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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

• Ubiquity of vinyl chloride oligomer 
(VCO) series in PVC items

• Predominance of monounsaturated 
“1VCOs”

• Signal overlap untangled between VCOs 
and chlorinated paraffin components

• Human exposure shown from occur
rence in indoor dust and canned 
foodstuffs

• Complete environmental and human 
exposure assessments needed.
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A B S T R A C T

Polyvinyl chloride (PVC) is one of the most widely used polymers, which contrasts with the low amount of 
literature on the leaching of associated additives and in particular unintended oligomers, a class of non- 
intentionally added substances (NIAS). This study sheds light on the occurrence of vinyl chloride oligomers 
(VCOs) in a variety of PVC analytical standards (n = 4), PVC items employed for construction, medical or food 
contact applications (n = 14), as well as in foodstuffs and environmental matrices (n = 10). Samples were 
analysed by liquid chromatography coupled to high-resolution mass spectrometry hyphenated with chloride- 
enhanced electrospray ionisation. Series of saturated (0VCO), monounsaturated (1VCO), diunsaturated (2VCO) 
and triunsaturated (3VCO) VCOs were revealed. The dominant series remained 1VCOs of the general formula 
C2nH3nCln, accounting for ~80 % of VCOs in PVC standards. A risk of signal overlap was found between 0VCOs of 
the general formula C2nH3n+1Cln+1 (accounting for ~8 % in PVC standards) and polychlorinated alkanes making 
up chlorinated paraffins, given that they share the same chemical formulas. A methodology for discriminating 
between signals arising from VCOs and chlorinated paraffins has been proposed. VCOs were detected in 88 % of 
the samples analysed (other than standards), and in particular in some foodstuffs and environmental matrices, 
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suggesting that VCOs have the capacity to leach out of PVC materials, and thus contaminate food and the 
environment.

Overall, these results call for greater attention to be paid to vinyl chloride oligomers and raise the question of 
whether they pose a risk to living organisms.

1. Introduction

Since the 1950s, the widespread use of synthetic polymers has 
brought important benefits for society notably in terms of health, safety 
and energy (Andrady and Neal, 2009). Despite this, substantial quanti
ties of plastics have leaked into all the environmental compartments due 
to the vast increase in production volumes, as illustrated by annual 
growth rates of 8.4 % (Geyer et al., 2017), coupled with improper 
management of associated waste. It is estimated that 82 to 358 trillion 
plastic particles were floating on surfaces of the oceans in 2019 (Eriksen 
et al., 2023). Of these particles, microplastics, which range in size from 
10− 4 to 5 mm, attract the most attention (Windsor et al., 2019). 
Recently, the scientific community has become increasingly interested 
in smaller nanoplatics (10− 6–10− 3 mm) (ter Halle et al., 2016) as well as 
other components of plastics, including plastic additives (da Costa et al., 
2023). Typical examples are phthalates, a class of intentionally added 
substances (IAS) used for plasticising purposes, the omnipresence and 
associated ecological risk of which have recently been emphasised (Luo 
et al., 2022; Vasseghian et al., 2023). These additives are not covalently 
bonded to the polymer and can be easily leached. This is also the case for 
non-intentionally added substances (NIAS), which are much less stud
ied. These include oligomers, which arise mainly from incomplete 
polymerisation processes (Shi et al., 2023) or from degradation of 
products during their life cycle. The amount of literature on these NIAS 
is uneven, however, as illustrated by a query on a scientific search en
gine (ScienceDirect, 2024/01/24) yielding 13,000–30,000 results for 
the widely-used polyethylene, polypropylene, polystyrene, polyethylene 
terephthalate, polyester but only 4700 results for polyvinyl chloride 
(PVC). In addition, the few works on vinyl chloride oligomers (VCOs) 
were carried out in the 1980s–1990s and for the most part concerned 
only the base resins (Forrest, 1988; Dawkins et al., 1995; Castle et al., 
1996). This scarcity of knowledge contrasts with the widespread use of 
this polymer, which accounts for 19 % of global plastic production and 6 
million tonnes produced in the European Union in 2019 alone 
(Fernández-González et al., 2022). A diversity of applications is re
ported, including construction, leisure and sports, healthcare, the elec
trical sector (Mijangos et al., 2023) or even food contact materials 
(FCMs) (ResAP(2004)1, 2009 for metal coatings; EU Reg 10/2011 for 
plastics), thanks to PVC’s good processability, durability, high compat
ibility with additives or mechanical properties (Hruska et al., 2007). The 
pollution of soil and the aquatic environment by PVC particles, as well as 
the toxicities reported in relation to the leaching of associated additives 
(but not VCOs), were recently reviewed by Kudzin et al. (2024). In 
another recent study, PVC-based micro- and nanoplastics were found in 
64 human blood samples, this polymer being the most predominant after 
polyethylene (Brits et al., 2024). This raises questions about the health 
risk of VCOs but, to our knowledge there are no toxicological data 
available for these oligomers.

VCOs are part of the polychlorinated alkanes (PCAs), which also 
include the much more studied main components of chlorinated paraf
fins (CPs). These industrial chemicals manufactured in large volumes are 
mostly composed of polychlorinated alkanes (PCAs) (Fernandes et al., 
2023). There are several hundred homologue groups (depending on the 
C-chain length and the Cl number), each composed of innumerable 
isomers. As CPs have become ubiquitous (United Nations Stockholm 
Convention POP Review Committee, 2017, 2022), procedural contam
ination issues and the lack of reference standards add to the analytical 
challenge (Schinkel et al., 2018a) that still hampers their risk assess
ment. During previous early analytical developments based on high- 

resolution mass spectrometry (HRMS; Mézière et al., 2020a) and open- 
source software to characterise homologue patterns (McGrath et al., 
2024), unconventional and occasional procedural contamination 
consistent with a –(CH2–CHCl)– series was observed and eventually 
linked to PVC clamps used to hold the purification columns. More 
recently, although this bias has been precluded, similar unconventional 
patterns have also been observed in indoor dust as well as in canned 
foods and in wild boar shoulder wrapped in stretch film (unpublished 
work). These –(CH2–CHCl)– series suggest the occurrence of VCOs 
alongside CP components, and therefore there is a need to shed light on 
the widespread distribution of VCOs and to clear up any confusion with 
CPs and PCAs.

In this context, the present work aimed to emphasise the ubiquitous 
presence of VCOs in diverse compartments. To that end, a variety of 
samples including PVC analytical standards, PVC items used in various 
sectors (construction, medical, food contact), as well as foodstuffs and 
environmental matrices were collected. Next, the objective of this work 
implied examining the occurrence and composition of VCOs by applying 
the methodology developed for CPs. In parallel, a structural character
isation was also carried out by NMR analysis and derivatisation by 
hydrogenation.

2. Material and methods

In this article, we refer to the nomenclature harmonised by Fer
nandes et al. (2023) for terms and abbreviations relating to CPs and 
PCAs in order to avoid any ambiguity.

2.1. Chemicals

Solvents of Picograde quality (acetone, n-hexane, dichloromethane 
and toluene) were provided by Biosolve (Dieuze, France). LC-MS grade 
acetonitrile and water were obtained from Merck (Darmstadt, Ger
many). For the preparation of a low molecular weight fraction (LMWF- 
PVC), tetrahydrofuran (THF) was purchased from Thermo Scientific 
(99.5 % or 99.8 %, Illkirch, France). For hydrogenation, THF and diethyl 
ether were of reagent grade (Merck). In this case, THF was obtained in 
the dry state after fresh distillation over sodium and benzophenone. 
Hydrogen gas was obtained from a compressed gas cylinder and pro
vided by the Messer group.

Stock solutions of two 13C-labelled CP congeners (100 ng μL− 1 in 
isooctane) were obtained from Chiron (Trondheim, Norway). 
19,20,21-13C3-3,4,6,7,9,10,18,19-Octachlorohenicosane was used as 
internal standard (IS). Working solutions were prepared by dilution in 
acetonitrile at 5 ng μL− 1 or in toluene at 0.04 ng μL− 1. 14,15,16-13C3- 
1,2,8,9,13,14-Hexachlorohexadecane was used as recovery standard 
(RS). The working solution was prepared by dilution in acetonitrile at 
0.12 ng μL− 1.

Silica gel 60, palladium over carbon (10 % wt., Pd/C) and Celite 545 
mesh were purchased from Merck (Darmstadt, Germany), sulphuric acid 
(98 %) from Panreac (Barcelona, Spain), and Florisil from LGC Pro
mochem (Wesel, Germany).

2.2. Samples

VCOs were analysed in various samples described in Table 1. Refer to 
Table S1 for pictures and Table S2 for further details.

The PVC raw materials were purchased as PVC analytical standards 
from Sigma-Aldrich.
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To investigate direct sources of VCOs, PVC items representative of 
the main PVC application sectors were collected. They included the 
construction sector (sewage pipe, electrical cable sheath, floor 
covering), consumer goods (boots, children’s toy), the medical sector 
(perfusion tube, blood bag) and FCMs (gloves, coatings from 2-piece 
cans of fish products, stretch film also known as cling film). In addi
tion, analyses were carried out on PVC laboratory clamps since VCOs 
had been detected in these as mentioned in the introduction. All the PVC 
samples were collected from supermarkets, online retailers or sampled 
at home. Samples were kept in polypropylene containers at ambient 
temperature until extraction and analysis. The likelihood of a 
geographical bias arising from the fact that PVC items and foodstuffs 

were predominantly collected from one region was overlooked, given 
that their manufacture is global.

The foodstuffs included the two canned fish products in the cans 
sampled. They were selected on the basis of previous work revealing 
–(CH2–CHCl)– series that suggested the occurrence of VCOs, which 
could originated from PVC coatings used in fish-based canned products 
(Lestido-Cardama et al., 2022). In addition, raw sausage was used for a 
cooking experiment with the stretch film. Indeed, poaching or 
simmering food in plastic film has become a popular cooking habit. 
Although direct contact with food was contraindicated by the manu
facturer, other manufacturers of PVC cling film recommend simmering 
food for a period <15 min at maximum temperature of 100 ◦C. Cooks 
may not adhere strictly to these recommendations. In detail, about 150 g 
of a sausage were placed in the film and cooked in water (80–85 ◦C) for 
15 min.

The environmental occurrence of VCOs was finally investigated by 
analysing several matrices from various environmental compartments. 
A sample of indoor dust from Japan (Fukuoka prefecture) was collected 
in 2017 from a household vacuum cleaner and sieved to keep the frac
tion below 500 μm, as detailed by McGrath et al. (2023). Three end-of- 
treatment samples of sewage sludge from the urban catchment of the 
Seine Aval wastewater treatment plant near Paris were taken in 2023 as 
part of a program aimed at monitoring the long-term dynamics of known 
and/or potential pollutants (DOI: https://doi.org/10.5281/zenodo. 
6724910). A marine sediment collected in the Gulf of Fos in 2017 was 
obtained during the French research project FOS-SEA (ANR-16-CE34- 
0009) aimed at assessing the risk of biological fouling control along the 
Mediterranean coast (Manasfi et al., 2019). Two macroplastic samples 
were obtained and included a PVC panel immersed for one year at a 
depth of one-meter in the Bay of Toulon (France) during a French na
tional research project (Philippe et al., 2023). Finally, a boat fender was 
found abandoned on a beach at Le Croisic, France. It should be noted 
that the inner and outer parts of the latter sample were analysed sepa
rately for evidence of any differences in the pattern of VCOs suggesting 
environmental degradation.

2.3. Sample treatment

For PVC standards, 20–50 mg were weighted into 15 mL amber glass 
tubes. For the PVC items and macroplastic samples, 4 cm2 were cut using 
a stainless steel blade (see Table S2 for detailed dimensions and masses). 
One hundred nanograms of IS (in 20 μL acetonitrile) were then depos
ited on the surface of each PVC item and left to dry. After addition of 2 
mL of acetonitrile, the tubes were maintained at 40 ◦C for 24 h, then 
agitated for 2 min using a vortex-mixer and centrifuged for 10 min 
(2000 rpm, 20 ◦C). An aliquot of 40 μL was then transferred to a 200 μL 
amber glass vial, together with 20 μL of RS working solution.

The wet samples (food, sewage sludge) were lyophilised in glass 
dishes for 48 to 72 h, homogenised using a stainless steel laboratory 
blender, and stored in amber glass containers until extraction and 
analysis. Extraction and purification were carried out according to a 
protocol previously developed for PCAs constitutive of chlorinated 
paraffins by Mézière et al. (2021a, 2021b), with slight modifications. 
Briefly, 2 g of dried sample were weighed into glass tubes, then 25 μL of 
IS working solution in toluene and 18 mL of a mixture of toluene and 
acetone (70:30, v/v) were added. Two successive extraction cycles, with 
solvent renewal, were carried out using the Microwave Extraction 
Reactor Monowave Extra (Anton Paar, France) with the following pa
rameters: cycle duration of 15 min, stirring set at 600 rpm, and tem
perature of 120 ◦C. After centrifugation (10 min, 2000 rpm, 20 ◦C), the 
supernatants from the two successive extractions were poured into a 
glass flask and concentrated to dryness using a rotary evaporator. The 
dry residue was determined gravimetrically for sausage and canned 
foods (Table S3). After reconstitution in n-hexane, the extract was pu
rified on a column filled from bottom to top with sodium sulphate, 10 g 
neutral silica gel, 20 g acidified silica gel (44 % H2SO4), and sodium 

Table 1 
Description of the sample collection.

Name Code Collection 
year

Geographical 
sampling origin

Condition

Standards (n = 4)
PVC, low molecular 

weight
Std-1 2023 – –

PVC, high molecular 
weight

Std-2 2023 – –

PVC, average Mw 
~233,000

Std-3 2023 – –

PVC, pharmacopeia 
reference standard

Std-4 2023 – –

PVC itemsa (n = 14)
Construction and 

consumer goods (n 
= 6)
Sewage pipe PVC-S 2023 Nantes, France Worn
Electrical cable 
sheath

PVC-E 2023 Nantes, France Worn

Floor covering PVC-F 2023 Nantes, France Worn
Boots PVC-B 2023 Nantes, France Worn
Toy (ball) PVC-T 2023 Nantes, France New
Laboratory clamps PVC-L 2023 Nantes, France Worn

Medical devices (n =
2)
Perfusion tube MED-P 2023 Nantes, France New
Blood bag MED-B 2023 Nantes, France New

Food contact 
materials (n = 6)
Gloves FCM-G 2023 Nantes, France New
Can coating (tuna, 
in salt brine)b

FCM- 
C1a/bc

2023 Nantes, France –

Can coating 
(mackerel, in salt 
brine)b

FCM- 
C2a/bc

2023 Nantes, France –

Stretch film FCM-F 2023 Nantes, France New

Foodstuffs (n = 3)
Canned tuna, in salt 

brineb
FS-C1 2023 Nantes, France –

Canned mackerel, in 
salt brineb

FS-C2 2023 Nantes, France –

Sausage, raw FS-S 2023 Nantes, France –

Environment (n = 7)
Indoor dust EM-D 2017 Fukuoka, Japan –
Sewage sludge (n =

3)
EM-S1 
to S3

2023 Achères, France –

Marine sediment EM-MS 2017 Fos-sur-Mer, 
France

–

Macroplastic (fender, 
inner/outer parts)

EM- 
MA1

2023 Le Croisic, France Worn

Macroplastic (panel) EM- 
MA2

2023 Toulon, France Worn

a Or suspected.
b The can coatings and foodstuffs (tuna, mackerel) belong to the same pur

chased can.
c a: the top-end part of the can; b: body/bottom-end of the can.
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sulphate. Note that for the marine sediment, an activated copper spatula 
was placed under the neutral silica gel for sulphur removal. After con
ditioning with 60 mL of dichloromethane and 60 mL n-hexane, the 
columns were rinsed with 50 mL of n-hexane, eluted with 60 mL of 
dichloromethane/n-hexane (1:1, v/v) and the eluates were rotary- 
evaporated. A further purification was carried out using a column 
packed with sodium sulphate, 6 g of Florisil deactivated with 3 % of 
ultrapure water and sodium sulphate. After column conditioning with 
20 mL dichloromethane followed by 20 mL n-hexane, the extract was 
loaded onto the top of the column. n-Hexane (20 mL) was used to rinse 
the column and dichloromethane (20 mL) for the elution of the analytes. 
The purified extracts were reconstituted in 30 μL of RS working solution.

The dust sample was extracted and purified according to the method 
described by McGrath et al. (2023). Briefly, this involved ultrasonication 
of 50 mg using a mixture of n-hexane and dichloromethane (3:1, v/v), 
followed by clean-up using acidified silica (44 % H2SO4, w/w) and solid 
phase extraction on Bond Elut silica cartridges (500 mg). Final extracts 
were reconstituted in 100 μL of acetonitrile containing 20 μL of RS 
working solution.

All the extracts were stored in the dark at − 20 ◦C until analysis.

2.4. LC/HRMS

Extract analyses were performed by high-performance liquid chro
matography (Ultimate 3000 system, Thermo Fischer Scientific) coupled 
to high-resolution mass spectrometry (Q Exactive Orbitrap HRMS, 
Thermo Fischer Scientific) as optimised by Mézière et al. (2020a). Ex
tracts (5 μL) were injected onto a Hypersil Gold analytical column (100 
mm × 2.1 mm, 1.9 μm) (Thermo Fischer Scientific) maintained at 30 ◦C. 
Partial separation of the analytes was achieved using a water/acetoni
trile mobile phase at a flow rate of 0.4 mL min− 1, increasing from 70 % 
acetonitrile to 100 % at 6 min, maintained for 6 min. A mixture of 
acetonitrile and dichloromethane (1:1, v/v) was introduced into the 
ionisation source at a flow rate of 0.08 mL min− 1, using a post-column T- 
connection, to enhance the formation of chloride adduct ions. Negative 
mode electrospray ionisation (ESI) was used with probe operated at a 
voltage of 2.5 kV. The capillary temperature, sheath gas and auxiliary 
gas flow rate were set at 275 ◦C, 50 and 5 arbitrary units (AU), 
respectively. Data acquisition was carried out in full scan mode (m/z 
range of 300–1500), with a resolving power of 140,000 full width half 
maximum at m/z 200 and automatic gain control target set at 5 × 105.

2.5. LC/HRMS data processing

The data obtained from LC/HRMS analysis were processed using CP- 
Seeker (v2.1.2), an open-source software application designed for er
gonomic and automated signal processing and peak integration of 
chemical classes related to chlorinated and brominated n-alkanes. A 
detailed description has been provided by McGrath et al. (2024). Briefly, 
this involved signal deconvolution using the enviPat package (Loos 
et al., 2015) with the mass analyser setting to obtain a list of the ho
mologue group isotopic patterns in the ranges of C6–36 and Cl3–30. Non- 
Gaussian chromatographic signals of spectrometric peaks above 1 % of 
the base peak were then automatically integrated. The output comprised 
the sum area of homologue groups and, for identification confidence, a 
pattern score and an average mass deviation.

In the present work, the following compound families were targeted: 
polychlorinated alkanes (PCAs, CnH2n+2-xClx) and polychlorinated 
monoolefins (PCmonoOs; CnH2n-xClx), diolefins (PCdiOs; CnH2n-2-xClx), 
triolefins (PCtriOs; CnH2n-4-xClx), as well as the 13C-labelled standards. 
Chloride adduct ions were targeted at an m/z tolerance of 5 ppm. Only 
homologue groups exhibiting a pattern score higher than 70 % were 
considered. Mass deviations were <1 ppm. The absence (or negligible 
levels) of [M – H]− ions was checked to avoid possible confusions be
tween chemical classes.

2.6. QA/QC

All temperature-resistant glassware was heated at 400 ◦C for 4 h 
before use. Other materials were rinsed three times with dichloro
methane. Procedural blanks (i.e. empty glass tubes) were prepared in 
each extraction series (n = 3 for PVC items and macroplastics, n = 4 for 
samples extracted using microwaves) plus n = 1 from lyophilisation. No 
procedural contamination was observed for the blanks associated with 
PVC items and macroplastics. On the contrary, traces of PCmonoOs and 
in particular PCAs were observed in the blanks associated with food
stuffs and environmental matrices. This residual contamination is typi
cally due to the ubiquitous presence of medium-chain CPs, despite the 
drastic precaution taken (McGrath et al., 2023). Blank subtraction was 
applied to samples if the averaged homologue area in the blanks was 
higher than 10 % of that of the sample.

For the instrumental analysis, solvent blanks were injected every 3–6 
samples, as well as IS with RS every 10 samples for checking the in
strument response (n = 5). The associated variability was satisfactory, as 
illustrated by relative standard deviations (RSD) of 24 % and 22 %, 
respectively associated to the IS and RS. A higher value of 42 % was 
observed for the RS spiked in the final extracts of the samples (n = 33), 
which illustrates of matrix effects. These ranged from − 29 and +42 % 
(average of +1 %) except for the electrical cable sheath, the laboratory 
clamps and the macroplastic fender (Fig. S2). These stronger negative 
matrix effects observed are likely due to ion suppression caused by the 
high levels of additives co-extracted from these samples made of soft 
PVC (Stuart, 2005). For the IS, higher variability was observed 
compared with the RS (i.e. RSD of 66 %). The recoveries presented in 
Fig. S3 were generally satisfactory (average of 86 %, 25th and 75th 
centiles comprised between 44 and 90 %), except for the sediment and 
some PVC items; the matrix effect mentioned above is probably expected 
for the latter samples. Overall, these results were considered acceptable 
with regard to the objectives of the study aimed at qualitatively 
assessing the presence of VCOs.

2.7. Preparation and hydrogenation of a low molecular weight fraction of 
PVC standard (LWMF-PCV)

For further chemical and structural investigations of VCOs, a low 
molecular weight fraction (LMWF-PVC) was prepared from Std-1, ac
cording to Castle et al. (1996) with slight modifications. Sixty grams 
dissolved in 0.4 L of THF were precipitated by dropwise addition of 3.6 L 
of n-hexane for ~4 h, under magnetic stirring. After filtration (12.5–25 
μm, Whatman), the solvent was evaporated using a rotary evaporator 
and a dry residue (120 mg) was obtained after removal of solvent traces 
in a fume hood.

For hydrogenation, Pd/C (10 mg) was added to a solution of the dry 
residue (75 mg) in THF (2 mL). After flushing the flask three times with 
hydrogen gas, the reaction mixture was stirred for 18 h at room tem
perature under hydrogen atmosphere. The reaction mixture was filtered 
over Celite for removal of the palladium. After washing three times with 
diethyl ether, the resulting filtrate was dried under reduced pressure to 
obtain a hydrogenated sample of LMWF-PVC (59 mg).

Aliquots of LMWF-PVC were characterised without or with hydro
genation by LC/HRMS as described above (200 ng on column) as well as 
by 1H NMR. 1H NMR spectra were recorded on a Bruker Avance 400 
spectrometer fitted with a 5 mm i.d. BBFO+ probe carefully tuned to the 
recording frequency of 400.13 MHz (for 1H). The spectra are referenced 
to the solvent in which they were run (7.26 ppm for 1H CDCl3).

3. Results and discussion

3.1. Characterisation of PVC standards

3.1.1. Series of VCOs revealed by LC/HRMS
Data treatment using CP-Seeker software suggested the presence of 
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series saturated (0VCOs), monounsaturated (1VCOs), diunsaturated 
(2VCOs) and triunsaturated (3VCOs) VCOs in all the ACN extracts of the 
four PVC standards studied. The 0VCOs belong to the PCAs, and the 
1VCOs, 2VCOs and 3VCOs to the PCOs. Several homologue groups were 
detected, as illustrated in Fig. 1 for the Std-1 standard. Homologue group 
patterns for the other standards are shown in Fig. S4. Each of the four 
chemical subclasses investigated (0VCOs, 1VCOs, 2VCOs, 3VCOs) 
exhibited a homologue series based on the repeating unit of the PVC 
polymer, C2H3Cl. More specifically, 14 0VCO homologue groups were 
detected, from the tetramer (C8H13Cl5) to the heptadecamer 
(C34H52Cl18), i.e. as PCAs-C2nCln+1 (4 ≤ n ≤ 17). For 1VCOs, a series of 
C2nCln homologue groups ranging from C10H15Cl5 (pentamer) to 
C36H54Cl18 (octadecamer) was observed (5 ≤ n ≤ 18). For 2VCOs and 
3VCOs, the number of homologue groups detected was much lower, 
equal to 6 (C2n+1Cln+2, 12 ≤ n ≤ 17) and 5 (C2n+1Cln+1, 13 ≤ n ≤ 17), 
respectively. As detailed in Fig. S4, Std-3 (average Mw ~233,000) 
showed other 1VCO series, however at much lower intensities, with the 
following formulas: C2nCln+1 (5 ≤ n ≤ 9), C2n+1Cln-1 (7 ≤ n ≤ 15), 
C2n+1Cln-2 (7 ≤ n ≤ 17) and C2n+1Cln-5 (10 ≤ n ≤ 17). The occurrence of 
these parallel series could be related to the synthesis process specific to 
this standard exhibiting the highest molecular weight among the four 
standards analysed in the present work. Series with uneven C-chain 
lengths may stem from structural defects resulting from various mech
anisms (Starnes Jr., 2012).

Strong similarities between the homologue patterns of the different 
PVC standards were observed for 0VCOs and 1VCOs, as detailed in 
Table S4 (Spearman correlation coefficients between 0.75 and 0.98). 
Lower coefficients were observed for 2VCOs and 3VCOs, as a varying 
number of homologue groups was detected depending on the PVC 
standard. We therefore considered that the VCO homologue patterns 
were very similar and hardly influenced by the type of standard. The 
nonamer (C18Cl10) and decamer (C20Cl10) were the dominant homo
logue groups within the PCAs and PCOs, respectively. However, dis
cussion on the homologue pattern is hampered by the fact that the LC/ 
ESI(Cl− )-HRMS responses obtained in the present work do not reflect 
concentrations due to the instrument-dependent sensitivity with regard 
to the chlorine content (Mézière et al., 2020b). In particular, the lack of 
sensitivity of LC/ESI(Cl− )-HRMS for VCOs-Cl<4 could partly explain the 
non-detection of these homologue groups in the present work, and 
oligomers above a given molecular weight may not elute from the col
umn (see the ion chromatogram in the graphical abstract). In addition, 
simultaneous removal of the most volatile oligomers along with the 
carcinogenic vinyl chloride monomer after PVC polymerisation and 
during steam stripping processes (Gilbert and Patrick, 2017) could also 
be expected.

Based on the ΣPCAs+PCOs observed for the four PVC standards, the 
relative contributions decreased as follows: 1VCOs (81 ± 2 %), 3VCOs 
(10 ± 1 %), 0VCOs (8 ± 2 %) and 3VCOs (1 ± 1 %). To explain the 
predominance of the monounsaturated olefins, Dawkins et al. (1995)
proposed a formation mechanism for the monounsaturated tetramer 
during polymerisation. More specifically, it involved chlorine transfer to 
the vinyl chloride monomer, followed by head-to-tail and head-to-head 
additions, 1,2 chlorine migration and chlorine radical loss leading to 
monounsaturated oligomer. Forrest hypothesised another formation 
mechanism involving initiation with a chlorine radical and, like Daw
kins, observed 1VCOs in a PVC base resin (trimer to heptamer) (Forrest, 
1988). Another explanation for the presence of 1VCOs could rely on the 
structural defects inherent in PVC leading to a typical structure 
including unsaturations (Stuart, 2005). A further source of oligomers 
could be linked to the thermal degradation of PVC, which could occur 
during PVC moulding and imply the formation of conjugated polyene 
sequences. Indeed, although the mechanisms of thermomechanical 
degradation of PVC are still being debated, the main mechanism of 
dehydrochlorination of PVC is generally recognised to be under the ef
fect of thermomechanical stress. Due to the many structural defects 
produced during polymerisation, a number of labile chlorines may leave 

Fig. 1. Distribution of saturated (0VCOs, red), monounsaturated (1VCOs, 
green), diunsaturated (2VCOs, purple) and triunsaturated (3VCOs, blue) ho
mologue groups of vinyl chloride oligomers in the Std-1 standard sample.
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the chain in the form of hydrochloric acid gas, resulting in the formation 
of a double bond in the PVC chain. To the best of our knowledge, the 
presence of saturated 0VCOs has not been reported in the literature, and 
a formation mechanism has yet to be proposed.

3.1.2. Hydrogenation assay and possible structure of VCOs
For the sake of similarity with CPs in the initial interpretation of the 

results and in accordance with the literature (Dawkins et al., 1995; 
d’Antuono et al., 2005; Stuart, 2005), we considered that all the com
pounds detected had linear structures. However, while the spectro
metric method implemented provided high degree of confidence in the 
chemical formula, we could not entirely presume the presence of mon
oolefinic 1VCOs rather than cyclic 1VCOs. Indeed, a double-bond 
equivalent of 1 could correspond to either unsaturation or to a cycle. 
It has been described that cyclic species arise during the elongation step 
of several polymers, for example polyesters plastics (Castle et al., 1989) 
and can coatings (Cariou et al., 2022) or polyamides (Heimrich et al., 
2015). To address this question, a low molecular weight fraction was 
prepared from Std-1 (LMWF-PCV) and subjected to hydrogenation 
(reduction). LC/HRMS and 1H NMR analyses were carried out to observe 
whether the so-called 1VCOs signals would be turned into PCA signals. 
The results are described below and illustrated in Figs. S5 and S6, 
respectively.

Firstly, according to the LC/HRMS results, the 0VCOs-C2nCln+1 series 
remained stable after hydrogenation, confirming that this series was 
fully saturated. Secondly, the most intense series (1VCOs-C2nCln) dis
appeared while a 0VCO-C2nCln-1 series appeared at a similar intensity 
after hydrogenation. Hydrogenation was confirmed by the disappear
ance of the 1H NMR signal at 5.88 ppm likely originating from vinylic 
protons, as well as by the complexification of the signal at 1.18 ppm 
likely originating from newly formed methyl groups. The additional loss 
of a Cl atom can be explained by an over-reduction reaction due to the 
insertion of palladium into the carbon-halogen bond, which is actually 
well established in the case of primary chlorinated hydrocarbons (Boros 
et al., 2004). Thirdly, a 1VCOs-C2nCln-1 series, less intense than the 
0VCOs-C2nCln+1 series, appeared after reduction (also supported by the 
1H NMR signal at 5.72 ppm). Its origin remains unclear as it is indicative 
of incomplete hydrogenation. It could result from the loss of a Cl atom 
while maintaining the double bond.

3.1.3. Semi-quantification attempt
Based on the ΣPCAs+PCOs mass spectrometric responses and using 

both internal and external PCA standards, rough semi-quantification led 
to levels of extracted VCOs corresponding to 0.01–0.09 % of PVC stan
dard masses. Assuming that extraction was complete after dissolution 
and precipitation using THF and n-hexane, this content increased to 
~0.2 % for Std-1, indicating that acetonitrile alone did not entirely 
deplete the matrix. Nevertheless, such levels of oligomer should be 
considered with caution given the large uncertainty in quantification 
arising from the use of only two PCA standards and, as mentioned above, 
the strong dependence of the response factors on the chlorination de
gree. To our knowledge, no study has provided VCO content. However, 
similar ranges to the PVC oligomer content found in the present work 
have been reported for PET (0.5–1.3 %) and polyester (0.8–1.2 %) 
oligomers (Receu et al., 2002; Hoppe et al., 2017).

3.2. Differentiating vinyl chloride oligomers from chlorinated paraffin 
components

As observed before, although the VCOs detected in the PVC standards 
are mostly 1VCOs, about 10 % are represented by 0VCOs. The 0VCOs 
belong to the PCAs, the chemical family of which also includes the main 
components of CPs, a much more studied group of substances, implying 
a possible overlap of signals from these two groups (i.e. CPs and VCOs). 
This issue is of particular concern since, as highlighted in a recent review 
on the recommended terms for PCAs (Fernandes et al., 2023), in many 

publications CPs are reported as the sum of measured PCA homologue 
groups. In this context, a misidentification of VCOs has probably 
occurred in published literature.

A typical example of this signal overlap between CPs and VCOs is 
given in Fig. 2A, which shows the distribution of CnClx groups obtained 
with the CP-Seeker software for an indoor dust extract. Although the 
VCO and CP homologue groups share the same formula, some elements 
emphasised in Fig. 2A to D appear helpful in distinguishing the signals 
arising from these two substance groups. These are based on the fact that 
CPs and VCOs have overlapping homologue groups but with distinct 
isomerisms. In particular, CPs are intentionally added substances pro
duced for a wide range of applications. Depending on these uses, 
different technical mixtures of varying carbon and chlorine content are 
used. Such diversity is reflected by a much higher number of CnClx 
groups compared with VCOs (Fig. 2A), which by definition are repeti
tions of the same monomer unit. It also implies that a given carbon chain 
is substituted by a fixed number of chlorine atoms, unlike CPs, as 
illustrated in Fig. 2B.

Moreover, the chlorination of the n-alkane feedstock during the 
synthesis of CPs is non-selective. Thus, a very high number of isomers is 
expected for a given CnClx group, in contrast to VCOs. Only partial 
separation of these isomers is then achieved using conventional chro
matography techniques, leading to typically broad and unresolved 
chromatographic peaks, as illustrated in Fig. 2C for the C14Cl7 group. In 
contrast, oligomer formation involves a more limited number of isomers 
with Gaussian-like chromatographic peak shapes (see Fig. 2C PCAs- 
C18Cl10 and C28Cl15 groups). These peak shapes are illustrated in Figs. S7 
and S8 for a PVC standard and the indoor dust sample, respectively. In 
addition, the plot between their monoisotopic masses and chromato
graphic retention times, revealing a polynomial relationship, is a further 
consistent indication of the presence of such series of compounds.

Finally, based on the findings presented in §3.1, 1VCOs are thought to 
be the major subclass of VCOs. Even though such chlorinated olefins can 
be found as impurities in CPs mixtures (Schinkel et al., 2018b), those 
characteristic of VCOs form a series differing by C2H3Cl repeating unit. 
Moreover, as for 0VCOs, Gaussian shapes were observed for the chro
matographic peaks of 1VCOs’ as well as a correlation between their 
retention times and monoisotopic masses (Figs. S9 and S10).

Overall, these results highlight the need for researchers to be vigilant 
when reporting results for CPs and to avoid confusion between CPs and 
PCAs, as already stressed by Fernandes et al. (2023), since the latter can 
include other groups of contaminants such as VCOs.

3.3. Characterisation of other samples

3.3.1. Occurrence of VCOs in PVC items
Using the methodology presented to discriminate PCA signals arising 

from CPs and VCOs, the ubiquity of the latter in PVC items could be 
demonstrated. In fact, saturated, mono-, di- and tri-unsaturated VCO 
series were found in 12 out of 14 PVC items. The relative contributions 
of PCA and PCO series to their sum areas are given in Fig. 3 (detailed in 
Table S5), with a further dichotomy according to whether they corre
spond to VCO or non-VCO compounds.

Firstly, in PVC items compared to PVC standards, the average 
contribution of PCAs to ΣPCAs+PCOs increased sharply from 8 % to 51 
%, which could be partly related to the increased contribution of the 
non-VCOs (i.e. 34 % vs. 0.8 % in PVC standards), as illustrated in Fig. 3. 
As previously mentioned, the non-VCO PCAs belong to the CPs, which 
presence in PVC items could be linked to their use as flame retardants or 
secondary plasticisers for soft PVCs (Stuart, 2005). The latter use could 
further explain the higher contribution of CPs to ΣPCAs+PCOs in soft 
PVC items such as the electrical cable sheathing (85 %) and laboratory 
clamps (94 %). For the latter, sorption of CPs from the laboratory at
mosphere cannot be ruled out, particularly as this PVC item was worn. 
This sorption of CPs present from the surrounding environment is also a 
possible explanation for their presence in the boots, also worn and which 

M. Godéré et al.                                                                                                                                                                                                                                 Science of the Total Environment 968 (2025) 178890 

6 



were not PVC-based, and in the weathered macroplastic fender. For 
PCOs, as for PCAs, a slight increase in the contribution of non-VCO 
compounds in the PVC items compared with the standards was 
observed, as illustrated in Fig. 3. However, VCOs remain the predomi
nant group.

Considering all PCA and PCO homologue groups, the average 
contribution of VCOs reached 76 % in the PVC items, a value lower than 
the 98 % contribution found for the PVC standards. Very high contri
butions (>90 %) were specifically observed in 9 out of the 14 PVC items 
analysed, including sewage pipe, floor covering, toys, the two medical 
devices and in 3 out of the 4 food can coatings. Hence, these results are 
indicative of the predominance of VCOs in a variety of items made of 
PVC employed for a wide range of applications including construction, 
clothing, leisure, healthcare and food contact. These observations also 
apply to the PVC macroplastics found in the marine environment.

3.3.2. Occurrence of VCOs in foodstuffs and environmental matrices
The potential ability of VCOs for migration was further evidenced by 

their presence in foodstuffs and environmental matrices.
Regarding foodstuffs, an experiment was carried out to determine 

whether VCOs present as non-intentionally added substances in the 
stretch film could migrate to the sausage stuffing during simmering. 
Unfortunately, 0VCOs and 1VCOs were detected in both the raw and 
cooked sausage, so that no conclusions could be drawn. The origin of 
this contamination remains unknown and this sample was excluded 
from the following discussions. For the other foodstuffs (i.e. canned), the 
maximum contributions of VCOs to the ΣPCAs+PCOs were observed in 
canned mackerel (85 %). This probably reveals their migration as non- 
intentionally added substances from the corresponding coatings in 
which they were observed to be predominant as discussed above. For 
canned tuna, however, the contribution of VCOs decreased to 20 %, 

which could be linked on the one hand to the detection of VCOs mostly 
in the body/bottom coating, contrary to the mackerel can (VCOs found 
in both body/bottom and top of the can). The traces found in the top-end 
of the mackerel can may be due to sorption. On the other hand, the 
higher lipid content of the canned mackerel (11 % vs. 2 % for tuna, see 
Table S3) probably enhanced the migration of these substances thought 
to be lipophilic due to the similarity of their structure with the lipophilic 
CPs (van Mourik et al., 2016). Another work focusing on CPs in food
stuffs purchased from Belgian retailers highlighted high levels of long- 
chain CPs (including C>30 chains) in some samples, notably canned 
mackerels (McGrath et al., 2021). The authors hypothesised food pro
cessing and/or CP market shift towards long-chain CPs of use to longer 
chain PCAs. The methodology proposed in §3.2 to discriminate CP 
components from VCOs was applied retrospectively to the archived 
HRMS data. Our results clearly revealed the presence of VCOs in 
mackerel fillets canned in olive oil (Fig. S11), confirming the occurrence 
of such substances in canned foodstuffs and therefore human dietary 
exposure. In addition, of the few publications available on PVC oligo
mers, other authors have also demonstrated the presence of such sub
stances (i.e. tetramer) in beverage PVC bottles, and no migration in four 
food simulants at their limit of detection (5–10 μg kg− 1) (Castle et al., 
1996).

In indoor dust from Japan, VCOs accounted for 19 % of the 
ΣPCAs+PCOs. A plausible mechanism implies the volatilisation of VCOs 
from the omnipresent PVC items of daily life (window frames, floor 
coverings, electronic equipment, upholstery …) in which they are 
ubiquitous, followed by their sorption to dust.

Considering all the foodstuffs and environmental matrices charac
terised, even though PCAs were detected in all samples, as in the case of 
PVC standards and PVC items, detection frequencies gradually 
decreased from 100 to 40 % for mono- to tri-unsaturated olefins. In 

Fig. 2. Discrimination of polychlorinated alkane (PCA) signals arising from chlorinated paraffins (CPs, red) and saturated vinyl chloride oligomers (0VCOs, blue) in 
an indoor dust sample, including the examination of the PCA homologue pattern (A), the distribution of chlorine number for a given chain length (B), the chro
matographic peak shapes (C), and the presence of monounsaturated vinyl chloride oligomers (1VCOs, purple) (D).
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addition, VCOs accounted for only 18 % of ΣPCAs+PCOs in the non- 
polymeric environmental matrices, which is specifically in line with 
the predominance of CPs, as illustrated in Fig. 3. Furthermore, CPs 
contributed to >97 % of total PCAs+PCOs in sediments and the three 
sewage sludge samples. In fact, CPs can be expected to have been pro
duced and consequently released into the environment (see Glüge et al., 
2016, 2018 for short-chain and medium-chain CPs, respectively) in 
much larger quantities than VCOs. To illustrate this, an estimate of total 
VCO tonnages was conducted in the present work. For doing so, the 0.2 
% oligomer content calculated in §3.1.1 for Std-1 (extracted using THF) 
was combined with the total plastic production between 1950 and 2015 
(i.e. 8.3 billion tons), of which about 10 % consisted of PVC (Geyer et al., 
2017). Using these values, cumulative production volumes of around 1.7 
million tons of VCOs could be estimated, which appears substantially 
lower than the 33 million tons of CPs produced and used between 1930 
and 2020 (Chen et al., 2022). However, substantial uncertainties in VCO 

tonnages can be anticipated, in line with the quantification errors dis
cussed in §3.1.1, but also with batch-to-batch variability in oligomer 
content and other factors (e.g. PVC processing including removal of the 
carcinogenic vinyl chloride monomer, or moulding).

Another hypothesis for the low predominance of VCOs lies in the 
possible degradation of these substances once they are released in the 
environment. In particular, PVC is recognised as being more sensitive to 
UV rays compared with other polymers currently in use (Fernández- 
González et al., 2022). Such photodegradation involves the formation of 
polyene sequences by dechlorination (Gewert et al., 2015). Given the 
structural similarity between the PVC polymer and its oligomers, 
degradation processes involving UV rays and altering the former could 
also affect the latter. Other pathways likely to affect the environmental 
behaviour of VCOs include biotic degradation, volatilisation, leaching 
into the aqueous environment as well as potential selective uptake and 
metabolism occurring in living organisms. The observation of the outer 
and inner parts of the macroplastic fender is indicative of the possible 
depletion and/or degradation of VCOs in the present work. In the outer 
part, which appeared to have been weathered, 0VCOs, 1VCO and 2VCOs 
were 3 to 5 fold less intense compared to the inner part, and 3VCOs only 
detected in the outer part. This could indicate a greater susceptibility of 
the unsaturated oligomers to degradation and/or leaching. However, for 
the other macroplastic, the PVC panel, the relative contribution of PCOs 
was similar to those of the other PVC items, which prevents any con
clusions from being drawn.

3.3.3. VCO homologue group patterns
For a better insight into the compositional patterns of VCOs, the 

homologue patterns for the two predominant subclasses detected, 0VCOs 
and 1VCOs, are presented in Fig. 4, as along with the average number of 
chlorine and carbon atoms.

In the canned foods, the number of 1VCO homologue groups detected 
was much lower than in the other samples (Fig. 4, FCM and FS samples). 
Interestingly, a substantially higher contribution of 2VCOs, equal to 23 
± 1 % in 3 can coatings vs. 1.7 ± 1.6 % on average in the other PVC 
items, was observed. This could be attributed to thermal degradation 
linked to hot filling or to the specificity of the PVC resin (i.e. vinylic 
organosol resin composed of high molecular weight PVC) (LaKind, 
2013). As detailed in Table S6, strong positive correlations were found 
between the PCA patterns of the mackerel and tuna coatings (mean 
Spearman’s R of 0.57–0.77), suggesting that these coatings are made 
from similar PVC resins. In addition, the patterns of the food matrices 
and their coatings correlated well (Spearman’s R of 0.65–1.00), sup
porting the hypothesis of VCO migration from the coatings. These strong 
correlations do not, however, apply to PCOs (Spearman’s R of 
− 0.14–0.39), which also coincides with the decreasing relative contri
butions of the latter families to ΣPCAs+PCOs (PCmono-, di- and tri-Os 
contribution of 6 and 16 % in foodstuffs compared with an average of 
38 % for the coatings). This suggests a preferential migration of VCOs 
from the coatings to the foodstuffs. Such selective migration is further 
illustrated by the increase of the relative contribution of C16Cl9 to total 
PCAs, from 4 % in the coatings to 20 % in the foodstuffs (Fig. 4), and by a 
decrease from 6 % down to 0 % for the C36Cl9 homologue group. These 
results are not surprising, as diffusion coefficients are expected to be 
lower for the VCOs of lower molecular weight (Schwarzenbach et al., 
2002).

As with canned foods, migration could be expected from the medical 
blood bag (MED-B) and perfusion tube (MED-P), as short-chain VCOs 
contributed substantially to the 0VCO and 1VCO totals (Fig. 4). In 
contrast, the patterns of the PVC laboratory clamps (PVC-L) and the 
electrical cable sheath (PVC-E) presented relatively low contributions of 
short-chain VCOs. These items were the most worn, implying possible 
depletion of such lower VCOs from the PVC items. This hypothesis has 
already been put forward in §3.3.2 to explain the contamination of the 
indoor dust sample. It is supported by the similarities existing between 
the PCA and PCO patterns of the dust sample and those of the PVC 

Fig. 3. Averaged relative contributions of polychlorinated alkanes (PCAs), 
mono-, di- and tri-unsaturated olefins (PCmono-, di-, and tri-Os) in PVC stan
dards, PVC items, foodstuffs and environmental matrices (left), and average 
relative contributions of vinyl chloride oligomers (VCOs) and non-VCOs for 
each subclass group (right).
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standards on the one hand (averaged Spearman’s R of 0.74), and of other 
daily-life PVC items on the other hand (averaged Spearman’s R of 0.50) 
(Table S7).

Finally, the examination of the PCA and PCO composition patterns 
between the PVC sewage pipe (PVC-S) and the PVC macroplastic panel 
(EM-MA2) could also give an indication of possible environmental 
degradation, as these were made from the same unplasticised PVC ma
terial. Very low correlations were observed between the patterns of 
2VCOs (Spearman’s R of 0.09) and 3VCOs (Spearman’s R − 0.09), which 
could be partly related to the lower detection of these families. By 
contrast, the very high Spearman’s R observed for 0VCOs and 1VCOs, 
equal to 0.94, is in favour of the absence of environmental degradation. 
Note that despite the immersion of the PVC panel for one year, its 
physical aspect did not show any alteration, except for important 
biofouling (Table S1). For the PVC fender found on a beach (EM-MA1), 
patterns of 0VCOs corresponding to the inner part and to the weathered 
outer part were very similar, with Spearman’s R of 0.95. However, an 
overall decrease in the signal intensities from the inner to the outer part 
suggested leaching rather than degradation (Fig. S12).

4. Conclusion and perspectives

The primary objective of this study was to shed light on polyvinyl 

chloride oligomers (VCOs), a class of compounds formed unintentionally 
in PVC. Their poor detectability by conventional non-targeted ap
proaches involving GC/MS (low volatility of VCOs), LC/APCI-MS or LC/ 
ESI-MS (Vaclavikova et al., 2016; Mézière et al., 2020b) explains why, so 
far, they have been disregarded, which contrasts with the large-scale use 
and production of PVC. Thanks to a LC method coupled with HRMS 
detection hyphenated with electrospray and chloride adduct enhance
ment, series of polychlorinated n-alkanes (PCAs) but also poly
chlorinated olefins (PCOs) of different saturation degrees, belonging to 
VCO series, could be described in the present work.

PCAs are a class of compounds often misnamed as chlorinated par
affins (CPs), the latter being a family of industrial chemicals produced in 
high volumes for a wide variety of applications (Fernandes et al., 2023). 
However, considering that PCAs also include saturated polyvinyl chlo
ride oligomers (0VCOs), we proposed a methodology aimed at discrim
inating the signals arising from CPs from those arising from 0VCOs. The 
presence of VCOs was then reported in a variety of PVC standards, PVC 
items used in various sectors (construction, consumer goods, healthcare, 
food contact materials), foodstuffs and environmental matrices. For 
VCOs, 1VCOs were found to be the predominant group, followed by 
0VCOs, with up to 14 homologue groups detected. The structure of the 
former group was confirmed by 1H NMR elucidation.

Like CPs, the ubiquitous presence of VCOs in PVC polymers 

Fig. 4. Relative contributions of 0VCOs-C2nCln+1 and 1VCOs-C2nCln homologue groups in PVC standards (n = 4), PVC items (n = 12), foodstuffs and environmental 
matrices (n = 7) in which they were observed, with sample codes detailed in Table 1.
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evidenced in this study implies possible releases to the environment via 
these primary sources, but also from de novo sources arising from 
alteration and degradation of PVC. These sources should be studied 
especially in view of the large volumes of improperly managed PVC 
waste that have already entered or will enter the environment over the 
next few decades. Considerable quantities of macro- and microplastics 
are already present in the environment (Shi et al., 2023) and ~500 
million tons of PVC waste are expected by 2050 for China alone (Liu 
et al., 2020). The methodology proposed here would be helpful in 
studies focusing on micro- and nanoplastics, on the one hand by helping 
to resolve the common misidentification of aged PVC plastics that occurs 
when classical infrared spectroscopy is applied (Fernández-González 
et al., 2022). On the other hand, as stated in a recent review (Shi et al., 
2023), the contribution of the oligomers and that of micro- and nano
plastics, in terms of their occurrence or toxicological profile, could be 
differentiated.

With regard to human exposure, several routes may be examined, 
including dermal contact and inhalation of indoor air in view of the 
widespread use of PVC in buildings and homes, dietary exposure linked 
to the consumption of foodstuffs in contact with PVC, or exposure 
through leaching of VCOs contained in PVC-based medical devices. To 
achieve this, analytical standards of VCOs are required for properly 
characterise human exposure routes, environmental occurrence and 
transformation pathways,. These standards are also needed for toxico
logical studies, even though most of the VCOs identified in this work had 
masses >1000 Da, a fraction with a low probability of being absorbed by 
the gastro-intestinal tract (EFSA Panel, 2008). This is of crucial impor
tance since, in the present study, we could not rule out the fact that these 
compounds might share structural similarities with the carcinogenic 
vinyl chloride monomer (IARC, 2012).

Overall, this study sheds light on vinyl chloride oligomers and raises 
the question of whether they pose a risk to the environment and humans.
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