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ABSTRACT: Chlorinated paraffins (CPs) are used in various
products to improve their physicochemical characteristics. Due
to recycling, CPs may end up in “new” recycled products. In
this study we investigated CPs present in end-of-life car tires
that are recycled to rubber granulates used on artificial soccer
fields, and playground tiles. The ∑CP(C10-C30) concen-
trations ranged from 1.5 to 67 μg/g in car tires, 13−67 μg/g in
rubber granulates, and 16−74 μg/g in playground tiles.
MCCPs were the dominant CP group with an average
contribution of 72%. LCCPs up to C30, were detected for the
first time in car tires, rubber granulates, and playground tiles.
The CPs application in tires is unclear, the low CP
concentrations found in this study (<0.007%) could possibly
indicate contamination during the manufacturing process. The presence of CPs in the granulates and tiles, in addition to the
multiple chemicals already detected, emphasizes the need to further investigate the migration and leaching behavior, in order to
assess potential risks of CPs for humans and the environment. The presence of CPs in car tires may be another source of CPs
for the environment. The CP volume brought into the environment by tire wear particles (TWP) from car tires in the European
Union, is estimated at 2.0−89 tons annually.

■ INTRODUCTION

Recycling polymers addresses the need for resource efficiency
in a finite world.1 At the same time it raises questions about
toxic residues being introduced into recycled products.2

Chemical additives, present in specific products, which are
recycled after years of use, are not always considered in the
new recycled or reused products. For example, in Europe,
approximately half of the recycled end-of-life car tires are used
on artificial soccer fields, sport flooring, or molded into rubber
playground tiles.3 While children are not directly exposed to
car tires, they will be exposed to the recycled products like
rubber granulates and playground tiles. Exposure to the
additives and residues in end-of-life car tires can then suddenly
become a risk. In The Netherlands, a discussion has started
regarding the exposure of soccer players to carcinogenic
residues from recycled tire rubber granulates when playing on
artificial-turf soccer fields.4 In total 120 tons of rubber
granulate is used on one artificial-turf soccer field, and every
year, another 300 kg is added to maintain the field.4 The
recycling of rubber tires reduces the overall burden of rubber
waste on landfills but by using these rubber granulates on
artificial-turf soccer fields they are transferred and reintroduced

to a new environment. Various studies revealed that rubber
granulates contain carcinogenic polycyclic aromatic hydro-
carbons (PAHs) in concentrations up to 20 mg/kg.4−6 In
addition to PAHs, multiple chemical additives have been
reported to be present in rubber granulates such as
benzothiazoles, phthalates, metals, and bisphenol A.4−6 A
recent literature review by Perkins et al.,7 identified 306
chemical constituents of rubber granulate used as infill material
in synthetic turf athletic fields. No information was provided
on the prevalence of chlorinated paraffins (CPs). In this study
we will focus on the presence of CPs in end-of-life care tires,
and the recycled products rubber granulates and playground
tiles. CPs are complex mixture of chlorinated alkanes and are
globally used in high volumes in high temperature lubricants,
metal cutting fluids, sealants, and as a flame retardant and
plasticizer.8 Based on their carbon chain length, the CPs are
divided in three subgroups: short-chain CPs (SCCPs, ≤C13),
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medium-chain CPs (MCCPs, C13−C17), and long-chain CPs
(LCCPs, ≥C18). Due to their worldwide presence in the
environment and their persistency and bioaccumulative
properties and toxicity to aquatic organisms, SCCPs are
under restricted by European Union (EU), and the U.S.
Environmental Protection Agency (EPA) proposed significant
new use rule for certain SCCPs.9 In 2017, SCCPs were
designated as persistent organic pollutants (POPs) and listed
in annex A of the United Nations Stockholm Convention.10

These regulations have led to a shift in use and production to
higher chlorinated paraffins.11 Beside the SCCPs, MCCPs are
ubiquitously detected in different environmental compart-
ments.8−12 Limited environmental data is available on LCCPs.
Based on the relatively limited toxicity data available for
LCCPs, they seem to be less toxic to organisms compared to
SCCPs and MCCPs.13 LCCPs have recently been detected in
human blood (up to 530 ng/g lipid weight)14 from China and
in wildlife samples from China and Sweden with levels up to
10 μg/g lipid weight, whereby in one of the biota samples from
Sweden LCCPs were dominant.15,16 These findings may
highlight the importance to include LCCPs in measurement
programs for CPs.
Data on the presence of CPs in car tires, rubber granulates,

and recycled playground tiles are lacking. Wang et al.17 were
the first to report the occurrence of CPs in 15 car tires
purchased in China with average SCCP and MCCP
concentrations of 106 and 442 μg/g, respectively. Cao et
al.18 analyzed dust collected from synthetic turf sport courts
and reported geometric mean concentrations for SCCPs and
MCCPs of 101 and 241 μg/g, respectively. In both studies
LCCPs were not analyzed. The presence of CPs in car tires,
recycled rubber granulates, and playground tiles may imply a
risk for potential human and environmental exposure.
Therefore, we investigated the presence of SCCPs, MCCPs,
and LCCPs in end of life car tires, recycled rubber granulates
and playground tiles, to assess CP concentrations and
congener patterns. Furthermore, we will address the challenges
and importance of quantifying the wax-grade LCCPs (average
carbon chain length of approximately C25).

■ MATERIALS AND METHODS
Information about the standards, chemicals and suppliers is
provided in the Supporting Information (SI) of this manu-
script.
Sample Collection. In total 25 samples were included in

this study. Ten end of life car tires were collected from a garage
in Postbauer-Heng (Germany), which consist of five different
brands, manufactured at 10 different countries between 2006
and 2014(see SI Table S1).Rubber granulates were collected
from nine artificial-turf soccer fields in the area of Amsterdam,
The Netherlands. Approximately 100 g of rubber granulates
were randomly collected from three different spots on each
soccer field. Six new recycled playground tiles, five purchased
in The Netherlands and one from Spain were analyzed. For
playground tiles and car tires a sample of 6 × 6 cm was taken
and homogenized into small particles (<3 mm). Samples were
collected in prerinsed (hexane and acetone) glass flasks and
stored in the dark at room temperature prior analysis.
Sample Pretreatment. The samples were washed with

Milli-Q water and dried with Kimwipes and nitrogen gas, prior
to analysis, to remove dust and soil. For each of the three
sample matrices (car tires, rubber granulates, and playground
tiles) one duplicate samples was included. The CP extraction

was based on the method recently used for the extraction of
CPs from domestic rubber and polymeric products in China
described by Wang et al.17 Approximately, 1 g precut rubber
sample was extracted with 10 mL dichloromethane/hexane
(1:1, v/v) for 20 min in an ultrasonic bath. This extraction step
was repeated twice and extracts were combined in a new
preweighed sample tube. The extract was 100 times diluted in
hexane before cleanup. Cleanup was performed using multi-
layer columns fitted with a plug of silanized glass wool, and
filled from the bottom with 0.5 g of activated silica, 3.0 g of
40% (v/v) sulfuric acid silica, and 0.5 g of sodium sulfate, and
washed with 10 mL of hexane. The diluted extract was
quantitatively transferred to the column and the first fraction
eluted with 10 mL of hexane was discarded. The fraction
containing the CPs was eluted with 20 mL of dichloro-
methane/hexane (3:7, v/v) and evaporated to a volume of 0.5
mL at 30 °C under nitrogen and quantitatively transferred to a
1.5 mL glass vial. The fraction was evaporated to dryness and
reconstituted in 0.5 mL acetonitrile, 50 μL 13C10-dechlorane
plus was added as injection standard (2000 ng/mL).

Measurement of the CPs. The CP analysis was
performed using a slightly adopted analytical method
previously developed by Bogdal et al.19 Briefly, 10 μL of the
cleaned rubber extracts was directly injected into the
quadrupole time-of-flight mass spectrometry (qTOF-HRMS)
(Compact, Bruker, Bremen, Germany) operating in negative
atmospheric pressure chemical ionization (APCI) mode. The
injection was performed with an Agilent 1290 infinity HPLC
system (Agilent Technologies, Amstelveen, The Netherlands)
using acetonitrile with 10% dichloromethane (v/v) as eluent
with an isocratic flow of 250 μL/min. The 10% dichloro-
methane solution was used as dopant to enhance the formation
of [M+Cl]− fragments to increase the sensitivity of the CP
detection in the negative APCI mode.19 Detailed settings of
the QTOF-MS are given in SI Table S2.
The mass spectrometer was operated in negative ionization

mode and full scan data was collected from m/z 200−1500 at a
minimal resolution of 25 000 fwhm (full width at half-
maximum). Internal mass calibration was performed for each
injection using the Agilent APCI-L low concentration tuning
mix (part no: G1969-85010). In total, 792 m/z ratios were
extracted from the full scan mass spectra using Bruker TASQ
client 1.4. The 792 m/z ratios are related to the two most
abundant [M+Cl]− ions of the CP isotope cluster correspond-
ing to the CP congener groups with chain lengths of C7Cl3 to
C30Cl30. Because no chromatographic separation was per-
formed, potential mass interferences from the matrices might
occur. Therefore, only mass values with a signal above 3 times
the signal-to-noise (S/N) with a mass error below 5 ppm and
an ion ratio deviation below 10% between the two most
dominant m/z signals of the CP isotope cluster, were extracted
from the full scan spectra.20

Quantification and Deconvolution. Quantification of
CPs was performed using the deconvolution algorithm
developed by Bogdal et al.19 The CP pattern measured in
each sample was reconstructed from the CP patterns of the
eight technical CP mixtures using a deconvolution algorithm.
The relative contribution of the technical CP mixture was then
used to calculate the CP concentrations by using external
calibration standards, considering the known concentration of
the technical CP mixtures. An example of the deconvolution is
given in SI Figure S1. Detailed information on the
deconvolution procedure can be found in the Supporting
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Information of Brandsma et al.21 The reconstructed CP pattern
(i.e., the pattern recomposed with the estimated contribution
of each CP mixtures), was compared to the initial CP pattern
of the analyzed sample to determine the goodness of fit (R2). A
R2 > 0.5 indicate acceptable deconvolution (good agreement
between reconstructed and initial CP pattern), whereby
samples with an R2 < 0.5 will be reported as indicative
value.19,21

Quality Assurance and Quality Control. To investigate
the background levels in our laboratory, 10 blanks were
included and randomly analyzed in each batch of samples. The
highest blank level observed for the SCCPs was 0.4 ng absolute
amount (abs), for the MCCPs 1.1 ng abs, and 0.2 ng abs for
the LCCPs. The limit of quantification (LOQ) was calculated
from the concentration of the lowest standard, when it was a

least 10 times the signal-to-noise ratio, or by 3 times the blank
level. Based on an average sample intake of 0.01 g (1 g, 100
times diluted) this resulted in a LOQ for the SCCPs of 200
ng/g, for the MCCPs of 330 ng/g and for the LCCPs of 60
ng/g. Three recovery standards with known concentration
were included which contained all eight commercial SCCP,
MCCP, and LCCP standards. The recovery standards
underwent the same extraction, cleanup, and analysis
procedures as the rubber samples. Acceptable recoveries
were observed for the SCCPs, MCCPs, and LCCPs with
mean levels of 107 ± 8%, 108 ± 21%, and 96 ± 7%,
respectively. Throughout the cleanup the samples were
evaporated to dryness and redissolved in acetonitrile. To
investigate if this evaporation step would result in concen-
tration losses of the CPs, we have evaporated three standard

Figure 1. Measured relative contribution of the LCCPs observed in, (A) NIST SRM2585 dust sample, (B) car tire from Slovenia (CT9), and (C)
car tire from Brazil (CT6). The LCCP patterns in the samples are normalized to 100%. Figure 1D show the reconstructed pattern based on
deconvolution of the technical CP mixtures LCCP 36%CL and 49% Cl. The goodness of fit (R2) of the deconvolution is also given.
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solutions containing known CP concentrations, to dryness and
redissolved them in acetonitrile and measured their concen-
trations. The recoveries of the evaporation step for the SCCPs,
MCCPs, and LCCPs were 112 ± 16%, 106 ± 27%, and 121 ±
3%, respectively, which indicated that no losses of CPs occur

during the evaporation step. Furthermore, matrix interferences
were investigated whereby four analyzed samples from each
sample group (car tires, rubber granulates, and playground
tiles) were spiked with known CP concentrations (SI Table
S3). The average recovery for SCCPs (n = 9) was 129 ± 15%,

Figure 2. Total SCCPs, MCCPs, and LCCPs concentration in μg/g measured in car tires (CT), rubber granulates (RG), and playground tiles
(PGT). CT2.1 and CT2.2, RG4.1 and RG4.2, PG5.1 and PG5.2 are duplicate analysis.

Table 1. Total SCCPs, MCCPs, and LCCPs Concentration in μg/g Measured in Car Tires (CT), Rubber Granulates (RG), and
Playground Tiles (PGT)a

SCCPs (μg/g) R2 %Cl MCCPs (μg/g) R2 %Cl LCCPs (μg/g) R2 %Cl

CT1 0.8 0.8 60% 1.7 0.9 52% <0.1 0.9 51%
CT2.1 0.4 0.5 57% 1.4 0.9 52% <0.1 0.7 49%
CT2.2 0.5 0.6 59% 2.3 0.8 53% 1.2 0.2 48%
CT3 <0.2 0.8 59% 1.3 0.8 52% <0.1 0.9 50%
CT4 <0.2 0.8 58% 1.2 0.9 53% <0.1 0.8 48%
CT5 0.7 0.8 60% 15 0.8 51% 1.8 0.9 48%
CT6 0.3 0.6 58% 3.1 0.8 50% 3.5 <0.1 53%
CT7 1.8 0.8 58% 60 0.8 50% 5.2 0.8 47%
CT8 0.6 0.8 60% 4.6 0.8 53% 1.4 0.1 48%
CT9 0.6 0.4 59% 2.4 0.9 53% 1.5 <0.1 39%
CT10 0.3 0.9 57% 3.6 0.8 52% <0.1 <0.1 52%
RG1 4.8 0.6 61% 14 0.8 52% 2.4 0.8 48%
RG2 9.1 0.2 64% 31 0.8 52% 4.1 0.8 50%
RG3 2.2 0.8 59% 9.5 0.9 53% 1.1 0.9 51%
RG4.1 7.2 0.1 65% 9.4 0.9 53% 1.3 0.6 51%
RG4.2 6.1 0.3 64% 8.1 0.9 53% 1.2 0.7 51%
RG5 2.1 0.8 58% 14 0.8 51% 0.9 1.0 50%
RG6 2.3 0.8 58% 26 0.7 51% 3.8 0.9 48%
RG7 6.2 0.8 59% 36 0.8 52% 5.0 1.0 49%
RG8 7.8 0.7 58% 54 0.8 51% 5.2 0.9 49%
RG9 2.7 0.8 57% 22 0.7 51% 2.9 1.0 48%
PGT1 1.9 0.8 59% 17 0.8 51% 1.3 1.0 48%
PGT2 2.6 0.6 59% 51 0.9 51% 6.1 0.5 47%
PGT3 4.8 0.7 56% 13 1.0 52% 1.0 0.8 50%
PGT4 4.7 0.8 58% 10 0.9 52% 0.7 0.8 49%
PGT5.1 6.3 0.5 59% 16 1.0 51% 0.9 0.9 50%
PGT5.2 6.5 0.4 57% 20 1.0 53% 0.9 0.9 51%
PGT6 25 0.8 58% 26 0.9 55% 24 0.5 50%

aGoodness of fit (R2) below 0.5 are given in italic, which indicates that the reported value is indicative. CT2.1 and CT2.2, RG4.1 and RG4.2, PG5.1
and PG5.2 are duplicate analysis.

Environmental Science & Technology Article

DOI: 10.1021/acs.est.9b01835
Environ. Sci. Technol. 2019, 53, 7595−7603

7598

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b01835/suppl_file/es9b01835_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b01835/suppl_file/es9b01835_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b01835


for MCCPs (n = 9) 106 ± 18%, and for LCCPs (n = 9) 102 ±
27%, which indicates that the results were not influenced by
matrix interferences. Elevated recoveries were observed for
some of the SCCP spiked samples, possibly resulting in an
overestimation.
Unfortunately, no certified reference sample is available for

CPs in rubber. However, recently the presence of SCCPs and
MCCPs in the NIST SRM2585 dust sample was investigated
by Shang et al.22 Therefore, in our study the NIST SRM2585
dust sample was included and analyzed with the same method
used for the rubber samples. The average SCCPs and MCCPs
levels observed in SRM2585 (n = 12) by Shang et al.22 were
7.6 ± 0.4 μg/g and 16 ± 2.1 μg/g, respectively. This is
comparable with the average CP levels (n = 3) observed in our
study, 7.1 ± 0.2 μg/g (R2 = 0.93) for the SCCPs, 10 ± 0.2 μg/
g (R2 = 0.71) for the MCCPs. Especially considering that the
between lab coefficient of variation (CV) of the laboratory
exercises organized between 2011 and 2017 were 23−137%23

and that two different analysis techniques are used, the GC−
MS operated in electron capture negative ion (ECNI)
chemical ionization mode by Shang et al.22 and the APCI-
qTOF-MS method in our study. In addition to CPs various
other chlorinated compounds have been detected in the NIST
SRM2585 dust sample. The use of the low resolution (LR)
GC-ECNI-MS method may not be able to resolve these
chlorinated compounds interferes from CPs, which could
result in an overestimation of CP concentrations. This may
also explain the lower MCCP levels observed in our study
compared with the study of Shang et al.22 Beside SCCPs and
MCCPs, the LCCPs were also detected in the NIST SRM2585
with an average concentration of 16 ± 0.4 μg/g (R2 = 0.01) for
the C18−C30 (SI Table S4). LCCPs have not been reported
before in the NIST SRM2585 dust sample. Therefore, no
comparison could be made with literature data.
Quantification Challenges of the Wax-Grade LCCPs.

The carbon pattern of the LCCPs in the NIST SRM2585 was
dominated by C23−C24-congeners, which indicated that this
material contain wax-grade LCCPs (Figure 1A). Similar LCCP
patterns, dominated by higher carbon congeners like C24, C25,
or C26, have been observed in two car tire samples from Brazil
(CT6) and Slovenia (CT9) in this study (Figure 1B and C).
Standards containing the wax grade LCCPs are currently not
available. Therefore, quantification based on the deconvolution
method of Bogdal et al.19 where the CP patterns measured in
the sample are reconstructed by the CP patterns in the
technical mixtures resulted in a low R2. Examples of
reconstructed patterns are given in Figures 1C and D for the
car tire sample (CT6). The reported values for the LCCPs in
the NIST SRM2585 and in the two car tires samples are
therefore reported as indicative values. Overall, this highlights
the demand for LCCP standards or technical mixtures that
contain wax-grade LCCPs.

■ RESULTS AND DISCUSSION
CPs in Car Tires, Rubber Granulates, and Playground

Tiles. CPs were detected in all rubber samples analyzed, with
∑CP(C10−C30) concentrations ranging 1.5−67 μg/g (median
4.0 μg/g) in end-of-life car tires, 13−67 μg/g (median 24 μg/
g) in the recycled rubber granulates and 16−74 μg/g (median
23 μg/g) in playground tiles (Figure 2, Table 1, SI Table S5).
MCCPs were predominant with an average contribution of
72% followed by the SCCPs (16%) and LCCPs (12%). The
MCCP levels range from 1.2 to 60 μg/g in the car tires, 8−54

μg/g in the rubber granulates, and 10−51 μg/g in playground
tiles. The goodness of fit (R2) of all MCCPs levels in the 25
samples was >0.7. With the exception of the playground tile
sample no. 6 (PGT6; 24 μg/g), the LCCP levels in the car tires
(<0.1−5.2 μg/g), rubber granulates (0.9−5.2 μg/g) and
playground tiles (0.7−6.1 μg/g) were all in the same range.
LCCP levels for five of the 25 samples were reported as
indicative values because of the low goodness of fit (R2 < 0.5).
In the car tires samples, the SCCP levels (<0.2−1.8 μg/g) were
significantly lower than in the rubber granulates (2.1−9.1 μg/
g) and the playground tiles (1.9−25 μg/g) with P < 0.001 and
P < 0.05 (ANOVA), respectively. The SCCP levels for four
samples were reported as indicative value (R2 < 0.5). No
explanation could be given for the significantly lower SCCP
levels observed in the car tire samples. A relatively high
variation of the CP concentrations in the car tires was observed
compared to the recycled products (rubber granulates and
playground tiles), probably because these products are
composed of a mixture of multiple tires with high and low
CP concentrations. CPs with carbon chain lengths lower than
C10 were recently found for the first time in sediment samples
from China24 and Sweden.25 Only in one of the rubber
samples, playground tile (PGT6), a C9 CP was observed (SI
Figure S2), which contributes 2% to the total SCCP
concentration in this sample. This indicates that CPs with
carbon chain lengths below C10 are present in products and
should therefore be included in the measurements of CPs.
The presence of CPs in the car tires, in comparable

concentrations ranges to rubber granulates and playground
tiles, indicates that CPs were already present in the car tires
and not introduced during the shredder or molding process.
CPs are used in many applications as plasticizers, lubricants, or
flame retardants.8 Although, in the European environmental
risk assessment report on LCCPs from 2009, it was stated that
CPs are not used in car tires, CPs are typically used for their
flame retarding properties in rubber.26 The amount of CPs
added in rubber ranges in general from 1 to 4%, but increases
up to 15% for specific applications.26,27 In our study, the CP
levels in the car tires were orders of magnitude lower than the
application levels (1−4%) needed to provide flame retardancy
(Figure 2, Table 1). The application or source of CPs in the
tires is currently unclear, and the addition at low levels as
(secondary) plasticizer or softener cannot be excluded. CPs are
used in high percentages (up to 15%) in industrial rollers
covering and rubber conveyer belts and were proven to leach
from blender components such as self-lubricating bearing,
polymer washers, and polymer coatings.26,28 Therefore, it can
be postulated that CP contamination of the car tires could take
place during the manufacturing process.
Data on CPs in rubber car tires, rubber granulates, and

playground tiles are scarce and no data exists on LCCPs. Wang
et al.17 detected SCCPs and MCCPs in 15 car tires purchased
in China with average concentrations of 106 μg/g and 442 μg/
g, respectively. The average levels reported by Wang et al.17 for
SCCPs and MCCPs are 100 times higher than the levels
observed in car tires in our study, although still below the levels
needed to provide flame retardancy or use as plasticizer. The
concentrations reported for the CPs in car tires from China
showed large variations between samples where the SCCPs
ranged from <7.2 to 603 mg/kg and for MCCPs from <20 to
4850 mg/kg. The highest concentration in one of the car tires
from China was 10 times higher than the second highest
concentration, which influences the average CP value
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significantly. Even when excluding the highest concentration,
the average CP value was still an order of magnitude higher
than in our study. The high variation in CP concentrations
observed in car tires could also be an indication that the CPs
were not added to the car tires to improve the physical or
chemical characteristics of the tires but might be a
contamination during the manufacturing process.
Cao et al.18 measured CPs in dust collected from synthetic

turf fields. The geometric mean (GM) of the SCCP and
MCCP levels in the dust collected from the synthetic turf field
are 101 μg/g and 241 μg/g, respectively. The synthetic turf
blades (synthetic grass) were also analyzed and contained
higher SCCP and MCCP levels with a GM of 260 and 632 μg/
g, respectively. The rubber granulates used as filling on the
synthetic turf field were not analyzed, and therefore, no
comparison could be made with our study. However, the CPs
levels in dust from the synthetic turf field reported by Cao et
al.18 were an order of magnitude higher than those in the
rubber granulates in our study.
Congener Group Patterns. The SCCP, MCCP, and

LCCP congener group patterns based on carbon length and
chlorine atoms is shown in Figure 3. The calculated
chlorination degree of the SCCPs, MCCPs, and LCCPs
ranged from 57 to 65%, 50−55%, and 39−53%, respectively
(Table 1). Comparable carbon and chlorine homologue
patterns were observed for the MCCPs in all rubber samples,
and these were dominated by C14 (44%), followed by C15
(27%), C16 (17%), and C17 (12%), with Cl6 (34%) and Cl7
(25%). These findings, whereby C14 is the predominant chain

length, are comparable with the homologue pattern of the
commercial technical mixture (MCCP, 52%Cl), which is
dominated by C14 (67%) followed by C15 (26%), with Cl6
(34%) and Cl7 (33%) although the percentage of C14 is the
rubber samples (44%) is lower. Data on MCCPs in rubber or
other plastics are limited and only Wang et al.17 reported
MCCPs in Chinese rubber samples (car tires, rubber tracks,
and conveyor belts), which were also dominated by the C14-
congeners, although with higher chlorine substitution (Cl7 and
Cl8). This pattern was comparable with that of the technical
CP product (CP-52), one of the common technical mixtures
used in China.17 The individual chlorination degrees of the CP
groups were not provided, although the combined values of
SCCPs and MCCPs in the car tire samples ranged from 60.5 to
62.5%. In general, the MCCP homologue pattern observed in
our study was not unique, and comparable carbon and chlorine
homologue MCCP patterns have been shown in various
samples all over the world such as in sediment,24,25 sewage
sludge samples,21 house dust,22,29 wildlife,15,16 human blood,14

and in technical CP products used in Europe and China.
In contrast to the MCCPs, variation in the carbon and

chlorine homologue patterns was observed for the SCCPs and
LCCPs in the rubber samples analyzed in our study (Figure 3).
In general, SCCPs were often dominated by C13 (40%) and
C12 (26%) with Cl6 (32%) and Cl7 (24%). Exceptions were
found in car tires from France (CT1) and China (CT2.1 and
CT2.2), which were dominated by C11. In the car tire sample
from Slovenia (CT9) the C10, C11, C12, and C13 were more or
less equally distributed. The SCCP carbon chain length profile

Figure 3. SCCP, MCCP, and LCCP carbon and chlorine homologue pattern observed in the in car tires (CT), rubber granulates (RG) and
playground tiles (PGT). CT2.1 and CT2.2, RG4.1 and RG4.2, PG5.1 and PG5.2 are duplicate analysis.
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observed in the single car tire from China were comparable
with those reported by Wang et al.,17 who observed that the
average contribution of C11-congeners, in the 15 car tires
analyzed, was higher than that of the C13-congeners. An
irregular chlorine pattern for the SCCPs was observed in two
rubber granulate samples (RG2 and RG4) as shown in Figure
4. These two samples (RG2 and RG4) contained not only the
lower chlorinated congeners Cl5, Cl6 and Cl7, but also the
higher chlorinated ones Cl8, Cl9, Cl10, and Cl11, resulting in a
“double” chlorine pattern (Figure 4), which was in contrast
with the chlorine homologue patterns observed in the other
samples (all dominated by Cl6 followed by Cl7 and Cl5). This
“double” chlorine pattern observed in the rubber granulates is
probably caused by the worldwide use of various technical CP
products with different SCCP patterns. Through recycling of
the car tires after end-of-life, these different technical mixtures
end up as a mixture in the “new” recycled products, such as
rubber granulates. The pattern in these two rubber granulate
samples (RG2 and RG4) could therefore not be reconstructed
with the commercial available SCCPs standards, which
resulted in R2 < 0.5.
The LCCP patterns in the car tires, rubber granulates and

playground tiles are shown in Figure 3 and were dominated by
C18 and C19 with Cl7, Cl8, and Cl6. However, in some car tires
and playground tiles, different patterns were observed.
Especially in the car tire samples from Brazil (CT6) and
Slovenia (CT9), where C25 and C26-congeners were dominant,
which indicates the presence of wax-grade LCCPs (average
carbon chain length of approximately C25) (Figure 1). The car
tire sample from Brazil (CT6) contained higher chlorinated
congeners (dominated by Cl12) compared to the car tire
sample from Slovenia (CT9), which was dominated by Cl7.
The car tire sample from China (CT2) and the playground
tiles samples (PGT2 and PGT6) also contain longer carbon
length congeners up to C29 which were dominated by C18 and
C19. Overall, data on the presence of LCCPs is scarce and to
our knowledge, no data exist on LCCPs in rubber. However,
the presence of LCCPs has recently been reported in
Scandinavian terrestrial birds and mammals16 with chain
lengths up to C30. LCCPs up to C23 were also detected in
human blood (up to 530 ng/g LW) from China.14 These
results indicate that LCCPs have a bioaccumulative potential,
which highlights the importance of including LCCPs in the
measurement of CPs.
Human and Environmental Exposure. This study shows

the presence of a new POP (SCCPs) in recycled products
(rubber granulates and playground tiles). Although, CPs were

observed in all rubber samples analyzed with levels up to 75
μg/g, the levels were far below the regulatory limit set by the
European Commission of 0.15% for SCCPs.30 No regulatory
limits are set for the MCCPs and LCCPs. Limited information
is available on the exposure route of CPs from rubber and
further research is needed to investigate the migration and
leaching behavior of CPs from rubber materials to evaluate the
potential human exposure to CPs In addition to CPs, multiple
toxic additives have been detected in rubber granulates, for
example benzothiazoles, phthalates, metals, bisphenol A, and
PAHs.4−7 Evidence has been found that combined human
exposure to PAHs and SCCPs results in an additive effect on
the overall metabolism.31 Therefore, risk assessment should
not only focus on the individual compounds present in the
rubber, but should also address possible synergistic/additive
effects.
The presence of CPs in car tires may be an additional source

of CPs in the environment. Car tires are worn out after
approximately 40 000 km and generate tire wear particles
(TWP) during use.32 The amount of TWP generated in the
European Union is estimated at 1 327 000 tons annually.33

Based on the ∑CPC10−C30 concentrations in car tires (ranging
from 1.5 to 67 μg/g) and the estimated TWP generated in the
European Union, a rough estimate of CP exposure to
environment in the European Union is between 2.0 and 89
tons annually. It has also been suggested that based on the
maximum estimate, TWP could be seen as an important source
of contamination for CPs. Previous emission estimates for
SCCPs included the use in rubber but did not include the use
in car tires.34 To our knowledge, equivalent estimates for
MCCPs and LCCPs are not available although the European
Assessments of MCCPs and LCCPs estimated environmental
concentrations for air and water.26,35 This new data may
indicate that a reassessment of sources of CPs to the
environment, particularly for MCCPs and LCCPs, should
include use in car tires. The total registered manufacture and
import of CPs in Europe is indicated between 10 000 and
100 000 tons annually.8 This indicates that a maximum of 1%
of the total manufactured and imported CPs in Europe could
enter the environment through TWP from car tires.
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