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a b s t r a c t 

Synthetic water-soluble polymeric materials are widely employed in e.g. cleaning detergents, personal 

care products, paints or textiles. Accordingly, these compounds reach sewage treatment plants and may 

enter receiving waters and the aquatic environment. Characteristically, these molecules show a polydis- 

perse molecular weight distribution, comprising multiple repeating units, i.e. a homologous series (HS). 

Their analysis in environmentally relevant samples has received some attention over the last two decades, 

however, the majority of previous studies focused on surfactants and a molecular weight range < 10 0 0 Da. 

To capture a wider range on the mass versus polarity plane and extend towards less polar contaminants, 

a workflow was established using three different ionization strategies, namely conventional electrospray 

ionization, atmospheric pressure photoionization and atmospheric pressure chemical ionization. The data 

evaluation consisted of suspect screening of ca. 1200 suspect entries and a non-target screening of HS 

with pre-defined accurate mass differences using ca. 400 molecular formulas of repeating units of HS as 

input and repeating retention time shifts as HS indicator. 

To study the fate of these water-soluble polymeric substances in the wastewater treatment process, the 

different stages, i.e. after primary and secondary clarifier, and after ozonation followed by sand filtration, 

were sampled at a Swiss wastewater treatment plant. Remaining with two different ionization interfaces, 

ESI and APPI, in both polarities, a non-targeted screening approach led to a total number of 146 HS (each 

with a minimum number of 4 members), with a molecular mass of up to 1200 detected in the final ef- 

fluent. Of the 146 HS, ca 15% could be associated with suspect hits and approximately 25% with transfor- 

mation products of suspects. Tentative characterization or probable chemical structure could be assigned 

to almost half of the findings. In positive ionization mode various sugar derivatives with differing side 

chains, for negative mode structures with sulfonic acids, could be characterized. The number of detected 

HS decreased significantly over the three treatment stages. For HS detectable also in the biological and 

oxidative treatment stages, a change in HS distribution towards to lower mass range was often observed. 

© 2020 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

Recently, the analysis of polymers has been in the limelight of 

nvironmental research, however the focus is often on their solid 
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tate namely in terms of micro- and nanoplastics, often neglecting 

hereby the pressing topic of water-soluble polymeric substances 

 Arp and Knutsen, 2020 ). The use of synthetic water-soluble poly- 

eric substances in textile industry, paints, coatings as well as 

onsumer products, such as cleaning detergents, personal care 

roducts as well as pharmaceuticals is widespread. The function- 

lity of these diverse substances ranges from e.g. lowering the sur- 

ace tension, as it is the case for surfactants, to serving as filling 

ubstance in pharmaceuticals, or to be applied as dispersing agent 

n pesticides. Consequently, their prevalent application is also re- 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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ected in the production volumes of educts employed in polymer 

yntheses, reaching up to millions of tons per year (notably, infor- 

ation on synthetic polymers is hardly available, since only their 

ducts are registered under REACH ( European Chemicals Agency., 

017 ). Accordingly, these substances reach municipal wastewater 

nd depending on the elimination during wastewater treatment, 

ay enter receiving waters and the aquatic environment. 

By definition, polymeric substances comprise multiple repe- 

ition of units typically derived from molecules of low relative 

olecular mass ( McNaught and Wilkinson, 1997 ). Due to the 

ay of synthesis, polymerization reactions are rarely complete 

nd hence these molecules characteristically show a polydisperse 

olecular weight distribution, comprising a multiplicity of repeat- 

ng units (RU), i.e. a homologous series (HS). The term “poly- 

eric” essentially describes either part or the whole molecule 

hat consists of these multiple repetitions of these low molec- 

lar mass parts ( McNaught and Wilkinson, 1997 ). As a matter 

f fact, synthetic polymeric substances show high complexity in 

heir chemical structure ( Crotty et al., 2016 ): one polymeric sub- 

tance can comprise different numbers and types of chains of RU. 

ence, there are potentially many constitutional isomers present 

or one molecular formula of a HS’ member. Here, fragmentation 

pectra, acquired by MS/MS instrumentation, can aid in identify- 

ng the structure, however, the degree of freedom, especially in 

ranched chained polymeric substance, is particularly high and 

herefore the exact chemical structure is often hardly accessible 

 Lara-Martin et al., 2011 ; Schymanski et al., 2014b ). 

Typically, in order to understand the fate of anthropogenic con- 

aminants in aquatic environments, high performance liquid chro- 

atography (HPLC) coupled to high resolution mass spectrometry 

HRMS) is employed. This front-end separation is essential when 

ealing with low concentration in complex matrices ( Zwiener and 

rimmel, 2004 ). As a pre-requisite of MS-detection, compounds of 

nterest need to be present in their ionized form. The most com- 

only applied ionization interface is electrospray ionization (ESI). 

ere, medium-polar to polar molecules in a vast molecular weight 

ange can be ionized. However, if the analytes of interest are po- 

entially extending to a low polarity range, different ionization in- 

erfaces, such as atmospheric pressure chemical ionization (APCI) 

r atmospheric pressure photoionization (APPI), have been used 

s alternatives ( Reemtsma, 2001 ; Chiaia-Hernandez et al., 2013 ). 

he latter two ionization sources are typically limited in terms of 

olecular weight to roughly 20 0 0 – 30 0 0 Da, since above either

n-source fragmentation is drastically increasing or ion formation 

s not effective ( Gruendling et al., 2010 ) ( Terrier et al., 2011 ). Em-

loying these ionization interfaces for the analysis of polymeric 

ubstance was discussed in detail by e.g. ( Terrier et al., 2011 ;

ndrea and Alessandro, 2003 ; Reemtsma, 2001 ). Notably, analytical 

ethods focusing on pure polymer standards ( Wesdemiotis, 2017 ) 

re not fully transferable to the analysis of these substances in en- 

ironmental samples, that are characterized by low concentrations 

nd very complex matrices. 

As for data evaluation, unknown HS can be detected using 

ifferent approaches, e.g. most prominently Kendrick mass de- 

ect plots ( Kendrick, 1963 ; Fouquet, 2019 ) or Van Krevelen dia- 

rams ( Kim et al., 2003 ). Notably, here, either generating unique 

olecular formula for the compounds of interest is required or 

hey are restricted to a small pre-defined set of RUs. More im- 

ortantly, front-end separation is not considered in the approaches 

entioned above. The recently published envihomolog algorithm 

 Loos and Singer, 2017 ), however does include this orthogonal in- 

ormation on chromatographic behavior. Moreover, envihomolog 

oes allow both, to screen for any unknown repetitive m/z differ- 

nces between picked peaks, as well as using pre-defined molecu- 

ar formulas as RU-input. However, the envihomolog algorithm has 

o far not been combined with other non-targeted componentiza- 
2 
ion steps in LC-MS signal processing. Namely, any homologous an- 

lyte may form several HS over its different ion species and iso- 

opologues, which would remain redundant for later data interpre- 

ation, but are also highly indicative for any grouping procedure. 

imilarly, envihomolog does so far neither account for gapped se- 

ies nor the combinatorial problems associated with close-eluting 

nd isobaric structural isomers of homologous analytes ( notably the 

erm “isobaric” refers typically to ions of the same nominal masses, in 

his very context the authors extended this term also to masses of the 

ame accurate mass ). 

Over the last decades numerous studies have investigated sur- 

actants in the aquatic environment and have shown that modern 

urface active compounds are extensively removed but also trans- 

ormed during the wastewater treatment stages ( Brunner et al., 

988 ; Schröder et al., 1999 ; Lara-Martin et al., 2011 ; Faria et al.,

019 ): Here, prominent examples of surfactants are alcohol ethoxy- 

ates (AEO), linear alkylbenzene sulfonates (LAS) and nonylphenol 

thoxylates (NPEO). In aqueous as well as solid environmental ma- 

rices these surfactants readily degrade and lead to the follow- 

ng well-known degradation products: sulfophenyl carboxylic acids 

SPC), nonylphenol ethoxy carboxylates (NPEC) and polyethylene 

lycols (PEG) ( Lara-Martin et al., 2011 ). Cowan-Ellsberry compiled 

omprehensively most relevant environmental data regarding sur- 

actants over the last decades, including risk assessment ( Cowan- 

llsberry et al., 2014 ). Recently, risk assessment of surfactants was 

ebated by ( Freeling et al., 2019 ; Dyer et al., 2020 ). 

In a recent review of Hupperstberg et al., the authors ar- 

ued that if environmental concentrations of water-soluble poly- 

eric substances reach a sufficiently high enough level, these 

ontaminants can act the same way as in their initial field 

f application, e.g. enhancing solubility of non-polar substances 

 Huppertsberg et al., 2020 ). Additonally, as lately pointed out by 

rp and Knutsen, there is a lack in understanding the environmen- 

al behavior of water-soluble polymers, also in terms of mobility as 

ell as persistence ( Arp and Knutsen, 2020 ). 

Qualitative and quantitative information on water-soluble poly- 

eric synthetic substances is still rather scarce and the vast ma- 

ority of previous studies focused on surfactants and a molecu- 

ar weight range < 10 0 0 Da ( Huppertsberg et al., 2020 ). The aim

f the present work was to investigate what lays outside of the 

nown range of surfactants and potential transformation products. 

o unravel HS in complex wastewater samples, different ioniza- 

ion strategies were tested to expand the mass polarity plane to- 

ards the medium polar compounds. In addition to comprehen- 

ive suspect screening, a non-targeted screening workflow with a 

omologue-based componentization was established. 

. Materials and methods 

The complete data acquisition, processing and mining opti- 

ized for the characterization of homologous series in wastewater 

s shown in Fig. 1 . 

.1. Sampling and sample preparation 

Polymeric substances were studied in flow-proportional com- 

osite samples (24 h), that were collected at different stages of 

 wastewater treatment plant (WWTP) in Switzerland, namely 

fter the primary clarifier (grit, sand and oil trap), the sec- 

ndary clarifier (conventional activated sludge system with nitrifi- 

ation/denitrification and a biological phosphorus elimination step) 

nd after ozonation followed by a sand filter as post treatment 

tep. One sample of each stage was collected by the plant op- 

rator in April 2019, filled into 0.5 L annealed glass bottles, and 

mmediately subjected to sample preparation. To prevent sam- 
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Fig. 1. Analytical workflow, including the data evaluation strategy for the analysis of small water-soluble polymeric substances in waste water using RPLC-HRMS/MS. 
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le alterations and contamination, sample preparation was as lim- 

ted as possible, plastic material was avoided whenever possible 

nd glass ware was either annealed or thoroughly cleaned us- 

ng analytical grade methanol (LC-MS grade, Optima TM , Fisher Sci- 

ntific, Switzerland) and nanopure water prior use. Two differ- 

nt strategies were pursued using either a simple centrifugation 

tep to eliminate particles or pre-concentration using vacuum- 

ssisted evaporation (pre-concentration factor of 10). For both sam- 

le preparation strategies, five replicates were prepared alongside 

ith the same number of replicates for blank samples. To reduce 

hanges of the prepared samples over time, HPLC-HRMS/MS anal- 

sis was started as quickly as possible. For quality control in terms 

f mass accuracy, a composite sample spiked with a mixture of 

ve isotopically labeled substances was prepared and analyzed ev- 

ry fifteenth injection (Table S1e). 

Additionally, two PEG standards with an average molecular 

eight of 600 and 20 0 0 Da (Sigma Aldrich, Switzerland), respec- 

ively, were spiked to one aliquot of each sample type (final con- 

entration of 2.5 μg mL −1 ). Spiking was performed on the cen- 

rifugated samples and each spiked sample was injected (and ana- 

yzed) three times. 
3 
.2. Analysis via liquid chromatography- high resolution mass 

pectrometry 

For analysis, reversed phase liquid chromatography (RPLC) us- 

ng a ThermoFisher Scientific Ultimate HPLC, equipped with a PAL 

utosampler was coupled to a Q-Exactive HRMS (ThermoFisher Sci- 

ntific, San Jose, CA) in data-dependent acquisition mode (TopN, 

 = 5) (mass resolution @ m/z 200: MS1: 140K and MS2: 

7.5K). Chromatographic separation was performed using a Waters 

bridge C18 column (2.1 × 50 mm, 3.5 μm, 130 Å pore size), 

quipped with a pre-column (Waters Xbridge BEH C18, 2.1 × 5 

m, 3.5 μm). Ionization was realized by optimizing different in- 

erfaces, namely ESI, APCI and APPI in terms of temperature, gas 

ows and dopant addition. To this end, a sample, collected after 

he WWTP’s primary clarifier, was employed to guarantee the pres- 

nce of analytes of interest and to mimic an analytical worst-case 

cenario in terms of matrix complexity. Due to their abundance 

ver a wide molecular mass range and presence in the sample, PEG 

nd polypropylene glycol (PPG) were applied as model HS in an 

/z range of up to 30 0 0. Data on optimization is shown in the SI

igure S1- S4. Depending on the ionization source, mobile phases 



T. Mairinger, M. Loos and J. Hollender Water Research 190 (2021) 116745 

f

g

S

2

s

f

d

2

c

2  

e

M

i

m

g

r

“

h

c

o

a

a

s  

m

p

p

a

c

2

h

S

w

(  

2  

p

u  

t

c

e

o

g

s

p

T

(

a

c

w

(

c

e

f

(

l

l

b  

t

H

u

o

p  

o

r

w

s

s

p

2

o

s

t

C

p

i

a

t

t

w

fi  

a

f

j  

b  

2

a

f

l

d  

s

i

s

3

i

a

a

c

c

m

d

f

s

a

3

t

(

c

l

s

a

H
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B

or gradient elution were adjusted accordingly and are shown to- 

ether with ion source and MS parameters in Table S1a-c in the 

I. 

.3. Data evaluation and data mining 

As depicted in Fig. 1 data was evaluated combining suspect 

creening and non-target analysis workflow in enviMass v4.2beta, 

urther data processing and mining steps were performed with 

edicated R packages within RStudio ( R Core Team, 2016 ). 

.3.1. Suspect screening 

To generate a suspect screening list, different sources were 

ombined, further extended (NORMAN suspect list (Network et al., 

020) , ( García et al., 2019 ) and known PEG derivatives, differing in

nd groups). The suspect list that was used as an input in envi- 

ass can be found in the SI Table S4. In detail, a primary clar- 

fier sample was taken as basis for characterization. Here, exact 

asses of the respective HS family were extracted and chromato- 

raphic parameters (smooth RT change over the HS family’s mass 

ange and chromatographic peak shape) were checked. The term 

HS family” is introduced here, since some polymeric substances 

ave different chains/RU structural positions to grow from, e.g. al- 

ohol ethoxylates: CnAEOx, and these are therefore summarized to 

ne family. MS2 spectra were checked for library matches and di- 

gnostic fragment ions and losses. Suspect hits would be gener- 

lly assigned to stage C or even D, if they suffice the requirements 

hown in Fig. 1 and explained in detail in 2.3.3. To be reported, a

inimum number of four members per HS was necessary and sus- 

ects needed to be present in all technical replicates. Notably, sus- 

ect matches are also indicated in the results of the envihomolog 

lgorithm in enviMass and were checked within this software ac- 

ordingly. 

.3.2. Non-target HS detection 

Employed settings for peak picking, blank peak subtraction and 

omologous series detection can be found in Table S2 in the SI. 

ince enviMass allows RUs as input parameter, literature research 

as conducted on commercially available polymeric substances 

 Schymanski et al., 2014b ; Gago-Ferrero et al., 2015 ; García et al.,

019 ) and RUs ( Ellis and Smith, 2008 ). 4 4 4 unique RUs were com-

iled of which 400 had a mass of < 400 Da and were consequently 

sed as input (see Table S3 in the SI). Notably not all of them are

o be expected in the wastewater samples. enviMass v4.2beta in- 

ludes advances on the embedded non-targeted HS extraction tool, 

nvihomolog ( Loos and Singer, 2017 ). A more detailed description 

n the advances can be found in the supplementary information. 

For non-target HS detection, results on components ( i.e. 

rouped picked peaks (monoisotopic m/z, isotopologues and re- 

pective ion species)), HS as well as peaks within HS were ex- 

orted from enviMass, and further processed with RStudio ( R Core 

eam, 2016 ). HS containing components comprising only one ion 

single ion events) for each member were excluded from further 

nalysis. Focus was laid on the HS remaining after the secondary 

larifier or after the ozonation and sand filtration step. These 

ere visually controlled by plotting extracted ion chromatograms 

EIC) using the R package MSnBase ( Gatto and Lilley, 2012 ) and 

hecked manually and case-wise for redundancies due to differ- 

nt adducts or charge states. For that purpose and also to screen 

or transformation reaction products the R package TPPrioritizR 

“TPPrioritizR,” n.d.) was employed (Table S5 in the SI shows the 

ist of screened mass differences). MS2 spectra and MS1 isotopo- 

ogues were consequently extracted using the R package RMass- 

ank ( Stravs et al., 2013 ) and written to ∗.ms file for characteriza-

ion using SIRIUS/CSI:FingerID, version 4.0.1 ( Dührkop et al., 2019 ). 
4 
ere, for molecular formula annotation the following settings were 

sed: if the ion species was known the entry was set accordingly, 

therwise, it was set to unknown ([M + ?] + or [M-?] −), though 

revalent ion species ( e.g. [M + Na] + in case of ( + )-APPI) were pri-

ritized in the hit list of molecular formulas; a 5 ppm mass accu- 

acy window was set. For in silico structure elucidation, PubChem 

as used as input database. If molecular formulas could be as- 

igned, but no hit in PubChem was found, molecular formulas were 

earched within SciFinder using the information on the RU as in- 

ut. 

.3.3. Characterization of HS 

The last step of the workflow comprises the characterization 

f the HS. Due to the vast structural complexity of polymeric 

ubstances an unequivocal structural identification will be hard 

o achieve with merely RPLC-HRMS/MS ( Gruendling et al., 2010 ; 

rotty et al., 2016 ), this holds especially true for branched chain 

olymeric substances. Then again, there is the advantage of hav- 

ng multiple members that need to suffice specific requirements 

nd thereby contributing to the confidence of identification. Hence, 

he concept of communicating the level of confidence of identifica- 

ions, as suggested by Schymanski et al. ( Schymanski et al., 2014a ), 

as adapted to the characterization of HS. Here, the authors de- 

ne the lowest level (A) as a HS of interest ( analogue level 5 ), with

 minimum of 4 HS members, with a defined accurate m/z dif- 

erence within a 3 ppm window and a RT variability between ad- 

acent members of 5 s. It is also to be checked if the HS’ mem-

ers are of the same ion species. In the next step (B), for at least

 members or ≥ 50% of the detected HS a molecular formula is 

ssigned ( analogue level 4 ). As a next stage (C), MS2 fragment in- 

ormation is included for tentatively characterizing the HS (ana- 

ogue to level 3). Here, diagnostic fragment ions are indicative, as 

escribed by e.g. Thurman et al. for PEGs ( Thurman et al., 2017 ). In

ilico fragmentation prediction is applied here. The final stage (D) 

ncludes also library matches ( analogue to level 2 ) and/or reference 

tandards (analogue to level 1) . 

. Results and discussion 

Suspect screening and non-target HS detection were performed 

n parallel (see Fig. 1 ). Since centrifugated samples resulted in 

 significantly lower number of HS detections (e.g. for samples 

fter ozonation: 10 ± 2 HS compared to 96 ± 10 HS for pre- 

oncentrated samples in case of ( + )-ESI ionization approach), fo- 

us was put on the pre-concentrated samples. Table 1 gives a sum- 

ary on the suspect matches and the number of non-targeted HS 

etected via enviMass and its algorithm envihomolog. Importantly 

or the latter findings, the number of HS listed in Table 1 corre- 

pond to HS findings after the implemented HS-filter advancement 

nd ensuring a minimum number of ions per HS members. 

.1. Method optimization and quality assurance 

The variation in detected HS depicted in Table1 as well as in 

he following figures, is referring to sample preparation replicates 

n = 5) and can be explained by differences in signal intensity and 

onsequently peak picking. This holds especially true for signals of 

ow intensity. To generally gauge the repeatability of signal inten- 

ity, variation in chromatographic peak height of PEG was evalu- 

ted for the analytical worst-case scenario, the primary clarifier. 

ere, an average RSD of the signal of the respective most abun- 

ant ion species of 12%, 19% and 12% for pre-concentrated primary 

larifier samples using ( + )-APCI, ( + )-APPI and ( + )-ESI, respectively 

as assessed (Data shown in SI Table “S6_PEG_Int-Repeatability”). 

esides, also RT stability was assessed by means of PEG-05EO up 
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5 
o PEG-24EO. Excellent RT stability throughout the different sam- 

le matrices was observed for all ionization sources ( ≤ 2%). Only 

or APPI variation up to around 5% was observed for the earlier 

luting compounds (i.e. < 1.5 min) most probably due to addition 

f isopropanol to the mobile phase as APPI-modifier (Data shown 

n SI Table S7_PEG_RTStability). 

Importantly, the different sample types are characterized by 

heir different matrix loads, leading to effects on chromatographic 

eparation and ionization that are compound dependent. For target 

uantification, considering this matrix effect is essential. However, 

n non-targeted analysis and suspect screening, where compound- 

pecific information is lacking, such considerations become chal- 

enging. Since the aim of this work is focusing on the characteri- 

ation and not the quantitation of polymeric substances, no matrix 

actor was added and only inter-sample type changes in intensities 

f above one orders of magnitude, and a signal to blank factor > 

 were considered as actual changes during the wastewater treat- 

ent process. 

It is noteworthy that RU are depicted as m/z and hence are 

ependent on the charge state of the respective HS ( e.g . C 2 H 4 O

an be found as 44.02 for singly charged and 22.01 for doubly 

harged HS). Besides, RUs can be also described as multiple of 

ach other, e.g. CH 2 and C 2 H 4 units. Another factor contributing 

o the overall complexity of HS analysis is the redundancy arising 

rom the dependence of molecular weight and ion species: espe- 

ially in ESI, one HS may change its members’ ionization behavior, 

.e. charge state, over (increasing) mass. The diminished overlap 

f co-eluting peaks over these different HS makes their grouping 

ifficult, despite the additional HS filtering steps which were im- 

lemented here. In order to reduce this complexity, further filter- 

ng steps were implemented into envihomolog approach. Generally, 

he chromatographic separation and difference in masses aid in in- 

icating on what type of monomeric unit was employed for syn- 

hesizing the polymeric substance, however, the head groups are 

ften significantly more difficult to be characterized. Especially, if 

epletion or transformation reactions have taken place and where 

t is hardly possible to track the parent polymeric substance. 

Evidently, the number of detected HS is depending on the em- 

loyed ionization source and the polarity (as shown in Table 1 ). By 

ar the highest number of HS is clearly detected using ESI in posi- 

ive mode. Here, it has to be pointed out, that during ESI multiple 

harges can be transferred to the analytes and additionally vari- 

us ion species are possible. This holds especially true for positive 

onization mode. The differences in charge states and ion species 

or the different ionization interfaces is shown for the model poly- 

eric substance PEG in Figure S5 and Figure S6 in the SI. They 

learly show that one HS can be present in different ionization 

pecies as well as carrying different number of charges (up to z = 8 

etected). Notably, the occurrence of multiple ion species is gener- 

lly matrix-dependent, however, no significant difference was ob- 

erved for the model polymeric substance for the three different 

ample types (data not shown). Data processing might represent 

nother contributing factor: many non-targeted analysis algorithms 

re intended for the analysis of ions with low charge states (z ≤ 2) 

nd the grouping of isotopologues and adducts to one component 

ight be hampered for ions showing higher charge states. Conse- 

uently, ( + )-ESI might be more prone to redundancies and false- 

ositive findings in detected HS, compared to the other two ion- 

zation interfaces. 

In the following the results on suspect hits and the non-target 

S detection approach will be discussed in more detail. 

.2. Suspect screening 

Results on suspect screening can be found in Table S8, show- 

ng the name and abbreviation, RU and molecular structure of the 
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espective HS family, level of confidence and in which ionization 

ode it was found. Hits in the suspect list were checked for MS2 

vailability and MS2 matches, corresponding to a level of confi- 

ence of at least 3 ( Schymanski et al., 2014a ) and a characteri-

ation stage of C according to Fig. 1 . For certain HS family mem-

ers, MS2 library spectra were available at MassBank/ MassBank of 

orth America ( Horai et al., 2010 ) and allowed for a level of confi-

ence of 2 /stage D. 

As it is shown in Table S8, in total 21 different HS families were

ound; 6 unique HS families were found for APCI and 9 for APPI. 

SI clearly shows the highest number on hits and all detected sus- 

ect HS families were amenable to this ionization interface, either 

n positive or negative mode. However, this finding might be bi- 

sed due to the sources of the suspect list, since ESI is definitely 

he most prominently used ionization interface for LC-based sepa- 

ations. 

As expected, the primary clarifier clearly represents the sam- 

le with the highest number of detectable HS and all suspects 

isted in Table S8 were found in the primary clarifier (PEG-EOn, 

EG monomethyl ether (PEG-MME-EOn), PEG dimethyl ether (PEG- 

ME-EOn), PEG monobutyl ether (PEG-MB-EOn), PPG-POn, tetram- 

thylbutyl phenol, ethoxylated (TMBP-EOn), Cn- AEOx, octylphe- 

ol ethoxylates (OPEOn), coconut diethanolamide (Cn – DEA), 

onylphenol polyethoxylates (NPEOn), glycol ether sulfate (GES-n), 

onylphenol ethoxylates sulfate (NPEOn- SO4), alkyl sulfate (Cn –

S), secondary alkane sulfonate (Cn- SAS), alkyl ethoxy sulfates 

Cn- AExS), dialkyl tetralinsulfonates (Cn – DATS), linear alkylben- 

ene sulfonate (Cn- LAS), sulfophenyl carboxylic acids (SPA-Cn), 

ulfophenyl alkyl dicarboxylated (SPA-nDC), sulfotetralin alkyl car- 

oxylated (STA-nC)). 

Within the suspect list hits, the following HS families were 

till detected in the secondary clarifier: Cn-AEOx, NPEOn, PEG-EOn, 

EG-DME-EOn, PPG, SPA-Cn, SPA-nDC, STA-nC. Finally, the follow- 

ng suspect hits persisted partially treatment and found in the final 

ffluent, i.e. after ozonation and sand filter: GES-n, NPEOn, PEG- 

On, PEG-DME-EOn, PEG-MME-EOn, PPG, SPA-Cn, SPA-nDC, STA- 

C. 

In fact, the HS length of the PEG present in the wastewater 

amples was surprising, since typically the mass range studied in 

nvironmental samples has an upper limit of 10 0 0 m/z. Here, with 

PPI up to roughly 3540 Da (corresponding to 80 ethoxy units) 

n the primary clarifier and down to roughly 1380 Da in the fi- 

al effluent were observed. This can be seen in Fig. 2 , showing the

ate of this widely used water soluble polymeric substance during 

he three steps of the wastewater treatment process. Similar ob- 

ervation for WWTP effluent samples were reported recently by 

 Freeling et al., 2019 ), showing PEG with up to 40 ethoxy units. 

.3. Non-target HS detection 

Over the different stages of the sampled Swiss WWTP a sig- 

ificant decrease in number of detected HS was observed us- 

ng the non-target HS detection approach. This observation is 

n agreement with findings in literature for target surfactants 

 Brunner et al., 1988 ; Schröder et al., 1999 ; Traverso-Soto et al.,

016 ; Freeling et al., 2019 ) and is shown in Fig. 3 for HS detectable

n positive ionization mode and in Figure S7 for HS detectable in 

egative ionization mode, respectively. 

Inspecting m/z vs. RT distribution of detected HS, as can be 

een in Fig. 3 and (Figure S7 for negative mode), the chosen m/z 

ange of 200 – 30 0 0 proved reasonable especially for APCI and 

PPI, since mainly singly or doubly charged ions were observed. 

n case of ESI, charge states of the model HS PEG of up to + 8 were

etected, hence reducing the upper bounds of observed m/z val- 

es. It is worth mentioning, that in environmental samples, typi- 

ally singly charged ions in a mass range of 50 – 10 0 0 m/z are in
6 
he focal point of analysis. Hence, depending on the sample matrix, 

S of higher masses would be missed. 

.4. Characterization of HS 

As described in Fig. 1 , after HS detection, suspect and non- 

arget screening findings were checked manually for potential re- 

undancies, ion species mis-classifications, etc. Besides, hits were 

imited to a charge state z ≤2 and MS2 availability of at least 2 HS

embers or > 50% of the members was set as a pre-requisite for 

entative and probable structure elucidation, respectively. EICs of 

S of interest were generated for all three stages of the WWTP and 

ere checked visually for changes in distribution over the course 

f the treatment. Often the HS were present in all sample types, 

ut differing in the distribution of the HS’ members. In the blank 

ample hardly any HS could be observed. 

The main focus of the present study was laid on the fate of 

ater-soluble polymeric substances and discharge in receiving wa- 

er bodies, hence characterization of detected HS was performed in 

amples taken after the second and third stage of the WWTP. The 

econd stage was included in the fate study, since globally, ozona- 

ion does not represent a commonly performed stage in WWTP. 

ince APCI did not show any significant benefit, neither in the 

umber of detected HS using the non-targeted screening approach, 

or the suspect screening ( Table 1 ), this dataset was not further in-

estigated. 

Results of the detected and filtered HS, using the two differ- 

nt ionization interfaces, ESI and APPI, and present in the two fi- 

al WWTP stages, can be found in Table S10- S13 (including in- 

ormation on HSs’ presence depending on the sample type and 

omments on changes in distributions). A summary of the findings 

occurring RUs, minimum and maximum detected m/z, length and 

haracterization classification) is shown in the SI Table S9. Due to 

he described filtering measures, the number of HS to be charac- 

erized decreased, namely to 10 HS for ( + )-APPI, 5 for (-) APPI as

ell as 91 for ( + )-ESI and 40 in case of (-)-ESI. This results in a

otal of 774 members being grouped to 146 HS. 

Suspect and non-target analysis (envihomolog) are in good 

greement as can be seen in Table 1 and in Table S10 – 13. Out 

f the 146 filtered HS, 20 HS were assigned to suspect-HS and 36 

ad matches regarding accurate mass of potential transformation 

roducts of suspects. Notably, also naturally occurring “HS” were 

xpected to be present, but were not included in the suspect list, 

.g. fatty acids being detectable using (-)-ESI. In the following, the 

ndings are discussed and to showcase challenges associated with 

he characterization of HS, six examples are shown in more detail 

n Fig. 4 . 

In case of APPI, the m/z of detected and filtered HS was rang- 

ng between roughly 390 up to 1320 m/z and HS were eluting be- 

ween 2 to 22 minutes. For ESI the lowest observed m/z for the 

ltered HS was around 210, whereas the highest m/z value was 

round 820, the RT space was similar to APPI. Generally, positive 

onization lead to the detection of HS containing a higher number 

f members (up to 19 for ( + )-APPI and 15 for ( + )-ESI), whereas the

aximum length in negative mode was only 6 members. Note that 

odium adducts, being prevalent in ( + )-APPI, give generally MS2 

pectra with lower information content compared to other adducts 

uch as protonated species or ammonium adducts. This definitely 

ffects the success of structural characterizations of the ( + )-APPI 

ode. 

In APPI the number of HS in the secondary clarifier decreased 

ignificantly to 2 HS for positive mode and 2 for negative mode. 

n case of positive mode, one of the detected polymeric sub- 

tance comprises 19 members (from roughly 525 to 1320 Da) and 

as characterized as PEG by comparing MS2 library spectra in 

assBank and a PEG 600 and PEG 20 0 0 spiked sample. For the 
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Fig. 2. Changes in PEG-monomethylether (EO n refers to ethoxy units) distribution over the different stages of a Swiss WWTP using RPLC-( + )-APPI HRMS/MS analysis. 

o

l

a

t

[

g

f

z

(  

i

f

c

s

(  

b  

5

t  

i

i

e

p

m

(

c

e

t

a

i

c

G

a

a

s

o

n

ther HS no MS2 was triggered, due to low intensity (sum of 

og10(intensities) = 5.7). Checking for potential transformation re- 

ctions of the suspect list, indicated an oxidation step from methyl 

o carboxylic acid of either the [M + K] + of OPEO18-21 or the 

M + Na] + of PEG-DME-EO18-21. Since no other ion species were 

rouped to these compounds and both ion species are reasonable 

or ( + )-APPI, this HS exemplifies the lowest stage A of characteri- 

ation of HS, as described in Fig. 1 . 

In case of ozonation, 8 HS remained after the filtering step for 

 + )-APPI and 3 in case of (-) APPI. Again, PEG was characterized

n ( + )-APPI, however with a shift in mass distribution, namely 

rom 400 to 1190 Da (compared to 525- 1320 Da in the secondary 

larifier). This observation can be explained by degradation and 

orption processes and is in agreement with findings in literature 

 Traverso-Soto et al., 2016 ). Fig. 2 shows this change in HS distri-

ution for all three stages of WWTP for a mass range of 250 up to

0 0 0 Da using ( + )-APPI as ionization interface. 

Besides, another PEG derivative, namely PEG-MME was charac- 

erized (stage D). This HS can either be formed ( Kawai, 2005 ) dur-
7 
ng the stages of WWTP or was already present in the primary 

nfluent or both. Both polymeric substances are used among oth- 

rs as excipient in pharmaceuticals, basis of skin creams or dis- 

ersant in toothpastes. Additionally, two other potential transfor- 

ation products of PEG derivatives were tentatively characterized 

stage C). Four HS neither had matches in the suspect list, nor 

ould be explained by the common transformation reactions, how- 

ver assigning molecular formulae was possible. Aiming at tenta- 

ively characterizing the structure of the HS, Fig. 4 a) gives an ex- 

mple of the structural variety of branched chain PEGs. Besides, 

t can be seen how the distribution of the polymeric substance is 

hanging over the course of the WWTP. In case of (-)-APPI, PEG, 

ES were characterized (stage D). Fig. 4 b) shows an example of 

 stage B characterization: according to known transformation re- 

ctions and the exact masses two different PEG derivatives were 

uggested, however the MS2 spectrum was not indicative of either 

f the two. 

Also, after the described filtering steps, using ESI lead to a sig- 

ificantly higher outcome in HS detection, namely 41 HS for the 
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Fig. 3. Detected HS in the different wastewater treatment stages, namely primary clarifier, secondary clarifier and after the ozonation and sand filter step. Samples were 

pre-concentrated using vacuum- assisted evaporative concentration. Ionization was performed with APCI, APPI or ESI in positive mode (negative mode in Fig. S7). RU are 

depicted as m/z and indicated in the respective color. Hits from the suspect list are highlighted by a black asterisk. 
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econdary clarifier in positive mode and 27 for negative polarity, 

nd 50 and 13 HS after ozonation, respectively. 

As for the secondary clarifier, the majority (around 75% (32 HS) 

or positive and 55% (15 HS) for negative mode) were character- 

zed as unknowns. However, for each polarity 9 unknown HS al- 

owed for a characterization stage C. Molecular formula generation 

f detected HS in negative mode revealed pre-dominantly sulphur 

see exemplarily Fig. 4 c) and d)) as well as phosphorus contain- 

ng molecules. Interestingly, Fig. 4 d) shows an example, where the 

/z difference would suggest an ethoxy group as RU, however no 

olymeric substances in databases comprising two sulfur atoms 

nd ethoxy as RUs fit to the respective masses. In positive mode 

uggested molecules often centered around sugar derivatives with 

lkyl residues (see exemplarily Fig. 4 e)). The latter polymeric sub- 

tances are also known to be used as surfactants in personal care 

roducts ( Plat and Linhardt, 2001 ). 

Generally, AEOs and PEGs are removed with high efficiency in 

WTP by sorption and degradation ( Traverso-Soto et al., 2016 ). In 

ase of aerobic degradation of AEOs, pathways involve the cleav- 

ge of the ether bond between the alkyl and ethoxy chain, result- 

ng in the formation of fatty acids and PEGs ( Marcomini et al., 

0 0 0 ). Being consistent with findings in literature ( Traverso-Soto 

t al., 2016 ; Bernhard et al., 2008 ), in positive mode, for both, bi-
8 
logical treatment (secondary clarifier) as well as ozonation, some 

etected HS could be potentially explained by known transforma- 

ion reactions of suspects, here dealkylation, dehydration as well as 

arboxylation reaction of different PEG derivatives. It was possible 

o assign molecular formulas, however, again the majority of the 

S2 spectra were not conclusive enough to reveal the head group 

nd certainly not the exact molecular structure. This is in agree- 

ent with findings of Schymanski et al., showing very few clean 

S/MS spectra in positive mode ( Schymanski et al., 2014b ). Re- 

arding the negative mode, sulphur containing suspect polymeric 

ubstance were potentially transformed via (de)hydration, hydrox- 

lation, decarboxylation, de(hydrogenation). An example for the 

owest stage of characterization, i.e. A, is depicted in Fig. 4 f). As 

hown, the chromatographic behavior, i.e. non-baseline separated 

S only detected after ozonation, suggests a constitutional isomer 

nd transformation processes, as described in ( Lara-Martin et al., 

011 ) for ethoxymers of NPECs in pore water samples. Even when 

sing a mass spectrometer with excellent mass accuracy and sta- 

ility, the molecular formula assignment was not unequivocal and 

either the isotopologue pattern nor the MS2 spectra allowed for 

 reduction in number of candidates. Notably for the latter, frag- 

entation spectra showed only very few ions and hence were not 

onclusive. 
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Fig. 4. Examples of characterized HS of different stages of Swiss WWTP. a) gives an example of branched chained HS using ( + ) APPI having a repetitive ethoxy chain, leading 

to a characterization stage of C according to Fig. 1 . b) shows a HS using (-) APPI as ionization interface and leading to a characterization stage of B. (-)-ESI as ionization 

technique was used for c) and d), showing an example for characterization stage of C and B. Whereas ( + )-ESI was employed for the examples e) and f). e) exemplifies a 

stage C, whereas f) the lowest level A. 

9 
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. Conclusion 

• There are clearly many other HS present in wastewater, apart 

from the known surfactants, which could not yet be explained 

by common transformation reactions. Using a non-targeted 

screening approach, in total 146 HS were detected, of which 56 

(ca 39%) could be associated with suspect matches or transfor- 

mation products of suspects. 
• Due to high degree of freedom in terms of molecular struc- 

ture, their characterization was only partly successful, since 

MS2 spectra do not fully resolve these constitutional isomers. 

Tentative characterization or probable chemical structure could 

be assigned to almost half of the findings. 
• Clearly, ( + )-ESI shows the highest number of detected HS, how- 

ever, high number of charge states and adducts in ( + )-ESI com- 

plicate data deconvolution and hence complicate characteriza- 

tion of HS. 
• ( + ) – APPI shows overall good ionization efficiency – easier in- 

terpretable mass spectra compared to ( + )-ESI, though MS2 in- 

terpretation suffers due to preference of Na – adduct formation. 
• A combination of the two different ionization approaches, 

namely APPI and ESI seems to be promising to expand the mass 

to polarity plane. 
• Expanding the mass range towards a higher m/z value proved 

to be reasonable, especially if studying HS occurring in the pri- 

mary clarifier is of interest. 
• In ESI higher molecular masses come along with higher charge 

states. Common identification workflows in non-targeted anal- 

ysis approaches rely on in silico MS2 fragmentation spec- 

tra interpretation, e.g. MetFrag ( Ruttkies et al., 2016 ) or 

CSI:FingerID/Sirius ( Dührkop et al., 2019 ). Since these platforms 

are restricted to singly charged ions, the characterization of HS 

with multiple charged members is hampered and hence would 

require a different approach. 
• The results demonstrate effective removal of HS during wastew- 

ater treatment and formation of some oxidative transformation 

products. 
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