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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Migration of > 400 plastic related and 
> 3500 dishwasher related compounds. 

• The dishwashing process increased the 
migration of plastic related compounds. 

• Oligomers suspected from poly-
caprolactone (PCL) were migrating. 

• Three of the identified photoinitiators 
have possible endocrine disrupting 
effects. 

• Diethyltoluamide (DEET) may have 
been formed from the plasticizer 
laurolactam.  
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A B S T R A C T   

Reusable plastic sports bottles are used extensively worldwide, and little is known about the migration of 
chemicals from the bottles into drinking water. In this study, we investigated the chemical migration into 
drinking water stored for 24 h in new bottles, used bottles and bottles washed in the dishwasher. Non-target 
screening (NTS) by liquid-chromatography – high-resolution mass spectrometry (LC-HRMS) was performed to 
identify these compounds. We detected > 3500 dishwasher related compounds, with 430 showing migration 
even after subsequent flushing of the bottles. In addition, more than 400 plastic related compounds were 
detected, with high peaks for oligomers suspected to originate from the biodegradable polyester poly-
caprolactone, and aromatic amines, which may have been introduced as slip agents or antioxidants. These 
compounds have never been reported before in bottled water. Most of the identified compounds migrating out of 
the used bottles were plasticizers, antioxidants or photoinitiators. The presence of photoinitiators are of 
particular concern, due to possible endocrine disrupting effects. Furthermore, diethyltoluamide (DEET) was 
detected, which may have been formed from the plasticizer laurolactam. Typically, the dishwashing process 
enhanced the leaching of plastic related compounds, and even after additional water flushing, the average peak 
intensity of these compounds was only reduced by half.   

1. Introduction 

Reusable plastic water bottles are popular, especially during sport, 
due to their lightweight and impact resistance properties. Compounds 

from the food contact material (FCM) plastic can migrate into the 
drinking water. Concern about the presence of these compounds is 
increasing as a consequence of improved analytical instrumentation that 
provides lower detection limits (Akhbarizadeh et al., 2020). One of the 
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main limitations in the analysis of the intentionally added substances 
(IAS) is the prediction of their occurrence, which is complicated by the 
wide variety of chemical classes of substances used, and the incomplete 
information about the ingredients used to manufacture the plastic ma-
terials (Hoppe et al., 2016; García Ibarra et al., 2019). A new tool for the 
analysis of FCM is non-target screening (NTS) analysis, where a broad 
range of IAS compounds can be screened together with 
non-intentionally added substances (NIAS) such as transformation 
products, impurities, or monomers. For reusable plastic bottles, com-
pounds such as bisphenol A (Kubwabo et al., 2009; Akhbarizadeh et al., 
2020) or bisphenol analogues (Tian et al., 2019) have been analyzed in 
detail, however more universal studies of unknown compounds are 
missing. One of the main reasons for this is the challenge of compound 
identification, as many of the NIAS are not included in compound da-
tabases and for NIAS and IAS a limited number of analytical standards 
are available (García Ibarra et al., 2019). One solution to this problem is 
the use of a high resolution mass spectrometer, combined with an 
analytical workflow to identify the chemical structures by their frag-
mentation patterns (Da Silva Oliveira et al., 2019). In addition, careful 
design of both the migration experiment and subsequent sample prep-
aration method are required, to avoid including blank compounds as 
false positive identified compounds (Akhbarizadeh et al., 2020). Usually 
in migration studies of plastic bottles, food simulants are used, con-
taining a mixture of alcohol, water and acids (Tian et al., 2019) ac-
cording to the Europe Commission Regulation 10/2011/EU. A few 
studies have focused on compounds which migrate into HPLC-grade 
water (Kubwabo et al., 2009). However, the comparability to drinking 
water is limited, due to different ionic and chemical composition be-
tween HPLC-grade and tap water. 

The aim of our study was to detect and identify compounds, which 
migrate from reusable plastic sport bottles into drinking (tap) water 
stored in the bottles for 24 h by the use of NTS analysis. The experiment 
was designed to be as close as possible to typical consumer use. New 
bottles, as well as bottles that had been used regularly for water during 
sport for approximately one year, were investigated. A migration study 
of the chemicals originating from the brand new bottles was initially 
conducted. Afterwards, all plastic bottles, as well as control glass bottles, 
were loaded into the dishwasher with dishwasher soap, for the elimi-
nation of possible impurities from previous use and for investigation of 
the migration of dishwasher soap chemicals. After additional manual 
flushing with tap water to remove as much residual dishwasher soap as 
possible, another migration study was conducted for 24 h. The chemical 
composition of the stored tap water was investigated after each migra-
tion step and compounds were prioritized based on systematic changes 
in peak intensities across the treatments. To our knowledge, this is the 
first study on NTS analysis of chemicals in drinking water stored in 
reusable bottles. 

2. Materials and methods 

2.1. Chemicals 

For the LC eluents, purified water was obtained by ultrapure water 
purification system from ELGA-Veolia LabWater (High Wycombe, UK) 
and acetonitrile (LC-MS grade) from Chemsolute. The formic acid was 
purchased from Merck, (Supelco, LC-MS grade). 

For preparation of standards and samples, LC-MS Ultra Chromosolv 
Methanol (Honeywell Riedel-de HaenTM) was used. The standards 
laurolactam, dibutyl maleate, tributyl phosphate, tris(2-butoxyethyl) 
phosphate, diethyltoluamide (DEET), oleamide, tributyl citrate and 
tributyl acetylcitrate were all ordered from Merck and had purities 
higher than 95%. 

2.2. Bottles 

Three different types of reusable plastic sport bottles were 

investigated in duplicate. Four of the bottles (duplicates of two bottle 
types) were previously in regular use (2–3 times per week) for around 
one year before the study. In between, they were kept dry at room 
temperature. Two bottles (duplicates of one bottle type) were never used 
before the experiment (Table 1) and bought in a Danish sports shop 
immediately before the experiment. All bottles were from the same 
brand but produced in different years (2019, 2020 and 2021). The 
transparent bottles (P2 and P3) were marketed as biodegradable. The 
different bottles P1, P2 and P3 were not used for direct comparison, but 
to obtain an overview about the compounds migrating from different 
reusable plastic sport bottles. In addition, two 1 L laboratory duran wide 
neck glass bottles (washed with hot, distillated water and heated at 
550 ◦C for 4 h in a kiln from KITTEC (Classic-line CT) to remove any 
contaminants) were analyzed as controls to identify compounds that 
originated from the plastic bottles and/or dishwasher treatment. A 
picture of the bottles can be seen in Fig. S1. 

2.3. Migration experiments 

In the first migration experiments, the newly purchased bottles (P3, 
Table 1) were rinsed once with 750 mL tap water and the water was 
discarded, then the bottles were re-filled with 750 mL tap water and 
stored for 24 h at room temperature (ca. 21 ◦C) without direct exposure 
to sunlight. The plastic bottles were stored with their lids on top and the 
glass bottles with aluminum foil on top. This migration experiment is 
referred to as the “new” experiment (Table 1) from hereon. 

In the second experiments, all bottles (the rinsed new bottles, used 
plastic bottles, and glass bottles) were put in the dishwasher (upside 
down, lids and bottles separately) and cleaned in a 60 min dishwasher 
program, heating up to 65 ◦C. A standard domestic dishwasher tablet 
bought from a Danish retailer was used as soap, with the ingredients 
described as 15–30% bleaching agent and < 5% non-ionic detergents, 
polycarboxylates and phosphonates. The day after the dishwashing 
cycle, the bottles were filled with tap water and stored for 24 h at room 
temperature (ca. 21 ◦C). This migration experiment is referred to as the 
“dishwasher (DW)” experiment (Table 1). 

In the final set of experiments, after the DW migration experiments, 
all the bottles were rinsed thoroughly, by filling them with cold tap 
water, manually shaking for 10 s with the lid on and the water was 
discarded. This flushing procedure was repeated 5 times for each bottle 
to remove any residual compounds. The used method aimed to mimic 
washing procedures that might be undertaken in households. After this 
flushing procedure, the bottles were filled again with tap water, and 
stored for 24 h at room temperature (ca. 21 ◦C). This migration exper-
iment is referred to as the “flushed (F)” experiment (Table 1). 

2.4. Sample extraction by SPE cartridges 

Following all of the 24 h migration experiments (new, DW, F), the 
water stored in the bottles was immediately enriched by a solid phase 
extraction (SPE) method. For each of the three migration experiments, 
two SPE blank (750 mL tap water in clean and heated glass bottles) were 
also enriched. 

The water was enriched by an automated SPE system from Promo-
Chrom Technologies Ltd. (Richmond, Canada). The SPE cartridges were 
self-packed multi-layer cartridges contained Supelclean ENVI-Carb 
(200 mg; Merck Darmstadt, Germany) as the bottom layer below a 
mixture (560 mg ( ± 10 mg); ratio 1:1:0.8) of Oasis Weak Anion Ex-
change (WAX), Cationic Exchange (WCX) (Waters, Taastrup, Denmark) 
and Isolute ENV+ (Biotage Uppsala, Sweden). The water samples were 
enriched 1000 times to a final volume of 750 µL in methanol and 
analyzed immediately after preparation. The entire SPE method is a 
modified sample preparation method from (Tisler et al., 2021a), and is 
described in detail in the Supplementary information (Section S2.4). 
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2.5. Analysis of samples 

LC-HRMS analysis was performed on an Acquity UPLC interfaced to a 
G2-Si Synapt quadrupole time of flight mass spectrometer (QTOFMS) 
with electrospray ionization (ESI) (from Waters (Milford, MA) in the m/z 
range 50–1200 m/z. An Acquity BEH C18 column (2.1 ×100 mm, 1.7 µm 
pore size) from Waters (Taastrup, Denmark) was used with a flow rate of 
0.3 mL/min. The composition of the elution gradient increased from 
initial conditions of 90% eluent A (MilliQ H2O + 0.1% FA) to 99% B 
(acetonitrile + 0.1% FA) over 16 min. These conditions were maintained 
for 5 min, before reverting back to the starting conditions which were 
held for a 3 min equilibration time, to give a total run time of 24 min per 
sample. The autosampler was kept at 15 ◦C and the injection volume was 
2 µL for all samples. The MS parameters were as follows: capillary 
voltage, 3000 V; source temperature, 120 ◦C; desolvation temperature, 
500 ◦C; cone gas flow, 100 L/h; desolvation gas flow, 1000 L/h; nebu-
liser gas, 6.5 bar. A lock spray source was used with leucine-enkephalin 
as the mass reference compound (mass 556.2771 Da for positive ioni-
zation and mass 554.2615 Da for negative ionization) and the mass 
calibration was performed every 30 s. The samples were run in MSe 
continuum mode (scan time, 0.35 s; ramp trap collision, 10–40 V). 
Additional runs with the same conditions were performed in MS/MS 
mode to obtain clean and high signal-to-noise MS/MS spectra for 
selected compounds. Analyses of all enriched samples were conducted 
by triplicate injections in both positive and negative ESI mode. 

2.6. Data filtering and identification of compounds 

All samples were analyzed in triplicates. Peak and subsequent com-
pound detection was carried out with UNIFI software 1.9 (Waters). 
Compounds were filtered in the software by having a chromatographic 
width ratio less than 1.8, a mass peak resolution > 8000, and a peak 
height response > 200. Compounds were considered as relevant if they 
were present in all three analytical replicates, and considered as the 
same across samples if they were within a retention time (RT) window of 
< 0.08 min and m/z window of < 0.01 Da. As an additional data filtering 
step, compounds were only kept when the response was at least 10 times 
higher than three enriched tap water blanks and at least 50 times higher 
than a methanol blank. For the NTS prioritization and identification, 
compounds were only kept when they occurred in at least two migration 
experiments of the same type of bottle. This criterion was met if, for 
example, the compound occurred in two used bottles, or in both the DW 
and F migration experiments but only in one of the used bottles. This 
criterion was used to limit the number of false positive compounds. For 
the new bottles and glass bottles, where the usage pattern has been the 
same, the compounds needed to occur in both replicates of the same 
migration experiment. Furthermore, suspect compounds detected only 
in the new bottles needed to occur in five out of the six migration cycles 
(duplicates for migration experiments new, DW and F). If these criteria 
were not met, the compounds were excluded from the subsequent data 
analysis. 

All compounds that met all the filtering criteria were compared with 
2000 suspect compounds (Norman lists “database of chemicals associ-
ated with plastic (CPPdb)” and “plastic additives by ECHA”). In addi-
tion, using a NTS workflow, the highest 50 peaks in each bottle were 
investigated, and chemical formulae and plausible compounds were 

annotated. A compound was annotated as plausible if the Pubchem entry 
showed indications for the occurrence of this compound in plastic pro-
duction or households (e.g., surfactants). The retention times of the 
suspect compounds (obtained by suspect screening and NTS analysis) 
were predicted by a quantitative structure-property relationship (QSPR) 
model. The QSPR model was built with 212 compounds as training set 
and showed 98% confidence interval for the prediction in a 2.2 min 
window for 53 test compounds (detailed description of the method in 
S2.6 and compounds used for prediction can be seen in document SI_2). 
All 53 test compounds were predicted correctly within a RT window of 3 
min. Thus, suspect compounds were matched with suspect library 
compounds within a RT window of 3 min and m/z window of 0.008 Da. 
The MS/MS spectra were compared with the Pubchem and MassBank 
libraries for successfully matched compounds. Library spectra were not 
available for all compounds, and in these cases the plausibility of a 
match between the fragmentation spectra compared to the proposed 
fragments from the precursor structure was verified manually. In a last 
step, the overall feasibility of the proposed compound identification was 
assessed (e.g. occurrence only in the plastic bottles for assignment of a 
plasticizer, or previous detection in similar samples in literature). The 
workflow is depicted schematically in Fig. S2. The confidence levels 
reported for the eventually identified compounds follow the scheme 
proposed by Schymanski et al. (2014). 

2.7. Hazard assessments 

In order to estimate the toxicity of the identified chemicals, Cramer’s 
rule was employed using Toxtree 3.1.0, as well as reviewing available 
toxicity data. The decision tree relates chemical structures to their po-
tential toxicity and divides the chemicals into three classes (Kroes et al., 
2005); Class I for low toxicity, Class II for intermediate toxicity and Class 
III for high toxicity. The decision tree is sorted according to functional 
groups, which suggest significant toxicity or reactivity. This approach is 
recommended to estimate the risk of FCM chemicals for human exposure 
(ILSI Europe, 2015) and is a common tool used for toxicity evaluation of 
FCMs (García Ibarra et al., 2019; Da Silva Oliveira et al., 2019). Using 
this method, compounds can be prioritized according to hazardousness 
for subsequent investigation of the risk of the chemicals at daily intake, 
which was beyond the scope of this study. For a comparison of the 
toxicity between the water stored in different bottles, we correlated the 
estimated toxicity with the peak areas. The relative peak areas, 
normalized to the sample with the highest peak area for each compound, 
were added together for each Cramer class. In addition, compounds with 
known high toxicity were added together in a separate class. As a result, 
the cumulative peak area, sorted by toxicity, can give an indication of 
the relative toxicity of drinking water stored for 24 h in the four different 
bottle types. 

3. Results and discussion 

3.1. NTS prioritization of compounds in used plastic bottles 

As a general overview of the compound distribution, 3D total ion 
chromatograms (TICs) are shown in Fig. S3. Water stored in the new 
plastic bottles contained some unique compounds, and both glass and 
plastic bottles showed the presence of a variety of homologous series 

Table 1 
Summary of the plastic and glass bottles used for the migration experiments. All bottles were investigated with duplicate bottles. DW = analysis after dishwasher, F =
analysis after subsequent flushing after the dishwasher, New = analysis of the brand-new bottles.  

Name History Material Color Year sold Volume Analysis 

P1 Used 1 year Polyethylene Red  2019 500 mL DW, F 
P2 Used 1 year Biodegradable polyethylene Transparent  2020 750 mL DW, F 
P3 New bought Biodegradable polyethylene Transparent  2021 750 mL New, DW, F 
Glass Pre-washed and heated Duran glass Transparent   1000 mL DW, F  
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after the dishwasher. Some of these homologous series persisted in the 
plastic bottles, even after extensive water flushing. The heatmap in Fig. 1 
shows the logarithm of the average peak intensity for the 4000 most 
intense compounds as individual lines. The rows show the division into 
used plastic bottles (P1 + P2), the new bottles (P3) and the glass bottles 
(glass), with the results obtained after washing in the dishwasher (DW) 
in the lower part of the figure, and the results from the new, unused, 
plastic bottles, and after additional flushing (F) towards the top of the 
figure. In the following, interesting regions of Fig. 1 are explained more 
in detail. In region A and B, 1145 compounds were found in common 
between all bottles after the dishwasher treatment, in both plastic as 
well as glass. Thus, these compounds originated from the dishwashing 
process. In the glass bottles, none of these compounds remained after 
repeated flushing with cold water. Flushing the reusable plastic bottles 
also removed most of the dishwasher-derived compounds (Fig. 1, region 
B), however, more than 95% of the compounds shown in region A (228 
compounds) remained. In total 184 compounds were detected only in 
the glass bottles after the dishwasher but were fully removed after 
flushing (Fig. 1, region C). They are therefore not further investigated in 
this study. 

Regions D to H (Fig. 1) show compounds that are unique to the 
plastic bottles. The 421 compounds shown in region D were only in the 
used plastic bottles and had lower intensities after flushing than 
immediately after the dishwasher. Regions E and F (Fig. 1) show com-
pounds that originated from the new bottles and were removed after the 
dishwasher treatment (150 compounds in region E), or continued to 
migrate from the bottles after dishwasher treatment (190 compounds, 
region F). The migration of compounds from the new bottles is inves-
tigated in greater detail in Section 3.2. Region G (Fig. 1) shows com-
pounds where the origin is unknown; they could be from the dishwasher 
or the plastic itself (90 compounds). The last region to mention is H 
(Fig. 1), showing 273 compounds which originated from the plastic 
bottles after the dishwasher, but were not present after flushing. These 
compounds could be from the dishwasher with properties that adsorb 
more to plastic than glass. Another possibility was their constant 
leaching from the plastic by the high temperature in the dishwasher and 
subsequent disappearance after flushing with tap water. The differences 

observed between the detected compounds of the new and used plastic 
bottles could be due to different composition of the bottles, but also from 
the prolonged consumer use before the migration experiments, which 
could lead to the presence of different degrees of brittle materials from 
aging. 

3.2. NTS prioritization of compounds in new plastic bottles 

Fig. 2 shows the comparison of compounds between the new plastic 
bottles and glass bottles after the dishwasher and after flushing. In 
contrast to Fig. 1, no pre-used bottles were considered and the migrating 
compounds after washing were compared with the migrating com-
pounds of the new bottles. 350 compounds originated from the new 
bottles (cyan areas, related to New P3), 150 compounds were flushed 
away by dishwasher use, a further 80 compounds were removed by 
flushing with tap water and 108 compounds remained even after 

Fig. 1. Heatmap of the compounds in all samples of the migration experiments. Each vertical line represents one compound, and the logarithmic peak intensity is 
shown for each sample, according to the color code (see legend) - dark blue shows no detection of the compound and red high peak intensity. Interesting regions for 
this study are marked with letters from A to H and explained in the text. 

Fig. 2. Venn-Diagram of all compounds detected in the P3 bottles (newly 
purchased, after dishwasher and after flushing with tap water) and in the glass 
bottles (after dishwasher and flushing). The circle size is related to the number 
of compounds detected in the intersection between samples. 
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flushing (intersection between DW P3, Flushed P3 and New P3). As for 
the used bottles, the highest number of compounds originated from the 
dishwasher process (3436), whereas 2780 compounds were removed 
after additional flushing, with 819 compounds only adsorbed to plastic 
(DW P3) and 184 compounds detected only in glass (DW Glass). The 
compounds only adsorbed to plastic could originate from the plastic (eg. 
due to enhanced leaching with the high temperatures in the dishwasher) 
or the dishwasher process. After additional flushing, only two glass 
specific compounds could be detected. The plastic bottles showed that 
426 compounds from the dishwashing process still remained after 
flushing (intersections including DW P3 and flushed P3 with 319, 79, 23 
and five compounds). Five compounds were in all samples, which could 
be blind peaks that were not filtered away by the methanol and tap 
water blank comparison. Thus, 13% of the dishwasher compounds were 
not removed from the plastic bottles after additional flushing (whereas 
for the glass bottles less than 1% of compounds remained). Furthermore, 
31% of the compounds migrating from the new bottles also migrated 
after dishwasher and additional flushing. 

3.3. Identification of compounds 

All of the compounds identified are summarized in Table 2, together 
with their assigned confidence level. Confidence level 1 was assigned to 
11 compounds, as their identities could be confirmed by comparison 
with available analytical standards. For 16 compounds, no standards 
were available, but library spectra were available, and the characteristic 
fragments could be detected (confidence level 2a). For 15 compounds no 
library spectra were available for comparison, which is a common 
challenge when investigating FCMs, due to the variety of IAS and NIAS 
(Hoppe et al., 2016). Out of these 15 compounds, ten showed frag-
mentation spectra that were consistent with the proposed identities (e.g. 
surfactants with ethylene oxide groups showed the characteristic frag-
ments 89.0597 (C4H8O) and C6H12O3 (133.0859) (Tisler et al., 2021b) 
and were assigned to confidence level 2b. For the remaining 5 com-
pounds, no conclusive MS fragments were detected (confidence level 3), 
however the occurrence of these compounds was plausible, due to hits in 
the suspect screening lists related to compounds in plastic production. 
The retention times were predicted for all compounds to provide an 
additional verification step, and give additional confidence in the as-
signments. For 4 of the compounds, the experimental and predicted RT 
values were outside the specified 3 min RT prediction window range. 
However, their assignments were kept in subsequent analysis due to 
their confirmation with analytical standard (dibutyl maleate), matching 
fragmentation spectra (4-nonylphenol) or because the structures were 
very different to the compounds that the RT prediction model was built 
with (heptaethylene glycol and laureth-7 carboxylic acid), and thus the 
RT predictions were expected to be less accurate. The normalized peak 
intensities of all suspect compounds in all samples are shown in Fig. 3, 
where the red color shows the highest peak intensity (average of the 
duplicate bottles) of a suspect compound in the respective sample. The 
observed peak intensity distribution between the samples will be dis-
cussed further in the following sections. All plastic related compounds 
were detected in at least four experiments, the duplicate bottles in two 
migration cycles (new, after the dishwasher and/or after additional 
flushing). Only 4-nonylphenol and Irgacure 369 occurred in a single 
bottle of type P1, but they were present in both migration cycles with 
this bottle and are thus retained in the analysis. Compounds occurred in 
the plastic bottles but not in the glass bottles are referred to as com-
pounds originating from plastic. However, despite the dishwasher and 
flushing steps, the possibility of another source of these compounds (e.g. 
from previous consumer specific use) cannot be excluded for the used 
plastic bottles. 

3.4. Surfactants from dishwasher 

Surfactants which originated from the dishwasher soap and were 

removed to more than 90% after additional flushing were of minor 
relevance in this study. However, two suspect compounds were identi-
fied due to high peak areas (in the highest 10% of the peaks after the 
dishwasher treatment): glycol palmitate and 4-isopropylbenzenesul-
fonic acid. The latter could be the precursor itself or a transformation 
product (TP) from other linear alkylbenzene sulfonates, which are 
widely used in household cleaning products (Cowan-Ellsberry et al., 
2014). None of the mentioned suspect compounds could be detected in 
the stored water after flushing with tap water. However, there were 
several compounds still attached to the plastic bottles. Suspect com-
pounds were the polyethylene glycol (PEG) heptaethylene glycol, the 
PEG alkyl ether 3,6,9,12-tetraoxatricosan-1-ol and triethylene glycol 
monododecylether. The peak intensity of these suspect compounds after 
flushing was 36–50% of the peak intensity measured directly after the 
dishwasher. Most of the detected compounds after dishwasher were 
homologous series of the non-ionic surfactants PEG alkyl ethers, also 
called alkylethoxylates (Cowan-Ellsberry et al., 2014). Each compound 
was detected as the protonated analyte (H+), as well as Na+ and NH4

+

adducts. The two main homologous series, which were responsible for 
the 60 highest peaks (20 compounds, detected with three adducts), were 
identified as polyoxyethylen lauryl (C12) ether and polyoxyethylen C14 
ether. The compounds showed the typical fragments for containing 
polyethylene (EO) groups of 89.0593, 133.0853, 177.1114 etc. (Tisler 
et al., 2021b). The homologues containing an increasing number of EO 
groups, showed decreasing retention time (increasing polarity). The 
homologues showed a removal trend that correlated with the number of 
EO groups, thus the higher the number of the EO homologues in the 
series, the better the removal after additional flushing. This is clearly 
shown for polyoxyethylen lauryl ethers in Fig. 4. The very polar ho-
mologue with the highest mass and most EO groups (C12H26O)+
(C2H4O)13 was almost complete removed (less than 1% of the original 
intensity left), whereas the most non-polar detected homologue 
(C12H26O)+ (C2H4O)4 showed on average less than 30% removal after 
flushing. Similar correlations can be seen for the removal of poly-
oxyethylen C14 ether, with decreasing removal percentage of smaller 
molecules (Fig. S4). However, polyoxyethylen C14 ether showed a much 
higher diversity of the peak intensities between the plastic bottles after 
the initial dishwasher migration. Possible reasons for these differences 
could be different levels of exposure within the dishwasher, or different 
vulnerability of the used bottles to adsorb compounds due to different 
previous usage patterns. In general, we showed an improved removal of 
alkylethoxylates with increasing EO groups due to increasing polarity. 
Although the polarity change with the number of EO groups is 
well-known (Cowan-Ellsberry et al., 2014), to our knowledge this is the 
first study showing a clear adsorption increase for alkylethoxylates with 
less EO to plastic surfaces. Another study investigated the alkylethox-
ylate sorption to sediment and activated sludge and could only show a 
slight positive effect on the sorption with decreasing EO groups (van 
Compernolle et al., 2006). 

3.5. Compounds from plastic 

3.5.1. Plastic oligomers 
In the new bottles, a homologous series of C6H10O2 was identified, 

from two to six units. The series was detected as the protonated analyte 
(H+) and the Na+ and NH4

+ adducts between 8.4 min and 14.1 min 
(Fig. 5C). The smaller homologues were detected as in-source fragments 
of the larger homologues. In addition, from 6.9 min to 12.5 min the 
methanol adducts of the five molecules were identified with similar peak 
intensities (Fig. S5). The chemical formula derived from the accurate 
mass is consistent with different polymers used in plastic. Ethylene vinyl 
acetate (EVA) copolymers consist of (C2H4)n(C4H6O2)m and could be 
seen with a constant increase of both copolymers as C6H10O2 polymers. 
EVA is the most common polymer used in hot melt adhesives for pack-
aging applications (Reyes-Labarta and Marcilla, 2012). Poly(ethyl 
methacrylate) (PEMA), a polymer with C6H10O2, is used in the 
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Table 2 
Suspect compounds identified in this study. ΔRT shows the retention time difference between the measured RT and the predicted RT. Five compounds were detected in 
tap water blanks with similar intensities as in the samples (less than factor 10 different), indicated in the last column. n.d.= not determined (no unique value available 
due to homologous series).  

Name molecular 
formula 

ESI+ / 
ESI- 

Δppm measured 
RT 

ΔRT to 
RTP 

confidence 
level 

Cramer 
rules 

Use Blank 

(R)-beta-Hydroxypalmitic acid C16H32O3 ESI+ 5 13.09 -0.64 2a Middle 
(Class II) 

Surfactant  

(Z)-N-Methyl-9-octadecenamide C19H37NO ESI+ 3 16.12 -0.05 2a High (Class 
III) 

Plasticizer  

3,5-di-tert-butyl-4- 
hydroxyacetophenone 

C16H24O2 ESI-  7 11.34 0.74 1 Middle 
(Class II) 

Antioxidant x 

3,5-di-tert-butyl-4- 
hydroxybenzaldehyde 

C15H22O2 ESI-  4 11.22 -0.18 1 Middle 
(Class II) 

Antioxidant x 

3,6,9,12-Tetraoxatricosan-1-ol C19H40O5 ESI+ 2 12.28 -1.48 2a Low (Class 
I) 

Surfactant  

4-Isopropylbenzenesulfonic acid C9H12O3S ESI+ 5 4.14 2.92 2a Low (Class 
I) 

Surfactant  

4-Methylbenzophenone C14H12O ESI+ 4 10.35 -0.89 2a High (Class 
III) 

Photoinitiator  

4-Nonylphenol C15H24O ESI+ 4 8.28 3.64 2a Low (Class 
I) 

Stabilizer  

Acetyl tributyl citrate C20H34O8 ESI+ / 
ESI-  

5 13.66 -1.57 1 Low (Class 
I) 

Plasticizer x 

Anthraquinone C14H8O2 ESI+ 8 8.75 -0.48 1 High (Class 
III) 

Intermediate  

Ascorbyl palmitate C22H38O7 ESI+ 3 10.27 1.82 2b High (Class 
III) 

Antioxidant  

Butylmethoxydibenzoylmethane C20H22O3 ESI+ 2 11.43 -0.18 3 High (Class 
III) 

Photoinitiator  

Cis-11-Eicosenamide C20H39NO ESI+ 8 16.88 -1.21 2a High (Class 
III) 

Slip agent  

Diethyltoluamide C12H17NO ESI+ 1 7.07 0.34 1 Low (Class 
I) 

possible TP/insect 
repellent  

Dibutyl maleate C12H20O4 ESI+ 3 4.34 4.46 1 Low (Class 
I) 

Plasticizer  

Erucamide C22H43NO ESI+ 7 18.19 -0.97 2a High (Class 
III) 

Slip agent x 

Ethanol,2-(2-butoxyethoxy), acetate C10H20O4 ESI+ 4 3.95 2.29 2b Low (Class 
I) 

Surfactant  

Etienic acid C20H28O3 ESI+ / 
ESI-  

9 10.54 -1.11 3 High (Class 
III) 

terpene synthase  

Aromatic amine 262 C17H27NO ESI+ 4 10.27 1.10 2b Low (Class 
I) 

unknown  

Aromatic amine 274 C18H27NO ESI+ 6 10.51 1.34 2b Low (Class 
I) 

unknown  

Aromatic amine 76 C18H29NO ESI+ 2 11.08 1.33 2b Low (Class 
I) 

unknown  

Glycol palmitate C18H36O3 ESI+ 3 13.74 -0.95 2b Low (Class 
I) 

Surfactant  

Heptaethylene glycol C14H30O8 ESI+ 4 13.65 -11.64 2a Low (Class 
I) 

Surfactant  

Irgacure 369 C23H30N2O2 ESI+ 6 5.16 1.85 2a High (Class 
III) 

Photoinitiator  

Isopropyl myristate C17H34O2 ESI+ 0 15.41 -1.38 3 Low (Class 
I) 

Plasticizer  

Laureth-7 carboxylic acid C16H32O4 ESI-  3 13.82 -3.20 3 Low (Class 
I) 

Surfactant  

Laurolactam C12H23NO ESI+ 2 7.22 1.45 1 High (Class 
III) 

Plasticizer  

Linoleamide C18H33NO ESI+ 1 14.1 -0.89 2a High (Class 
III) 

Slip agent  

Linolenyl alcohol C18H32O ESI+ 6 15.29 -1.79 2b Low (Class 
I) 

several uses  

Octyl gallate C15H22O5 ESI+ 4 6.32 2.42 2b Low (Class 
I) 

Antioxidant  

Oleamide C18H35NO ESI+ 3 15.3 -1.19 1 High (Class 
III) 

Slip agent  

Oxybenzone C14H12O3 ESI+ 2 10.32 -2.15 2a High (Class 
III) 

UV absorber  

Palmitic acid C16H32O2 ESI+ 0 15.48 -2.55 2b Low (Class 
I) 

Surfactant  

Polycaprolactone (C6H10O4)1–6 ESI+ 1  n.d. 2a n.d. Plasticizer  
Polyoxyethylen C14 ether C14H30O+

(C2H4O)3–11 

ESI+ 4  n.d. 2a n.d. Surfactants  

Polyoxyethylen lauryl ether C12H26O+

(C2H4O)4–13 

ESI+ 3  n.d. 2a n.d. Surfactants  

(continued on next page) 
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formulation of coatings and paints (Donoso et al., 2018). However, the 
detected fragments of C5H8 and C6H8O are not representative of the 
structure of EVA and PEMA polymers. We have undertaken a review of 
the literature, and propose that the detected polymers are oligomers of 
polycaprolactone (PCL), a biodegradable polyester: the detected frag-
ments C5H8, C6H8O and C6H10O2 (Fig. 5A) from this study are identical 
to the fragments of PCL diol transformation products, identified as PCL 
oligomers (Rivas et al., 2017). PCL polymers are often added to resins 
and plastic due to its elastic properties and also to support the biode-
gradability of plastic (Rudnik, 2013). PCL are especially well-known in 
biomedical applications (Rudnik, 2013). However, more recent studies 
showed the advantage of PCL as biodegradable polymer in food pack-
aging applications (Cesur et al., 2018) and their broad potential in 
diverse products, including drinking bottles (Anon, 2014). The observed 
MS fragments, together with the biodegradable properties of PCLs sug-
gest that these compounds were part of the bottle composition. It is 
known, that in PCL containing materials, remaining oligomers from the 
production process can migrate (Gong et al., 2020). The oligomers 
migrate progressively to the surface of the material and can damage the 
material performance, as well as release unpleasant odour. Furthermore, 
PCL is degraded by biotic and abiotic hydrolysis. The abiotic hydrolysis 
of PCL proceeds with a reduction in molecular weight (Rudnik, 2013). 
Low molecular weight PCL products were already identified after aging 
in sterile mineral medium (Hakkarainen, 2002). Thus, they can also be 
formed by hydrolysis, as has been observed in our experiments and it is 
feasible that the hydrolysis and migration processes could be accelerated 
by the higher temperatures in the dishwasher. In the plastic bottles P3, 
the highest peak intensity was observed for the polymers with three and 
five oligomers (Fig. 5B). After the dishwasher, the peak intensity for the 
larger polymers (five and six oligomers) were increasing, and after 
additional flushing the intensity of all polymers were decreasing again. 
However, the sum peak intensity was still 60% of the PCLs in compar-
ison to the new bottles. 

3.5.2. Slip agents 
The new bottles showed high intensities of several fatty acids, 

identified as slip agents. Slip agents are used for reducing the friction 
coefficient between films and between films and equipment. They are 
“blooming” to the surface of the film after extrusion where they form a 
microcrystalline structure that decreases friction (Getachew et al., 
2016). The identification of oleamide (C18H35NO) was confirmed with 
an analytical standard and linoleamide (C18H33NO), (Z)-N-methy-
l-9-octadecenamide (C19H37NO) and cis-11-eicosenamide (C20H39NO) 
showed matching fragments to oleamide, when the mass shift between 
precursors was considered. Furthermore, in tap water blanks and new 
plastic bottle samples, the longer chain primary fatty acid amides eru-
camide (C22H43NO) and nervonamide (C24H47NO) were identified, with 
peak intensities three and eight times higher in the new bottles 
compared to the tap water blanks. These compounds were not detected 
as peaks in the methanol system blanks. Oleamide and erucamide are 
commonly used slip agents for polyethylene films (Garrido-López et al., 
2007). Cis-11-eicosenamide has been detected previously in food 

contact material (García Ibarra et al., 2019) and is listed as a substance 
without a specific migration limit for FCM (EFSA Panel on Food Contact 
Materials, Enzymes and Processing Aids et al., 2020). To our knowledge, 
no FCM literature for the identified fatty acid amides linoleamide and 
(Z)-N-methyl-9-octadecenamide are available. These compounds could 
have been formed from the other slip agents (oleamide and erucamide) 
or introduced as slip agents themselves. Slip agents are a common 
interference in mass spectrometric analysis (Rardin, 2018), therefore 
only the fatty acids which were not detected in any blank samples 
(methanol and tap water) were considered for further discussion. Be-
tween 85% and 99% of the oleamide, linoleamide and 
methyl-9-octadecenamide were removed in both new P3 bottles after 
the dishwashing. Cis-11-eicosenamide was also detected in the new 
bottles, but only 20% of this compound was removed in bottle P3a after 
the dishwasher and flushing, whereas there was 99% removal in the 
other bottle (P3b). 

3.5.3. Unknown aromatic amines 
In addition to the primary fatty acid amides (slip agents), aromatic 

amines were detected in the bottles. The chemical formulae of the three 
detected compounds were identified as C17H27NO (aromatic amine 
262), C18H27NO (aromatic amine 274) and C18H29NO (aromatic amine 
276) and showed the loss of 6 H, 8 H and C+ 8 H in comparison to 
oleamide, respectively. These three compounds were detected as three 
of the 10 most intense peaks in the ESI+ mode for the new plastic bottles 
(P3). After the dishwasher and additional flushing, 65–70% and 34–42% 
of the peak intensity remained, respectively (Fig. 6). These compounds 
were not only detected in the new plastic bottles, but also in all four used 
plastic bottles but not in the glass bottles. In comparison to the new 
bottles, the residual peak intensity in the used bottles was reduced to 
between 33% (P1 after dishwasher) and 15% (P1 after flushing). The 
detection of the fragment C6H7N suggest an aromatic amine (Fig. S7-S9) 
and the fragments C9H13N, C12H17NO and C15H23NO (for the aromatic 
amine 276, Fig. S8) showed the addition of two times C3H6 as well as 
C3H5O. The additional fragment of C7H5NO for aromatic amine 274 
(Fig. S9) indicates an amide structure for the three similar compounds. 
The position and branching of the remaining alkyl chain could not be 
identified unambiguously, however different possibilities were tested 
for retention time prediction and the suggested structures A and B in 
Fig. S10 showed the closest prediction (all suggested structures of A and 
B have less than 1.3 min deviation from the actual retention time). It 
cannot be excluded that the structure consists of an aromatic tertiary 
amine instead of an aromatic secondary amide (suggestion C, predicted 
retention time less than 1 min deviation from the actual retention time) 
but the functional groups of the suggested structures C could not be 
related to any known plastic additives. The aromatic amines could be 
TPs, formed by desaturation of the slip agents during degradation by 
hydrolysis. Another possibility is the formation and introduction of these 
compounds already in the production process. Primary fatty acids 
migrate quickly, but secondary amides are less volatile with slow 
migration rates (Höfer, 2012), which would explain the detection of the 
secondary amides after cleaning procedures and also in the used bottles. 

Table 2 (continued ) 

Name molecular 
formula 

ESI+ / 
ESI- 

Δppm measured 
RT 

ΔRT to 
RTP 

confidence 
level 

Cramer 
rules 

Use Blank 

Tetraethylene glycol monododecyl 
ether 

C20H42O5 ESI+ 4 12.7 -2.33 2a Low (Class 
I) 

Surfactant  

Tributyl (Z)-prop-1-ene-1,2,3- 
tricarboxylate 

C18H30O6 ESI+ 2 9.81 2.10 3 Low (Class 
I) 

Plasticizer  

Tributyl citrate C18H32O7 ESI-  2 12.46 -2.04 1 High (Class 
III) 

Plasticizer x 

Tributyl phosphate C12H27O4P ESI+ 1 11.13 -1.03 1 High (Class 
III) 

Plasticizer  

Tris(2-butoxyethyl) phosphate C18H39O7P ESI+ 4 11.87 -1.10 1 High (Class 
III) 

Plasticizer   
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Antioxidants could be another source of these compounds, as suggested 
structures A and B contain aromatic amines as well as tertiary and sec-
ondary alkyl groups, which could operate as radical scavengers (Sol-
eimani et al., 2018). To our knowledge, compounds with these chemical 
formulae have never been reported before in plastic. 

3.5.4. Antioxidants/stabilizers 
Stabilizers are frequently used in plastics to prevent destruction 

when they are heated or exposed to sunlight. A special class of stabilizers 
are antioxidants, which are typically introduced to avoid unwanted 
oxidation of the product. These compounds are not covalently bound to 
the polymers and can therefore easily leach out of the material into the 
surroundings (Sheftel, 2000). The antioxidants ascorbyl palmitate and 
octyl gallate were both detected in the bottles and showed similar in-
tensity trends, with high intensities in the new bottles and after the 
dishwasher, and were still present after flushing. These compounds were 
also detected in the used bottles P1. Ascorbyl palmitate and octyl gallate 
are used as synthetic antioxidants for food preservatives (Kumar and 
Gowda, 2014). However, due to their plant based origin, they are used 
more and more as stabilizer for polymeric materials, with the back-
ground of having a fully biodegradable product (Latos-Brozio and 
Masek, 2020). 

The identities of the compounds 3,5-di-tert-butyl- 4-hydrox-
ybenzaldehyde and 3,5-di-tert-butyl-4-hydroxy acetophenone were 
confirmed with analytical standards and are well-known metabolites of 
other antioxidants (Brocca et al., 2002). Synthetic phenolic antioxidants 
are widely added to plastic in general (Li et al., 2019). The highest peak 
intensity for 3,5-di-tert-butyl-4-hydroxy acetophenone was detected in 
the P1 bottles after the dishwasher treatment, and the peak intensity was 
30% lower after subsequent flushing. However, as the highest peak in-
tensity for this compound was only 5 times higher than in the tap water 
samples, it is unclear whether these increased levels originated from the 
water bottles. These antioxidant metabolites have previously been 
detected as degradation products or impurities in water pipes, intro-
duced by the production process (Brocca et al., 2002). 

Fig. 3. Peak intensities of the identified compounds in the respective bottles 
after the different 24 h migration experiments. The experiments are shown as 
columns and the compounds as rows. Red color: a peak intensity from 1 
(highest detected peak of this compound in the respective sample). Dark blue 
color: compound not detected in the respective sample. 

Fig. 4. Normalized (to highest peak) peak intensity of the polyoxyethylen 
lauryl (C12) ether for the plastic bottles. The x-axis shows the homologues 
sorted by the number of C2H4O units. Dark blue and red shows the peak in-
tensity of the homologues immediately after the dishwasher and light blue and 
pink shows the peak intensity after additional flushing. The compounds with 
more monomer units are flushed away more easily. 
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4-Nonylphenol was detected in one used plastic bottle (P2) with 50% 
lower peak intensity after flushing in comparison to that detected 
directly after the dishwasher. This compound is widely used as a sur-
factant or in food packaging films as a stabilizer (Li et al., 2010), and can 
also be generated by the oxidation of the additives tris(nonylphenyl) 
phosphite or alkylphenol ethoxylates (Coniglio et al., 2020). 4-Nonyl-
phenol is often found in small amounts in plastic bottles and classified 
as a health concern (further evaluation of toxicity in Section 4) (Coniglio 

et al., 2020). 
Oxybenzone, also known as benzophenone-3, was detected in all 

used P1 and P2 bottles, after the dishwasher and additional flushing. It is 
a widely used UV stabilizer for materials exposed to sunlight (Jeon et al., 
2008). 

3.5.5. Photoinitiators 
Photoinitiators are typically used in inks which are hardened by 

exposure to UV light, to reduce the drying times compared to water- 
based coatings, and they can be used to provide an “appealing glossy 
cover” (Koivikko et al., 2010). Photoinitiators are not chemically bound 
to the polymers, but can remain in the plastic after processing and can 
easily migrate through the FCMs (Lin et al., 2015). The photoinitators 
4-methylbenzophenone, butylmethoxydibenzoylmethane, anthraqui-
none and Irgacure 369 were all detected in our study. All four com-
pounds were present in water from P1 bottles (red colored bottles), with 
slightly lower peak intensities measured after additional flushing in 
comparison to after the dishwasher. In addition, 4-methylbenzophenone 
was also detected in the new bottles (P3). The wide distribution of this 
compound is in accordance with literature, where 4-methylbenzophe-
none is described as one of the most studied photoinitiators (Aparicio 
and Elizalde, 2015). Three of the identified photoinitiators are also 
included in the inventory list of the European Printing Association 
(EuPIA): 4-methylbenzophenone, anthraquinone and Irgacure 369. 

3.5.6. Plasticizers 
Plasticizers are needed in the plastic production process, as well as to 

Fig. 5. A shows the MS/MS spectra of the homologues suspected as polycaprolactone (PCL) oligomers, exemplified for PCL 343 (3 oligomers). The fragments were 
the same for all five homologues. B shows the peak intensity of the compounds in the twobottles of P3 after migration of the new bottles, after dishwasher and after 
additional flushing. C shows the chromatogram of the compounds in one of the new P3 bottles. Peaks marked with an asterisk are precursor compounds, the other 
peaks are the in-source fragments of the smaller oligomers. 

Fig. 6. Peak intensities of the aromatic amines detected in the two new bottles 
P3. The proposed structures can be seen in Fig. S7–S10. 
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transmit flexibility to the plastics by preventing the polymer molecules 
to bind too tightly to each other. The migration of plasticizer can be 
enhanced by heat and contact time. Normally the migration is enhanced 
by fatty or acid substances (Sheftel, 2000). 

The phthalate plasticizer replacement materials acetyl tributyl cit-
rate and tributyl citrate were confirmed in the samples, but also in the 
tap water blanks. Therefore, migration of these compounds from the 
plastic bottles could not be confirmed, because their intensities were not 
greater than two times the blank intensities. However, the compound 
tributyl aconitate could be detected in water exposed to all transparent 
bottles (P2 and P3), with decreasing intensity after flushing. The com-
pound could be formed as a hydrolysis product of acetyl tributyl citrate, 
which was previously observed during migration tests in aqueous food 
(Tsochatzis et al., 2020). 

Dibutyl maleate was detected with the highest peak intensity in both 
P1 bottles after dishwasher, but also in one of the P2 bottles and the new 
P3 bottles after dishwasher. After the dishwasher, the peak intensity was 
between 55% and 68% of the initial intensity. Dibutyl maleate is known 
to be a plasticizer used in biodegradable plastic (Llanes et al., 2021). 

One of the plasticizers detected in all plastic bottles was laurolactam, 
the monomer of nylon 12. Nylon 12 is used for films in packing material 
in the food industry. When added to polyethylene films, it improves 
water vapor permeability and aroma impermeability (Stoffers et al., 
2003). The peak intensity was higher in the used bottles compared with 
the new bottles. 

Tris (2-butoxyethyl) phosphate (TBEP) was detected in the used 
bottles (P1 and P2), with 50% higher peaks after dishwasher than after 
flushing. In P3, it was migrating after dishwasher treatment (but not 
from the new bottle). TBEP is a flame retardant, but also primarily a 
plasticizer for most resins and elastomers. It is a light stable plasticizer 
intended for contact with food or drink (Mihajlović et al., 2011). 

Isopropylmyristate is also a plasticizer, detected in all four used 
plastic bottles after additional flushing, but only in one of the red bottles 
directly after the dishwasher. The plasticizer tributyl phosphate was 
detected only in the red bottles, with 50% peak intensity decrease after 
additional flushing. 

3.5.7. Diethyltoluamide (DEET) 
The identification of the common insect repellent DEET was 

confirmed with an analytical standard (same retention time (7.07 min) 
and fragments (most intense fragments were m/z 91.0535 and 
119.0481)) in all plastic bottles. The peak intensity was highest in water 
from the P1 bottles and one P2 bottle. The intensity decreased after 
flushing to less than 50%. In small intensities, DEET was also detected in 
the new bottles, but in none of the glass bottles and in none of the blanks. 
The ubiquitous origin of DEET in the aqueous environment is contro-
versial (Merel and Snyder, 2016), as the presence of DEET is missing a 
seasonal trend, which would be expected from an insect repellent. The 
occurrence of another compound in the environment that mimics DEET 
in analytical assays cannot be excluded. This mimic compound would 
need to show the same fragments and retention time as the analytical 
standard of DEET- in GC and LC analysis (Merel and Snyder, 2016). In 
the tentatively identified compounds determined in this study, possible 
precursor compounds for the formation of DEET (or a mimic compound) 
were introduced. Laurolactam is produced from the desaturated cyclo-
dodecatriene, hydrogenated and reacted with a hydroxylamine (intro-
ducing N and O in molecule). The final product laurolactam has the 
chemical formula C12H23NO and only 6H less than DEET. It is possible 
that some impurities could remain during the laurolactam production 
process, where there is incomplete desaturation during workup, and 
therefore a DEET similar compound could be formed. However, DEET 
could also have been formed from laurolactam itself during the dish-
washer process with the aid of catalyzing compounds in the plastic (e.g. 
quinones like anthraquinone). The co-occurrence between DEET and 
laurolactam was observed especially in the P1 and P2 bottles (Fig. 7). 
Although laurolactam was also present with similar intensities in the 

new P3 bottles, DEET was only detected with a small amount. If laur-
olactam is the origin of DEET in these samples, a possible reason for its 
low levels in the new P3 bottles could be that none of the catalyzing 
compounds were migrating from the new bottles (e.g. no anthraquinone 
was detected in the new bottles). 

Other possible precursor compounds for DEET are the aromatic 
amines. The ring with an attached N and O and six alkyl groups would fit 
to the structure of DEET. The second highest in-source fragment of the 
aromatic amine 276 had the same chemical formula as DEET, which 
indicates the possible formation of a DEET isomer. However, due to the 
detection of a fragment where the N atom is closer to the cyclized ring 
than the O atom (which is opposite to that in DEET) and the high in-
tensity of these compounds in the new bottle, contrasting with the low 
intensity of DEET, these compounds are considered less likely to be the 
DEET precursor compounds. 

4. Evaluation of toxicity 

The identification of photoinitiators in the bottles is of concern 
because of high potential adverse effects. Irgacure 369 is an amine co- 
initiator, a group which is well-known for their endocrine disrupting 
effects (Liu et al., 2016). Also 4-methylbenzophenone has shown car-
cinogenicity, reproductive toxicity and skin contact toxicity in animal 
testing (Lin et al., 2015). Both compounds have specific migration limits 
(SML): 0.15 mg/kg for Irgacure 369 and 0.6 mg/kg for the sum of 
benzophenone (including 4-methylbenzophenone) (Federal Food Safety 
and Veterinary Office FSVO, 2020). Anthraquinone is of concern 
because of its break-down products which may be toxic and carcino-
genic (He et al., 2012), but no SML is specified. All three photoinitiators 
were detected in P1 bottles. The stabilizer 4-nonylphenol, detected in P2 
bottles, attracts a lot of attention due to estrogenic potency in several in 
vivo and in vitro tests (Guenther et al., 2002). Since January 2005, a 
restriction has been imposed in the European Union (EU) on products 
containing more than 0.1% 4-nonylphenol (Sukuroglu et al., 2021). Slip 
agents like oleamide are listed in the EU regulations without a specific 
migration limit, unless future toxicity tests would show the opposite 
(Naumoska et al., 2020). However so far, limited knowledge about the 
toxicity of slip agents is available in the literature. Toxicity studies to-
wards mammalian cell lines have been conducted on dibutyl maleate, 
which showed no effects on cell viability (Llanes et al., 2021). Oxy-
benzone induced oxidative stress and showed synergistic effects with 
microplastic on acute toxicity for D.magna. (Song et al., 2021). How-
ever, toxicity data for FCMs are limited in general, and also for the 
compounds detected in this study. For additional estimation of toxicity, 

Fig. 7. Normalized peak intensities for DEET and laurolactam in the individual 
migrating experiments. The peak intensity is normalized to the highest peak 
intensity, which was for both compounds in one of the P1 bottle after 
the dishwasher. 
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Cramer’s rule was applied for predicting toxicity. In Fig. 8 the normal-
ized peak area of each compound was collected in toxicity levels (low, 
middle, or high) according to Cramer’s rule. In addition, the level “high 
(confirmed)” was added, which includes the compounds with reviewed 
toxicity, discussed in the section above. For example, dibutyl maleate 
was in Cramer class I (low) but had the highest peak area in DW P1 and 
would add 1 point to the green bar in DW P1, and 0.25 points to F P1 
(only 25% of the peak intensity after additional flushing). The contri-
bution of the different compounds can be seen in table S1. Fig. 8 shows 
the highest hazard after the dishwasher for the used plastic bottles P1 
which were solid red (the other investigated bottles were transparent). 
The toxicity is decreasing after additional flushing. For most of the 
compounds found in water from the P3 bottles, there is no literature 
about their toxicity available. However, 37% of the compounds in P3 
that were predicted as toxic based on the peak intensity, were not 
removed after the dishwasher and additional flushing. 

5. Conclusions and outlook 

Migration experiments of plastic bottles are scarce, especially 
regarding real consumer use. In this study, we investigated the migra-
tion of FCMs from plastic bottles into drinking (tap) water over 24 h at 
room temperature. We detected > 400 plastic related compounds as 
well as > 3500 dishwasher related compounds. The study shows the 
importance of considering special cleaning steps for plastic bottles. 
Generally, dishwasher related compounds were found to adsorb more to 
plastic than glass, and especially the more non-polar compounds were 
difficult to remove even by additional water flushing afterwards. 
Furthermore, the dishwashing process enhanced the migration of plas-
ticizers, antioxidants, and photoinitiators into the drinking water. 
Therefore, the highest predicted toxic hazard was calculated for the used 
plastic bottles, that had been refilled directly after the dishwasher, 
without further flushing. However, 15 out of the 20 highest peaks in the 
new bottles were assigned to oligomers of plasticizers, as well as aro-
matic amines which could potentially originate from slip agents or an-
tioxidants. These compounds showed continuous leaching, even after 
flushing. To our knowledge, no toxicity data are available for these 
compounds. The identification of DEET in the plastic bottles also raised 
the question whether the ubiquitous detection of DEET from its use as an 
insect repellant is correct, or if it has another source. The study postu-
lated some new mechanisms that could account for the widespread 
abundance of DEET in the environment. More analytical chemistry 
research is needed for identifying and quantifying more of the unknown 
compounds that were detected, as well as toxicological tests, to assess 
the relevance and risk of the newly identified compounds. Toxicology 
tests and risk assessment of the whole samples are another important 
approach, in order to assess the full spectrum of compounds that con-
sumers are exposed to while drinking water from reusable plastic bot-
tles. The study raises the question whether plastic bottles are suitable for 
re-use, especially when they are labelled as biodegradable plastic. The 
study emphasizes that the production of biodegradable plastic bottles 
does not mean that the bottles are necessarily made of natural occurring 
compounds. Instead, it can be speculated that plasticizers will migrate 
more easily into the consumers drinking water when the biodegradable 
plastic bottles slowly degrade during use. 
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Novelty 

This study contributes to new knowledge about the migration of 
intentionally and non-intentionally added compounds into drinking 
water over 24 h. The awareness of hazardous contaminants from plastic 
drinking bottles to humans is increasing, as highlighted by a recent re-
view about contaminants in bottled water (https://doi.org/10.1016/j.jh 
azmat.2020.122271) published in this journal. For the first time, we 
analyzed contaminants in reusable sports bottles by non-target 
screening with liquid-chromatography and high-resolution mass spec-
trometry. We detected a surprisingly large number of compounds, many 
of which derived from the plastic, and are expected to be a hazard to 
human health (e.g. endocrine disrupting effects). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.jhazmat.2022.128331. 
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Matyjaszewski, Krzysztof, Möller, Martin (Eds.), Polymer Science: A Comprehensive 
Reference. Elsevier, Amsterdam, pp. 369–381. 〈https://www.sciencedirect. 
com/science/article/pii/B9780444533494002727〉. 

Hoppe, M., Voogt, P. de, Franz, R., 2016. Identification and quantification of oligomers 
as potential migrants in plastics food contact materials with a focus in 
polycondensates – a review. Trends Food Sci. Technol. 50, 118–130. https://doi.org/ 
10.1016/j.tifs.2016.01.018. 

ILSI Europe ,2015: Guidance on Best Practices on the Risk Assessment of Non 
Intentionally Added Substances (NIAS) in Food Contact Materials and Articles. 
Belgium. 

Jeon, H.K., Sarma, S.N., Kim, Y.J., Ryu, J.C., 2008. Toxicokinetics and metabolisms of 
benzophenone-type UV filters in rats. Toxicology 248 (2), 89–95. https://doi.org/ 
10.1016/j.tox.2008.02.009. 

Koivikko, R., Pastorelli, S., Rodríguez-Bernaldo de Quirós, A., Paseiro-Cerrato, R., 
Paseiro-Losada, P., Simoneau, C., 2010. Rapid multi-analyte quantification of 
benzophenone, 4-methylbenzophenone and related derivatives from paperboard 
food packaging. Food Addit. Contam. Part A 27 (10), 1478–1486. https://doi.org/ 
10.1080/19440049.2010.502130. 

Kroes, R., Kleiner, J., Renwick, A., 2005. The threshold of toxicological concern concept 
in risk assessment. Toxicol. Sci. Off. J. Soc. Toxicol. 86 (2), 226–230. https://doi. 
org/10.1093/toxsci/kfi169. 

Kubwabo, C., Kosarac, I., Stewart, B., Gauthier, B.R., Lalonde, K., Lalonde, P.J., 2009. 
Migration of bisphenol A from plastic baby bottles, baby bottle liners and reusable 
polycarbonate drinking bottles. Food Addit. Contam. Part A 26 (6), 928–937. 
https://doi.org/10.1080/02652030802706725. 

Kumar, A., Gowda, L.R., 2014. Food additives: liquid chromatography☆. Reference 
Module in Chemistry, Molecular Sciences and Chemical Engineering. Elsevier. 〈https 
://www.sciencedirect.com/science/article/pii/B9780124095472109436〉. 

Latos-Brozio, M., Masek, A., 2020. Biodegradable polyester materials containing gallates. 
Polymers 12 (3), 677. https://doi.org/10.3390/polym12030677. 

Li, C., Cui, X., Chen, Yi, Liao, C., Ma, L.Q., 2019. Synthetic phenolic antioxidants and 
their major metabolites in human fingernail. Environ. Res. 169, 308–314. https:// 
doi.org/10.1016/j.envres.2018.11.020. 

Li, X., Ying, G.G., Su, H.C., Yang, X.B., Wang, L., 2010. Simultaneous determination and 
assessment of 4-nonylphenol, bisphenol A and triclosan in tap water, bottled water 
and baby bottles. Environ. Int. 36 (6), 557–562. https://doi.org/10.1016/j. 
envint.2010.04.009. 

Lin, Q.B., Cai, L.F., Wu, S.J., Yang, Xi, Chen, Z.N., Zhou, S.H., Wang, Z.W., 2015. 
Determination of four types of hazardous chemicals in food contact materials by 
UHPLC-MS/MS. Packag. Technol. Sci. 28 (5), 461–474. https://doi.org/10.1002/ 
pts.2116. 

Liu, R., Lin, Y., Hu, F., Liu, R., Ruan, T., Jiang, G., 2016. Observation of emerging 
photoinitiator additives in household environment and sewage sludge in China. 
Environ. Sci. Technol. 50 (1), 97–104. https://doi.org/10.1021/acs.est.5b04977. 

Llanes, L.C., Clasen, S.H., Pires, A.T.N., Gross, I.P., 2021. Mechanical and thermal 
properties of poly(lactic acid) plasticized with dibutyl maleate and fumarate isomers: 
promising alternatives as biodegradable plasticizers. Eur. Polym. J. 142, 110112 
https://doi.org/10.1016/j.eurpolymj.2020.110112. 

Merel, S., Snyder, S.A., 2016. Critical assessment of the ubiquitous occurrence and fate of 
the insect repellent N,N-diethyl-m-toluamide in water. Environ. Int. 96, 98–117. 
https://doi.org/10.1016/j.envint.2016.09.004. 
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Naumoska, K., Jug, U., Metličar, V., Vovk, I., 2020. Oleamide, a bioactive compound, 
unwittingly introduced into the human body through some plastic food/beverages 
and medicine containers. Foods 9 (5), 549. https://doi.org/10.3390/foods9050549. 

Rardin, M.J., 2018. Rapid assessment of contaminants and interferences in mass 
spectrometry data using skyline. J. Am. Soc. Mass Spectrom. 29 (6), 1327–1330. 
https://doi.org/10.1007/s13361-018-1940-z. 

Reyes-Labarta, J.A., Marcilla, A., 2012. Thermal treatment and degradation of cross- 
linked ethylene vinyl acetate–polyethylene–azodicarbonamide–ZnO foams. 
Complete kinetic modeling and analysis. Ind. Eng. Chem. Res. 51 (28), 9515–9530. 
https://doi.org/10.1021/ie3006935. 

Rivas, D., Zonja, B., Eichhorn, P., Ginebreda, A., Pérez, S., Barceló, D., 2017. Using 
MALDI-TOF MS imaging and LC-HRMS for the investigation of the degradation of 
polycaprolactone diol exposed to different wastewater treatments. Anal. Bioanal. 
Chem. 409 (23), 5401–5411. https://doi.org/10.1007/s00216-017-0371-1. 

Rudnik, E., 2013. 11 - Biodegradability testing of compostable polymer materials. In: 
Ebnesajjad, Sina (Ed.), Handbook of Biopolymers and Biodegradable Plastics: 
Plastics Design Library. William Andrew Publishing, Boston, pp. 213–263. 〈https 
://www.sciencedirect.com/science/article/pii/B9781455728343000112〉. 

Schymanski, E.L., Jeon, J., Gulde, R., Fenner, K., Ruff, M., Singer, H.P., Hollender, J., 
2014. Identifying small molecules via high resolution mass spectrometry: 
communicating confidence. Environ. Sci. Technol. 48 (4), 2097–2098. https://doi. 
org/10.1021/es5002105. 

Sheftel, V.O., 2000. Indirect Food Additives and Polymers. CRC Press. 
Silano, V., Barat Baviera, J.M., Bolognesi, C., Chesson, A., Cocconcelli, P.S., Crebelli, R., 
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