contain at least one and two carbonyl groups, respectively. For some unknowns there 

was only one tentative structure possible and therefore a probable structure could be assigned 

(level 2b identification confidence, Figure 9, tier (5)) However, for many carbonyl compounds 

there were several tentative structures possible. The ozonation of the model compounds (cin-

namic acid, sorbic acid, 3-buten-2-ol, acetylacetone, phenol, 4-ethylphenol, 4-methoxyphenol, 

Section 3.3) provided further information that could be used to deduce possible structures (con-

fidence level 3 for identification (structure)) (Figure 9, tier (4)) and probable structures. For 

chemical formulas of carbonyl compounds that were formed both during the ozonation of WW, 

LW or SRFA and model compounds, it was checked if the RT matched. A shift in RT could be 

traced based on the RTs of the target carbonyl compounds glyoxal, acetaldehyde or formalde-

hyde in the samples. When the RTs matched, a possible carbonyl formation mechanism from 

the precursor (model compound) was investigated that would help to reduce the number of 

tentative structures based on the structure of the precursor and expected transformation during 

ozonation. A basic assumption was that the model compounds react according to the Criegee 

mechanism. To confirm possible and probable structures (levels 3 and 2b, respectively), refer-

ence standards would have to be purchased when commercially available, derivatized and ana-

lysed. By matching MS, MS/MS and retention time data of the possible or probable structure 

of an unknown carbonyl compound with the reference standard, a confirmed structure (level 1 

identification confidence) would be achieved (Schymanski et al., 2014). 

In the following sections, the results for the formation of targeted and non-targeted carbonyl 

compounds during ozonation of model compounds (Section 3.3) and ozonation of different wa-

ter matrices (Section 3.4) are shown and discussed. 
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3.3 Carbonyl precursor evaluation and structure elucidation 

The results from the ozonation of the carbonyl precursors (model compounds) cinnamic acid, 

sorbic acid, 3-buten-2-ol, acetylacetone, phenol, 4-ethylphenol and 4-methoxyphenol are pre-

sented here. This section is a preliminary assessment with further mechanistic evaluation 

needed. It is emphasized that all propositions for possible or probable structures are just tenta-

tive and more investigations are needed to verify or falsify them. Molecular formulas for car-

bonyl compounds produced during ozonation of the model compounds are listed in Table 6. 

Peak areas for a selection of carbonyl compounds that were formed in the ozonolysis of the 

model compounds as a function of the applied ozone doses are decpicted in the SI Section S.15. 

Drawings (similar to Figure 10) of carbonyl products formed during ozonolysis of the model 

compounds according to the Criegee mechanism are shown in the SI Section S.16. 

Whether formaldehyde was formed during ozonolysis (with DMSO) of the model compounds 

could not be decided because of the formaldehyde yield from the ozonolysis of DMSO. The 

calibration for formaldehyde that was established for quantification could not be applied here 

because a different TSH amount was used for derivatization. The ozonated model compounds 

were derivatized with 50 µM TSH whereas the formaldehyde calibration was established using 

a TSH concentration of 200 µM. Furthermore, a DMSO concentration of 1 mM was used for 

the ozonation of the model compounds, but ozonated blank samples (with DMSO) were only 

available at a DMSO concentration of 0.5 mM and derivatized with 200 µM TSH. Thus, a 

potential formation of formaldehyde would be difficult to claim and will therefore not be dis-

cussed in this section.   

3.3.1 Olefinic carbonyl precursors 

Cinnamic acid  When applying the non-target workflow to the analysis of ozonated sam-

ples of cinnamic acid, benzaldehyde was the only carbonyl product that could be identified 

when OH radicals were scavenged (with DMSO). Based on the theoretical reaction mechanism 

benzaldehyde (C7H6O) and glyoxylic acid (C2H2O3) are formed during ozonation of cinnamic 

acid (Leitzke et al., 2001). However, glyoxylic acid was not formed as expected or could not 

be identified with the non-target workflow.  Glyoxylic acid might have reacted further with 

H2O2 and given rise to formic acid and carbon dioxide (Leitzke et al., 2001; Ramseier & von 

Gunten, 2009). Ramseier & von Gunten, 2009 experimentally confirmed the transformation of 

glyoxylic acid into formic acid and carbon dioxide. When OH radicals were not scavenged, 

apart from C7H6O the following carbonyl sum formulas were identified: C3H2O, C4H4O3, 

C5H6O3 C7H6O2, C7H6O3 and C7H6O4. C7H6O2, C7H6O3 and C7H6O4 are likely benzaldehyde-

like structures with additional hydroxyl groups at the aromatic ring. 

Sorbic acid  The formation of the following carbonyl compounds was expected from 

reactions of sorbic acid with ozone according to the Criegee mechanism: crotonaldehyde 

(C4H6O), glyoxylic acid (C2H2O3), glyoxal (C2H2O2), acetaldehyde (C2H4O) and 4-oxobut-2-

enoic acid (C4H4O3) ( Figure 10). Crotonaldehyde and glyoxal were detected when ozonating 

sorbic acid (with DMSO) (Table 6). The ozone dose had an effect on the yield of crotonalde-

hyde. For ozone doses  25 µM, the peak area was increasing (maximum peak area: 2.7E+08). 

At an ozone dose of about 100 µM the peak area was smaller by two orders of magnitude 

(2.7E+06) and decreased even further at higher ozone doses. At higher ozone doses an attack 
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of ozone on the C=C bond of crotonaldehye is expected giving rise to glyoxal and acetaldehyde. 

Therefore, it makes sense that crotonaldehyde is degraded at high ozone doses. 

 

 

 

 

 

 

 

 

Figure 10. Scheme of product formation from reactions of sorbic acid with ozone according to the Criegee 

mechanism. Reaction arrows indicate an attack of ozone at the carbon double bond highlighted in the same 

color. 
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Table 6. Summary of molecular formulas and retention times for carbonyl compounds (excluding N-containing) that were identified (using non-target workflow) in ozonated 

WWs, SRFA and LW without OH radical scavenging (without DMSO) and from the ozonated model compounds (excluding cinnamic acid) with OH radical scavenging (with 

DMSO). 

 Without OH radical scavenging (without DMSO)  With OH radical scavenging (with DMSO) 

 
WW 

Neugut 

WW 

Werdhölzli 

WW  

Glarnerland 
SRFA 

LW 

Greifensee 

 Sorbic 

acid 

3-Buten-

2-ol 

Acety-

lacetone 
Phenol 

4-Ethylphe-

nol 

4-Methox-

yphenol 

Molecular 

formula 
Retention time(s) 

C2H2O 13.8 13.9 13.9 13.7 ND  ND ND 13.9 ND ND ND 

C2H2O2 16.3** 16.5** 16.4** 16.3** ND 
 

16.3** ND ND 
16.6**, 

17.3** 
16.3** 16.3** 

C2H2O3 13.5 ND 13.6 ND ND  ND ND ND ND ND 13.5 

C2H4O ND ND ND ND ND  ND 13.9 ND ND 13.7 ND 

C2H4O2 ND 13.0 13.0 12.8 ND  12.8 ND ND 13.1 ND 12.8 

C3H2O 15.7 15.9 13.0, 15.8 15.7 15.7  ND ND ND 13.2, 16.0 ND 12.9, 15.7 

C3H2O2 15.0 15.2 15.1, 16.8** 15.0 15.0  ND ND ND 15.3 14.9 15.0 

C3H2O3 16.5** 16.7** 16.6** 16.5** ND 
 

16.5** ND ND 
13.4, 

16.8** 
16.5** 16.5** 

C3H2O4# ND ND ND ND ND  ND ND ND ND ND 17.9** 

C3H4O ND ND 15.1, 16.3 ND ND  ND ND ND ND ND ND 
C3H4O2 ND ND 16.6** 16.5** ND  ND 16.7** 16.6** 15.1** ND ND 

C3H4O3 
13.8, 

16.4** 
14.0 13.9, 16.5** 

13.7, 

16.4** 
ND 

 13.5, 

13.7 
13.9 

13.5, 13.9, 

15.8 
14.1 13.4, 13.7 

13.5, 13.8, 

14.5 

C3H6O* ND ND 13.4 ND ND  ND ND ND ND ND ND 
C3H6O2 13.0 13.2 13.1 13.0 13.0  ND 13.9 13.1 ND ND ND 
C4H2O3# ND ND ND ND ND  ND ND ND ND ND 12.8, 13.1 

C4H4O* ND 14.0 13.9 16.4 13.8  16.4 ND ND 14.1 ND ND 

C4H4O2 15.8 16.0 15.9 15.8 15.8 
 

ND ND 15.9 
12.7, 14.1, 

16.4** 
ND 12.4, 14.9 

C4H4O3 13.5 13.7 
13.7, 14.5, 

15.2 

13.5, 14.3, 

15.9** 
12.7 

 
ND ND ND 14.6, 15.4 ND 15.1 

C4H4O4 ND ND ND 15.9** ND  ND ND ND 13.4 ND ND 

C4H6O# ND ND ND ND ND 
 15.7, 

16.6 
ND ND ND ND ND 

C4H6O2 15.7 15.9, 16.9** 
14.5, 15.8, 

16.9** 

15.7, 

16.7** 
15.7, 16.7** 

 
ND ND 

15.8, 

16.8** 
ND 16.3 ND 
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C4H6O3 
13.5, 

13.8 
13.7, 13.9 13.6, 13.9 13.5, 13.7 13.4 

 
13.7 ND 13.9 13.8, 14.1 

13.7, 14.3, 

17.4 

13.7, 14.3, 

14.8 

C4H6O4 12.8 13.0 12.9 12.7 ND  ND ND ND ND ND ND 
C4H8O2# ND ND ND ND ND  13.7 ND 14.0 ND ND ND 
C5H4O2# ND ND ND ND ND  ND ND ND ND ND 13.2 

C5H4O3 13.9 14.1 14.0 16.3 13.9 
 

ND ND ND 
14.2, 14.4, 

15.3 
ND ND 

C5H4O4 ND ND 12.8 ND ND  ND ND ND ND ND ND 

C5H6O 16.3 16.5 ND 17.0 ND 
 

ND ND ND ND 
14.7, 17.1, 

17.4 
ND 

C5H6O2 
13.3, 

14.4 
13.5, 14.6 13.8, 14.6 14.4 14.4 

 
ND ND ND ND 16.6 ND 

C5H6O3 ND 16.8** 
14.3, 14.5, 

16.7** 
14.4 ND 

 
ND ND ND 15.4 ND ND 

C5H6O4* ND ND ND 16.0** ND  ND ND ND ND ND ND 
C5H6O5 ND 14.6 ND ND   ND ND ND ND ND ND 
C5H6O6# ND ND ND ND ND  ND ND ND ND ND 13.7 

C5H8O 17.1 ND 17.2 ND ND  ND ND ND ND ND ND 

C5H8O2# ND ND ND ND ND 
 

ND ND ND ND 
14.8, 16.3, 

16.7 
ND 

C5H8O3 ND 14.1 14.0, 14.6 ND ND  ND ND ND ND 14.2, 14.3 ND 

C5H8O4 ND ND 13.0 ND ND  ND ND ND ND ND ND 
C6H4O2# ND ND ND ND ND  ND ND ND 16.0 ND ND 
C6H4O3# ND ND ND ND ND  ND ND ND ND ND 14.4, 16.1 

C6H4O4# ND ND ND ND ND  ND ND ND ND 15.2 14.1 

C6H4O5 13.0 13.2 ND 13.0 13.0  ND ND ND 13.4 ND ND 
C6H6O2# ND ND ND ND ND  ND ND ND ND 16.0 ND 

C6H6O4 14.9 ND 15.0 14.5 ND 
 

ND ND ND 13.0, 13.2 14.4 
12.7, 12.9, 

13.7 

C6H6O5 13.2 ND 13.1 ND 13.2  ND ND ND ND ND 13.2 

C6H8O2 ND ND 17.8** ND ND  ND ND ND ND 15.8, 16.2 ND 

C6H8O3# ND ND ND ND ND 
 

ND ND ND ND 
14.9, 15.4, 

15.9, 16.2 
ND 

C6H8O4 
14.8, 

16.5** 
15.0, 16.7** 15.0, 16.6** 14.8 14.8 

 
ND ND ND ND ND 14.3 

C6H10O2 15.4 15.6 14.6, 15.5 ND 15.4  ND ND ND ND ND ND 
C6H10O3# ND ND ND ND ND  ND ND ND ND 15.2 ND 
C7H6O5# ND ND ND ND ND  ND ND ND ND ND 15.4 
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* Molecular formulas which were not identified in ozonated WWs, SRFA and LW with OH radical scavenging but only without OH radical scavenging; ** Retention times of 

double derivatized carbonyls; # Molecular formulas which were only identified in ozonated model compounds and not in ozonated WWs, SRFA or LW. 

Slight RT shifts were observed: Sorbic acid (+ 0.1 min), 3-buten-2-ol (+ 0.3 min), acetylacetone (+ 0.3 min), phenol (+ 0.4-0.5 min), 4-ethylphenol (+ 0.1 min), 4-methoxyphenol 

(+ 0.1-0.2 min). 

 

 

 

 

C7H8O4# ND ND ND ND ND  ND ND ND ND ND 14.4, 15.3 

C7H8O2# ND ND ND ND ND  ND ND ND ND 16.3 ND 

C7H8O4# ND ND ND ND ND  ND ND ND ND 15.2 ND 
C7H10O* ND ND 17.0 ND ND  ND ND ND ND ND ND 
C7H10O3 15.4 15.6 15.5, 17.1** 15.4 15.4  ND ND ND ND ND ND 
C7H12O2 ND ND 15.2 ND ND  ND ND ND ND ND ND 
C8H10O3# ND ND ND ND ND  ND ND ND ND 14.6 ND 

C8H10O5# ND ND ND ND ND 
 

ND ND ND ND 
14.2, 14.4, 

16.6 
ND 

C8H12O3# ND ND ND ND ND  ND ND ND ND 16.4 ND 
C8H12O5# ND ND ND ND ND  ND ND ND ND 12.7 ND 
C8H16O4 ND ND 14.4 ND ND  ND ND ND ND ND ND 
C8H20O4* ND ND ND ND 16.6  ND ND ND ND ND ND 
C9H12O2* ND ND ND ND 17.0  ND ND ND ND ND ND 
C10H12O5 ND ND 14.8 ND ND  ND ND ND ND ND ND 
C14H10O3 17.7 ND ND ND ND  ND ND ND ND ND ND 
C14H20O4 ND ND 18.6 ND ND  ND ND ND ND ND ND 
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Glyoxilic acid, actetaldehyde and 4-oxobut-2-enoic acid were not detected as expected from 

the Criegee mechanism (Figure 10). The product C2H4O2 was identified in the ozonated sorbic 

acid samples. The only carbonyl structure that fitted this chemical formula was 2-hydroxyacet-

aldehyde. Additionally, the product C3H2O3, which was double derivatized, was identified as 

2-oxopropanedial. C3O4O3 was also formed and is likely to be 3-hydroxy-2-oxoproanal based 

on a reaction mechanism suggested for ozone and acrylic acid (Figure 11) (von Sonntag & von 

Gunten, 2012). Hence, 2-hydroxyacetaldehyde, 2-oxopropanedial and 3-hydroxy-2-oxopro-

panal are probable structures (level 2b confidence) for carbonyls that are formed during ozo-

nolysis of sorbic acid (with DMSO). Moreover, the products C4H4O, C4H6O3 and C4H8O2 were 

observed (with DMSO). 

 

 

3-buten-2-ol  During ozonolysis (with DMSO) of 3-buten-2-ol, acetaldehyde was de-

tected and C3H4O3, which could be pyruvic acid based on the RT of the peak considering the 

slight RT shift (+ 0.3 min) of the ozonated 3-buten-2-ol samples Figure 12. The acetaldehyde 

yield decreased with increasing ozone dose and reached a maximum at an ozone dose of about 

25 µM. 2-hydroxypropanal (probable structure for C3H6O2) was formed as expected from the 

Figure 11. Scheme of tentative (not solely according to the Criegee mechanism) product formation from reac-

tions of sorbic acid with ozone. Reaction mechanism is adapted from mechanism of ozonolysis of acrylic acid 

shown in von Sonntag & von Gunten (2012). 
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Criegee mechanism. The yield of C3H4O3 remained constant when applying ozone doses be-

tween 50 and 300 µM. Additionally, the product C3H4O2 (double derivatized) was detected. 

The latter fits two tentative candidates: 2-oxopropanal (methyl glyoxal) and malonaldehyde. 

Based on the positions of hydroxyl group in 3-buten-2-ol, 2-oxopropanal seemed to be the more 

likely possible structure. Without OH radical scavenging, the following additional carbonyl 

compounds were identified: C2H4O2 (2-hydroxyacetaldehyde), C3H4O4, C4H6O2 and C4H6O3. 

The formation of C4H6O2 and C4H6O3 is interesting because carbonyl compounds contain four 

carbon atoms same as the precursor 3-buten-2-ol. Thus, they were formed without breaking the 

carbon skeleton of 3-buten-2-ol. 

Acetylacetone  A scheme of possible and probable structures for carbonyl compounds 

that were formed in the ozonolysis of acetylacetone in the presence of DMSO are shown in 

Figure 13. In ozonolysis of acetylacetone, 2-oxopropanal (methyl glyoxal, C3H4O2) was ob-

served double derivatized as expected from the Criegee mechanism. C4H6O2 was observed sin-

gle and double derivatized. C4H6O2 (double derivatized) must contain two carbonyl groups and 

thus possible structures were: butane-2,3-dione, butanedial, 2-methylpropanedial, 2-oxobutanal 

and 3-oxobutanal. From these five diketones, butane-2,3 dione and 3-oxobutanal were the best 

candidates, because of the methyl group that should be attached to one carbonyl group (based 

on the structure of acetylacetone). Still, the structures butane-2,3-dione and 3-oxobutanal could 

not be traced back to the precursor compound due to the carbon skeleton and the positioning of 

the oxygen atoms based on the known reaction mechanisms. Therefore, it is important to high-

light that further mechanistic evaluation is needed. Furthermore, C4H6O3 was found, assuming 

that a methyl group is attached to a carbonyl group (based on the structure of acetylacetone) 

and that no ether is contained, the possible structures were: 3-oxobutanoic acid, 2-hydroxy-3-

oxobutanal and 1-hydroxybutane-2,3-dione. Additionally, the product C4H4O2 was identified, 

for which only structures with a C=C or C≡C bond were feasible. The product is less likely to 

contain a C≡C bond than a C=C bond. Moreover, C3H6O2 was detected for which the best 

Figure 12. Scheme of possible and probable structures for carbonyl compounds that were formed during ozonol-

ysis of 3-buten-2-ol in the presence of the OH radical scavenger DMSO. The tentative candidates in grey are less 

likely than the ones in black color (based on the structure of the precursor 3-buten-2-ol). 
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candidate was 1-hydroxypropan-2-one based on the position of the ketone group. 3-hydroxy-

propanal would also be feasible based on the sum formula, but seemed less likely to relate back 

to acetylacetone as a precursor. 2-methoxyacetaldehyde was not a likely structure because it 

contains an ether. Lactaldehyde was also not considered a likely structure for C3H6O2, because 

the RT did not match with the one for C3H6O2 in the ozonated 3-buten-2-ol samples, for which 

the probable structure was lactaldehyde based on expectations from the Criegee mechanism. 

Ethenone is the probable structure for C2H2O. 

In conclusion, the Criegge mechanism did not seem to be the only reaction mechanism occur-

ring for olefins, despite being considered as the main one. It has also been stated that partial 

oxidation of olefins may be observed, which leads to the formation of products in which the 

carbon-carbon double bond is not fully cleaved (von Sonntag & von Gunten, 2012). However, 

the formation of carbonyl compounds through partial oxidation was only observed in organic 

solvents and not in water samples (von Sonntag & von Gunten, 2012). Furthermore, there seem 

to be cases where a homolytic cleavage instead of a heterolytic cleavage of the ozonide can 

ocurr for olefins, which may lead to the formation of carbonyls (von Sonntag & von Gunten, 

2012). For some of the identified carbonyl compounds formed during the ozonolysis of the 

precursors, no reasonable explanation for their formation could be found yet. It would therefore 

make sense to enhance the quality control of the predicted molecular formulas even further and 

if the molecular formulas prove valid, to search for alternative reaction mechanisms occurring 

during ozonolysis. 
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3.3.2 Phenolic carbonyl precursors 

Phenols can react via different reaction pathways (von Sonntag & von Gunten, 2012). The first 

step in the reaction of ozone with aromatic compounds is the formation of an adduct (interme-

diate), which either forms an ozonide or reacts to other products (Ramseier & von Gunten, 

2009; von Sonntag & von Gunten, 2012). These other products may only be formed because in 

aromatic systems the positive charge that develops through the adduct formation stabilises the 

adduct and sufficiently retards the collapse to the ozonide (von Sonntag & von Gunten, 2012). 

However, in the following the focus will be only about products that are expected from the 

Criegee mechanism and/or allow for assignment of possible and probable structures. Not all 

unknown carbonyls formed during ozonation of phenol, 4-ethylphenol and 4-methoxyphenol 

will be discussed here. A full overview over the unknown carbonyl compounds that were 

formed during the ozonolysis (with DMSO) of the phenolic carbonyl precursors is provided in 

Table 6. 

Phenol   In total, 17 different chemical formulas for carbonyls were found in the 

ozonolysis (with DMSO) of phenol Table 6. The ozonation of phenol lead to the formation of 

Figure 13. Scheme of possible and probable structures for carbonyl compounds that were formed during ozo-

nolysis of acetylacetone in the presence of the OH radical scavenger DMSO. The tentative candidates in grey 

are less likely than the ones in black color (based on the structure of the precursor acetylacetone). 
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glyoxal, C4H4O3 and C4H4O2 as expected from the Criegee mechanism. Glyoxylic acid, which 

was expected as a product but was not found, likely reacted further with H2O2 giving rise to 

formic acid and carbon dioxide (Leitzke et al., 2001; Ramseier & von Gunten, 2009). Two 

peaks were detected for double derivatized glyoxal (RT: 16.6 and 17.3 min), which were likely 

the two E/Z-glyoxal TSH-hydrazones. The peak area at RT 17.3 minutes was smaller by two 

orders of magnitude compared to the peak area at RT 16.6 minutes. The yield of glyoxal was 

highest at the highest ozone dose (about 300 µM). The two isomers of C4H4O3 were likely 4-

oxobut-2-enoic acid and 2-hydroxyfumaraldehyde which are both expected from the Criegee 

mechanism. Otherwise, the two isomers could also be E/Z-TSH-hydrazones of either 4-oxobut-

2-enoic acid or 2-hydroxyfumaraldehyde. The probable structure for C4H4O2 was fumaralde-

hyde/malealdehyde. Furthermore, the product 2-hydroxyacetaldehyde was formed. Addition-

ally, 2-oxopropanedial and C3H4O3 (3-hydroxy-2-oxopropanal, 2-hydroxy-3-oxopropanal, py-

ruvic acid or 3-oxopropanoic acid) were formed. C3H4O2 (double derivatized) was measured at 

a RT of 15.1 minutes, and its only two possible structures were 2-oxopropanal (methyl glyoxal) 

and propanedial. 2-oxopropanal (double derivatized) was likely formed in the ozonolysis of 

acetylacetone according to the Criegee mechanism and a peak was observed at 16.6 minutes. 

Because of the clear RT difference (1.5 minutes), C3H4O2 that was produced in the ozonolysis 

of phenol must either be propanedial or the other E/Z-2-oxopropanal-TSH hydrazone.  

4-ethylphenol  23 unknown carbonyl compounds were produced in the ozonolysis (with 

DMSO) of 4-ethylphenol (Table 6). The carbonyl compounds, which were expected to be 

formed based on the Criegee mechanism and for which a corresponding chemical formula was 

identified were: C8H10O3, C6H8O3, C6H8O2 and glyoxal. The probable structures for C6H8O2 

and C6H8O3 were 2-ethylfumaraldehyde/2-ethylmalealdehyde (E/Z isomers) and 4-oxohex-2-

enoic acid, respectively (Figure 14). According to the Criegee mechanism, C8H10O3 is formed 

as an initial product from the degradation of the ozonide 4-ethylphenol. Three different struc-

tures could theoretically be formed for the sum formula C8H10O3, depending on the location 

where the ozone attacks the aromatic ring structure of 4-ethylphenol, but only one peak was 

observed. The peak area for C8H10O3 was increasing with an increasing ozone dose  100 µM, 

then it was decreasing (S14, SI). This trend was compatible with the suggested pathway, be-

cause the two C=C double bonds in C8H10O3 are supposed to be attacked by ozone and lead to 

further product formation. The formation of C4H4O3 and glyoxylic acid was expected from the 

Criegee mechanism, but it could not be confirmed in this experiment. Furthermore, acetalde-

hyde and 2-oxopropanedial were formed among many other carbonyl compounds. 

Figure 14. Tentative candidates for H6H8O2 and C6H8O3 formed during the ozonolysis of 4-ethylphenol based 

on the Criegee mechanism. 
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4-methoxyphenol 21 carbonyl compounds were identified in the ozonolysis (with DMSO) 

of 4-methoxyphenol (Table 6). The following compounds and sum formulas were expected 

based on the Criegee mechanism and found in ozonated (with DMSO) 4-methoxyphenol: gly-

oxal, glyoxylic acid, C3H4O3, C4H4O3 and C7H8O4. The probable structure for C3H4O3 was me-

thyl-2-oxoacetate (Figure 15). The probable structure for C4H4O3 (RT = 15.1 min) is 2-hy-

droxyfumaraldehyde, which was also found in the ozonolysis of phenol. For C7H8O4 three 

structures were expected due to the three attack sites for ozone on the aromatic ring. Two peaks 

were measured for C7H8O4 and the possible structures were: 4-methoxy-6-oxohexa-2,4-dienoic 

acid, methyl-4-hydroxy-6-oxohexa-2,4-dienoate and 2-hydroxy-5-methoxyhexa-2,4-dienedial 

(Figure 15). For several of the small carbonyl compounds that were formed during ozonation 

of 4-methoxyphenol, we could assign probable structures or tentative candidates. For C3H2O4 

(double derivatized) the probable structure is 2,3-dioxopropanoic acid (Figure 15), which is the 

only possible structure that has two carbonyl groups. Further, 2-hydroxyacetaldehyde and 2-

oxopropandedial were identified (probable structures). 

 

 

 

 

 

 

 

 

 

Figure 15. Tentative candidates for C3H4O3 and C7H8O4 formed during the ozonolysis of 4-methoxyphenol 

based on the Criegee mechanism. 
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3.4 Ozonation of different water matrices 

3.4.1 Quantification of target carbonyl compounds 
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Figure 16. Quantification of formaldehyde, acetaldehyde, glyoxylic acid, pyruvic acid, glyoxal and glutaralde-

hyde in different ozonated water samples (without and with DMSO). The red horizontal line indicates the LOQ 

for each target carbonyl compound. The blue vertical line is drawn at a specific ozone dose of 0.5 mgO3 / 

mgDOC, which is typically applied in WWTPs. The specific ozone dose (mgO3 / mgDOC) is shown on the x-

axis and the concentration on the y-axis (nM or µM). The y-axis for formaldehyde is presented in a logarithmic 

scale. Concentrations below the LODs are not shown. 

Considerable amounts of formaldehyde, acetaldehyde, glyoxylic acid, pyruvic acid, glyoxal and 

glutaraldehyde were detected in the selected ozonated waters (Figure 16). The red horizontal 

lines (Figure 16) indicate the LOQs for each target carbonyl. Concentrations below the calcu-

lated LODs are not shown. The required average 80% micropollutant abatement in WWTPs is 

reached at around a specific ozone dose of 0.5 mgO3/mgDOC (Bourgin et al., 2018). Therefore, 

a specific ozone dose of 0.5 mgO3/mgDOC (blue vertical line in Figure 16) or doses in this 

range are typically applied for ozonation. At the WWTP Neugut, for example, a specific ozone 

dose of 0.33-0.5 mgO3 / mgDOC is applied (Schachtler & Hubaux, 2016). The data displayed 

in Figure 16 refers to a measurement series containing 34 samples. In the SI (Section S.13) the 

quantified concentrations for formaldehyde, acetaldehyde, glyoxylic acid, pyruvic acid, glyoxal 

and glutaraldehyde are listed and their structures are shown. Concentrations above the LOD 

were also obtained for benzaldehyde and 1-acetyl-1-cyclohexen for some ozonated samples. 

However, the concentrations for benzaldehyde were all below the LOQ and concentrations for 

1-acetyl-1-cyclohexene were mostly below the LOQ. All other target carbonyl compounds were 

not detected in the ozonated samples. In LW Lake Greifensee (without DMSO), much smaller 

carbonyl compound concentrations were measured compared to the WWs, likely because the 

DOC was lower (3.4 mg/L). Small concentrations of formaldehyde, acetaldehyde, glyoxylic 

acid and glutaraldehyde were found. However, only formaldehyde was contained at levels 

above the LOQ. 

In the following, the quantified target carbonyl compounds are discussed for the different ma-

trices and experimental conditions. 

Formaldehyde  The highest formaldehyde concentration that was found in an ozonated 

blank was 0.39 µM (ozone dose 5, with DMSO). As stated in Section 2.2.2, a slightly higher 

formaldehyde concentration of about 2 µM was expected in blanks containing DMSO (0.5 

mM). The formaldehyde yield from the ozonolysis of DMSO was subtracted from the quanti-

fied amounts (blank correction was applied). Formaldehyde was already detected in most non-

ozonated samples at low concentrations, up to 1.2 µM for WW Neugut (without DMSO). For-

maldehyde concentrations were much higher in the ozonated samples with DMSO than without 

DMSO. Formaldehyde concentrations for OH radical scavenged samples (with DMSO) were 

between about 18-66 µM for specific ozone doses between 1-2.5 mgO3 / mgDOC. In samples 

without DMSO, formaldehyde was contained in the few µM range. At a specific ozone dose of 

0.5 mgO3 / mgDOC (without DMSO) WW Glarnerland and SRFA contained the highest con-

centrations (about 3.8-3.9 µM; 114-117 µg/L) of formaldehyde among the different matrices. 

Overall, formaldehyde was formed at greater concentrations than the other target carbonyl com-

pounds. Similarly, Wert et al., 2007 observed that formaldehyde was formed in higher amounts 

(up to 3.1 µM) than six other carbonyl compounds (among them acetaldehyde and glyoxal) 

during ozonation of WW. Wert et al., 2007 found that formaldehyde concentrations were high-
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est, followed by glyoxal and lastly acetaldehyde. Furthermore, the authors attributed the for-

maldehyde formation mostly to OH radical exposure because O3/H2O2 produced greater con-

centrations than O3. However, in this thesis smaller formaldehyde concentrations were detected 

when OH radicals were present (without DMSO) compared to when OH radicals were 

quenched. 

Acetaldehyde  Acetaldehyde concentrations were highest when a specific ozone dose of 

around 1 mgO3 / mgDOC was applied (without DMSO). At higher specific ozone doses, acet-

aldehyde was degraded again or other reaction pathways were favoured that lead to a lower 

acetaldehyde formation. In WW prior to ozonation, no acetaldehyde above the LOD concentra-

tion was detected. At a specific ozone dose of 0.5 mgO3 / mgDOC the following concentrations 

of acetaldehyde were detected: 1.3 µM (52 µg/L) in WW Glarnerland, 1.1 µM (44 µg/L) in 

WW Neugut, 0.87 µM (35 µg/L) in WW Werdhölzli and 0.4 µM (16 µg/L) in experiments with 

SRFA. In contrast to formaldehyde, acetaldehyde concentrations were higher when OH radicals 

were not scavenged during ozonation (without DMSO) (S10, SI). For WW Neugut, for exam-

ple, 1.1 µM (without DMSO) and 0.49 µM (with DMSO) acetaldehyde were quantified when 

applying a specific ozone dose of around 0.5 mgO3/mgDOC. 

Glyoxylic acid and pyruvic acid For both glyoxylic acid and pyruvic acid, the quantified 

concentrations were slightly higher in the ozonated samples when DMSO was added as a scav-

enger. At a specific ozone dose of around 1 mgO3 / mgDOC, concentrations in the range of 

0.95-1.6 µM (without DMSO) and 1.3-2.4 µM (with DMSO) were obtained for glyoxylic acid 

in WWs and SRFA. At the same specific ozone dose, concentrations for pyruvic acid were in 

the range of 0.17-0.51 µM (without DMSO) and 0.45-0.72 (with DMSO) in WWs and SRFA.   

Hence, it is likely that precursors of glyoxylic acid and pyruvic acid follow slightly different 

reaction pathways when OH radicals are present, leading to a smaller product yield. Addition-

ally, the ozone exposure changes when an OH scavenger is used (von Sonntag & von Gunten, 

2012), which may have resulted in higher product formation in samples with DMSO. With 

increasing specific ozone doses, the concentrations of glyoxylic and pyruvic acid increased 

steadily. At a specific ozone dose of around 0.5 mgO3 / mgDOC (with DMSO) the highest 

concentrations were found in SRFA and WW Glarnerland, 1.4 µM (104 µg/L) and 1.0 µM (74 

µg/L) for glyoxylic acid and 0.44 µM (39 µg/L) and 0.43 µM (38 µg/L) for pyruvic acid, re-

spectively. 

Glyoxal  Glyoxal was found at concentrations above the LOQ for a specific ozone 

dose of around 1 mgO3 / mgDOC for WW Glarnerland (0.61 µM; 35 µg/L) and SRFA (0.57 

µM; 33 µg/L), when DMSO was added as a scavenger. At this specific ozone dose, it was also 

detected in WW Neugut (with DMSO) below the LOQ. In Werdhölzli WW (with DMSO), 

however, no glyoxal was measured above the LOD at any specific ozone dose. In the absence 

of an OH radical scavenger (without DMSO), no glyoxal was measured above the LOD in all 

water samples (with one exception). The reason for this was unknown. Surprisingly, glyoxal 

was present in one water sample (without DMSO). 0.58 µM glyoxal was quantified in WW 

Neugut (without DMSO) at a specific ozone dose of around 1 mgO3 / mgDOC. Due to an error 

during sample preparation, the sample was derivatized freshly two days after ozonation was 

conducted. The ozonated sample had been stored in the dark in the refrigerator for the period 
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of these two days. This freshly derivatized WW Neugut sample (without DMSO) was analysed 

in LC-HRMS within a few hours, while the other samples were only measured after 1-2 days 

after derivatization during which they were stored at 4° C. Therefore, the question arises 

whether derivatized glyoxal (double derivatized) is indeed stable for more than a few hours. 

Although the stability of some derivatized carbonyl compounds over the period of five days 

was evaluated (Section 3.2.3), the stability of derivatized glyoxal could not be studied due to 

too low spiking levels of glyoxal. Further experiments are needed to test the stability of deri-

vatized glyoxal. 

Glutaraldehyde Glutaraldehyde was found at similar quantifiable levels with and without 

OH radical quenching in LW Lake Greifensee, WW Werdhölzli and WW Neugut. Thus, the 

presence of OH radicals did not influence the glutaraldehyde yield. The highest glutaraldehyde 

concentrations, 0.62 µM (62 µg/L, without DMSO) and 0.58 µM (58 µg/L, with DMSO), were 

observed for WW Glarnerland at a specific ozone dose of around 1 mgO3/mgDOC. At very 

high ozone doses glutaraldehyde concentrations decreased again, similar to what was observed 

for acetaldehyde. 

3.4.2 Identification of non-target carbonyl compounds 

Overall, up to 70 carbonyl compounds were detected in the different ozonated water matrices, 

among them many unknown carbonyl compounds and some of the 16 selected target carbonyl 

compounds (Table 7). Table 7 shows the count of total compounds (including N-containing) 

for the different ozonated water samples (without DMSO and with DMSO). The identified In 

Table 6. Summaries of molecular formulas and retention times for carbonyl compounds (ex-

cluding N-containing) that were identified (using non-target workflow) in the different water 

matrices without OH radical scavenging (without DMSO) and with OH radical scavenging 

(with DMSO) are shown in Table 6 and in the SI Section S.14, respectively. Identified N-con-

taining compounds are listed in the SI (Section S.17). 

Here, the results for the ozonated samples without DMSO are discussed, as they are more rele-

vant for real ozonation processes occurring in WWTPs. The highest number of unknown car-

bonyl compounds was found in WW Glarnerland (without DMSO) with a total of 70 carbonyl 

compounds, among which 18 carbonyl compounds were nitrogen-containing compounds. Iso-

mers with the same molecular formula but different RTs were counted separately. WW Neugut 

(without DMSO) and WW Werdhölzli (without DMSO) contained a total of 40 and 45 different 

carbonyl compounds, respectively. Thus, the number of carbonyls after ozonation (without 

DMSO) were decreasing as follows: WW Glarnerland > WW Werdhölzli > WW Neugut.  

In SRFA (without DMSO) and LW Greifensee (without DMSO), only three nitrogen-contain-

ing carbonyl compounds were detected, whereas in the ozonated WW samples (without DMSO) 

between 12 and 18 nitrogen-containing carbonyl compounds were detected (Table 7). Past re-

search showed that in WW effluent organic matter samples, the dissolved organic nitrogen is 

present in higher concentrations than in natural organic matter such as SRFA or lake water 

(Nam & Amy, 2008). Also, considering the low nitrogen content in the elemental composition 

of SRFA (0.67% nitrogen), only a limited formation of nitrogen-containing carbonyl com-

pounds can be expected. 
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Table 7. Count of total compounds (including N-containing) and N-containing results for the different ozonated 

water samples (without DMSO and with DMSO). ND (not determined) indicates that this value was not ob-

tained. 

In the following section, a selection of unknown carbonyl molecular formulas will be discussed. 

The peak areas as a function of the specific ozone dose of eight unknown carbonyl compounds, 

which were formed in ozonated WW, LW and SRFA (without OH scavenging) and identified 

by non-target analysis, are shown in Figure 17. The peak areas were extracted using the soft-

ware Trace Finder and were corrected using the internal standard benzaldehyde-d6-TSH. The 

blue vertical line (Figure 17) is drawn at a specific ozone dose of 0.5 mgO3/mgDOC, which is 

typically applied for ozonation in WWTPs (Schachtler & Hubaux, 2016). The following sum 

formulas were assigned to the eight unknown carbonyl compounds: C3H2O, C3H2O2, C3H5NO2, 

C4H4O2, C4H4O3, C4H6O3, C5H7NO4. As an overall trend, an increase of peak areas was ob-

served with an increasing specific ozone dose in all ozonated water samples. This further con-

firmed that these unknown carbonyl compounds were formed during ozonation. For some of 

the unknown carbonyl compounds a slight decrease in peak areas was observed at a very high 

specific ozone dose (about 2.5 mgO3/mgDOC). All eight carbonyl compounds occurred in ozo-

nated SRFA, the three different ozonated WWs and in ozonated LW Lake Greifensee. In LW 

Lake Greifensee they were less abundant probably due to a lower DOC concentration. 

Liu et al., 2020 characterized carbonyl OBP during ozonation among other oxidation processes. 

The authors identified the three oxoacids 3-oxobutanoic acid (C4H6O3), 3-methyl-2-oxobuta-

noic acid (C5H8O3) and 9-oxononanoic acid (C9H16O3) in treated drinking water. C4H6O3 and 

C5H8O3 were also identified using the non-target workflow presented in this thesis. C4H6O3 was 

identified in all three ozonated WWs, ozonated LW Greifensee and SRFA, and in the ozonoly-

sis of sorbic acid, acetylacetone, phenol, 4-ethylphenol and 4-methoxyphenol. Hence, C4H6O3 

(3-oxobutanoic acid) seems to be a very abundant OBP. C5H8O3 was identified in ozonated 

WW Werdhölzli, WW Glarnerland and 4-ethylphenol. Unsaturated oxoacids are an important 

class of products in the ozonolysis of phenol and are formed by phenolic benzene ring opening 

(Tentscher et al., 2018). 3-oxobutanoic acid, 3-methyl-2-oxobutanoic acid and 9-oxononanoic 

acid are most likely derived from the cleavage of the phenyl ring in macromolecular phenols 

(Liu et al., 2020). This hypothesis is supported by the finding that both C4H6O3 (3-oxobutanoic 

acid) and C5H8O3 (3-methyl-2-oxobutanoic acid) were identified as products from the ozona-

tion of phenolic compounds (in this thesis). 

Remucal et al., 2020 provide molecular-level evidence for the selectivity of ozone as an oxidant 

within DOM. The authors established reactions between model compounds and ozone or OH 

radicals. These reactions were for example an addition of one to two oxygen atoms in reaction 

  
WW 

Neugut 

WW 

Werdhölzli 

WW Glarner-

land 
SRFA 

LW 

Greifensee 

With-

out 

DMSO 

Total 40 45 70 37 21 

N containing 12 15 18 3 3 

With 

DMSO 

Total 36 41 43 31 ND 

N containing 9 13 10 3 ND 
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with ozone or an addition of one oxygen atom and decarboxylation for reactions with OH rad-

icals (Remucal et al., 2020). These reactions produced highly oxidized DOM with a O:C ratio 

> 1.0. Furthermore, Remucal et al., 2020 provide a table of ozonation products of DOM that 

were previously identified using target approaches. Several molecular formulas that were iden-

tified in this thesis were also mentioned on said table. The following identified carbonyls are 

thus likely to be found in ozonated WWs: glycolaldehyde (C2H4O2), propanal/acetone (C3H6O), 

methylglyoxal (C3H4O2), dimethylglyoxal/isomer of 2,3-butanedione (C4H6O2), 5-ketohexanal 

(C7H12O2). 
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Figure 17. Peak areas (arbitrary units, y-axis) of eight carbonyl compounds that were identified in ozonated 

WW, LW and SRFA (without DMSO) as a function of the specific ozone dose (mgO3/mgDOC, x-axis). The 

blue vertical line is drawn at a specific ozone dose of 0.5 mgO3 / mgDOC, which is typically applied in WWTPs. 
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3.5 Limitations 

The contamination of the derivatizing agent TSH with carbonyl-TSH compounds such as for-

maldehyde-TSH, acetaldehyde-TSH, acetone-TSH, 3-pentanone-TSH and butyraldehyde-TSH 

was a major limitation to this method. Derivatized acetone, 3-pentanone and butyraldehyde 

could therefore not be quantified at concentrations relevant in WW. Derivatized formaldehyde 

and acetaldehyde could be quantified but relatively higher LOD and LOQs were obtained for 

these two target carbonyl compounds due to the contamination. Even a purification of the TSH 

product through recrystallization did not reduce this contamination. 

Typically, all major fragments in the MS2 spectra belonged to the derivatizing agent. These 

signature fragments were valuable for the identification of carbonyl compounds. However, the 

use of the MS2 information for the structure elucidation was limited, as there were no charac-

teristic fragments or neutral losses allowing to distinguish aldehydes, ketones and ketoacids 

from one another.  

In this thesis, the pool of tentative structural candidates, which were considered for unknown 

carbonyls was compiled based on entries from the Pubchem database as well as by manual 

drawing. Comprehensive search for carbonyl compounds in chemical databases or manual 

drawing of tentative structures by hand for compounds with a high carbon atom number (≥ C5) 

becomes very time intensive. Compiling of tentative structures was thus only feasible for small 

carbonyl compounds (≤ C4) or double derivatized carbonyls, for which there is a relatively small 

number of tentative structures. Possible or probable structures of carbonyl compounds with 

high carbon atom number could only be assigned based on the precursor evaluation and the 

knowledge from the Criegee mechanism. 

Due to a limited time for this master thesis and an elaborate, time-intensive method develop-

ment, it was not possible to obtain replicates for the ozonated WW, LW and SRFA samples. 

4. Conclusions and outlook 

The derivatization of carbonyl compounds with the derivatizing agent TSH was optimized by 

using the following concentrations: 200 µM of TSH, 0.02 M of HCl. A reaction time of 10 

minutes to 2 hours at room temperature was sufficient for complete derivatization. All 16 target 

carbonyl compounds were detectable after derivatization when analysed LC-ESI-HRMS with 

positive ESI. Positive ESI was better suited than negative ESI for detection of the derivatized 

carbonyl compounds. 9 out of 16 target carbonyl compounds were only detectable after deri-

vatization. Linear calibration ranges of the derivatized carbonyls could be established with 

LODs in the range of 2-96 nM and LOQs in the range of 5-320 nM. There was no analytical or 

procedural matrix effect observed. By using a TSH concentration of 200 µM derivatization 

efficiencies between 82 and 105% were obtained in different water matrices (for benzaldehyde 

and cinnamaldehyde). 

Formaldehyde, acetaldehyde, glyoxylic acid and pyruvic acid were observed at relatively high 

concentrations (total concentration of 3.7 - 6.3 µM) after ozonation (0.5 mgO3 / mgDOC) of 

different WWs (without quenching OH radicals). As a general trend, the formation of carbonyl 
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compounds increased when applying increasing ozone doses. By tracking signature fragments 

(m/z 139.0212, 155.0161 and 157.0318) originating from the TSH moiety of derivatized car-

bonyl compounds using a non-target workflow, many molecular formulas of unknown carbonyl 

compounds could be identified in ozonated WWs, LW and SRFA. The ozonation of precursors 

such as olefins, phenols and β-diketones provided further indications on the reaction pathways 

occurring during ozonation and facilitated the structure elucidation of unknown carbonyl com-

pounds. Possible and probable structures (identification confidence levels 3 and 2b, respec-

tively) could be assigned to some carbonyl compounds. Identified probable structures were 2-

hydroxyacetaldehyde, 3-hydroxy-2-oxopropanal, 2-oxopropanedial, 2-hydroxypropanal, 

fumaraldehyde/malealdehyde, 4-oxohex-2-enoic acid, 2-ethylfumaraldehyde/2-ethylmalealde-

hyde, methyl-2-oxoacetate, 2,3-dioxopropanoic acid and ethenone. Moreover, several molecu-

lar formulas that were identified in this thesis were previously reported such as C2H4O2, 

C4H6O3, C5H8O3 and C7H12O2. This confirmed that the non-target workflow and the derivati-

zation approach was working well, even though further quality assurance is needed. Over 40 

different (including isomers) carbonyl compounds were detected in each analysed WW. The 

effectiveness of biological post-treatment after ozonation should thus be monitored in water 

treatment facilities. 

As a next step, the commercially available probable structures and tentative candidates that 

were discussed in this thesis should be purchased, derivatized and analysed. In this way, a con-

firmed identification (confidence level 1) of these carbonyl compounds could be achieved 

(Schymanski et al., 2014). These confirmed carbonyl compounds could then become target 

compounds that may be quantified in WW and other matrices. 

The optimal HCl concentration of 0.02 M and the stability of the derivatized carbonyl com-

pounds should be confirmed for a derivatization with 200 µM TSH and spiking of carbonyl 

compounds clearly above their determined LOQs. For example, the stability of double derivat-

ized glyoxal over several days at 4 °C is still uncertain. Further, the ozonation experiments 

should be replicated to evaluate the repeatability and consolidate the available datasets. 

The subtraction of C7H8N2OS and C14H16N4O2S2 from the predicted composition formulas for 

single and double derivatized carbonyl compounds, respectively was done manually in excel. 

The non-target workflow could be further automated by elaborating and incorporating a script-

ing node dedicated for this effect using Compound Discoverer. 

Moreover, it would be valuable to develop a tool that can provide a list of tentative structures 

(uncharged) that are possible for a molecular formula of a carbonyl compound. Additonal filters 

could be incorporated that would allow for selection of linear compounds for example.  

Additionally, it would be interesting to develop a method for the quantification of the total 

carbonyl compound content in WW. This could be achieved by adding a polymer-bound car-

bonyl to a sample after derivatization. The TSH excess that was added for derivatization 

would then be cleared away by reacting with the polymer-bound carbonyl compounds. By de-

termining the sulphur content originating from TSH with ICP-MS (by establishing the differ-

ence of sulphur content before and after derivatization for example) the total carbonyl com-

pounds concentration could be estimated. This estimation would be based on the assumption 
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that each carbonyl compound binds to one TSH molecule, neglecting that some dicarbonyls 

bind to two TSH molecules. Preliminary experiments with a polymer-bound carbonyl com-

pound were conducted during this thesis. However, removal of the excess TSH from the deri-

vatized sample was not successful in the aqueous phase. By using a mixed water and solvent 

matrix, a successful binding of the excess TSH to the polymer-bound carbonyl compounds 

might be achieved. Further investigation along this line are needed.  
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Supporting Information (SI) 

Section S.1 Abbreviations 

ACN: Acetonitrile 

AGC: Automatic gain control 

DOM: Dissolved organic matter 

DMSO: Dimethylsulfoxide 

DNPH: 2,4-Dinitrophenylhydrazine 

FA: Formic acid 

LC-ESI-HRMS: Liquid chromatography coupled to electrospray ionization high-resolution 

mass spectrometry 

LOD: Limit of detection 

LOQ: Limit of quantification 

LW: Lakewater 

MeOH: Methanol 

m/z: Mass-to-charge ratio 

NCE: Normalized collision energy 

OBP: Ozonation byproducts 

OTP: Ozonation transformation products 

RT: Retention time 

TSH: p-toluenesulfonylhydrazine 

US EPA: United States Environmental Protection Agency 

WPA: Waters Protection Act 

WW: Wastewater 

WWTP: Wastewater treatment plant 

R2: Coefficient of determination 

SI: Supporting Information 

Section S.2 Impurities in TSH chemical 

The derivatizing agent p-toluenesulfonylhydrazide was only available at 97% purity. It con-

tained several impurities, among them also carbonyl-TSH hydrazones. Initially, acetone, butyr-

aldehyde and 3-pentanone were also selected as target carbonyl compounds. Unfortunately, 

peaks for acetone, butyraldehyde and 3-pentanone after derivatization were detected in blanks 

at peak areas in the order of magnitude of 108-109 when using 200 µM TSH for derivatization. 

Concentrations in the different water matrices (e.g. ozonated WW) were not high enough for 

these compounds to be considerably above the concentration levels of the impurities in the 

blanks. Thus, these compounds were excluded from the list of target carbonyl compounds due 

to difficulties in quantification stemming from the blank contamination. There was also a con-

siderable contamination with formaldehyde-TSH hydrazone and acetaldehyde-TSH hydrazone 
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in the blanks. However, formaldehyde and acetaldehyde were contained at high enough levels 

in the different water matrices, so that a linear calibration and quantification could be achieved 

in the relevant concentration range. Peak areas for the other target carbonyls after derivatization 

were negligible or undetectable in the blanks. Several factors were tested to gain insight into 

the source of this blank contamination: (i) replacing NP water with LC/MS grade water for 

sample preparation, (ii) enhanced rinsing of the glassware (four times with NP water and then 

four times with ACN), (iii) fresh preparation of the HCl stock solution in LC/MS grade water, 

(iv) fresh preparation of the TSH stock solution (directly from the solid chemical by weighing 

in), (v) fresh preparation of the TSH stock solution (directly from the solid chemical by weigh-

ing in) in a different laboratory hood to avoid contamination from air, (vi) fresh preparation of 

the TSH stock solution (directly from the solid chemical by weighing in) in NP water or MeOH 

instead of ACN, (vii) replacing FA in the eluents with acetic acid, (viii) replacing the column 

(already used with dirty matrices) with a new clean column. All these measures did not lead to 

a reduction in blank contamination with carbonyl-TSH hydrazones. Furthermore, an increase 

in blank contamination was observed with an increasing TSH concentration used. This leads to 

the hypothesis that the contamination was coming from the solid TSH chemical itself. The in-

crease of contamination with acetaldehyde-, acetone-, butyraldehyde-, formaldehyde- and 3-

pentanone-TSH hydrazones as a function of increasing TSH concentrations spiked to blanks 

(NP water) is depicted in Figure S.1. 

 

Figure S.1. Contamination with acetaldehyde-, acetone-, butyraldehyde-, formaldehyde- and 3-pentanone-TSH 

hydrazones as a function of increasing TSH concentrations (µM) spiked to blanks (NP water). 
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Section S.3 Volumes of ozone stock solution spiked to different water matri-

ces 

Table S.1. Volumes (µL) of ozone stock solution (1.69 mM) spiked to different water matrices. 

 

 

 

 

 

 

Section S.4 Linearity ranges, limits of detection and quantification 

The method for the determination of the linearity ranges, LODs and LOQs is described in sec-

tion 2.5.1. The results are presented here. R2 values higher than 0.995 were obtained for all 

target carbonyl compounds with the exception of glyoxylic acid when applying the criteria for 

the selection of the linearity range and are shown in Table S.2. For glyoxylic acid a linear cali-

bration range between 15-750 nM with an R2 value of 0.9999 was established based on four 

data points. When additional higher calibration points were included, the R2 value decreased to 

below 0.995, thus not fulfilling the criteria for linearity. Since relatively high concentrations of 

glyoxylic acid were expected in ozonated WW (based on preliminary laboratory tests), a second 

linear calibration range (75-2250 nM) was defined for quantification of higher concentrations 

of glyoxylic acid with an R2 value of 0.9977. Moreover, concentrations for glyoxylic acid were 

extrapolated for two data points at concentrations >2250 nM. For formaldehyde two calibration 

ranges were established as well (0.05-3 and 3-50 µM). The lower calibration range was linear, 

and for the upper calibration range (3-50 µM) an exponential function was used. 

The linearity ranges, LODs (nM and µg/L) and LOQs (nM and µg/L) are shown in Table S.2. 

The LODs of the target carbonyl compounds were below 10 nM with a few exceptions: formal-

dehyde (66 nM), acetaldehyde (96 nM), glutaraldehyde (46 nM), glyoxal (86 nM) and pyruvic 

acid (62 nM). The LOQs were between 150 and 320nM for formaldehyde, acetaldehyde, glu-

taraldehyde, glyoxal and pyruvic acid. The LOQs for the rest of the target carbonyl compounds 

were below 32 nM. 

 

 

 

 

 

 

 Spiked ozone stock solution (µL) 

Matrix Dose 0  Dose 1  Dose 2  Dose 3  Dose 4  Dose 5  

SRFA 0  260  510  1020  2040  3060  

WW Neugut 0  230  470  940  1870  2810  

WW Werdhölzli 0  260  510  1020  2040  3060  

WW Glarnerland 0  280  560  1110  2220  3330  

LW Greifensee 0  160  320  630  1260  1890  
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 Table S.2. R2, LODs, LOQs and linearity ranges for all target carbonyl compounds. 

Section S.5 Analytical matrix effects 

The approach and equation for the calculation of the analytical matrix effect (without the influ-

ence of derivatization efficiencies) are described in section 2.5.2. The results are presented here. 

A matrix effect of 100% would be obtained in an ideal situation were there is absolutely no ion 

suppression of enhancement due to the matrix constituents in a sample. The calculated analyti-

cal matrix effects were 106-108% and 112-117% for ozonated and non-ozonated water matrices 

respectively (Table S.3). Thus, there was no considerable analytical matrix effect in terms of 

ion suppression or enhancement for benzaldehyde- and cinnamaldehyde-TSH hydrazones. Due 

to the partial structural similarity among derivatized carbonyl compounds it was assumed that 

other carbonyl-TSH hydrazones would behave in a similar manner. Furthermore, it was as-

sumed that experiments with other WWs would lead to similar results. Siegel et al., 2014 eval-

uated matrix effects for carbonyl compounds derivatized with TSH in biological samples with 

a different approach. They computed matrix effects of around 100% for cinnamaldehyde (103 

± 5), glyoxal (100 ± 5), glyoxylic acid (112 ± 10) and pyruvic acid (93 ± 11). This further 

supports the assumption that analytical matrix effects for carbonyl compounds derivatized with 

TSH are negligible. 

Target carbonyl 

compound 
R2 

LOD 

(nM) 

LOD 

(ug/L ) 

LOQ 

(nM) 

LOQ 

(ug/L) 
Range (nM) Range ( ug/L ) 

Formaldehyde 0.9984 66 2.0 220 6.6 50-3000 1.5-90 

Acetaldehyde 0.9967 96 4.2 320 14.1 50-3000 2.2-132 

Decanal 0.9985 5 0.8 16 2.5 0.1-250 0.016-39 

Benzaldehyde 0.9986 5 0.5 16 1.7 0.1-250 0.011-27 

Indole-3-carboxy-

aldehyde 
0.9983 3 0.4 11 1.6 0.05-150 0.0073-22 

4-Hydroxy-2-

methoxybenzalde-

hyde 

0.9965 8 1.2 25 3.8 0.1-250 0.015-38 

Crotonaldehyde 0.9992 2 0.1 5 0.4 0.1-75 0.0070-5.3 

Cinnamaldehyde 0.9998 2 0.3 6 0.8 0.1-250 0.013-33 

Methacrolein 0.9997 2 0.1 7 0.5 0.05-250 0.0035-18 

Cyclopentanone 0.9987 4 0.3 14 1.2 0.05-250 0.004-21 

1-Acetyl-1-cyclo-

hexen 
0.9978 5 0.6 17 2.1 0.1-200 0.012-25 

3,5-Heptanedione 0.9970 10 1.3 32 4.1 25-200 3.2-26 

Glyoxal 0.9974 86 5.0 290 16.6 50-3000 2.9-174 

Glutaraldehyde 0.9957 46 4.6 150 15.2 150-750 15-75 

Glyoxylic acid 0.9999 8 0.6 27 2.0 15-750 1.1-56 

Pyruvic acid 0.9958 62 5.5 210 18.2 250-1000 22-88 
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Table S.3. Analytical matrix effects (%) for benzaldehyde- and cinnamaldehyde-TSH hydrazones in different 

water matrices. 

Section S.6 Stability of derivatized carbonyl compounds 

The method for the determination of the linearity ranges, LODs and LOQs is described in sec-

tion 2.5.3. The results are presented here. Some derivatized carbonyl compounds (decanal, cro-

tonaldehyde, 3,5-heptanedione) showed a decrease or increase in peak area over the time period 

of 5 days, during which the sample was stored at 4 °C in the autosampler (Figure S.2). Decanal 

and crotonaldehyde that were derivatized showed a decrease in peak area over time (-69% and 

-57% of the initial value respectively), whereas derivatized 3,5-heptanedione showed an in-

crease over time (+242% of the initial value). However, for most derivatized carbonyl com-

pounds the peak areas remained stable for a typical period of a measurement series. Considering 

the peak areas for derivatized formaldehyde, glutaraldehyde and 1-acetyl-1-cyclohexene for 

example, some variability between the days with no clear trend (40 - 50% decrease from the 

biggest to smallest peak area) could be detected. Overall, most derivatized carbonyl compounds 

were stable but some were not so much. Therefore, samples were analysed as quickly as possi-

ble. The stability of derivatized glyoxal, glyoxylic acid and pyruvic acid could not be deter-

mined because of too low levels of spiking for these carbonyl compounds. 

 Analytical matrix effects (%) 

Matrix Benzaldehyde-TSH hydrazone  Cinnamaldehyde-TSH hydrazone 

SRFA 113  112 

Ozonated SRFA 107  106 

WW Neugut 117  115 

Ozonated WW Neugut 108  108 

Figure S.2. Stability of 13 derivatized target carbonyl compounds in a sample stored at 4 °C in the autosampler 

that was analysed every day during a measurement series of five days. 
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Section S.7 Repeatability of internal standard spiking 

The relative standard deviation of peak areas of the internal standards benzaldehyde-d6 (deri-

vatized) and tramadol-d6 was calculated based on peak areas in 65 samples that were spiked 

with benzaldehyde-d6 (100nM) and tramadol-d6 (32.7 nM) and derivatized with 200 µM 

TSH and 0.02 M HCl. The samples were measured over the course of 5 days and contained 

different (ozonated and non-ozonated) WW, LW and SRFA samples (with and without 

DMSO). The relative standard deviation for benzaldehyde-d6 and tramadol-d6 were 6% and 

7%, respectively. The highest peak area was 1.37-fold and 1.39-fold higher than the smallest 

peak area for benzaldehyde-d6 and tramadol-d6, respectively. 

Section S.8 Dilution factors applied for correction for quantification of target 

carbonyl compounds 

Dilution factors were applied for correction of the calculated concentrations of target carbonyl 

compounds in the different water matrices to correct for dilution from (i) spiking of TSH and 

HCl stock solutions to the samples and (ii) spiking of ozone stock solution to the samples. The 

dilution factor for spiking of TSH (200 µM) and HCl (0.02 M) stock solutions was 1.103 for 

all derivatzed samples. The dilution factor for spiking of specific ozone doses to the different 

water matrices in shown in Table S.4. 

Table S.4. Dilution factor for correction of concentrations of target carbonyls in different water matrices that 

were spiked with specific ozone doses. 

 

 

 

 

 

 

Section S.9 Applied ozone doses for ozonation of carbonyl precursors 

Table S.5. Spiked volumes (theoretical values) (µL) of ozone stock solution (1.59 mM), applied ozone doses 

(theoretical) (µM), actual ozone doses in samples (µM) and molar ratio ozone to compound spiking. 

 Dilution factors for spiking of specific ozone doses  

Matrix Dose 0  Dose 1  Dose 2  Dose 3  Dose 4  Dose 5  

SRFA 1.000  1.017  1.034  1.068  1.136  1.204  

WW Neugut 1.000  1.016  1.032  1.062  1.125  1.187  

WW Werdhölzli 1.000  1.017  1.034  1.068  1.136  1.204  

WW Glarnerland 1.000  1.019  1.037  1.074  1.148  1.222  

LW Greifensee 1.000  1.010  1.021  1.042  1.084  1.126  

Ozone dose 

(theoretical) 

(µM) 

25 50 100 200 300 

Molar ratio 

ozone to com-

pound 

0.5 1 2 4 6 

Ozone spiking 

(theoretical) 

(µL) 

78 157 314 628 941 

Actual ozone 

dose in sample 

(µM) 

25 49 94 178 253 
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Section S.10 Compound Discoverer workflow 

The Compound Discoverer workflow was based on the pre-defined workflow template “Un-

targeted environmental research ID workflow with statistics: Detect and identify unknown 

compounds with differential analysis” (Figure S.3) to which a few adaptions were made (Ta-

ble S.6).  
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Table S.6. Modifications to pre-defined workflow from Compound Discoverer 

Section S.11 Input files, grouping and ratios in Compound Discoverer 

Samples: 

S1: NP water (derivatized), TSH (200 

µM) and HCl (0.02 M) 

S2: NP water only 

S3: Derivatized NP water (non-ozo-

nated) with phosphate buffer 

S4: Derivatized NP water (non-ozo-

nated) with phosphate buffer and 

DMSO 

S7: Derivatized NP water (ozonated at 

middle specific ozone dose) with 

phosphate buffer 

S5/S6/S8/S9/S10: Derivatized NP wa-

ter (ozonated at different specific 

ozone doses) with phosphate buffer 

and DMSO 

S11: Derivatized SRFA (non-ozo-

nated) with phosphate buffer 

S12: Derivatized SRFA (non-ozo-

nated) with phosphate buffer and 

DMSO 

S13/S15/S17/S19/S21: Derivatized 

SRFA (ozonated at different specific 

ozone doses) with phosphate buffer 

S14/S16/S18/S20/S22: Derivatized 

SRFA (ozonated at different specific 

ozone doses) with phosphate buffer          

and DMSO 

S23: Underivatized SRFA (non-ozo-

nated) with phosphate buffer 

S24: Underivatized SRFA (ozonated 

at middle specific ozone dose) with 

phosphate buffer 

Predict Compositions 

 

1. Prediction Settings 

 

Max. Element Counts: C90 H190 N10 O18 S5 

Min. Element Counts: C8 H10 N2 O S 

 

 

Compound Class Scoring 

 

Compound Classes: Fragments with exact masses of 

139.0212, 155.0161 and 157.0318 Da (Figure 4). 

 

S/N Threshold: 5 

 

Figure S.4. Input files, sample type and treatment for analysis of SRFA 

(exemplary) samples in Compound Discoverer analysis. 
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Section S.12 Influence of TSH concentration on derivatization efficiencies in 

different water matrices 

Benzaldehyde, cinnamaldehyde, 1-acetyl-acetone, 3-5-heptanedione, 4-hydroxy-2-methox-

ybenzaldehyde and cyclopentanone were spiked at a concentration of 100nM each. The plots 

for decanal, methacrolein and indole-3-carboxaldehyde look similar. Tramadol-d6 was not 

spiked to the samples and thus no internal standard correction could be applied. For formalde-

hyde and acetaldehyde spiking levels were not high enough for peak detection. For glutaralde-

hyde, crotonaldehyde, pyruvic acid, glyoxal and glyoxilic acid some decreases in peak areas 

were observed at high TSH concentrations in the SRFA and WW Neugut samples. 

 

 

 

 

 

 

 

 

  

Figure S.5. Generated ratios for treatments in Compound Discoverer analysis. 
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Figure S.6. Influence of TSH concentration on the derivatization efficiencies of several target carbonyl com-

pounds in different water matrices. 
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Section S.13 Quantified concentrations of target carbonyl compounds in dif-

ferent water matrices 

Table S.7. Quantified formaldehyde concentrations (µM) in different water matrices. 

Table S.8. Quantified acetaldehyde concentrations (µM) in different water matrices. 

 

 

Formaldehyde 

 

  Specific ozone dose 

  Dose 0 Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

Matrix DMSO Formaldehyde concentration (µM) 

SRFA 
no 1.0 2.1 3.9 5.5 5.0 3.0 

yes 0.24 5.9 10.3 20.2 36.1 50.9 

WW Neugut 
no 1.2 1.8 2.6 2.5 1.7 1.7 

yes 0.84 3.9 9.8 18.2 37.1 48.5 

WW Werdhölzli 
no 1.0 1.1 2.1 2.2 2.1 2.0 

yes 0.72 2.6 8.7 22.3 43.4 66.4 

WW Glarnerland 
no 0.45 0.53 0.63 3.8 6.8 6.6 

yes <LOD 0.11 0.52 13.7 40.6 66.4 

Greifensee no 0.81 0.67 1.0 0.60 0.67 0.36 

Acetaldehyde 

 

  Specific ozone dose 

  Dose 0 Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

Matrix DMSO Acetaldehyde concentration (µM) 

SRFA 
no <LOD 0.27 0.40 0.53 0.35 0.10 

yes <LOD <LOD <LOD <LOD 0.16 <LOD 

WW Neugut 
no <LOD 0.68 1.1 1.2 0.28 0.11 

yes <LOD 0.33 0.49 0.48 0.50 0.52 

WW Werdhölzli 
no <LOD <LOD 0.87 0.99 0.69 0.40 

yes <LOD <LOD 0.51 0.54 0.48 0.43 

WW Glarnerland 
no <LOD <LOD <LOD 1.3 2.1 1.4 

yes <LOD <LOD <LOD 0.51 0.75 0.70 

Greifensee no <LOD 0.22 0.26 0.17 0.11 <LOD 
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Table S.9. Quantified glyoxilic acid concentrations (µM) in different water matrices. 

Table S.10. Quantified pyruvic acid concentrations (µM) in different water matrices. 

 

 

Glyoxilic acid 

 

  Specific ozone dose 

  Dose 0 Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

Matrix DMSO Glyoxylic acid concentration (µM) 

SRFA 
no <LOD 0.31 0.74 1.2 1.8 1.7 

yes 0.068 0.94 1.4 2.4 3.6 4.7 

WW Neugut 
no 0.037 0.14 0.26 1.6 1.4 1.3 

yes 0.095 0.47 0.95 1.3 2.0 2.6 

WW Werdhölzli 
no 0.032 0.13 0.35 0.95 1.5 1.5 

yes 0.041 0.31 0.76 1.3 2.0 2.5 

WW Glarnerland 
no 0.023 0.038 0.045 0.62 1.6 2.9 

yes 0.029 0.021 0.035 1.0 1.9 3.0 

Greifensee no <LOD <LOD 0.022 0.031 0.050 0.049 

Pyruvic acid 

 

  Specific ozone dose 

  Dose 0 Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

Matrix DMSO Pyruvic acid concentration (µM) 

SRFA 
no 0.18 0.062 0.15 0.41 0.83 1.1 

yes 0.19 0.32 0.44 0.66 0.85 1.1 

WW Neugut 
no 0.18 <LOD 0.066 0.46 0.54 0.64 

yes 0.19 0.28 0.27 0.46 0.66 0.84 

WW Werdhölzli 
no 0.18 <LOD 0.067 0.17 0.34 0.45 

yes 0.18 0.19 0.33 0.45 0.62 0.74 

WW Glarnerland 
no 0.18 <LOD <LOD 0.14 0.51 1.0 

yes 0.19 0.19 0.20 0.43 0.72 0.99 

Greifensee no <LOD <LOD <LOD <LOD <LOD <LOD 
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Table S.11. Quantified glyoxal concentrations (nM) in different water matrices. 

Table S.12. Quantified glutaraldehyde concentrations (nM) in different water matrices. 

 

  

Glyoxal 

 

  Specific ozone dose 

  Dose 0 Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

Matrix DMSO Glyoxal concentration (nM) 

SRFA 
no <LOD <LOD <LOD <LOD <LOD <LOD 

yes <LOD 100 240 610 770 850 

WW Neugut 
no <LOD <LOD <LOD 580 <LOD <LOD 

yes <LOD <LOD 130 160 220 220 

WW Werdhölzli 
no <LOD <LOD <LOD <LOD <LOD <LOD 

yes <LOD <LOD <LOD <LOD <LOD <LOD 

WW Glarnerland 
no <LOD <LOD <LOD <LOD <LOD <LOD 

yes <LOD <LOD <LOD 240 570 720 

Greifensee no <LOD <LOD <LOD <LOD <LOD <LOD 

Glutaraldehyde 

 

  Specific ozone dose 

  Dose 0 Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 

Matrix DMSO Glutaraldehyde concentration (nM) 

SRFA 
no <LOD <LOD 80 110 <LOD <LOD 

yes <LOD <LOD <LOD <LOD <LOD 47 

WW Neugut 
no <LOD 210 260 270 <LOD <LOD 

yes <LOD 170 270 290 300 300 

WW Werdhölzli 
no <LOD 64 310 310 270 120 

yes <LOD <LOD 240 330 380 330 

WW Glarnerland 
no 62 <LOD <LOD 560 620 420 

yes <LOD <LOD <LOD 450 580 530 

Greifensee no <LOD 52 63 53 <LOD <LOD 
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Section S.14 Identified (using non-target workflow) carbonyl compounds in 

different ozonated waters with OH radical scavenging 

Table S.13. Summary of molecular formulas and retention times for carbonyl compounds (excluding N-contain-

ing) that were identified (using non-target workflow) in ozonated WWs and SRFA with OH radical scavenging 

(with DMSO). 

 With OH radical scavenging (with DMSO) 

 WW Neugut 
WW 

Werdhölzli 
WW Glarnerland WW SRFA 

Molecular for-

mula 
Retention time(s) 

CH2O* 13.1, 13.4 13.3, 13.6 13.5 13.1, 13.4 

C2H2O 13.8 13.9 13.9 13.7 

C2H2O2 16.3** 16.5** 16.4** 16.3** 

C2H2O3 13.5 ND 13.6 ND 

C2H4O2 ND ND 13.0 12.8 

C3H2O 15.7 15.9 13.0, 15.8 15.7 

C3H2O2 15.0 15.2 15.1 15.0 

C3H2O3 16.5** 16.7** 16.6** 13.0, 16.5** 

C3H2O4* ND ND ND 17.9** 

C3H4O 15.0 ND 15.1, 16.3 ND 

C3H4O2 ND ND 16.6** 16.5** 

C3H4O3 13.8, 16.4** 14.0 13.9, 16.5** 13.7, 16.4** 

C3H6O2 13.0 13.2 13.1 13.0 

C4H4O2 15.8 16.0 15.9 13.5, 15.8 

C4H4O3 13.5 12.9, 14.5 13.7, 15.2 15.9** 

C4H4O4 ND ND ND 15.9** 

C4H6O2 16.7** 15.9, 16.9** 15.8, 16.9** 15.7, 16.7** 

C4H6O3 13.5, 13.8 13.7, 13.9 13.6, 13.9 13.5, 13.7 

C4H6O4 12.8 13.0 12.9 12.7 

C5H4O3 13.9 14.1 14.0 16.3 

C5H4O4 ND ND 12.8 14.2 

C5H6O 16.3 16.5 16.4 ND 

C5H6O2 13.3 13.5, 14.6 13.8, 14.6 14.4 

C5H6O3 ND 16.8** 14.3, 14.5, 16.7** ND 

C5H6O5 ND 14.6 14.5 14.4 

C5H6O6* ND ND ND 13.6 

C5H8O 17.1 ND 14.6, 17.2 17.0 

C5H8O3 13.9 14.1 14.0, 14.6 ND 

C5H8O4 ND ND 13.0 ND 

C6H4O5 13.0 13.2 13.1 13.0 

C6H6O4 14.9 15.1 15.0 14.5 

C6H6O5 13.2 ND ND ND 

C6H8O2 ND ND 17.8** ND 

C6H8O4 14.8, 16.5** 16.7** 15.0, 16.6** 14.8 

C6H10O2 15.4 15.6 14.6, 15.5 ND 

C7H6O6* ND ND ND 13.9 

C7H8O4* ND 15.0, 15.4 ND ND 

C7H10O3 15.4 15.6 15.5, 17.1** 15.4 

C7H12O2 ND ND 15.2 ND 

C7H14O* 18.6 18.8 ND ND 

C8H14O2* ND 16.6 ND ND 

C8H16O4 ND ND ND 14.3 

C10H12O5 ND ND 14.8 ND 

C11H22O* ND ND 20.8 ND 

C14H10O2* ND 18.5 ND ND 

C14H10O3 17.7 ND ND ND 

C14H20O3* ND ND 18.6 ND 
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C14H20O4 ND ND 18.6 ND 

* Molecular formulas which were not identified in ozonated WWs, SRFA and LW without OH radical scavenging 

but only with OH radical scavenging; ** Retention times of double derivatized carbonyls 

Section S.15 Carbonyl compounds that were formed in the ozonolysis of 

model compounds as a function of applied ozone dose 

A selection of carbonyl compounds that were formed in the ozonolysis (with DMSO) of 

sorbic acid, 3-buten-2-ol, acetylacetone, phenol, 4-ethylphenol, 4-methoxyphenol as a func-

tion of applied ozone dose is shown in Figure S.7-Figure S.12. The degradation of sorbic acid 

and acetylacetone in its keto (C5H8O2) and enol form (to which an H2O loss occurred in the 

ion source of the MS (C5H6O)) is depicted as well. Among the selection of carbonyl com-

pounds are mostly compounds predicted from the Criegee mechanism or to which confirmed 

or probable structures could be assigned. The RT of the selected isomer (highest peak area) is 

indicated for compounds for which more than one isomer was formed during ozonation. Peak 

areas were blank corrected. 

 

Figure S.7. Peak areas for a selection of carbonyl compounds that were formed during ozonolysis (with DMSO) 

of sorbic acid as a function of ozone dose (µM). 
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Figure S.8. Peak areas for all of carbonyl compounds that were formed during ozonolysis (with DMSO) of 3-

buten-2-ol as a function of ozone dose (µM). 

 

 

Figure S.9. Peak areas for a selection of carbonyl compounds that were formed during ozonolysis (with DMSO) 

of acetylacetone as a function of ozone dose (µM). 
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Figure S.10. Peak areas for a selection of carbonyl compounds that were formed during ozonolysis (with 

DMSO) of phenol as a function of ozone dose (µM). 

 

 

Figure S.11. Peak areas for a selection of carbonyl compounds that were formed during ozonolysis (with 

DMSO) of 4-ethylphenol as a function of ozone dose (µM). 
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Figure S.12. Peak areas for a selection of carbonyl compounds that were formed during ozonolysis (with 

DMSO) of 4-methoxyphenol as a function of ozone dose (µM). 

 

Section S.16 Drawings of carbonyl compound products formed during ozo-

nolysis of model compounds according to Criegee mechanism 

 

Figure S.13. Carbonyl compounds formed during ozonolysis of cinnamic acid, sorbic acid, 3-buten-2-ol and 

acetylacetone according to Criegee mechanism. 
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Figure S.14. Carbonyl compounds formed during ozonolysis of 4-ethylphenol according to Criegee mechanism. 

Figure S.15. Carbonyl compounds formed during ozonolysis of 4-methoxyphenol according to Criegee mecha-

nism. 
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Figure S.17. Carbonyl compounds formed during ozonolysis of phenol (ozonide 2) according to Criegee me-

chanism. 

Figure S. 16. Carbonyl compounds formed during ozonolysis of phenol (ozonide 1) according to Criegee me-

chanism. 
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Figure S. 18. Carbonyl compounds formed during ozonolysis of phenol (ozonide 3) according to Criegee me-

chanism. 
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Section S.17 Identified (using non-target workflow) N-containing carbonyl 

compounds in different water matrices 

Table S.14. Molecular formulas and RTs of identified (using non-target workflow) N-containing carbonyl com-

pounds in different water matrices. 

 Without OH radical scavenging (without DMSO)  

 WW Neugut 
WW 

Werdhölzli 
WW Glarnerland WW SRFA 

LW 

Greifensee 

Molecular for-

mula 
Retention time(s) 

 

C2H3NO2 13.2 13.4 13.3 13.2 ND 

C3H5NO2 13.3 13.5 13.5 13.3 13.3 

C4H5NO4 13.5 ND 13.6 ND ND 

C4H7NO2 13.9 14.1, 14.5 14.0, 14.5 ND ND 

C4H7NO3 14.7 14.9 14.9 ND 14.7 

C4H9NO2 ND ND 10.6 ND ND 

C5H7NO2 12.7 12.9 12.9 ND ND 

C5H7NO4 13.7 13.9 13.8 ND ND 

C5H7NO6 ND ND ND 12.7 ND 

C5H9NO3 15.1 15.3 15.3 ND ND 

C5H11NO 10.1 10.3 10.2 ND ND 

C6H5NO2 ND 12.9 12.9 ND ND 

C6H9NO4 ND ND 14.0 ND ND 

C6H11NO3 11.6 11.8 11.7 ND ND 

C7H11NO2 16.0 16.2 ND ND ND 

C7H13NO ND ND 10.9 ND ND 

C7H13NO4 ND ND 11.1 ND ND 

C8H11NO6     12.6 

C8H15NO4 ND ND 11.0 ND ND 

C9H13NO5 15.0 14.7 15.1 ND ND 

      

Furthermore, N2-containing carbonyl compounds were identified in different water matrices. 

These are the molecular formulas for N2-containing carbonyl compounds identified in WW 

Glarnerland (without DMSO): CH4N2O, C2H2N2O, C2H4N2O, C3H2N2O3, C4H4N2O3, 

C4H6N2O, C5H6N2O2, C5H6N2O3, C6H10N2O, C9H8N2O3. CH4N2O is likely to be urea, which 

occurs in the urine, blood and milk of all mammals, and is also used widely as fertilizer or as 

starting material for the manufacture of plastics and drugs (Encyclopaedia Britannica, 2019). 

For N2-containing carbonyl compounds with a higher number of carbon atoms there are many 

tentative structures which will not be discussed further here. 
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