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Chlorinated paraffins (CPs) are ubiquitously present in the environment due to their abundant production
and consumption. Information on CPs as part of indoor particles is very limited although a significant
amount of time is spent in indoor environments. Seventy-two indoor and 66 outdoor TSP/PM10/PM2.5 sam-
ples (particulate matters with aerodynamic diameter b100, 10, and 2.5 μm) from 24 homes of the Pearl
River Delta (PRD), China, were analyzed for CPs. PM2.5 were found to be the dominant particles both indoors
and outdoors. CPs were mainly distributed in PM2.5 that accounted for 89.1% and 93.0% of the total particles
indoors and outdoors, respectively. The geometric mean (GM) concentrations of medium-chain CPs
(MCCPs) exceeded those of short-chain CPs (SCCPs) (22.0 vs. 9.2 ng/m3 ) in all particle samples. Both
SCCPs and MCCPs in the indoor particles (GM: 13.4 and 30.9 ng/m3 ) were approximately twice as high as
in the outdoor environment (GM: 6.1 and 15.2 ng/m3 ). C11 and C14 carbon chains as well as six and seven
chlorine homologues were found to be predominant in all samples with average percentages of 43.0% and
55.4%, respectively. The estimated daily CP intakes via PM2.5 inhalation were 8.1–24.6 and 25.1–76.0
ng/kg·bw/day for all age subgroups based on both mean and 95th percentile concentrations of CPs. How-
ever, the estimated daily uptakes decreased to 4.4–16.4 and 13.5–50.6 ng/kg·bw/day, respectively, when
the deposition fractions of PM2.5 in the human lung were considered. Indoor PM2.5 attributed to 93.8% ex-
posure of CPs based on both total estimated daily intakes (EDIs) and estimated daily uptakes (EDUs), indi-
cating that the indoor PM2.5 exposure was very important. Infants and toddlers suffered higher exposure
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risks of CPs compared to other subgroups, indicating higher potential health risks; however, based on the
margin of the exposure analysis these risks could be ignored.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction

Chlorinated paraffins (CPs) are directly produced by the radical chlo-
rination of n-alkane feedstocks and are a complex mixture with chlori-
nation degrees ranging between 30% and 70% by weight (Tomy et al.,
1998). CPs can be classified into short-chain chlorinated paraffins
(SCCPs, C10–13), medium-chain chlorinated paraffins (MCCPs, C14–17),
and long-chain chlorinated paraffins (LCCPs, C18–30) according to their
carbon length. CPs are widely used as additives to many products,
such as coatings, paints, flame retardants, metal cutting fluids, plasti-
cizers, and sealants (Glüge et al., 2018; van Mourik et al., 2016; Xu
et al., 2014). CPs release into the environment as part of production,
storage, transportation, and use can occur, and might pose potential
risks to both the environment and human health (Glüge et al., 2016).
However, although CPs have been reported to have low acute toxicity
(Tomy et al., 1998), SCCPs have been reported to be carcinogenic to
rats and mice (Wyatt et al., 1993), chronically toxic to aquatic biota
(Ali and Legler, 2010), adverse to the metabolism and viability of
human hepatomaHepG2 cells (Geng et al., 2015), and have potential ef-
fects as endocrine disruptor (Endocrine Disrupters, 2018). Furthermore,
the environmental persistence (Zeng et al., 2012), bioaccumulation
(Yuan et al., 2017; Zeng et al., 2015), and long-range transportation
(Saborido Basconcillo et al., 2015; Wu et al., 2017) of SCCPs were suffi-
ciently documented.

Consequently, SCCPs were added to the Annex A of the Stockholm
Convention for Persistent Organic Pollutants in April 2017 (UNEP,
2017). However, until today, neither production nor usage of CPs are re-
stricted in most developing countries, although actions to regulate
SCCPs have been conducted in several developed countries such as the
United States, European countries, and Canada (ECHA, 2018; USEPA,
2009). China is both the largest producer and consumer of CPs with a
production of 1.05million tons accounting for 15% of the global produc-
tion in 2013 (Glüge et al., 2016; vanMourik et al., 2016; Xu et al., 2014).
Therefore, the investigations of the environmental contaminations and
the associated human exposure risks of CPs in China are urgently
required.

The Pearl River Delta (PRD) is the biggest economic hub in China.
During N40 years of accelerated economic development andmajor con-
sumption of chemical products, the resulting large-scale pollution has
becomea severe problem for the sustainable development of thedistrict
(Lang et al., 2007; Li et al., 2007). However, only one study reported at-
mospheric and soil contamination of CPs in the PRD, in which the aver-
age concentrations of SCCPs andMCCPs in outdoor air samples were 5.2
and 4.1 μg/sampler, respectively (Wang et al., 2013). Elevated CP con-
centrations in the indoor environment have been reported as compared
with outdoor environment concentrations in Stockholm, Sweden
(Friden et al., 2011) as well as Beijing, China (Gao et al., 2016; Huang
et al., 2017). Humans spendmost of their time in indoor environments,
which is especially true for children and elders (Yu et al., 2012). How-
ever, limited data are available on the occurrence, behavior, and risk po-
tential of CPs in the indoor atmosphere (Friden et al., 2011; Gao et al.,
2018). Since SCCPs have known toxic effects on humans, investigations
of the indoor contamination of CPs with regard to human exposure are
essentially important. Unfortunately, such studies are very rare with
few examples conducted in Sweden (Friden et al., 2011) and North
China (Gao et al., 2018; Shi et al., 2017).

As semi-volatile organic compounds (SVOCs), CPs are generally
absorbed by air particulates, e.g., as inhalable particles (Hassanvand
et al., 2015). Particulate matters (PMs) with aerodynamic diameters
below 10 and 2.5 μm (PM10 and PM2.5) can be inhaled, and have many
adverse effects on human health, especially PM2.5, which can be
adsorbed byboth bronchioles and alveoli via inhalation, andmay induce
severe respiratory and cardiovascular problems (Holloman et al., 2004;
Wang et al., 2017).

Therefore, to understand the role of PM2.5, especially as part of in-
door air particles for in the human exposure to CPs in children and el-
ders in the PRD, the present study mainly: (a) determined the mass
concentrations of PMs, including total suspendedparticles (TSP, aerody-
namic diameter ≤ 100 μm), PM10, and PM2.5 in both indoor and outdoor
environments in the PRD; (b) analyzed the concentrations and charac-
teristics of both SCCPs and MCCPs in these particulates; (c) assessed
human exposure and potential risks of SCCPs and MCCPs by inhalation
for different age groups, i.e., infants, toddlers, children, teenagers, adults,
and elders, further considering the deposition fraction of particles in the
human lung.

2. Materials and methods

2.1. Materials and reagents

Three SCCP standards with chlorine contents of 51.5%, 55.5%, and
63.0% (100 ng/μL) and MCCP standards with chlorine contents of
47.0%, 52.0%, and 57.0% (100 ng/μL) were purchased from Dr.
Ehrenstorfer GmbH (Augsburg, Germany). The surrogate standard of
13 C6-trans chlordane (13 C-TC) and the internal standard of BDE-77
were purchased from Cambridge Isotope Laboratories, USA and
AccuStandard, Inc. USA, respectively. Dichloromethane, n-hexane
(Anpel Laboratory Technologies Inc. China) and acetone (Mreda Tech-
nology Inc. USA), were high-purity grade solvents for pesticide residue
analysis.

Florisil (0.074–0.150 mm, 100–200 mesh, ASTM, residue analysis,
Anpel Laboratory Technologies Inc. China) was heated at 140 °C for
12 h. Silica gel (80–100 mesh, Qingdao Chemical Co. Ltd., China) was
heated at 180 °C for 12 h, then acidified by mixing 56 g of silica gel
and 44 g of H2SO4. Anhydrous sodium sulfate (Sinopharm Chemical Re-
agent Co., Ltd., China) was baked at 450 °C for 4 h.

2.2. Sampling

The TSP, PM10, and PM2.5 samples were simultaneously collected in
indoor and outdoor environments in the PRD, China, between June
and August 2017. The sampling sites included 24 homes from nine
main cities of the PRD, including Guangzhou (GZ, n = 3), Shenzhen
(SZ, n = 3), Dongguan (DG, n = 3), Foshan (FS, n = 3), Zhongshan
(ZS, n = 1), Zhuhai (ZH, n = 4), Huizhou (HZ, n = 2), Zhaoqing (ZQ,
n= 2), and Jiangmen (JM, n= 2) as shown in Fig. S1. Additional details
of the sampling sites can be found in the Supporting information
(Table S1). The selected homes (first floor to 13th floor) are far away
from highways, junkyards, apparent barriers, and other possible emis-
sion sources. Both humidity and temperature were recorded during
the sampling period, all the windows and doors were closed, and air
conditioners and other ventilation systems were turned off. A total of
72 indoor and 66 outdoor particle samples were collected and six out-
door particle samples could not be collected due to heavy rain.

Particle samples were collected on quartz fiber filters (QFFs, 8
× 10 in. diameter, Whatman™) using a high-volume sampler at an air
flow rate of 1.05 m3 /min (Type 2031, Laoying Scientific Instruments
Co, Ltd., Qingdao, China). The sampler was equipped with one sample
holder and an impactor of anodized alumina for 12 h. Three samplers
with different impactors were simultaneously used for collecting TSP,
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PM10, and PM2.5. Prior to sampling, the QFFs were wrapped in alumi-
num foil, baked at 450 °C for 6 h, and then sealed in a sealed bag until
use. After sampling, the filters were wrapped, sealed, and stored at
−20 °C. Sample holders and impactor plates were cleaned using a cot-
ton swab with alcohol.

2.3. Sample treatment protocols

After keeping both temperature (25 °C) and humidity (50%) con-
stant for 24 h, a quarter of QFF was extracted by a Soxhlet extractor
using a mixture of hexane/dichloromethane/acetone (2:2:1, v/v/v) for
48 h after surrogate standard spiked. The extract was concentrated
and cleaned on an optimized florisil-silica gel column. This column
was packaged with 5 g of florisil (1.5% H2O, w/w), 2 g of neutral silica
gel (1.5%, w/w), 5 g of acid silica gel (1.5% H2O, w/w), and 3 g of sodium
sulfate anhydrous from bottom to top. The column was pre-washed
with 20 mL n-hexane before loading of the sample extract. Two frac-
tions were sequentially eluted; first, with 30 mL n-hexane (waste fac-
tion) and then with 70 mL 30% dichloromethane in n-hexane (the CP
fraction). The latter fraction was concentrated and evaporated to near
dryness. The samplewas re-dissolved in 200 μL n-hexane after 2.5 ng in-
ternal standard spiked and stored at−4 °C until further use.

2.4. Instrument analysis

Measurements of CPs were conducted on an Agilent 7890B Series
gas chromatography coupled with a 5977 Series mass spectrometer
(Agilent Technologies, USA) with electronic chemical negative ioniza-
tion (ECNI). CPs were separated using a capillary column of DB-5HT
(15m× 0.25mm i.d. × 0.1 μm film, Agilent). Onemicroliter of the sam-
ple was injected at an injector temperature of 250 °C in pulse split-less
mode. The temperature was programmed as follows: started at 100 °C,
held for 1min, 30 °C/min ramped to 160 °C and kept for 5min, and then
20 °C/min to 310 °C, finally held for 3 min. High purity helium
(N99.999%) was used as carrier gas and was set at a constant flow of
1.3 mL/min. Transfer line, ion source, and MS quad temperatures were
set to 300, 200, and 150 °C, respectively. Methane (purity N 99.999%)
was used as reagent gas at a constant flow rate of 2.0 mL/min.

2.5. Identification and quantification of CPs

The CPs were identified following previously published methods
with some modifications (Zeng et al., 2011a). Briefly, analyses of
SCCPs and MCCPs were performed with eight injections. Two most
abundant isotope clusters of [M-Cl]− ions were detected in single ion
monitoring (SIM). The present identification of CP homologues was
based on their retention times, signal shapes, and corrected isotope ra-
tios of the congeners (Fig. S2). The methodology for quantification was
similar to previously reported methods (Reth and Oehme, 2004; Reth
et al., 2005). In brief, a linear correlation between the chlorination de-
gree and the total response factor of SCCPs and MCCPs calibration stan-
dardswere established. CPs in the particle sampleswere determined via
their relative response factors.

2.6. Quality assurance and quality control

Each batch of 12 treated samples included one procedural blank and
one spiked sample. For their quantification, each sample was calibrated
with procedural blanks but not corrected with surrogate recoveries.
Procedural blanks were obtained as 0.46 ± 0.19 ng for SCCPs and 1.61
± 1.22 ng for MCCPs. Three times the standard deviation of the blank
samples was defined asmethod detection limits (MDLs), which was es-
timated to be 0.6 ng/m3 for SCCPs and 0.3 ng/m3 for MCCPs. The recov-
eries of spiked samples (2 μg CPs and 5 ng 13 C-TC) ranged from
65.4–105.9% and from 70.6–99.4%, respectively. The recoveries of 13C-
TC were 60.0–109.8% for TSP, 59.9–109.7% for PM10, and 62.2–106.2%
for PM2.5. Detailed recoveries are provided in Fig. S3.

2.7. Statistical analysis

All data of PMs and CPs were analyzed based on a normal or log-
normal distribution and a non-parametric test with One-Sample
Kolmogorov-Smirnov Test was performed to test the normal distribu-
tion. Correlations between ΣSCCP and ΣMCCP concentrations were an-
alyzed using the Pearson correlation. Statistical significance was
assumed at p b 0.01.

2.8. Health risk assessments

In the present study, human inhalation exposure riskswere assessed
via the PM2.5 using estimated daily intake (EDI, ng/kg·bw/day) and es-
timated daily uptake (EDU, ng/kg·bw/day). The deposition fraction
(DF) of fine particles in human lung (Lu et al., 2018; Wei et al., 2018)
was factored in according to the following equations:

EDI ¼ Cin � Tin þ Cout � Toutð Þ � IR=BW ð1Þ

EDU ¼ EDI� DF ð2Þ

where Cin and Cout (ng/m3 ) represent the concentrations of SCCPs and
MCCPs in PM2.5 in indoor and outdoor particles, respectively; IR (m3 /
day) represents the inhalation rate of air by a resident; Tin and Tout (%,
the ratio of exposed hours indoor or outdoor in 24 h) represent the frac-
tion of time spend indoors and outdoors; BW (kg) represents the body
weight; and DF (%) represents the deposition fraction of PM2.5 in the
human lung, as a result of the fraction of the inhalation of bioaccessible
CPs (Wei et al., 2018). DFs of varied human age subgroups and other pa-
rameters used in the present study are listed in Table S2.

To assess the potential human health risk as a result of CP inhalation,
the margin of exposure (MOE, dimensionless) described by the
European Food Safety Authority (EFSA) for chemical risk assessment
was also calculated as follows (EPC, 2002):

MOE ¼ NOAEL � f = EDI or EDUð Þ ð3Þ

where NOAEL (mg/kg·bw/day) represents the non-observed adverse
effect level, and referenced values were 100 and 25 mg/kg·bw/day for
SCCPs and MCCPs, respectively (Fiedler, 2010); f is the unit conversion
factor of 106 .

3. Results and discussion

3.1. Mass concentrations of TSP, PM10, and PM2.5

The geometric mean (GM) concentrations of TSP, PM10, and PM2.5 in
the indoor samples were 23.9 ± 11.4, 21.5 ± 10.8, and 21.3 ± 8.2 μg/
m3 , respectively. The GM concentrations of the outdoor samples were
58.2 ± 33.9, 50.6 ± 23.8, and 36.5 ± 19.6 μg/m3 , respectively. The re-
sults indicated that PM2.5 were the dominant particles and accounted
for 82.6 ± 13.5% and 62.9 ± 11.7% of indoor and outdoor TSP, respec-
tively (Fig. S4). Much higher ratios of PM2.5 to PM10 (approximately
100%) were found in indoor samples, which differed to those observed
in Europe with ranges from 44.0% to 90.0% (Putaud et al., 2010). High
PM2.5/PM10 ratios in indoor samples obtained in the present study
may be explained by the release of ultrafine particles from deep-fry
and cooking (Ogulei et al., 2006).

The present outdoor PM2.5 was comparable with the standard con-
centration of 35 μg/m3 as defined by the China's National Ambient Air
Quality Standard (Chang, 2012) (Table S3); however, it was much
higher than the average concentration of 12 and 10 μg/m3 recom-
mended by both the U.S. annual health standard (Ma et al., 2013) and
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the World Health Organization (WHO, 2005), respectively. Further
comparison indicated that the PRD outdoor PM2.5 were higher than
those observed in several European countries (4–36 μg/m3 ) (Lecœur
and Seigneur, 2013), while they were lower than those measured in
Delhi (148.4 μg/m3 ) and Meerut (96.4 μg/m3 ) in India (Dey et al.,
2012) and Shanghai (90.5 μg/m3 ) (Ma et al., 2013) and Beijing (114.9
μg/m3 ) in China (Huang et al., 2017). This indicates that the levels of
PM2.5 in outdoor air in the PRD were moderate.

3.2. Concentrations of CPs in the particles

The concentrations of CPs within the PRD are shown in Fig. 1 and
Tables S4 and S5. The total GM concentrations of CPs were obtained as
45.7 (range: 10.6–136), 44.9 (range: 19.4–167), and 43.3 (range:
8.3–204) ng/m3 in indoor TSP, PM10, and PM2.5, respectively. In com-
parison, the corresponding outdoor CPs in TSP (GM: 21.2, range:
6.8–150 ng/m3 ), PM10 (GM: 22, range: 6.7–95.7 ng/m3 ), and PM2.5

(GM: 21.2, range: 6.2–200 ng/m3 ) were much lower than those in-
doors, although the mass concentrations of the outdoors particles
were much higher than indoors. In addition, in 40 of 46 sampling
sites, SCCPs were mainly found in PM2.5, which accounted for
50.2–100% of those in TSP. Furthermore, 58.4–100% of the MCCPs
were observed in PM2.5 in 38 of 46 sites (Fig. S5). These concentrations
of particulates and CPs suggested that PM2.5 were the most important
particles in both the indoor and outdoor environments. Therefore, the
following discussion focused on CPs in PM2.5 unless otherwise specified.

SCCP concentrations ranged from 2.9 to 45.4 ng/m3 with a GM of
12.9 ng/m3 in indoor PM2.5, while they varied between 1.6 and
27.1 ng/m3 (GM: 6.1 ng/m3 ) outdoors (Fig. 1). The indoor SCCP levels
were 2.0 times higher than those in outdoors suggesting the existence
of indoor sources (such as CPs), containing building materials and
household goods, or/and the lack of ventilation (Cao et al., 2014;
Friden et al., 2011). The large variations among the sites likely indicate
the existence of local sources and SCCP release.

Compared to other reported results, the present mean indoor SCCPs
was much lower than those in Beijing, China (between 16.8 and
49.4 ng/m3 with a mean of 31.4 ng/m3 ) from February to May 2016
(Huang et al., 2017). As a type of SVOCs, SCCPswith lower concentration
in particles might be related to high temperature in the PRD
(Diefenbacher et al., 2015; Li et al., 2012). In addition, higher commer-
cial SCCP production in North China (Tang and Yao, 2005) might lead
to higher contaminations of SCCPs. Higher concentrations of SCCPs
were also observed in sediment (1100–8700 ng/g) (Zeng et al.,
2011b) and soil samples (160–1450 ng/g) (Zeng et al., 2011a) in
Fig. 1.Concentrations anddistributions of CPs in indoor and outdoor TSP/PM10/PM2.5 fromnine
MCCPs, respectively).
North China compared to those in sediment (320–6600 ng/g) (Chen
et al., 2011) and soil (1.9–236 ng/g) (Wang et al., 2013) samples from
the PRD. However, indoor SCCPs in the present studyweremuch higher
than those observed in Stockholm in Sweden (Friden et al., 2011) and
Bavaria in Germany (Hilger et al., 2013), which might be attributed to
the regulation of CPs in European counties since the 1990s, which is
not implemented in China to date (EPC, 2002).

SCCPs in outdoor PM2.5 in this study were higher than those in out-
door air samples collected in Japan (0.28–14.2 ng/m3 ), South Korean
(0.60–8.96 ng/m3 ) (Li et al., 2012), and Punjab, Pakistan
(0.37–14.2 ng/m3 ) (Chaemfa et al., 2014), reflecting higher usage and
demand of CP production in China. Compared to relatively lower con-
centrations of SCCP in particle samples collected from PRD in the pres-
ent study (1.6–27.1 ng/m3 ) and North China (1.4–28.8 ng/m3 )
(Huang et al., 2017; Wang et al., 2012), higher SCCP concentrations
were found in gas phase collected from the PRD (0.95–106 ng/m3 )
(Wang et al., 2013) and North China (0.4–316 ng/m3 ) (Wang et al.,
2012). This can mainly be attributed to the fact that SCCPs tend to be
distributed in the gaseous phase due to the higher volatility of CPs as a
result of their shorter carbon chain (Glüge et al., 2013).

In the present study, MCCPs were found to be the dominant CPs in
both indoor and outdoor PM2.5, which were as high as 5.4–182 ng/m3

(GM: 29.9 ng/m3 ) and 4.5–180 ng/m3 (GM: 15.7 ng/m3 ), respectively.
The results were consistent with the fact that the proportion of MCCPs
in commercial CPs in China was larger than that of SCCPs (Chen et al.,
2011; Du et al., 2018; Glüge et al., 2018). Higher levels of MCCPs than
SCCPs were therefore expected. In addition, lower volatility of MCCPs
compared to SCCPs leads to higher levels in particles,whichwas also an-
other important factor (Wang et al., 2013). Similar to SCCPs, indoor
MCCPs were 1.3–17 times higher than outdoor MCCPs (Fig. 1), indicat-
ing the existence of indoor sources as mentioned above.

Only few studies are available onMCCP concentration in particles in
both indoor and outdoor environments (Table 1). Therefore, MCCPs in
the dust and gaseous phase are also listed in the table. In comparison,
the presentMCCP concentrationswere higher than those in the outdoor
air collected at Mumbai, Chennai, and Kolkata in India and Punjab in
Pakistan (Chaemfa et al., 2014), and those in indoor dust from Bavaria
in Germany (Hilger et al., 2013). The possible reason for higher MCCP
concentrations observed in this study is that both the production and
usage of MCCPs are much larger in China. In 2013, the estimated pro-
duction of MCCPs was 0.6 million tons, which accounted for 57% of
the total CP production in China (Glüge et al., 2018). It is worth men-
tioning that, in the PRD, elevatedMCCPs were not only observed in out-
door PM2.5, but have also been reported in soil, deposition samples
cities in the PRD, China (ID andOD indicate indoor and outdoor; A and B indicate SCCPs and



Table 1
Concentrations of CPs and congener patterns in particles, dust, and air in different regions.

Sampling sites Matrices Concentrations (ng/m3 ) Dominant congeners References

SCCPs MCCPs

Indoor the PRD, China (2017) Particle 2.9–51.8 5.4–181.8 C14/11Cl6/7 This study
Beijing, China (2016) Particle 3.0–87.7 1.0–9.6 C10/11Cl7/8 (Huang et al., 2017)
Beijing, China (2016) Air 9.77–966 bLOD–613 C10/11Cl6/7, C14/15Cl5 (Gao et al., 2018)
Stockholm, Sweden (2011, 2013) Air 5–210 – C10/11/14/15Cl5/6 (Friden et al., 2011)
UK (1997) Air 0.32 ± 0.32 – C12Cl6/7 (Peters et al., 2000)
Lancaster, UK (2003) Air 0.22–9.1b 0.56–29b – (Barber et al., 2005)
Beijing, China (2016) Dust 5.35–1022a 2.10–725a C13/11Cl7/8, C14Cl8 (Gao et al., 2018)
Dalian, China (2015) Dust 6.0–707.0a 5.0–1082.9a C13Cl7/9, C14Cl6/8 (Shi et al., 2017)
Bavaria, Germany Dust 4–27a 9–892a C12/14Cl7/8 (Hilger et al., 2013)
Stockholm, Sweden (2011, 2013) Dust 3.2–18a – C10/11/14/15Cl5/6 (Friden et al., 2011)

Outdoor the PRD, China (2017) Particle 1.6–32.5 4.5–180 C14/11Cl7/8 This study
Beijing, China (2016) Particle 4.1–28.8 0.3–5.0 C10/11Cl7/8 (Huang et al., 2017)
Beijing, China (2011) Air and particle 1.9–332 – C10Cl5/6 (Wang et al., 2012)
Guangzhou, China (2008) Air 13.5–517 – C10Cl5/6 (Li et al., 2012)
the PRD, China (2009 to 2010) Air 0.28–31.2 0.03–67.9b C10/11/14Cl6/7 (Wang et al., 2013)
Japan (2008) Air 0.28–14.2 – C11Cl5/6 (Li et al., 2012)
South Korean (2008) Air 0.60–8.96 – C11Cl6/7 (Li et al., 2012)
India (2006) Air n.d.–47.4 n.d.–38.2 C10/11Cl6/7 (Chaemfa et al., 2014)
Pakistan (2011) Air 0.37–14.2 0.29–9.45 C10/11Cl6/7 (Chaemfa et al., 2014)
Zurich, Switzerland (2011, 2013) Air 1.1–42 – C10/11Cl6/7 (Friden et al., 2011)

LOD: Limitation of detection; n.d.: not detect.
a μg/g.
b μg/sampler.
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(Wang et al., 2013), sediments (Chen et al., 2011), and marine mam-
mals (Zeng et al., 2015). Contrasting results were reported for North
China (Gao et al., 2018; Huang et al., 2017; Qiao et al., 2016). This sug-
gests an increasing use of CPs containing more MCCPs in recent years
in the PRD, since the ratios of MCCPs/SCCPs in marine mammals sam-
pled from the South China Sea were increasing from 1.3 to 2.7 between
2004 and 2014 (Zeng et al., 2015). The difference in MCCP concentra-
tions between North and South China may be caused by the different
constitution of CP technicalmixtures produced and used in both regions
(Glüge et al., 2018; Xu et al., 2014). For example, commercial CPs in
China are either produced via bulk process or water phase process,
and CP products only contain MCCPs or LCCPs by water phase process.
Moreover, a portion of commercial CP products used in southeastern
coastal areas are imported from South Korea, Japan, and Europe,
which contain higher levels of MCCPs instead of SCCPs (Tang and Yao,
2005). Therefore, higher MCCP levels observed in the PRD were
reasonable.

3.3. Spatial variations and possible sources of CPs in the PRD

Overall, the CP concentrations in PM2.5 varied widely among differ-
ent sampling points (Fig. 1). About 2–3 times higher levels of both
SCCPs and MCCPs in indoor than outdoor environments were found
with the exception of the GZ2 site. The reasons for lower indoor CP con-
centration at the GZ2 site, according to this investigation, could be re-
lated to many plants and environmental friendly decoration in the
resident's house. Spatial variations were observed, indicating that the
CP concentrations generally declined from areas with high to areas
with low industrialization (Fig. 1). Higher outdoor CP levels were
found in Guangzhou, Shenzhen, Dongguan, and Foshan, which are
highly industrialized cites with dense population and strong economy.
CPs in outdoor environmentswere positively related to local population
(p b 0.05); however, no significant correlation was found between out-
door CP concentrations and gross domestic production (GDP) (Fig. S6).
Furthermore, although industrialization-related CP levels in PM2.5 were
observed, no significant correlations were found between indoor CP
concentrations and age of the house, GDP or population in the PRD
(Fig. S7). Therefore, further investigations are necessary.

In addition, the large variation of CP concentrations among sampled
homes indicated that point sources of CPs might be important,
regardless of the notable challenges and uncertainties involved in the
identification and quantification of CPs. Two special cases should be
pointed out. One is that the outdoor MCCP level (180 ng/m3 ) at site
ZH4 was significantly higher than levels measured at highly industrial-
ized cites in the present study, such as Guangzhou (15.6–34.8 ng/m3 )
and Shenzhen (5.7–19.1 ng/m3 ). Potential contamination sources
might exist around the ZH4 site (for example, a factory that produces
glass is only 300 m from the sampling site), while a limited number of
samples might be another reason. Another special case is that a higher
indoor level of CPs (204 ng/m3 ) was observed at site ZH3, which is a
new residence and might still release CPs from CP-treated goods and
building materials, such as closets and paint.

The ratios of ΣMCCPs toΣSCCPs (M/S) can partly reflectwhether the
contaminant sources originate from local emission or via atmospheric
transportation and SCCPs are more easier to transport via the atmo-
sphere (Wang et al., 2013). The M/S ratios in TSP, PM10, and PM2.5 are
shown in Fig. S8. The present M/S ratios in PM2.5 (2.6 ± 1.4) both in-
doors and outdoors were comparable to those in soils (2.4 ± 2.1) and
deposition samples (1.8 ± 1.1) collected at the PRD (Wang et al.,
2013). Higher proportions of longer-chain CPs in particle samples indi-
cate that CPs in the PRD mainly originated locally. Furthermore, higher
M/S ratios in this study reflect an increasing usage of MCCPs in CP prod-
ucts used in the PRD. As illustrated in Fig. S9, in the present study, signif-
icant positive linear correlations were observed between ΣSCCPs and
ΣMCCPs (p b 0.01) for all samples (TSP/PM10/PM2.5) with R2 of 0.883,
0.922, and 0.824, respectively, based on a log-normal distribution. This
strongly suggests identical sources of SCCPs and MCCPs.

Congener profile analysis could further suggest information for pos-
sible CP sources (Xu et al., 2016). The carbon and chlorine congener pat-
terns of CPs are shown in Figs. 2 and 3. The carbon homologues of C14
were predominating all samples with average percentages of 26.8%,
suggesting that MCCPs in PRD mainly originate from the emission of
commercial CP-52 and CP-42. The reason for this assumption is that
these were the predominant CP commercial mixtures (N80%) in China
(Gao et al., 2012; Tang and Yao, 2005) and C14 is the major carbon-
chain group of MCCPs in CP-52 (Du et al., 2018). Slight variations of
chlorination degrees from 60.5% to 64.5% for SCCPs, and from 48.6% to
57.8% for MCCPs were found for all particles, which was similar to the
values observed for Beijing, China (Huang et al., 2017). This may be be-
cause commercial CP mixtures (the chlorine contents of CP-42, CP-52,



Fig. 2. Carbon congener distributions of indoor (A) and outdoor (B) CPs in TSP/PM10/PM2.5 collected from the PRD.
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and CP-70were 42%, 52%, and70%, respectively) are classified according
to the chlorine content in China (van Mourik et al., 2016; Zeng et al.,
2015). A wide range of chlorine degrees in the particles was therefore
reasonable.

The present homologue profiles in indoor PM2.5 were dominated by
C14 (24.2%) and C11 (18.6%) with Cl7 (34.3%) and Cl6 (24.1%), while ho-
mologue profiles of C14 (29.1%) and C11 (14.3%) with Cl7 (32.6%) and Cl8
(21.5%)were predominant in outdoor environments (Tables S6 and S7).
A difference was found for the chlorine homologue profiles of CPs be-
tween indoor and outdoor environments. For example, the contribu-
tions of CPs with more than seven chlorine atoms outdoors were
Fig. 3. Chlorine congener distributions of indoor (A) and out
slightly higher than those in indoor particles, while the contribution of
the CPswith 5–7 chlorine atoms (Cl5–7) showed the opposite trend. Rel-
atively higher temperature (30.1 ± 1.1 °C) outdoors might increase the
volatilization of Cl5–7-SCCPs from particles, which might be responsible
for the slight difference of homologues between indoor and outdoor
samples. However, they significantly differed from those in Beijing,
China, where CP congeners were dominated by C10 and C11 (47.4% and
23.6% in indoor PM2.5, 55.5% and 23.6% in outdoor PM2.5) with six or
seven chlorine atoms (Huang et al., 2017). This result suggests that
CPs in particles can vary substantially and are influenced by tempera-
ture. The samples in Beijing were collected in Spring. The prevalent
door (B) CPs in TSP/PM10/PM2.5 sampled from the PRD.
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lower temperature (outdoor and indoor temperature were 16.8 and
27.8 °C, respectively) decreased the volatilization of SCCPs from parti-
cles, thus resulting in higher congeners (C10 and C11) absorbed onto
fine particles (Huang et al., 2017; Li et al., 2012). PM2.5 from the PRD
in this study were collected during summer with higher temperature
(30 and 31 °C for indoors and outdoors, respectively), and thus explain
the lower SCCPs observed in the particles present. Similar distributions
were also found in other SVOCs (Chen et al., 2016; Dumanoglu et al.,
2017; Nouira et al., 2013).

The presented homologue profiles were comparable to those in soil
and deposition samples collected at the PRD, whichwere C14 N C11 N C12
with six to eight chlorine atoms (Wang et al., 2013). However, our CP
congener patterns were relatively different from those found in the in-
door dusts from Stockholm, Sweden (Friden et al., 2011) and Bavaria,
Germany (Hilger et al., 2013). Different compositions of CP productions
used in the various countriesmight be themain reason. Overall, CP con-
gener patterns observed in atmospheric particle samples, air, soil, and
deposition samples collected from the PRD were consistent (Wang
et al., 2013). The low proportions of carbon congeners among SCCPs in-
dicate a shift substitution of MCCPs in the PRD.

Special local sources were found for some sampling sites, such as
HZ2, ZH3, and ZH4 (Fig. S10). C14 congener increased up to 61.9% and
63.8% in indoor PM2.5 sampled from sites HZ2 and ZH3, which may be
due to the existence of special indoor sources (e.g., new decoration
and furniture). With regarding to site ZH4, the proportion of C14 conge-
ner in the outdoors environment reached up to 71.3%, the potential con-
tamination reason was mentioned above. However, more studies are
still required to understand the sources of CPs.

3.4. Human exposure to CPs in PM2.5 by inhalation and associated risk
assessment

The potential human exposure to CPs in PM2.5 via inhalation was
assessed and the EDIs by infants, toddlers, children, teenagers, adults,
and elders are shown in Tables 2 and S8. Typically, the EDI of a contam-
inant overestimates human exposure without considering inhalation
bioaccessibility, since not all the inhaled particles are also deposited in
the human lung as some of them are simply exhaled (Rissler et al.,
2017; Wei et al., 2018). Therefore, in the present study, to more accu-
rately estimate the human exposure to CPs via PM2.5 inhalation, EDU
was calculated while integrating the deposition fractions of PM2.5 in
human lung into the estimation (Lu et al., 2018).

Human exposure via PM2.5 for different human age subgroups using
GM and 95th percentile CP concentrations (hereafter referred to as typ-
ical and high, respectively) are presented in Table 2. The typical EDIs of
CPs for the general population via PM2.5 inhalation were obtained as
Table 2
Estimated daily exposure of CPs and the relative contributions of MCCPs and indoor CPs to tota

Subgroups Total CP exposure (ng/kg·bw/day)

Male Female

EDI EDU EDI

Mean 95th percentile Mean 95th percentile Mean 95th p

b1 24.6 76.0 15.5 47.9 23.7 73.3
1–3 20.0 61.8 12.6 38.9 19.6 60.6
3–6 20.9 64.6 13.2 40.7 22.9 71.0
6–9 16.2 50.2 10.2 31.6 15.8 48.7
9–12 15.4 47.5 9.7 30.0 15.0 46.5
12–15 12.9 39.9 8.1 25.1 10.8 33.3
15–18 11.4 35.1 7.2 22.1 10.0 31.0
18–44 10.9 33.8 6.5 20.3 10.4 32.2
45–59 10.8 33.4 5.8 18.0 9.9 30.7
60–79 9.0 27.9 4.9 15.1 9.2 28.4
N80 8.1 25.1 4.4 13.5 8.9 27.4

EDI: estimated daily intake; EDU: estimated daily uptake.
8.1–24.6 ng/kg·bw/day, and high EDIs were calculated as 25.1–76.0
ng/kg·bw/day. However, EDUs decreased to 4.4–16.4 (typical) and
13.5–50.6 ng/kg·bw/day (high) when the inhalation bioaccessibility of
CPs was considered. In the present study, MCCPs were the main CPs
and accounted for a mean of 70.0% of total CP exposure. In addition, in-
door PM2.5 account for 93.8% exposure of CPs on the basis of both total
EDIs and EDUs. This indicates that exposure via indoor PM2.5 was very
important due to high CP concentrations and long exposure time.

The obtained mean EDI and EDU did not show obvious differences
between male and female, while large variations were found among
human age subgroups (Table 2). The results showed that high exposure
based on 95th percentile CP concentrations was found in infants
(b1–3 years old) and toddlers (3–6 years old), who suffered 60.6–76.0
and 38.9–50.6 ng/kg·bw/day for EDIs and EDUs, respectively. These
values were almost 3-fold higher than the observed values of elders, in-
dicating that exposure via PM2.5 was more important for infants and
toddlers than for other human age subgroups. In comparison, the esti-
mated exposure to SCCPs and MCCPs via inhalation in North China
were 20.6 and 1.49 ng/kg·bw/day for adults (21–31 years old) and
51.7 and 3.49 ng/kg·bw/day for infants (1–2 years old) (Gao et al.,
2018). The resulting SCCP exposures were 6.0 times (adult) and 8.6
times (infant) higher than those found in our study. However, the
daily inhalation exposure level of MCCPs was lower than that in our re-
sults by factors of 5.1 (adult) and 4.0 (toddler).

According to the above estimation of EDIs and EDUs for all human
age subgroups, infants and toddlers (b6 years) were the subgroups
with the highest exposure. To estimate the human health risk, the
MOEs were calculated using the estimated highest exposure scenarios
(SCCPs: 19.9 and 19.2 ng/kg·bw/day; MCCPs: 56.1 and 54.2
ng/kg·bw/day, formale and female infants, respectively) (Table S8). Ac-
cording to Eq. (3), the MOE values of SCCPs were 5.03 × 106 and 5.21
× 106 , while the MOE values of MCCPs were 4.45 × 105 and 4.62
× 105 (total CPs: 5.48 × 106 and 5.67 × 106 ) for male and female in-
fants, respectively (Fig. S11). All theMOE values exceeded 1000, indicat-
ing that there were no obvious health risks via PM2.5 inhalation for both
male and female infants, and consequently also not for the other human
age subgroups (Pieters et al., 1998).

4. Conclusion

In the present study, SCCP and MCCP concentrations in TSP, PM10,
and PM2.5 particles from indoor and outdoor environments of nine cities
in the PRD, China, have been determined. PM2.5 were found to be the
most important particles both indoors and outdoors. Indoor CP concen-
trations in PM2.5were generally higher than outdoor concentrations (by
a factor of two). CPs with C11/14 and Cl6/7 were observed to be
l CP exposure.

MCCP
contribution (%)

Indoor CP
contribution (%)

Male Female Male Female

EDU

ercentile Mean 95th percentile

16.4 50.6 69.9 69.9 96.5 96.0
13.5 41.8 70.0 70.0 93.6 94.5
15.8 49.0 70.0 70.0 94.6 94.9
10.9 33.6 69.9 70.0 96.0 95.9
10.4 32.1 69.9 69.9 96.3 96.6
7.4 23.0 69.9 69.9 96.7 97.3
6.9 21.4 70.0 69.9 95.9 96.9
6.8 21.2 70.1 70.1 89.2 90.3
5.9 18.4 70.1 70.1 89.0 89.2
5.5 17.0 70.1 70.1 89.4 90.3
5.3 16.5 70.1 70.0 90.5 93.3
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predominant at all sampled sites. Daily CP intakes and uptakes
(corrected with the deposition fractions of PM2.5 in the human lung)
showed that the CP exposure via PM2.5 inhalation were much higher
for infants and toddlers than for other human age subgroups. Indoor
PM2.5 were attributed to 93.8% exposure of CPs, which indicated the sig-
nificance of human exposure to fine particles. Based on theMOE values,
the results of the present study suggest that therewas noobvious health
risk to the general population. However, indoor CP concentrations and
the subsequent evaluation of health risks might be underestimated
due to the limitations of passive sampling; consequently, human expo-
sure to CPs in the indoor environment requires further attention andde-
tailed studies.
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