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Abstract 11 

Water-soluble polymers (WSPs) like polyethylene oxide (PEO) have annual production volumes 12 

ranging from thousands to millions of tonnes and are used in a wide variety of applications that enable 13 

a release into the aquatic environment. Despite these facts, a lack of quantitative trace-analytical 14 

methods for WSPs prevent the comprehensive study of their environmental occurrence. Here, size 15 

exclusion chromatography was hyphenated with electrospray ionization high-resolution mass 16 

spectrometry. An all-ion fragmentation approach for the formation of diagnostic fragments 17 

independent of molecular weight, charge state, and ion species was used to quantify PEO and its 18 

derivatives in wastewater treatment plants (WWTPs) and surface water samples. Despite its inherent 19 

biodegradability, PEO concentrations found in the samples analysed ranged from <LOD-11 µg/L for 20 

surface waters (11/18 samples > 1 µg/L) and reached up to 20 µg/L (effluent) and 400 µg/L (influent) 21 

for WWTPs. A substantial shift in molecular weight ranges was observed between influent and 22 

effluent, pointing towards a molecular weight fraction between 1.3 and 4 kDa being dominant in the 23 

effluent. Due to an assumed size exclusion during sample enrichment, information on the MW-24 

distribution of PEO is limited to MW < 55 kDa. The high concentrations widely detected for a readily 25 

biodegradable WSP such as PEO, raise strong concerns about the occurrence and fate of recalcitrant 26 

WSPs in the aquatic environment. The method presented herein may provide the tools necessary to 27 

assess the burden of these high production volume chemicals and the risk they may pose.  28 
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1. Introduction 36 

Environmental pollution by synthetic polymers has been discussed for over a decade at a scientific 37 

and social level and has become a driver for political action1,2. The general focus of these discussions 38 

is almost exclusively on solid polymer particles of all sizes, namely macro-, meso-, micro-, and 39 

nanoplastics. Water-soluble polymers (WSPs) do not fit within the size-based framework that has been 40 

established for discussing environmental polymer pollution, and thus are often actively excluded3 or 41 

ignored4,5 in such definitional approaches. Accordingly, these high production volume chemicals need 42 

to be discussed as a separate group of synthetic polymers6,7.  43 

Applications of WSPs in personal care products8, pharmaceuticals9 and other industrial sectors (e.g. 44 

wastewater treatment and oil recovery) may result in both direct and indirect emissions to the 45 

environment10,11, which may result in considerable environmental concentrations if emission volumes 46 

are high and removal is insufficient. As a result of excluding synthetic polymers in general and thus 47 

also WSPs from registration under Registration, Evaluation, Authorisation and Restriction of Chemicals 48 

(REACH) due to their alleged innocuousness, information on their production volumes can only be 49 

derived from the production volumes of their educts. Since these educts mainly serve for the 50 

production of the respective polymers or variations thereof, the production volumes of many water-51 

soluble polymers can be estimated in the thousands to millions of tones range (e.g. poly acrylic acid 52 

(PAA) and polyethylene oxide (PEO) >106 t/a12–14 solely in Europe). Consequently, these high 53 

production volumes in combination with the wide variety of WSP applications likely result in large 54 

amounts of WSPs being released into the environment where their fate remains largely unknown. 55 

Despite the large production volumes and widespread applications of different synthetic polymers, 56 

environmental occurrence data is exceedingly scarce and limited to a few polymer types and chain 57 

lengths15. One reason for this is the inherent complexity of qualifying and quantifying WSPs in 58 

environmental matrices. Methods typically used for polymer analysis in products (e.g. Fourier 59 

transform infrared and Raman spectroscopy) likely lack the sensitivity and selectivity to deal with 60 

environmental concentrations and complex matrices and microscopic and spectrometric methods 61 



 

 

established for microplastic analysis can only be poorly transferred to non-particulate polymers7. 62 

Transferable methods such as pyrolysis gas chromatography-mass spectrometry (MS), are promising16 63 

but require further optimization and can only provide data on the total concentration of a specific 64 

polymer, losing all information on the molecular weight (MW) distribution which may play an 65 

important role in the environmental fate of WSPs. First steps towards the qualitative17 or 66 

quantitative7,16,18 assessment of WSPs in the aquatic environment have been taken, but data remains 67 

scarce and often narrowly focussed on certain chain lengths or directly at sources like WWTPs. Initial 68 

ecotoxicological studies already indicate a negative impact of PAA derivatives on aquatic plants and 69 

microorganisms19. Yet it is precisely this gap of missing occurrence data that precludes a more detailed 70 

assessment of the overall environmental impact of WSPs since it remains unknown which polymers 71 

are the most prominent, which molecular weights are predominantly present in the aquatic 72 

environment and what are environmentally relevant concentrations for lab scale experiments and risk 73 

assessment. 74 

To address these knowledge gaps and enable more comprehensive assessment of the environmental 75 

impact of WSPs we proposed a novel analytical combination of size-exclusion chromatography 76 

hyphenated with electrospray ionization-high-resolution mass spectrometry (SEC-ESI-HRMS)7 that 77 

utilizes the formation of diagnostic fragments independent of MW, charge state, and ion species while 78 

MW-information is retained through SEC to quantify PEO near sources but also in environmental 79 

water samples. The combination with SEC is a distinct advantage over pyrolysis-based methods in 80 

which MW information is inherently unavailable unless the sample is laboriously fractionated and the 81 

fractions are investigated independently. Herein we demonstrate the applicability of this 82 

quantification approach in two wastewater treatment plants (WWTPs) and 18 surface waters for PEO, 83 

a readily degradable but widely used polyether and derive first quantitative environmental occurrence 84 

data for this high production volume chemical. 85 

2. Material and Methods 86 

2.1 Chemicals and Material 87 

PEO standards (MW: 0.98, 1.96, 3.02, 6.69, 26.1, 55.8, 180, 1000 kDa) and the used SEC column ("PSS 88 

SUPREMA" Micro Linear M) were provided by Polymer Standards and Services Mainz (DE). Methanol 89 

(analytical grade) was purchased from Carl Roth GmbH + Co. KG, Karlsruhe (DE) and Ammonium 90 

formate from Sigma Aldrich, St. Louis, Missouri (US). Ultrapure water was generated by the UV water 91 

purification system Simplicity® purchased from Merck KGaA, Darmstadt (DE). Stock solutions of the 92 

individual MWs were prepared in MeOH:H2O 1:1 (v:v) at a concentration of 1 mg/mL. Stock solutions 93 



 

 

of high-MW PEO were placed in an ultrasonic bath until the PEO was completely dissolved. Working 94 

standards were diluted from this stock solution in MeOH:H2O 1:1 (v:v) to the desired concentrations.  95 

2.2 Samples 96 

Samples were obtained from a total of 18 surface waters (from Hesse (DE) and North-Rhine-97 

Westphalia (DE)) and two WWTPs (influent and effluent; Hessen (DE)). For sample details see Table S 98 

1 and analysed areas in Table S 2. The location of the sampling sites is shown in Figure S 1. 99 

2.3 Sample Extraction 100 

Each sample was enriched by the factor 1000. The cartridges (OASIS HLB 3cc (60 mg), Waters, Milford 101 

(MA, US)) were conditioned with 3x 2 mL MeOH and washed with 4x 2 mL H2O. After conditioning, the 102 

filtered, 200 mL aqueous sample was passed through the cartridge. Once the cartridges were dried 103 

for 20 min under an N2 stream, the enriched substances were eluted with 4x 1.5 mL MeOH. After 104 

evaporation to dryness under a gentle stream of N2 at 50 °C, the samples were reconstituted in 200 105 

µL of MeOH:H2O 1:1 (v:v) and filtered through a syringe filter (ø 0.2 μm).  106 

 107 

2.4 SEC-HRMS measurement 108 

All measurements were performed on an HPLC (Nexera X2 Prominence LC, LC-30AD, Kyoto (JPN)) 109 

coupled to an ESI-QTOF MS X500R (Sciex, Darmstadt (DE)) equipped with a Turbolon Spray ESI ion 110 

source. The instrument was operated in sequential window acquisition of all theoretical mass spectra 111 

(SWATH) acquisition mode. The SWATH acquisition mode is a data independent acquisition (DIA) 112 

mode that allows both to perform a survey scan and to divide a mass range selected in Q1 into defined 113 

mass windows in order to collect high-resolution fullscan composite MS/MS spectra. SWATH mode 114 

enabled the selection of broad and independent mass ranges of Q1 (m/z 200-2000) and TOF (m/z 40-115 

300) that was impossible in many other instrumental settings. The MS/MS spectrum obtained contains 116 

the combined fragments of all detected precursor masses in the selected Q1 window which is required 117 

since no single precursor mass can be defined for WSPs like PEO. Chromatography was performed by 118 

injection of 10 μL on an SEC column (PSS SUPREMA, MicroLinear M) with isocratic elution (H2O:MeOH 119 

70:30 (v:v, LC MS Grade) + 5 mM  ammonium formate) for 15 min. For further MS parameters please 120 

consult Table S 3.  121 

 122 

2.5 Quality assurance and quality control 123 

A procedural blank was prepared to determine potential contaminations from used sample 124 

preparation materials (cartridges, pipette tips, syringe filters, etc.), the mass analyser (cause by e.g. 125 



 

 

PEG calibration standards) and other sources. For this purpose, ultra-pure water was extracted and 126 

analysed in triplicate analogously to the samples. 127 

 128 

iLOD and iLOQ were determined analysing PEO standards of three different MW (3.02, 26.1 and 1,000 129 

kDa concentrations were 0.5, 0.5 and 2.5 µg/mL in of MeOH:H2O 1:1 (v:v)) near an expected iLOQ 130 

determined from the calibration and are defined as the S/N of 3 and 9 respectively. 131 

 132 

To calculate the recovery of a single molecular weight fraction (RecFx), ultrapure water samples were 133 

enriched according to the sample extraction in Section 2.3 (enrichment factor of 1000) and analysed 134 

according to section 2.4. Each sample was measured in triplicate. The samples were spiked with 135 

different MWs of PEO (0.98, 1.96, 3.02, 6.69, 26.1, 55.8 and 180 kDa) before and after enrichment and 136 

the recovery was calculated according to Equation E(1). The recovery was tested at a concentration of 137 

25 µg/L, which ensured that even analytes with low recoveries and high ion suppression can be 138 

analysed.  139 

 

𝑅𝑒𝑐𝐹𝑥[%] =
�̅�𝑆𝐵 − �̅�𝑁𝑆

�̅�𝑆𝐴 − �̅�𝑁𝑆

∗ 100 

 

 

𝐸(1) 

 ĀSB: Mean area (n=3) of PEO MW-sections in the samples spiked before enrichment 140 

ĀSA: Mean area (n=3) of PEO MW-sections in the samples spiked after enrichment 141 

ĀNS: Mean area (n=3) of PEO MW-sections in the matrix blank 142 

 143 

Two surface water samples (River Rhine Neuenkamp (kilometer 778), River Rhine Wiesbaden-144 

Schierstein (Harbour; kilometer 506) and one WWTP effluent (Idstein-Beuerbach (1))) were examined 145 

to investigate the influence of the matrix on the ESI-ionisation efficiency. These samples were enriched 146 

according to the sample extraction in Section 2.3 (enrichment factor of 1000) and analysed according 147 

to section 2.4 as well. 148 

Each pre-enriched matrix was spiked with a concentration of 25 µg/mL (corresponds to 25g/L in the 149 

original sample) of PEO 3.0 kDa into the final extract and analyzed in triplicate. Matrix effects were 150 

calculated according to Equation E(2). 151 

 152 

𝑀𝐸[%] =
�̅�𝑆𝐴 − �̅�𝑁𝑆
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∗ 100 

 

E(2) 

ĀStd: Mean area (n=3) of PEO MW-sections in a Standard 153 



 

 

 154 

The same pre-extracted samples (spiked with 25 µg/L PEO 3.0 kDa, analyzed in triplicate) were used 155 

to calculate the repeatability. 156 

 157 

 158 

3. Results and discussion 159 

3.1 Fragment based quantification method 160 

Chromatography hyphenated with mass spectrometry is often the method of choice to detect and 161 

quantify organic micropollutants in complex environmental matrices. Its application to WSPs, 162 

however, is exacerbated by the inherent complexity of synthetic polymers. Unlike most organic 163 

micropollutants, which often result in one signal of a specific mass and few isotopologues or additional 164 

ion species, polymers can consist of hundreds or even thousands of homologues as well as their 165 

respective isotopologues and ion species20,21. This has two detrimental consequences: (1) There is not 166 

one mass of interest for each polymer type, but rather hundreds or even thousands, that may vary 167 

according to the MW of the polymer, its multiple possible charge states and adducts formed. (2) Total 168 

signal intensities for WSPs are distributed over all these signals, resulting in low individual signal 169 

intensities even at high WSP concentrations. To counteract these drawbacks, we employ an all-ion 170 

fragmentation approach that utilizes the formation of MW-independent diagnostic fragments from 171 

PEO resulting in a severe reduction of masses of interest with significantly increased intensities (Figure 172 

1). While the formed fragments are MW-independent, the ionization and fragmentation efficiencies 173 

are not (MW-dependent differences in sensitivity are shown in Figure S2), and thus must be taken into 174 

consideration during data processing. 175 

 176 

Figure 1: Averaged MS (left) and MS² (right) spectra at an elution time of 8.0 - 8.5 min (concentration maximum of PEO) of 177 
the river Rhein taken at Schierstein Harbour in Wiesbaden, Germany. While the MS spectrum shows a wide range of low 178 
intensity signals (most < 200) the MS² shows 4 signals attributed to diagnostic fragments of PEO (marked in orange) with 179 
intensities ranging from 1000 to > 9000. 180 



 

 

After pre-concentration of samples through solid phase extraction (SPE) and analysis with SEC-ESI-181 

HRMS in full scan and SWATH mode, quantification is performed through the combined intensity of 182 

the diagnostic fragments [C2nH4n+1On]+ with n= 1, 2, 3, and 4 (m/z 45, 89, 133, and 177). The SEC elution 183 

time provides information about the MW that is otherwise lost during fragmentation and separates 184 

the polymer from low-MW interferences carrying PEO side-chains (e.g. nonylphenolethoxylates). SPE 185 

using HLB cartridges was chosen as generic enrichment method that enables high enrichment factors 186 

but not further optimized. Procedural blanks show that the used materials did not cause any 187 

significant contamination of the samples with PEO in the investigated MW-range. If the method is 188 

transferred to other polymers this has to be tested independently and the use of glass cartridges may 189 

be advised. Blank values (areas are listed in Table S 4), SPE recoveries, and response factors (influenced 190 

by ionization and fragmentation efficiencies) are all MW-specific and are thus calculated and corrected 191 

individually for MW-fractions derived from the elution time to increase the accuracy of quantification 192 

(MW calibration and corresponding response factors are shown in Figure S 3). MW specific fractions 193 

were determined by analysing different MW standards. The resulting concentrations for individual 194 

MW-fractions are then summed up and corrected by the matrix effects, which were observed to be 195 

largely independent from the MW (workflow see Figure 2). The resulting method cannot differentiate 196 

between PEO, PEO block-copolymers and PEO derivatives and transformation products (e.g. 197 

modifications at the chain end as they occur during the biodegradation of PEO) that still contain 198 

unaltered PEO units of a significant chain length forming these diagnostic fragments. The formation 199 

of specific fragments by PEO derivatives was proven exemplarily for alkylated PEO-200 

polypropyleneoxide copolymer (Figure S4). Consequently, this method results in the sum of PEO and 201 

its derivatives quantified as PEO. For simplicity, we refer to this as PEO concentration throughout the 202 

manuscript. 203 



 

 

 204 

Figure 2: Analytical (3 steps) and data processing (6 steps) workflow of PEO quantification. Data processing steps with a large 205 
MW-dependency (blank subtraction, response correction, and recovery) were performed independently for individual MW-206 
fractions. 207 

 208 

 209 

 210 



 

 

3.2 Method performance 211 

Method performance was validated including recovery, both, the instrumental limit of quantification 212 

(iLOQ) and detection (iLOD) (Table 1), matrix effects and repeatability. 213 

Table 1: Recovery, instrumental limit of quantification (iLOQ) and instrumental limit of detection (iLOD) of the developed 214 

method for different PEO MWs. 215 

  MW PEO [kDa] 

Analytical 

Performance 

Characteristic 

0.98 1.96 3.02 6.69 26.1 55.8 180 1,000 

iLOD [µg/mL] N/A N/A 0.54 N/A 1.15 N/A N/A 5.36 

iLOQ [µg/mL] N/A N/A 1.61 N/A 3.46 N/A N/A 16.07 

Recovery [%] 93 99 97 69 19 0 0 N/A 

N/A = not available; were not used to determine this performance characteristic.  216 

iLOD and iLOQ show a strong dependence of the sensitivity on the MW of PEO which is caused by 217 

reduced ionization and/or fragmentation efficiencies with increasing MW (calibrations are shown in 218 

Figure S 2). Consequently, an overall method LOD/LOQ cannot be given since it strongly depends on 219 

the MW-distribution of PEO in the sample. Recoveries of PEO show a district drop at 55 kDa, which 220 

limits the application range of the method. This drop may be caused by irreversible sorption of high-221 

MW PEO to the SPE material which may be circumvented by alternative methods like freeze-drying. 222 

Therefore, MW-dependent correction as described in Section 3.1 was deemed necessary. 223 

Regarding matrix effects, each of the matrices examined (see section 2.5) caused ion suppression (-224 

18% and -25% in surface waters; -49% in WWTP effluent).   225 

Calculated matrix effects were used for MW-independent correction of the environmental samples. 226 

For surface water samples the mean matrix effect of River Rhine (sampled in Neuenkamp and 227 

Wiesbaden-Schierstein (ME̅̅ ̅̅ = -21%)) was used and for WWTP samples respectively the matrix effect 228 

of the effluent (WWTP 1 (ME= -49%)). Triplicates of the same water samples spiked before enrichment 229 

were used to determine the repeatability, which was expressed as the relative standard deviation 230 

(RSD) of the measured PEO content in the three replicates (RSD: 2-14%). Corresponding peak areas 231 

are listed in Table S 5. 232 

Signals found in the procedure blank (see Table S4) were divided into MW sections (schematically 233 

shown in Figure 2) and subtracted from any analytical results. Using the SEC, it was found that the 234 



 

 

MWs of PEO in the procedural blank were all below 6.0 kDa and therefore only affect MW sections 1, 235 

2 and 3. 236 

 237 

3.3 Occurrence of PEO in wastewater treatment plants and surface water  238 

The influents and effluents of two WWTPs were analysed for PEO, both showing a clear reduction in 239 

concentration of approximately 95% during wastewater treatment (Figure 3). Interestingly, the MW-240 

range is shifted towards 1.3-4 kDa during water treatment for both WWTPs despite pronounced 241 

differences in their influent PEO MW-distribution. The shifted MW-range implies that 1.3-4 kDa may 242 

be the main environmental MW-fraction of PEO, at least when WWTPs are considered as dominant 243 

point source. Since MWs > 55 kDa were insufficiently enriched (Table 2), a further distribution 244 

maximum and possible concentrations would be neglected. Due to the increasing sorption tendency22–245 

24 with increasing MW, however, it can be assumed that PEOs >55 kDa are of minor importance for 246 

the analysis of aqueous samples. It is known that lower MW PEO is more rapidly transformed by 247 

microorganisms and that sorption increases at higher MW22. Thus, the observed MW-range is likely a 248 

result of higher MWs more rapidly adsorbing to sludge while lower MWs are more quickly mineralized 249 

leading to (almost) complete elimination outside the MW-range from 1.3 – 4kDa. Consequently, the 250 

emitted MW-range may strongly depend on sludge and hydraulic retention time as well as the 251 

microbiological activity in the WWTP and thus further studies are required to confirm if the observed 252 

MW-range is universally emitted from WWTPs.  253 

 254 

 255 



 

 

Figure 3: MW distributions (left) and concentration (right) of PEO in waste water treatment plants (WWTP) and 256 

surface water (SW). Results from Karbach (Karbach), Waterside (Biebrich) and Pfänderbach (Schwarzenacker) 257 

are not shown since their concentration were below iLOD. Concentrations of PEOs MW < 1 kDa (indicated by 258 

dashed black line (left) and light blue area (right) were outside the validation range and are thus only 259 

semiquantitative.  The samples were analysed as single determinations. An approximate error for PEO 260 

concentrations in the dominant MW-range can be estimated using the relative standard deviation of triplicate 261 

determinations of spiked samplesduring the validation (2-14 %).  262 

PEO is known to be readily biodegradable. Nevertheless, the exceedingly high influent concentrations 263 

(about 254 and 405 µg/L) comparable to other surfactants like LAS (linear alkylbenzenesulfonate)25, 264 

resulted in effluent concentrations up to 20 µg/L despite 95% reduction during water treatment. 265 

These are remarkable effluent concentrations for a readily biodegradable organic 266 

micropollutant22,26,27,22. To investigate if these effluent concentrations resulted in elevated surface 267 

water concentrations 18 surface waters were analysed. Concentrations of PEO in the surface waters 268 

investigated vary from below the iLOD (3 samples; not shown in Figure 3) to approx. 11 µg/L. In total, 269 

11/18 surface waters investigated exceeded a concentration of 1 µg/L and one sample even exceeded 270 

10 µg/L. The mean and median concentrations of PEO in surface waters were 3.4 µg/L and 1.8 µg/L, 271 

respectively. Surface waters sampled downstream of a WWTP (e.g. Daisbach (Niederjosbach) and 272 

Landgraben (Darmstadt)) showed a similar molar mass distribution of PEO as the two effluent samples 273 

investigated. In most surface waters a lower MW-range of PEO (< 3,0 kDa) was observed, which may 274 

be the result of ongoing degradation in the aquatic environment. Biodegradation of PEO occurs under 275 

both aerobic28–30 and anaerobic31–33 conditions and results mainly in oxidation of the terminal hydroxy 276 

group to the corresponding aldehyde, which is converted into carboxylic acid derivatives after further 277 

oxidation followed by a stepwise chain degradation20,34,35. Thus, resulting intermediates are likely also 278 

detectable by the method used herein until mineralization is achieved. Depending on the MW, 279 

biodegradation (> 90% removal of dissolved organic carbon) in freshwater takes between 20 d (MW < 280 

14,000 Da) to 65 d (MW >14,000 Da) 20,36. In addition to MW, crucial for the biodegradation of PEO is 281 

a syntrophic association of different bacteria (e.g.: Flavobacterium sp. and Pseudomonas sp.) and the 282 

medium present (e.g.: freshwater or saltwater)20,21,29,34. Regarding the MW distributions detected, one 283 

exception is the Düssel (Düsseldorf), in which a second MW maximum at approx. 7,000 Da was 284 

observed. As this river passes through an urban centre, further significant sources cannot be excluded. 285 

Such discrepancies in the observed MW distribution may hint at additional sources and could be a 286 

further advantage of analytical methods that preserve the MW information unlike thermoanalytical 287 

approaches that rely on thermolysis of an aliquot of the sample. However further studies regarding 288 

the occurrence and especially the MW distributions of PEO specifically and WSPs in general are 289 

required to confirm this hypothesis. 290 



 

 

These results show that PEO is a widespread environmental water contaminant that occurs in the µg/L 291 

range. The environmental occurrence of PEO, however, seems to be focussed on a rather narrow MW 292 

range compared to its applications that can reach up to hundreds of thousands of Da or more. 293 

Transferring the method successfully to other WSPs depends primarily on whether the respective 294 

polymer forms diagnostic fragments. In addition, further investigations are needed regarding the 295 

response factors and the fragmentation behavior of block co-polymers, derivatives and 296 

transformation products.  297 

Due to the high production volumes and numerous applications of WSPs being directly correlated with 298 

their emission into the aquatic environment, their presence and distribution in the water cycle seems 299 

likely but has rarely been demonstrated so far. The presented study shows that even the readily 300 

biodegradable PEO occurs in surface waters in the µg/L range, which raises questions about the 301 

environmental occurrence and impact of other WSPs that have similar production volumes but are 302 

not biodegradable. Currently, there are only a few studies dealing with the concentrations of WSPs in 303 

the water cycle (see Table 2) and most of them are focussed on sources like WWTPs and thus provide 304 

only little insight into the occurrence in the environment. 305 

Table 2: Overview of WSP concentrations in different matrices.  306 

WSP Concentration  Matrix Reference 

PEO WWTP 1: 405/20 µg/L  

WWTP 2: 254/13 µg/L 

2 WWTPs 

(influent/effluent) 

This study 

PEO <LOD-11 µg/L 18 surface water 

samples 

This study 

PEO ~1.5-7.4 µg/L Total of 33 WWTP 

effluents 

18 

PEO 1.7-31 mg/kg dry weight 5 WWTP sludges 15 

Alcohol ethoxylates 

(C10-C18 EOn) 

1-98 mg/kg dry weight 5 WWTP sludges 15 

Poly-

(N‑vinylcaprolactam) 

70 µg/L WWTP effluent 16 

PVP 7 mg/L WWTP effluent 37 

PEO 1.6-8.8 mg/kg Sediment 38 

Alcohol ethoxylates 

(C12-C18 EOn=2,3,6,8) 

0.007-0.085 mg/kg Sediment 38 

 307 



 

 

The study of PEO effluent concentrations conducted by Freeling et al. shows results that are generally 308 

lower as the effluent concentrations analysed herein18. Given that Freeling et al. selected a range of 309 

PEO chain lengths and defined one mass of interest for each of these chain lengths in their approach 310 

this discrepancy can be explained by an underestimation of the total PEO concentration caused by a 311 

reduced analyte spectrum. Nevertheless, both studies found effluent concentrations within the same 312 

order of magnitude, consequently giving further validity to each other’s results. 313 

First studies have already indicated potential negative effects of WSPs like PAA and 314 

polyvinylpyrrolidone (PVP) and their transformation and degradation products39–42. As such, 315 

degradation products of PEO formed after ozonation can be formaldehyde and formic ester. Even if 316 

these are readily degradable and unstable in (waste)water, both are nevertheless classified as 317 

hazardous and corrosive13–15,42,43. Furthermore, various transformation products e.g. low MW 318 

Polyacrylamide (PAM) with variable functional groups exhibit the potential to cross cell 319 

membranes44,45. Recent studies show an ecotoxicological impact of PAA and various acrylate 320 

copolymers, although at very high test concentrations of 100 mg/L19. However, even if PAA and PVP 321 

do not exhibit any acute toxicity (no acute effect up to 50 mg/L on Daphnia magna.), initial studies 322 

already indicate a chronic toxicity. In standardised toxicity tests, Modellini et al. showed chronic 323 

impairments on reproduction and growth of Daphnia magna at 5-10 mg/L WSP (PAA, PVOH, PVP and 324 

PEO).46 Considering a study by Antić et al., where a concentration of 7 mg/L of PVP was found in a 325 

WWTP effluent, direct adverse effects on the environment caused by the WSPs studied by Modellini 326 

et al. cannot be excluded.37 However, not only the direct but also the indirect effects of WSPs can 327 

impact the environment negatively. The ability of certain WSPs, especially cationic ones, to bind heavy 328 

metals and organic micropollutants may increase the mobility and bioavailability of these toxins.47,48  329 

For WSPs not only knowledge on environmental concentrations is required to derive a realistic 330 

ecotoxicological impact assessment but also on the MW most common in the environment. Including 331 

the MW in these assessments is important since high and low MW WSPs may lead to significantly 332 

different results. The polyacrylic acid-based WSPs studied by Rozman et al. are significantly more 333 

recalcitrant compared to PEO, but are produced and used on the same scale12–14,19,21,49,50. Accordingly, 334 

higher environmental concentrations would be assumed for these WSPs, either in the aqueous phase 335 

or adsorbed to particulate matter. Depending on the environment, (bio)degradation may be 336 

hampered or incomplete. For example, Eubeler et al. already demonstrated a reduced degradability 337 

of PEO in salt water with marine inoculum compared to freshwater. Especially for higher molecular 338 

weight compounds, this may result in higher WSP concentrations36.  339 



 

 

Since WSPs not only differ in their chemical nature, but also in molecular weight distribution and in 340 

some cases even in the degree of chemical modification, the analytical assessment of their occurrence 341 

and fate in the environment is extremely challenging. This includes not only the wastewater cycle, but 342 

also soil, sludge and particulate matter. Further investigations should therefore include these 343 

compartments, and all stages of the water cycle. Due to the application of WSPs for waste and drinking 344 

water treatment, potential residues cannot be excluded. Nevertheless, it is not only the anthropogenic 345 

influenced water cycle that is affected. Studies by Wang et al., in which PEO was already found in 346 

freshly fallen snow, show how invasively WSPs have already entered the natural water cycle51. 347 

4 Conclusion 348 

So far (semi-)quantitative environmental occurrence data for WSPs is largely missing, which impacts 349 

the ability to assess any potential risk associated to them. The SEC-ESI-HRMS approach utilizing 350 

diagnostic fragment formation (fragments independent of molecular weight (MW), charge state, and 351 

ion species) within selected PEO MW-fractions for identification and quantification of PEO and its 352 

derivatives in surface water and WWTP influent and effluent demonstrated that even for the benign 353 

and readily biodegradable PEO environmental concentrations in the µg/L range were observed despite 354 

a concentration reduction of 95% during wastewater treatment. Moreover, these concentrations are 355 

not the result of highly invasive events but result from everyday applications in every household or 356 

the production of consumer products and pharmaceuticals. Concentrations for other recalcitrant 357 

WSPs like PVP or PAA can at this point only be speculated on, but may be considerably higher than for 358 

PEO. Using size exclusion chromatography, it is possible to assess the MW range present in the 359 

samples analyzed. Despite pronounced differences in the MW distribution in the influent, a shift of 360 

the MW range for both WWTPs to 1.3-14 kDa in the effluent was observed, suggesting WWTPs as the 361 

main input source for PEO. This may impact studies on the environmental behavior, fate, and impact 362 

of PEO and in extension of other WSPs of a similar behavior is observed. If the observed MW is 363 

confirmed as dominant in the aquatic environment follow-up studies on these aspects should focus 364 

on PEO of this mass range first to ensure a high environmental relevance. 365 
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