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ence of chlorinated paraffins in
consumer products†
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Short-chain chlorinated paraffins (SCCPs) were listed for elimination under the Stockholm Convention in

2017 due to their persistence and toxicity. Although Canada and other Stockholm signatories have

prohibited the manufacture, usage and import of SCCPs since 2013, they can still be detected at high

concentrations in indoor dust. To identify the sources of the SCCPs in the Canadian indoor environment,

short-, medium- and long-chain chlorinated paraffins (SCCPs, MCCPs, LCCPs, respectively) were

measured using a sensitive LC-ESI-orbitrap method. SCCPs were detected in 84 of the 96 products

purchased in Canada after 2013 (87.5%) including electronic devices, clothing, plastics (toys), and

paintings. Concentrations of SCCPs were up to 0.93% (9.34 mg g−1). SCCPs were also detected in newly

purchased toys at 0.005–2.02 mg g−1, indicating the potential for children's exposure. Profiles of

chlorinated paraffins differed among categories of products. For example, C13-SCCPs were most

common in toys, while electronic devices like headphones showed comparable concentrations of

SCCPs and MCCPs. Additionally, four new carboxylate derivatives of CPs were detected in an electronic

device sample. These are the first data to show the ubiquitous occurrences of SCCPs in a wide range of

products currently marketed in Canada, suggesting continuing indoor exposure to SCCPs despite their

prohibition.
Environmental signicance

Prohibited short-chain chlorinated paraffins were widely detected in indoor consumer products. Short-chain chlorinated paraffins (SCCPs) were listed for
elimination under the Stockholm Convention in 2017 due to their persistence and toxicity. Although Canada has prohibited the manufacture, usage and import
of SCCPs since 2013, we herein reported the widespread detection of SCCPs in Canadian consumer products. SCCPs were detected in 84 of the 96 products
purchased in Canada aer 2013 including electronic devices, clothing, plastics (toys), and paintings. SCCPs were also detected in newly purchased toys,
indicating the potential for children's exposure. These are the rst data to show the ubiquitous occurrences of SCCPs in a wide range of currently marketed
products, suggesting continuing indoor exposure to SCCPs despite their prohibition.
Introduction

Chlorinated paraffins (CPs) are a class of chlorinated n-alkanes
widely used in many products and applications.1 CPs are cate-
gorized into three classes according to their carbon chain
length, as short-chain (C10–C13, SCCPs), medium-chain (C14–

C17, MCCPs), and long-chain (C>17, LCCPs) CPs. CPs have been
widely detected in environmental matrices,2–5 wildlife,4,6,7 and
human milk and blood.8 Due to the concerns regarding their
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persistence, bioaccumulation potential and toxicity, SCCPs
were listed in 2017 as persistent organic pollutants (POPs)
under the Stockholm Convention in Annex A (elimination).9 It is
important to note that SCCPs are allowed for use at up to 1% by
weight in other CP mixtures and that the listing includes
numerous exemptions such as their use in the leather industry,
adhesives and as secondary plasticizers in exible polyvinyl
chloride, but exemptions do not include toys and children's
products.10 Canada prohibited the manufacture, sale, use, and
import of CPs in Canada under the Canadian Environmental
Protection Act in 2012. This regulation, which came into force in
March 2013,11 pertains to CPs as a feedstock and in nished
imported goods. They do not specify a “de minimus” or
threshold value above which the prohibition pertains, although
the regulation acknowledges that CPs could be present due to
incidental presence.

SCCPs have been widely detected in recently collected
Canadian indoor dust,12 a common human exposure route for
Environ. Sci.: Processes Impacts, 2023, 25, 893–900 | 893
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indoor contaminants. This suggests continuing emissions of
SCCPs indoors but the sources remain unknown. SCCPs have
been used in plastics, rubber and textiles as ame retardants, in
polyvinyl chloride (PVC), sealants, adhesives, paints, and
varnishes as plasticizers and ame retardants, and in leather as
a liquoring agent.13 Chen et al. estimated that the greatest use of
SCCPs in China was in PVC-based products such as the
sheathing of electrical cables, piping used in plumbing and in
vinyl ooring.14 Two previous studies from Europe that focused
on indoor products reported high concentrations of SCCPs in
hand blenders and baking oven doors.15,16 Recently, relatively
high concentrations of SCCPs were reported in hand wipes in
a Norwegian cohort.17 While these studies highlight human
exposure to SCCPs via indoor products, a systematic investiga-
tion of the occurrence of SCCPs in indoor products has not been
conducted to the best of our knowledge. More importantly, it is
critical to determine if SCCPs are continuously released from
products purchased in Canada since its prohibition in 2013.

The goal of this study was to identify typical consumer prod-
ucts likely to contribute to indoor levels of SCCPs. A sensitive
chloride-enhanced method with liquid chromatography electro-
spray ionization coupled to Orbitrap mass spectrometry (LC-ESI-
Orbitrap) was used to investigate the occurrences of SCCPs,
MCCPs, and LCCPs in 96 diverse indoor consumer products,
purchased in Canada aer 2013. Unexpectedly, SCCPs were
widely detected in various products despite their prohibition in
Canada since 2013. Since these products were largely manufac-
tured overseas for an international market, they are likely to be
an indoor source of SCCP exposure in other counties or regions
(e.g., US and European) as well.
Experimental section
Chemicals and reagents

Six standard technical mixtures of CPs (C10–C13, 51.5% Cl; C10–

C13, 63% Cl; C14–C17, 42% Cl; C14–C17, 57% Cl; C18–C20, 36% Cl;
C18–C20, 49% Cl) were purchased from LGC Standards (Man-
chester, NH, USA). Mass labeled 13C10-antidechlorane plus
(13C10-anti-DP) was purchased from Wellington Laboratories
(Guelph, Ontario, Canada). Ultrapure water, methanol,
dichloromethane and acetonitrile (HPLC grade) were purchased
from Fisher Scientic (Ottawa, ON, CA). Formic acid (mass
spectrometry grade) was purchased from EMO Millipore (St.
Louis, MO, USA). Ammonium chloride (ACS grade) was
purchased from Millipore Sigma (Oakville, ON, CA).
Sample collection and extraction

96 Indoor products including electric devices, plastic products,
toys, personal care products, and indoor furniture were
purchased in Toronto, Canada, or collected from Toronto
homes. All products were newly purchased in 2019 or purchased
at least one year aer the prohibition of SCCPs in Canada in
2013 (see Table S1† for more information). We were not able to
source most products with regard to whether they were
domestically manufactured or imported. Only the newly
purchased children's toys were conrmed to be imported. Solid
894 | Environ. Sci.: Processes Impacts, 2023, 25, 893–900
products were cut into 1–2 mm slices with scissors or scalpel on
a pre-cleaned metal surface in the lab. To avoid interference
from potential surface contamination, samples were collected
from at least 5 mm below the surface of each product, when
possible. However, contamination might have occurred for
fabrics and upholstery for which only surface samples could be
collected.

A simple sample extraction method was used for the analysis
of CPs due to the high sensitivity of the instrumental method.
Approximately 0.05–0.1 g of product samples was loaded into
1.5 mL Eppendorf tubes and spiked with 10 mL of 13C10-anti-DP
(1 mg L−1) as an internal standard. The samples were extracted
by shaking with 1 mL of dichloromethane for 30 minutes.18 200
mL aliquots of extracts were then blown to dryness under
a gentle stream of N2 and reconstituted in 1 mL of methanol for
instrumental analysis.

Chloride-enhanced LC-ESI-orbitrap analysis

Analysis of CPs was conducted with using a Q Exactive mass
spectrometry equipped with a Vanquish UHPLC system
(Thermo Fisher Scientic, USA). Separation of CPs was achieved
with Accucore Vanquish C18 column (50 × 2.1 mm, 1.5 mm,
Thermo Scientic). The Injection volume was 2 mL with 0.1 mM
ammonium chloride in ultrapure water (A) and 0.1 mM
ammonium chloride in methanol (B) as mobile phases. Initially
10% B was increased to 50% in 2min, then increased to 100% at
5 min and held static for 3 min, followed by a decrease to initial
conditions of 10% B and held for 1.5 min to allow for equili-
bration. Flow rate was 0.15 mL min−1. The column and sample
compartment temperatures were maintained at 40 °C and 4 °C,
respectively. Data were acquired in full MS mode. Parameters
for full scan (100–1500 m/z) switch mode recorded at resolution
R = 70 000 (at m/z 200) with a maximum of 3 × 106 ions
collected within 200 ms. Mass spectrometric settings for ESI
mode were as follows: spray voltage, 2.7 kV (ESI−) and 3.0 kV
(ESI+); sheath gas ow rate, 30 L h−1; auxiliary gas ow rate, 6 L
h−1; capillary temperature, 300 °C; and probe heater tempera-
ture, 325 °C. Calibration curves were generated using
a concentration series of 0.5, 1.0, 2.0, 3.9, 7.8, 15.6, 31.2, 62.5,
125, 250, and 500 ng mL−1, which showed strong linearity (R2 >
0.99).

Quality assurance/quality control

Contamination was minimized by rinsing all equipment with
ethanol. Product samples were all extracted in a single batch. A
total of six procedure blanks in the form of empty sampling
containers were incorporated into the analytical procedure.
Background signals detected in blanks were subtracted from all
samples for subsequent data analysis. Themean concentrations
of CPs detected in the blanks (n = 6) were 0.99, 3.4, and 0.77 ng
g−1 for SCCPs, MCCPs, and LCCPs, respectively. Accordingly,
the method detection limits (MDLs) of SCCPs (2.97 ng g−1),
MCCP (10.2 ng g−1) and LCCPs (2.31 ng g−1) were dened as
three times the mean concentration measured in the blanks.

Recoveries were determined for both toys (n = 3) and elec-
tronic wires (n = 3) which showed the highest concentrations of
This journal is © The Royal Society of Chemistry 2023
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CPs. Recoveries were also determined for hand cream (n= 3), as
a representative liquid sample. Specically, recoveries were
determined by spiking CP technical mixtures (10 mL of
a 5 mg L−1 solution) and an internal standard 13C10-anti-DP into
0.1 g of representative samples (PVC wire covering and plastic
children's toy) with relatively low levels of measured CPs. The
spiking concentration was about 10 times the concentration
measured in the samples. The averaged recoveries of SCCPs,
MCCPs, and LCCPs across three types of samples were deter-
mined to be 84.1 ± 9.7%, 80.0 ± 11.1%, and 80.1 ± 21.2%,
respectively (Table S3†). The recovery of the internal standard
13C10-anti-DP was 84.9 ± 21.5% across all 96 product samples.

Instrumental detection limits (IDL) for this study were
calculated based on multiple runs (n = 9) of the lowest concen-
tration of calibration standards (0.5 mg L−1) using eqn (1).

IDL ¼ ðt99%; n�1Þ
�
RSD

100%

�
ðconcentration of stdsÞ (1)

where t(99%, n−1) is the one-sided Student's t value at the 99%
condence level for n − 1 observations, and RSD is the relative
sample standard deviation in %.
Semi-quantication of CPs

As the only chemical standards commercially available for CPs
are technical mixtures, a semi-quantitative strategy derived
from the method of Reth et al. was employed.19 In brief,
a response factor (RF) was calculated for each technical mixture
based on the sum of normalized signals of individual CPs. This
was plotted against the total chlorine content of the mixtures to
make a calibration curve. The curves were then used to calculate
the RF of each sample based onmeasured chlorine content. The
details of the semi-quantication method can be found in the
ESI.†
Results and discussion
Analytical method development

To facilitate the analysis of CPs across diverse indoor products
consisting of different materials, a high-resolution mass
spectrometry-based analytical method robust against matrix
effects was established. While DCM-enhanced ionization has
been employed as a sensitive LC-MS method for the analysis of
CPs,17,20,21 a post-column pump is required to introduce
dichloromethane if chromatography is used to separate CPs
(Fig. 1A). Another method has used ammonium chloride as
a mobile phase additive for the analysis of chlorinated paraffins
with a Time-of-Flight (ToF) mass spectrometer.22 However, due
to the complexity of CPs with hundreds of homologues, the
resolving power of ToF is insufficient to discriminate isotopic
peaks of CPs from co-eluting interferences. For instance, a MS
resolution of >50 000 is required to discriminate isotopic peaks
of CPs from unsaturated CPs.23 Thus, the halide-enhanced
method was employed in this study together with the Orbitrap
mass spectrometer operating at 70 000 resolving power.

Multiple halides including Cl−, F− and Br− were tested as
additives, but ammonium chloride was found to produce the
This journal is © The Royal Society of Chemistry 2023
greatest improvement in sensitivity under ESI−. High sensitivity
was observed even at low concentrations of ammonium chlo-
ride (0.001–0.1 mM, Fig. 1B), while signals were decreased at
higher concentrations (>1 mM), likely due to the competition of
chloride with analytes from ESI spray droplet surfaces. Similar
to the DCM-enhanced method, stronger responses were
observed for CPs with higher chlorine contents across SCCPs,
MCCPs and LCCPs (Fig. 1C), probably due to the enhanced
acidities of hydrogens connected to chlorocarbons. While
signicant uctuations were observed across standard injec-
tions (e.g., CV = 29% for C11H18Cl6, Fig. 1D), good reproduc-
ibility was achieved when signals were normalized according to
the internal standard 13C10-antiDP (CV = 10% for C11H18Cl6,
Fig. 1E). The instrumental detection limits (IDLs) of this
method are 0.52, 0.41 and 0.48 mg L−1 for SCCPs, MCCPs, and
LCCPs respectively (Table S2†), 1–2 orders of magnitudes lower
than those using DCM enhanced ionization methods (10–200
mg L−1).20 In order to take advantage of the high sensitivity,
a ‘dilution and injection’ strategy was employed for the analysis
of CPs in indoor products, which involved simply diluting
sample extracts. Fortunately, no signicant matrix effects were
observed, and hence laborious SPE cleanup was not employed.
This reduced the matrix effects from a wide range of product
materials on CP ionizations under ESI−, thereby enhancing the
accuracy of quantication. With this strategy, sufficient method
detection limits (2.97, 10.2 and 2.31 ng g−1 for SCCPs, MCCPs
and LCCPs) and recoveries (84.9 ± 21.5% 13C10-anti-DP across
96 product samples) were achieved to detect CPs from most
investigated products (Tables S2 and S3†).
Ubiquitous detection of SCCPs in indoor products

Aer applying this method to indoor consumer products,
SCCPs were detected in 84 of all 96 samples (representative
chromatograms shown in Fig. 2). The total concentrations of
SCCPs ranged from <MDL-9.34 mg g−1 across all products, with
a median concentration of 0.61 mg g−1. These concentrations
were generally lower than those of MCCPs (<MDL-18.7 mg g−1)
but higher than LCCPs (<MDL-5.8 mg g−1) (ESI Data†). The
relatively lower concentrations of SCCPs than MCCPs were
consistent with a previous study on CPs in Canadian house
dust.12 Among 84 products, total concentrations of CPs were
detected above 10 mg g−1 for 27 of them (Fig. 3A), while the low
concentrations of CPs (e.g., personal care products) in other
products were likely the result of impurities or contamination
from plastic containers rather than intentional ingredients. The
highest concentrations of SCCPs, MCCPs and LCCPs were all
detected in two electronic devices, namely the outer plastic
sheath of a computer wire (product #21, 9.34 mg SCCPs per g,
18.7 mg MCCPs per g, and 5.79 mg LCCPs per g) and the outer
plastic coating of a headphone wire (product #7, 3.01 mg SCCPs
per g, 5.05 mg MCCPs per g, and 0.63 mg LCCPs per g) (product
photos were shown in Fig. S2†). The concentrations of SCCPs
and MCCPs in these two electronic devices were ∼1000 times
higher than those of SCCPs (0.006 mg g−1) and MCCPs
(0.019 mg g−1) measured in Canadian indoor dust,12 suggesting
that they could be important indoor sources. These results are
Environ. Sci.: Processes Impacts, 2023, 25, 893–900 | 895
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Fig. 1 Development of a LC-ESI-Orbitrap method for the analysis of chlorinated paraffins. (A) Comparison of the schemes of DCM and chloride
enhanced ionization. (B) The impacts of concentrations of NH4Cl in mobile phase on instrumental responses of chlorinated paraffins. Two
replicates were tested. (C) The stronger response factors for chlorinated paraffins with high chlorine content (highCl) compared to low chlorine
content (lowCl). (D) Variations of peak abundances of six representative CPs and internal standard (13C10-antiDP) across 3 spiked extracts and 9
injections. Sx_y indicates the yth injection of xth spiked extract. (E) Variations of abundances of six representative CPs after normalization by
internal standard 13C10-antiDP. Relative abundance was calculated by dividing peak intensities of CPs by 13C10-antiDP.
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also consistent with the reports of relatively high concentrations
and usage of CPs in PVC plastics collected in China.14,24 This
type of usage, particularly in headphone cables, provides
opportunities for human exposure directly through hand
contact with the cables (followed by hand-to-mouth transfer
and/or dermal transfer).

In addition to electronic devices, high concentrations of CPs
were also detected in several toys, with the highest concentra-
tions detected in a foam toy (product #91, Fig. S1†) at 2.02 mg
SCCPs per g, 3.41 mg MCCPs per g and 0.14 mg LCCPs per g.
CPs were also detected in toy packaging at relatively high
concentrations (0.12 mg SCCPs per g, 0.06 mg MCCPs per g and
0.002 mg LCCPs per g). The results were surprising, as all toys
896 | Environ. Sci.: Processes Impacts, 2023, 25, 893–900
were newly purchased in 2019, 7 years aer the prohibition of
use and/or importing of SCCPs in Canada. The nding of CPs in
toys has direct implications for exposure to infants and toddlers
by hand-to-mouth transfer and/or mouthing.25 Evidence indi-
cates that indeed, toddlers (0–4 years old) had exposures to
SCCPs (72 ng g−1 lipid weight in serum) that exceeded that of
adults in Australia.26

Proles of SCCPs, MCCPs and LCCPs are distinct across
products

The relative contributions of SCCPs (4.4–92%), MCCPs (7.5–
91%) and LCCPs (0.2–56%) varied across indoor products
(Fig. 3B). The highest percentage of SCCPs relative to total CPs
This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Representative chromatograms of SCCPs, MCCPs and LCCPs in standards (A, 10 mg L−1), extract of product #91 (B), and extract of product
#21 (C). Molecular formulae are shown in corresponding chromatograms.

Fig. 3 Concentrations and profiles of chlorinated paraffins in 27 indoor products with SCPs > 10 ppm. (A) Concentrations of CPs detected in
products. The top 6 products are highlighted. (B) Relative contributions of SCCPs, MCCPs and LCCPs to SCPs in different products.
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was detected at 92% in a shopping bag (#61), while the
percentages in electronic devices were from 28% (computer
wire covering, #21) to 35% (headphone wire covering, #7). This
suggests that different formulations of CPs were used in the
various products. This was further supported by correlation
matrix analysis at the homologue level indicating that different
products exhibited distinct proles (Fig. 4A). While the CP
proles of two electronic devices (Fig. S2,† Product ID #21 and
#7 as listed in Table S1†) covered a similarly broad range, C13-
SCCPs and C14-MCCPs dominated the prole in a toy sample
(#61). Generally, the same type of products showed stronger
correlations between concentrations of CP homologues, as
exemplied by two electronic devices: computer wire covering
(#21) and headphone wire covering (#7) (r2 = 0.81, p < 0.001,
Fig. 4B). Similarly, signicant correlations were also observed
between two products made of synthetic bers (#60 and #61, r2

= 0.77, p < 0.001), or two toys (#38 and #91, r2 = 0.68, p < 0.001),
while no signicant correlation was observed between #7 and
#61 (p= 0.98). This demonstrated that different formulations of
This journal is © The Royal Society of Chemistry 2023
CPs may be applied to distinct products. The discovery of
product-specic CP patterns might be used in future to
discriminate specic sources of CPs in indoor environments.
Detection of a new class of carboxylate derivates of CPs

Inspired by the high concentrations of CPs detected in electronic
devices including the computer wire covering (#21), we decided
to perform nontargeted analysis to check if other chlorinated
chemical additives might be detected in the same samples. To
achieve this, we employed an in-house R script to screen chlo-
rinated compounds by ltering peak features with characteristic
chlorine isotopic peaks.27,28 Four chlorinated compounds were
tentatively identied with this strategy, with similar retention
times between 7.08–8.23 min (Fig. 5A). Their m/z values differed
by 33.9602, which indicated that they were homologues with
different numbers of chlorine atoms. The formulae of these
compounds were predicted as C16HxCl4−7O2 within a mass error
of 2 ppm, by constraining the number of chlorine atoms
Environ. Sci.: Processes Impacts, 2023, 25, 893–900 | 897
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Fig. 4 Clustering of 27 indoor products with SCPs > 10 ppm. (A) Correlation matrix of products according to concentrations of chlorinated
paraffins. Only Homologues exceeding 1% of total concentrations were used for correlation analysis. The color is proportional to r2. (B)
Correlation analysis of 6 representative products. Note that the same type of products generally show stronger correlations.
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according to their isotopic peak patterns. For instance, the most
abundant compound detected at retention time 7.45 min andm/
z 391.0776, was determined to contain four chlorines according
to its isotopic peak pattern (0.77 : 1 : 0.49 : 0.11 : 0.01, Fig. 5B).
Accordingly, the formula of this compound was predicted as
C16H27Cl4O2 (0.64 ppm). To double check if these compounds
are carboxylates, alcohol or carbonyl compounds, MS2 spectra
were collected for these compounds. Unfortunately, no
Fig. 5 Detection of a novel class of carboxylic acid derivatives of chlorina
carboxylic acid derivatives and their proposed formulae. (B) High-resolu

898 | Environ. Sci.: Processes Impacts, 2023, 25, 893–900
informative fragments were detected to support their structure
assignment. We then checked the MS1 spectra in ESI+ mode, but
these compounds were not detected. As carbonyls including
ketones or aldehydes typically showed good ionization efficiency
in ESI+, the absence of signals in ESI+ excluded these compounds
as ketones or aldehydes. In addition, when pure methanol and
water were used as the mobile phase, the instrumental signals of
these compounds remain unchanged. This supported the class
ted paraffins in product #21. (A) Chromatograms of four representative
tion MS1 spectra of chemical C16H27Cl4O2.

This journal is © The Royal Society of Chemistry 2023
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of compounds as carboxylates, rather than chloride/acetate
adducts, or alcohols.

Using retention time and exact mass, we also manually
inspected the mass spectra of other indoor products but these
carboxylates were only detected in the computer wire covering
(#21). This product was purchased ve years before the sample
extraction, and thus carboxylate derivatives might be formed
through oxidation from CPs in the indoor environment. Indeed,
the autooxidation of both unsaturated and saturated fatty acids
have been well documented through radical reactions.29 Alter-
natively, as carboxylates were only detected for the C16 homo-
logues, these compounds might be produced as impurities of
chlorinated paraffins. It is well known that linear carboxylates
such as per- and polyuoroalkyl substances (PFAS), can mimic
endogenous fatty acids by binding to peroxisome proliferator-
activated receptors (PPARs) and lipid-binding proteins.30,31

Indeed, a previous study has reported the PPARa activities of
SCCPs by using a reporter assay.32 Future studies are warranted to
investigate the potential contribution of carboxylate derivatives to
the PPARa activities of CP mixtures.

Conclusion

While CPs were prohibited from manufacture, sale, use or in
imported nish goods in Canada under the Canadian Envi-
ronmental Protection Act which came into force in 2013, this
study revealed the ubiquitous detection of SCCPs, MCCPs, and
LCCPs in a wide range of indoor products purchased aer 2013.
While lower concentrations (<100 mg g−1) of CPs in some
indoor products might be from impurities, higher concentra-
tions of SCCPs, MCCPs, and LCCPs were detected in toys and
electronic devices of up to 0.93%, 1.9%, and 0.58% by weight,
which would seem to indicate intentional use. The presence of
SCCPs in these products is of particular concern as infants,
toddlers and young children are vulnerable to exposures from
such sources.

While Canada has legislative controls for CPs as noted above,
the presence of CPs (and possibly other “toxic” compounds) in
products clearly shows the challenge of ensuring compliance
with the regulation which requires on-going product testing
followed by punitive action against those contravening the
regulation such as importers. However, the analysis of CPs is
technically challenging, which poses difficulties to the imple-
mentation of a regulatory testing program. The results pre-
sented in this study demonstrate an urgent need for on-going
product testing (followed by enforcement) which could be
enabled by coordination between scientic communities and
government.

The source of these products was not clear, except for the
toys that were manufactured overseas. However, many of these
types of products purchased in Canada are manufactured for
international markets. As such, we believe that these would be
available in the US and European markets and worldwide. The
ubiquity of CPs in toys and electronic devices commonly used
worldwide could benet from concerted and coordinated
international efforts to stem their production and international
trade.
This journal is © The Royal Society of Chemistry 2023
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