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Abstract
Sixty-six semi-volatile organic compounds (SVOCs)—phthalates, polybrominated diphenyl
ethers (PBDEs), polychlorinated biphenyls (PCBs), polycyclic aromatic hydrocarbons

(PAHs), one pyrethroid, organochlorine and organophosphorous pesticides, alkylphenols,
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synthetic musks, tri-n-butylphosphate and triclosan—were measured on PM filters collected
over 7 days during a nationwide survey of 285 French dwellings, representative of nearly 25
million housing units. Thirty-five compounds were detected in more than half of the
dwellings. PAHs, phthalates and triclosan were the major particle-bound SVOCs, with a
median concentration greater than 1 ng m™ for butylbenzyl phthalate (BBP) (median: 1.6 ng
m™), di(2-ethylhexyl) phthalate (DEHP) (46 ng m™) and di-iso-nonyl phthalate (DiNP) (7.9
ng m™), and greater than 0.1 ng m™ for triclosan (114 pg m™), benzo(a)anthracene (44.4 pg m"
%), benzo(a)pyrene (138 pg m™), benzo(b)fluoranthene (306 pg m™), benzo(g,h,i)perylene
(229 pg m™), and indeno(1,2,3-c,d)pyrene (178 pg m™). For most of the SVOCs, higher
concentrations were found in the dwellings of smokers and during the heating season. The
concentrations of banned SVOCs—namely, PCBs and organochlorine pesticides—were
correlated. Permethrin, 4-tert-butylphenol and bisphenol-A showed no correlation with the
other SVOCs and seemed to have their own specific sources. Most SVOCs were positively
associated with PM o concentration, suggesting that any factor that raises the mass of indoor

airborne particles also increases the exposure to SVOCs through inhalation.

Keywords: Indoor air quality, indoor environment, airborne particles, PM,o, particulate

matter, endocrine disruptors

Highlights
» 66 SVOCs were measured in airborne particles (PMjg) in dwellings.
» PAHs, phthalates and triclosan have the highest concentrations.
» Concentrations are higher in smokers’ dwellings and during the heating season.
» Correlations between SVOCs provide trends regarding common determinants.

» High indoor PM; concentrations promote SVOC:s in the particulate phase.
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1. Introduction

Semi-volatile organic compounds (SVOCs) are a broad spectrum of molecules from different
chemical families that have numerous properties (Weschler and Nazaroff, 2008). They can be
used as pesticides, biocides, plasticizers, flame retardants, surfactants, and lubricants.
Consequently, they are introduced in numerous applications in buildings or used daily by the
entire population. Some SVOC:s are also emitted by combustion processes, such as polycyclic
aromatic hydrocarbons (PAHs) or polybrominated dibenzo-p-dioxins/furans. Once emitted
through evaporation or abrasion in the indoor environment or introduced from the outdoors,
their chemical or biological degradation is limited, and they persist indoors (Weschler and
Nazaroff, 2008). This persistence also explains why some SVOCs that were banned a few
years ago, such as polychlorinated biphenyls (PCBs), are still detected in the air and dust
inside buildings (Lehmann et al., 2015).

SVOCs are of concern due to their widespread exposure through different environmental
media and pathways and their established or suspected health effects, e.g., effects on the
reproductive system (Hauser and Calafat, 2005; Saillenfait et al., 2015), lung cancer (IARC,
2010), leukemia (Ward et al., 2009), effects on the cognitive and behavioral development
(Lyche et al., 2015), and autism (Messer, 2010). Moreover some SVOCs have the potential to
disrupt endocrine functions while interfering with hormones (Hwang et al., 2008; Rudel and
Perovich, 2009).

In indoor environments, SVOCs are divided between the gas phase, airborne particles, and
dust settled on floors and surfaces. Of the extensive literature published on SVOCs in
buildings, few studies have focused on indoor air compared to settled dust. Moreover, most
studies on indoor air have considered PAHs (Ma and Harrad, 2015).

The objective of this study was to assess the concentrations of SVOCs bound to indoor PM;

at a nationwide level. Sixty-six SVOCs—including phthalates, polybrominated diphenyl
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ethers (PBDEs), PCBs, PAHs, one pyrethroid, organochlorine and organophosphorous
pesticides, alkylphenols, synthetic musks, tri-n-butylphosphate and triclosan—were studied.
Correlations between SVOCs were analyzed, and the influence of the season, smoking in the

dwelling, and indoor PM( concentration on particle-bound SVOCs was assessed.

2. Materials and methods

2.1. Sample design

The samples were collected via a nationwide survey carried out by the French Observatory of
indoor air quality (2003-2005) in a representative sample of the housing stock (Kirchner et
al., 2007). Occupied main residences were randomly selected from the 24,672,136
permanently occupied housing units in mainland France, excluding oversea territories. The
dwelling selection method for the survey was a three-stage process using a probability
proportional to size sampling design to ensure that each housing unit had an equal probability
of being selected (Golliot et al., 2003). The first stage of the design consisted of randomly
selecting primary sampling units (PSUs) among the smallest territorial divisions of France.
The second stage corresponded to the sampling of segments within each PSU. In the third
stage, housing units were randomly selected within each segment. At the end, 6,268 addresses
were drawn at random, and 4,165 households were contacted. The final sample comprises 567

dwellings representing the French housing stock.

2.2. Sampling of PMyq

The measurements were conducted from October 2003 to December 2005. Approximately
70% of the measurements were performed during the heating season (October—April), and the
remaining dwellings were visited during the non-heating season (May—September). The

sampling period was one week (7 days) in each dwelling. The sampling was activated during
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predefined occupation hours—i.e., in the evening from 5 pm to 8 am the next day (Monday to
Friday) and in continuous mode throughout the weekend—, to characterize the indoor
concentrations to which the occupants are exposed over one week.

The PM;, were collected in the living room through a 2100 Mini-Partisol air sampler
(Riipprecht & Patashnick, Albany, NY, USA), coupled to a ChemPass model 3400 sampling
system integrating both PM; s and PM ;o PEMS impactors operating at 1.8 = 0.2 L min!. The
flow rate was checked onsite with a flow rate calibrator DryCal DC-Lite (Bios International,
Butler, NJ). The total sampled volume was 12.6 + 0.6 m’. Particles were collected on pre-
weighed 37 mm diameter PTFE membranes (polytetrafluoroethylene, 2 um porosity, Gelman
Sciences, Ann Arbor, MI, USA). The filters were weighted using a microbalance with a
precision of 1 pg (Mettler MTS5, Sartorius AG, Goettingen, Germany) in a temperature- and
humidity-controlled room. After the gravimetric analysis, the filters were stored at -18 °C
until SVOC analysis in 2014. Conservation tests showed that storage at -18 °C does not lead
to any loss of the target molecules (Blanchard et al., 2014a). Damaged filters, equipment
failure and invalid sampling flow rate reduced the number of valid filters for analysis to 285

(Ramalho et al., 2006).

2.3. Selection of compounds

A health-based ranking was the starting point for the selection of the compounds (Bonvallot et
al., 2010). Briefly, compounds were ranked based on published concentrations in home settled
dust and toxicity indicators. In addition, the technical feasibility was considered: some
compounds were dropped because they could not be analyzed simultaneously with the others
through a multi-residue analytical method (e.g., perfluorinated compounds), whereas other
compounds were added, such as triclosan and alkylphenols. Triclosan is an antibacterial agent

used in a broad range of household and personal care products (Bedoux et al., 2011), but no
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data exist on indoor air concentrations. Alkylphenols are used in numerous and various
products. 4-tert-butylphenol has been classified as an endocrine disruptor by the European
Commission (EC, 2015). However, few studies have reported indoor air concentrations. In the
US, 4-tert-butylphenol was recently detected in all 50 homes investigated in California (Rudel
et al., 2010) (median: 12 ng m™). In Japan, 4-tert-butylphenol was detected in 99% of the 45
homes studied by Saito et al. (2004), and 4-tert-octylphenol was detected in 52%. The median
concentrations of 4-tert-butylphenol and 4-tert-octylphenol were 36 and 3.2 ng m>,
respectively. Sixty-six SVOCs were ultimately considered for analysis. Table S1 in the

supporting information provides the target SVOC names, abbreviations, CAS numbers,

molecular weights, and boiling points.

2.4. Sample preparation and SVOC analysis

The SVOCs were simultaneously analyzed in PM,, samples using a simple and efficient
multi-residue method based on thermal extraction (TE) and gas chromatography/tandem mass
spectrometry (GC/MS/MS). A detailed description of the analytical method is already
available elsewhere (Mercier et al., 2012; Blanchard et al., 2014b). This method has been
slightly modified for the purposes of this study, as described below (and see Mercier et al.,
2014); namely, internal standards and tandem mass spectrometry instead of mass
spectrometry were used to minimize matrix interference and background noise.

Reagents and chemicals

Acetone Pestipur® was purchased from Carlo Erba Reagents (Val de Reuil, France). Certified
standards of aldrin, cis- and trans-chlordane, 4,4’-DDE, 4,4’-DDT, dieldrin, o-endosulfan,
endrin, heptachlor, a-HCH, y-HCH, metolachlor, chlorpyrifos, diazinon, fenchlorphos,
atrazine, methoprotryne, oxadiazon, fenpropathrin, permethrin, tri-n-butylphosphate,

anthracene, benzo(a)anthracene, benzo(a)pyrene, benzo(b)fluoranthene, benzo(g,h,i)perylene,
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benzo(k)fluoranthene, chrysene, dibenzo(a,h)anthracene, fluoranthene, fluorene, indeno(1,2,3-
c,d)pyrene, phenanthrene, pyrene, PCB 77, PCB 105, PCB 126, butylbenzyl phthalate (BBP),
di-n-butyl phthalate (DBP), di(2-ethylhexyl) phthalate (DEHP), diethyl phthalate (DEP), di-
isobutyl phthalate (DiBP), DiBP Ds, di-isononyl phthalate (DiNP), di-(2-methoxyethyl)
phthalate (DMEP), dimethyl phthalate (DMP), di-n-octyl phthalate (DOP), 4-n-amylphenol,
4-tert-butylphenol, 4-n-nonylphenol, 4-tert-octylphenol, bisphenol-A and triclosan were
purchased from Dr. Ehrenstorfer GmbH (Augsburg, Germany). The standard of parathion D
was purchased from Cambridge Isotope Laboratories, Inc. (Andover, MA, USA). The purity
of the certified standards was above 95%. Individual standard stock solutions (1 g L) were
prepared in acetone by accurately weighing 25 mg (£ 0.1 mg) of standards into 25 mL
volumetric flasks and stored at -18 °C.

Acetone solutions (100 mg L']) of 4,4’-DDT 13C12, metolachlor Dg, chlorpyrifos Djy and
trans-cypermethrin Ds, acetonitrile solution (100 mg L) of trans-cyfluthrin De, cyclohexane
solutions (10 mg L") of chrysene Dy, pyrene Do, galaxolide and tonalide, cyclohexane
solution (100 mg L) of BBP D, and cyclohexane mixture (10 mg L™) of 8 PCBs (PCB 28,
31,52, 101, 118, 138, 153 and 180) were purchased from Dr. Ehrenstorfer GmbH (Augsburg,
Germany). Nonane solutions (50 mg L'l) of BDE 28, 47, 85, 99, 100, 119, 153 and 154,
nonane/toluene (3%) mixture (5 mg L'l) of 13C12-PBDE 47, 99 and 153, nonane/toluene
(10%) solution (50 mg L) of Cy,-triclosan and toluene solution (50 mg L) of tri-n-
butylphosphate-d,; were purchased from Wellington Laboratories (Guelph, ON, Canada).
Acetonitrile solution (100 mg L™) of bisphenol-A *C}, and isooctane solution (100 mg L") of
pentachlorobenzene '*Cs were purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA, USA).

Calibration solutions were prepared in acetone by the appropriate dilution of individual

standard stock solutions and commercial solutions.
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Pesticide-grade glass wool was purchased from Supelco (Bellefonte, PA, USA). Glass
desorption tubes (17.8 cm length x 6 mm O.D. x 4 mm [.D.) were purchased from Gerstel
GmbH & Co. KG (Miilheim an der Ruhr, Germany). Prior to use, glass wool plugs and glass
desorption tubes were heated at 350 °C for 5 min to remove trace organic compounds and
minimize background peaks.

Sample and calibration preparation

Each PTFE membrane was cut into four quarters using a scalpel on a glass support. The first
quarter of the membrane was used for the analysis of trace compounds, and the remaining
three quarters were dedicated to the analysis of highly concentrated compounds, such as
PAHs or phthalates. Each quarter was then inserted into a glass desorption tube fitted with a
glass wool plug to prevent system contamination due to particles pulled by the helium flow.
Each calibration solution in acetone was spiked (1 pL) on a glass wool plug inside a glass
desorption tube also fitted with one-quarter of an unused PTFE membrane.

After the addition of internal standards (ISTDs) by spiking 1 uL of the ISTD solution on the
glass wool plug, each glass desorption tube was then immediately transferred to the
autosampler for analysis.

Thermal extraction

Thermal extraction of the analytes was performed using a Gerstel TDS3/TDSA2 automatic
thermal desorption device (Gerstel GmbH & Co. KG, Miilheim an der Ruhr, Germany)
coupled by a transfer line to a Cooled Injection System (CIS, Gerstel GmbH & Co. KG). The
thermal extraction process can be divided into two main steps. In the first step, target
compounds are thermally extracted (30 to 325 °C (hold 8 min) at 60 °C min"' in the TDS
splitless mode) and carried by the helium flow (100 mL min™) through the heated transfer line
(325 °C) to the cold CIS equipped with a baffled glass liner and cooled with liquid carbon

dioxide (-40 °C) during the thermal extraction process to cryo-focus and concentrate the
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analytes prior to transfer to the capillary column. Following the thermal extraction step, the
trapped compounds are rapidly transferred to the capillary column for analysis by heating the
CIS (-40 °C to 325 °C (hold 15 min) at 12 °C s™ in the solvent vent mode). Several methods,
differing only in the amount of sample introduced into the capillary column (from 2 to 12.5%
of the sample), were used to cover a wide dynamic range from ultra-trace to highly
concentrated compounds.

GC/MS analysis

The thermal desorption device was interfaced to a 7890 GC system coupled to a 7000B
GC/MS Triple Quad (Agilent Technologies) operated in electron impact ionization (EI) mode
(70 eV). Chromatographic separation was performed on a Rtx“-PCB capillary column (30 m
length % 0.25 mm L.D., 0.25 pm film thickness) supplied by Restek. Helium was used as the
column carrier gas at a constant flow rate of 2.0 mL min"'. Chromatographic separation was
carried out with the following oven temperature program: 50 °C (hold 2 min), first ramp at 30
°C min™ to 140 °C, and second ramp at 10 °C min' to 320 °C (hold 7 min to reach an analysis
time of 30 min). The transfer line, ion source and quadrupole temperatures were fixed at 325,
300 and 180 °C, respectively. The mass spectrometer was operated in multiple reaction
monitoring (MRM) mode. The two most intense and specific MRM transitions for each
compound (quantifier and qualifier transitions) were monitored for identification,
confirmation and quantification.

Quality Assurance and Quality Control (QA/QC)

This TE-GC/MS/MS method was previously validated in terms of accuracy and precision
(Mercier et al., 2012; 2014) via a replicated analysis of the National Institute of Standards and
Technology (NIST, Gaithersburg, MD, USA) standard reference materials SRM 1649b (urban
dust) and 2585 (house dust). The limits of detection (LODs) and limits of quantification

(LOQs) are reported in Table 1.
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Because of the diversity of the compounds with different chemical and physical properties,
labeled and unlabeled ISTDs were selected to match the physical and chemical properties of
the analytes as closely as possible, covering volatility differences in particular. 4,4’-DDT
13Clz, metolachlor Dg, pentachlorobenzene ]3C6, chlorpyrifos Dy, fenchlorphos, parathion
Dy, trans-cyfluthrin Dg, trans-cypermethrin Ds, methoprotryne, fenpropathrin, tri-n-
butylphosphate-d,, chrysene D, pyrene Dy, °C1,-PBDE 47, 99 and 153, BBP Dy, DiBP D,
4-n-amylphenol, bisphenol-A 13 Ci» and 13 Cip-triclosan were added prior to the thermal
extraction step and used as ISTDs. All compounds were quantified with the appropriate ISTD
to compensate for the variability associated with the TE-GC/MS/MS analysis from quadratic
calibration curves generated for each compound by analyzing at least five different calibration
solutions.

Each batch of 20 samples included: i) several instrumental (a glass wool plug) and procedural
(one-quarter of a PTFE membrane and a glass wool plug) blank samples analyzed as regular
samples to assess whether the samples may have been contaminated during analysis, ii)
several calibration samples analyzed at least at the beginning and end of the batch to check for
the stability of the detector response, and iii) one calibration sample prepared from
commercial solutions provided by other suppliers to validate the preparation of the calibration
solutions.

Positive values for each substance were confirmed by comparing retention times and MRM
transition ratios between the calibration solutions and the samples.

Eleven field blank samples from different dwellings were treated identically to the samples
except that no air was drawn through the sampler. For 59 of the 66 SVOCs, the quantities on
the field blank filters were not detectable. For DEHP, DEP, DiBP, DiNP,

benzo(k)fluoranthene, permethrin and triclosan, the amounts on the field blank filter were
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below the LOQ. On one filter, the mass of both benzo(k)fluoranthene and permethrin reached

the LOQ.

2.5. Statistical analysis

For the statistical analyses, all concentrations below the LOD were set at LOD/2.
Concentrations below the LOQ were substituted with the raw output values provided by the
laboratory to maintain variability despite higher uncertainties in this range. The geometric
mean was estimated only when more than 75% of the concentrations were above the LOQ.
Each dwelling (n = 567) is associated with a sampling weight, which is the inverse of the
probability of inclusion in the sample, which enables the calculation of national estimates for
all SVOCs. Because only 285 filters were available for SVOC analysis, the sampling weights
needed to be adjusted for nonresponse (i.e., dwellings without SVOC measurements) to avoid
bias in the estimates. The weights of the 285 respondents were corrected to compensate for
the elimination of the non-respondents. The weights were increased based on the response
probability, p, within a group of dwellings. p was estimated by the rate of the number of
respondents divided by the number of dwellings belonging to the group. Each sampling
weight of the group was then multiplied by the estimated 1/p to provide the adjusted weight of
each dwelling. A logistic regression model was used to estimate p, and nine groups of
dwellings were built by the cross-classification method. The number of groups was defined to
avoid being too low p (p > 0.10), which would have resulted in unstable estimators. It was
then possible to express the results obtained from the sample in terms of national estimates of

SVOC concentration on airborne particles. The ‘survey’ package from the R software

application (http://www.R-project.org) was used (Lumley, 2004, 2010a, 2010b). Quantiles

were estimated with the function ‘svyquantile’ of the ‘survey’ package based on the
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cumulative distribution function (CDF). Details about these calculations and computations of
quantiles and their standard error are available in (Lumley, 2010a; Mandin et al., 2014).

A non-parametric Kruskal-Wallis test was used to compare ranked SVOC concentrations
between dwellings with or without smokers and between dwellings investigated during the
heating or the non-heating season. A Dunn test was performed in the case of a significant
Kruskal-Wallis test to identify the pairs of categories that differ. Because the study was not
originally designed to be representative of smoking habits inside dwellings or the heating
season at a nationwide level, sampling weights were not used in these analyses. The statistical
level for significance was assigned as P < 0.05, and the Bonferroni correction was applied to
account for multiple comparisons. The Spearman correlations between the ranked SVOC
concentrations were calculated with XLSTAT 2015.4.01 (Addinsoft, Paris, France). This
statistical analysis was applied to the 35 SVOCs detected in more than half of the dwellings.
Five SVOCs detected in nearly 50% of the dwellings or of particular concern were also

considered: bisphenol-A, oxadiazon, BDE 100, 4-tert-octylphenol and galaxolide.

3. Results and discussion

3.1. SVOC concentrations in airborne PMyg

The concentrations of the 66 particle-bound SVOCs at the nationwide level (N = 24,672,136)
are reported in Table 1.

[Table 1]

Thirty-five compounds (53%) were detected in more than half of the dwellings. The
compounds detected in more than 98% of the dwellings were the thirteen PAHs, DEHP, DiNP
and triclosan. The other phthalates were also frequently detected, except for the more volatile
ones, DMP and DMEP, which were only detected in 39% and 8% of the dwellings,

respectively. BDE 47 and BDE 99 were the more concentrated PBDEs on PM;y. Among
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PCBs, the tri- and tetra-congeners were less frequently detected on PMjy because they are
more volatile; PCBs 101, 118, 138, and 153 (penta- and hexa-) were the major ones (detected
in > 80% of the dwellings). 4-n-nonylphenol was scarcely detected, whereas 4-tert-
butylphenol and 4-tert-octylphenol were detected in approximately one of every two
dwellings. Except lindane, oxadiazon, 4,4’-DDT and 4,4’-DDE, the organochlorine and
organophosphorous pesticides were detected on PM in less than 20% of the dwellings. Four
compounds were never detected on PM;y, namely BDE 119, PCB 126, heptachlore, and cis-
chlordane.

Twenty-seven SVOCs (41%) were quantified in more than half of the dwellings. Several
orders of magnitude were observed between the concentration ranges. The highest median
concentrations were measured for the phthalates with values around 1 ng m™ up to 46 ng m™
for DEHP. Some PAHs followed with median values around several hundred pg m™, with
benzo(b)fluoranthene having the highest median concentration (306 pg m™) on PMj.
Triclosan, permethrin, and the remaining PAHs stayed within an order of magnitude lower—
i.e., medians of approximately 10-100 pg m™. The lowest particle-bound PAH concentrations
were observed for 3-ring congeners (anthracene and fluorene), and the highest were measured
for 5- or 6-ring PAHs—namely, benzo(b)fluoranthene and benzo(g,h,i)perylene. Since the 3-
ring PAHs are mainly found in the gas phase, low concentrations in the particulate phase were
expected. Overall, the lowest particle-bound concentrations were observed for BDE 47 >
BDE 99 >4,4’-DDT > PCBs.

The results from studies targeting SVOCs exclusively in the particulate phase or separately
from the gas phase concentration were considered for an adequate comparison. Only studies
targeting dwellings were considered. The median values are reported in Table 2a.

[Table 2a]
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The PAH concentrations in the French dwellings are largely consistent with the other studies
worldwide. The concentrations observed in China (Wang et al., 2013, 2014a) appear to be
higher but remain on the same order of those measured during winter in Rome, Italy
(Romagnoli et al., 2014). The median PBDE concentrations are considerably lower in France
than in North America (Batterman et al., 2009), which has already been reported when
comparing PBDE use and population exposure over the world: the higher PBDE
concentrations encountered in the United Kingdom and North America indoor environments
are due to stricter fire safety standards (Birnbaum and Staskal, 2004; Fromme et al., 2009).
BDE 47 and BDE 99 reported in Hong Kong on PM, s (Wang et al., 2013, 2014a) are lower
than the medians measured in the present study. Regarding phthalates, the median
concentrations are of the same order of magnitude as the ones measured elsewhere except for
DiBP. Compared to Blanchard et al. (2014b) and other countries, DiBP median
concentrations are lower because the sampling was performed earlier (2003-2005) and
because DiBP has been used as a substitute for DBP in Europe according to the European
Council for Plasticisers and Intermediates (ECPI) over the past decade. The phthalate median
concentrations reported in one Chinese study are rather high (Wang et al., 2014b). Another
study carried out in China also reported high BBP and DEHP concentrations in ten newly
decorated apartments, with median concentrations of 1.9 and 1.3 pg m™, respectively (Pei et
al., 2013).

For the SVOCs that were not quantified in more than half of the dwellings (no median
reported), the ranges of concentrations were compared, considering studies reporting particle-
bound SVOC:s in indoor air of dwellings. They are presented in Table 2b.

[Table 2b]
Regarding particle-bound PBDEs (28, 85, 100, 153, and 154), the concentration ranges

measured in France were lower than those measured in the US by Batterman et al. (2009);
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they were of the same order of magnitude as those observed in Hong-Kong (Wang et al.,
2014a). With regard to phthalates, the DBP and DEP concentration ranges were lower than in
Norway (Rakkestad et al., 2007) and the US (Tran and Kannan, 2015) and much lower than in
China (Wang et al., 2014a; Zhang et al., 2014). Finally, in the frame of the RIOPA Study
(Relationship of Indoor, Outdoor and Personal Air), chlordane was measured in PM; s in 104
non-smoker dwellings from three large cities in the US (Zhu and Jia, 2012). The maximum
and median concentrations for trans- and cis-chlordane were high (medians: 17 and 7 pg m”,
respectively). In the French housing stock, trans-chlordane was detected in only 1% of the
dwellings (vs. 29% in RIOPA) and never quantified, and cis-chlordane was never detected
(vs. 22% in RIOPA). Chlordane was banned in Europe and the US in 1981 and 1983,
respectively, but its use as termicide in building construction remained until it was later
banned in 1988 (Offenberg et al., 2004). The longer use in the US and a sampling period
nearer to the banning date in RIOPA (1999-2000) could explain the higher chlordane
concentrations observed in the US compared to France.

No large studies were found in the literature to compare the concentrations of 4,4’-DDE,

permethrin, PCBs or triclosan to our results.
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3.2. Particle-bound SVOC concentrations according to season and smoking in the dwelling
The particle-bound SVOC concentrations were compared between dwellings with no smokers
vs. dwellings with at least one indoor smoker. In addition, the sampling season may have an
influence considering that the dwellings were not investigated during the same period. The
season was defined by the heating system turned on or off during the week of measurement.
The season appeared to have a strong influence on the indoor concentrations for the other
parameters measured during the housing survey, i.e., volatile organic compounds and
aldehydes (Langer et al., 2016). To determine whether this relation with the heating period is
also observed for SVOCs, their concentrations were stratified over the heating and non-
heating seasons. The median concentrations in the heating season with or without smoking,
along with the concentration in the non-heating season with or without smoking, are presented
in Table 3.

[Table 3]
The resulting P-values of the Kruskal-Wallis test for these four categories were <0.0001 for
all SVOCs except permethrin (P=0.032), indicating that the concentration in at least one
category is globally higher or lower than that of one or the other groups. This result confirmed
the major influence of smoking and the season on the particle-bound concentration of all
SVOCs.
According to the results from the multiple comparisons, SVOCs on PM;, can be categorized
into four groups. Half of the SVOCs—i.e., 20 of the 40 for which the statistical test was
performed—were associated with both the season and tobacco smoking. Their concentrations
were significantly higher during the heating season and in smokers’ dwellings. Most of the
PAHs can be found in this group. Synthetic musks, most of the organochlorine pesticides and
PCBs, and two phthalates also belong to this group. The second group included 15 SVOCs

that are more influenced by smoking than by the season: PBDEs, oxadiazon, permethrin,
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triclosan, two PAHs, four phthalates and PCBs. In contrast, benzo(g,h,i)perylene and
bisphenol-A are more influenced by the season than by smoking. In these two groups, the
trend remains similar, with higher concentrations during the heating season or in smokers’
dwellings. Finally, anthracene and 4-tert-octylphenol cannot be classified in any of the three
previous groups.

Indoor sources of PAHs are related to combustion processes, such as tobacco smoking,
cooking, and wood burning (Fromme et al., 2004; Ma and Harrad, 2015). Additionally,
outdoor PAHs from traffic exhausts, industries, and residential heating penetrate into the
buildings. In the winter, outdoor PAH concentrations are higher due to residential heating
combined with less favorable atmospheric dispersion conditions, which could explain the
higher indoor concentrations observed during the heating season. Romagnoli et al. (2014) in
Italy, Zhu and Jia (2012) in the American RIOPA study, Ohura et al. (2004) in Japan, and Zhu
et al. (2009) in China also observed significantly higher concentrations of particle-bound
PAHs in the winter compared to the summer. Zhu and Jia (2012) determined that 55 + 9% of
the variance of particulate PAH concentrations were attributable to the season. To study the
influence of season and smoking on the PAH profile, the average relative contribution of
every PAH to the total PAH concentrations on PM;, was calculated in the dwellings
according to the season and smoking status. The profiles are presented in Figure 1.

[Figure 1]

Overall, the PAHs show similar trends, with a higher relative contribution of high-molecular-
weight congeners. Nevertheless, the contribution of 3- and 4-ring PAHs (here, fluorene,
benzo(a)anthracene, and chrysene) was higher in smokers’ dwellings, whereas the
contribution of 5- and 6-ring PAHs (e.g., benzo(b)fluoranthene, benzo(k)fluoranthene, and

benzo(g,h,i)perylene) was lower, as observed by previous authors (Slezakova et al., 2009).
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The opposite trend was observed when comparing the heating season to the non-heating
season.

In contrast to our observations, Zhang et al. (2014) found significantly higher concentrations
of phthalates (BBP, DBP, DEP, DEHP, DMP, and DOP) on PM;y and PM;s in summer
compared to winter in 13 dwellings in Tianjin, China. This result may be explained by
different climatic conditions—e.g., a hotter and more humid summer in China than in France.
In summer, with higher temperatures, the equilibrium between the gas phase and particulate
phase is expected to favor the gas phase, leading to lower SVOC concentrations in the
particulate phase. Additionally, in our study different dwellings were investigated at the two
seasons. Therefore the seasonal effect was only assessed as an overall factor and not for a
particular dwelling.

Finally, one of the more important differences between dwellings was associated with
triclosan concentrations, which were 4 to 5 times higher in smokers’ dwellings than in those
of non-smokers. The use of triclosan is not associated with tobacco products. Nevertheless,
Kim et al. (2011) found a significant association between cigarette smoking and the urine

concentration of triclosan in the Korean adult population aged 18-69.

3.3. Correlations between SVOC and PMy, concentrations
The correlations between ranked concentrations of SVOCs are presented in Figure 2. With the
exception of five pairs, all the SVOCs were significantly and positively correlated.

[Figure 2]
The strongest correlations were observed within chemical families. All PAHs were highly
correlated (p > 0.8) except the 3-ring PAHs, i.e., anthracene, fluorene and phenanthrene. This
result suggests that lower- and higher-molecular-weight PAHs share different sources, which

was already observed in previous studies (Delgado-Saborit et al., 2011). The organochlorine
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pesticides were moderately correlated with each other (p > 0.4). The strong correlation
between 4,4’-DDT and 4,4’-DDE (p=0.8) is expected because 4,4’-DDE is a metabolite of
4,4-DDT. The correlations with and between the other organochlorine, lindane and
oxadiazon, suggest common sources or uses of these pesticides, which are now all banned in
France. They were substituted in North America and Europe by pyrethroids, such as
permethrin (Williams et al., 2008), which displayed a low correlation with lindane and
oxadiazon (p < 0.2) in our study. PBDEs were highly correlated with each other (p > 0.8) as
well as with PCBs (p > 0.8). Among phthalates, two groups could be distinguished: BBP,
DBP and DEHP on one side (cross-correlated with p > 0.6), with DEP, DiBP and DiNP
slightly less correlated with each other. The strong correlation between DBP and DiBP
(p=0.86) suggests common sources for these two compounds and could be explained by the
use of DiBP as a substitute for DBP. Overall, the weaker correlations observed between
phthalates could indicate that they share different sources. Phthalates are used in a large
number of domestic and consumer products, as diverse as building products (vinyl floorings,
cables), domestic items (shower curtains, tablecloths, toys, food packages), care products (nail
polishes) and perfumes (Hauser and Calafat, 2010). Galaxolide and tonalide were strongly
correlated (p=0.81), which is consistent with the fact that they are used commonly in personal
care products and perfumes in Europe (Roosens et al., 2007). Finally, the two alkylphenols
are poorly correlated (p < 0.2), illustrating that they do not share similar sources.

When comparing correlations between chemical families, positive correlations (p > 0.6)
between PCBs and organochlorine pesticides were found, particularly between 4,4’-DDE and
PCB 101 (p=0.81). PCBs were largely used in buildings in the 1970s—e.g., as sealants—and
are still measured in dust and indoor air in dwellings constructed during this period (Lehmann
et al., 2015). Organochlorine pesticides were used contemporarily before being phased out.

The correlations between these two groups suggest that they were both used during the same
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period in the dwellings. Whitehead et al. (2014) observed this trend in the US for settled dust
concentrations. Moderate correlations (p > 0.6) were also observed between PCBs and some
phthalates, particularly DBP and DEHP. Strong correlations (p > 0.8) between tonalide and
PCB 52, and tonalide and DEHP were also found, but no appropriate assumption could
explain these associations. Three compounds displayed low correlations or none at all with
the other SVOCs, namely, permethrin, 4-tert-butylphenol and bisphenol-A. This result
confirms that they have their own specific uses and sources indoors.

The median PM, concentration measured in the French housing stock was 31 pg m™, and the
95 percentile was 182 pg m™. The concentrations of the 40 most detected particle-bound
SVOCs were significantly correlated with PM;, concentration, with a correlation coefficient
ranging from 0.29 (permethrin) to 0.77 (DBP; Figure 2). A higher available surface in a given
room, including suspended particulate matter, is able to adsorb more SVOCs. Thus,
increasing PM;, indoor concentrations should lead to higher particle-bound SVOC
concentrations: in addition to their adsorption on surface coatings, such as walls and furniture,
SVOCs will also adsorb on newly available airborne particles. This finding is consistent with
the influence of tobacco smoking, a major source of particles indoors, on the concentrations
of nearly all SVOC:s. If this increase is particularly noticeable for smoking, the emissions of
particles from other indoor sources—including cooking, incense or candle burning, and
resuspension—should similarly lead to higher particle-bound SVOC concentrations as well as
an increase in the exposure to SVOCs through inhalation. Because ultrafine particles are
associated with a larger specific surface, adsorbed SVOCs are likely to be found in the most
inhalable fraction of the PM(, mass fraction. The influence of the particle dynamics as well as
the size fraction collecting the most SVOCs was shown by Liu et al. (2010), based on a

modeling approach.
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4. Conclusion

To our knowledge, this is the first time that indoor concentrations of such a wide range of
SVOCs have been assessed simultaneously at a national level. The survey was initially
designed for the sampling of particles and thus the analysis of particle-bound SVOCs. To
obtain a full understanding of indoor air concentrations in homes for the studied 66 SVOCs,
their respective gas phase concentration is currently being modeled from their measured
concentration on PM;,. The nationwide total concentrations of SVOCs will enable an
exposure assessment for the general population in France. The significant correlations
observed among all major SVOCs and PM;( imply that all sources of indoor particles may

increase exposure to SVOCs through inhalation.
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Table 3. SVOC median concentrations (pg m™) according to the heating season and smoking

in the dwelling

SvVOoC Heating season Non heating season Paired comparison
Smoker Non- Smoker Non-
smoker smoker
H+S H+NS NH+S NH+NS
% 43 25 11 21 -
SVOCs showing influence of both the season and the smoking
Benzo(a)anthracene 170 53 42 13 H+S > H+NS > NH+NS ##*
Chrysene 259 85 80 30 H+S > NH+S > NH+NS***
Benzo(a)pyrene 380 170 93 17
H+S > H+NS > NH+NS***
Benzo(b)fluoranthene 724 374 243 94 H+S > NH+S > NHANS#*
Pyrene 123 59 52 23
Benzo(k)fluoranthene 145 88 46 18 H+S > H+NS**> NH+S*
NH+S > NH+NS*
Dibenzo(a,h)anthracene 58 29 13 <LOQ H+S > H+NS**> NH+S**
NH+S > NH+NS**
Fluoranthene 171 75 74 34 H+S > H/NH+NS***
H+S > NH+S** > NH-+NS***
Indeno(1,2,3-cd)pyrene 324 234 120 48 H-+S/NS > NH+NS/S***
NH+S > NH+NS*
Lindane 7.6 <LOD <LOQ <LOD  H+S>NH+S*> H/NH+NS**
4,4’-DDE 2.0 <LOD <LOQ <LOD  H+S>NH+S*> NH+NS*
H+S > H+NS#**
4,4’-DDT 16 3.7 9.2 2.4 H+S > H/NH+NS#**
PCB 138 9.9 1.6 3.6 <LOQ  H/NH+S > NH+NS**
H+S > H+NS#**
PCB 118 7.0 1.1 2.1 <LOQ
H+S > NH+S*> NH+NS**
PCB 153 9.3 1.5 3.1 <LOQ LS > NS #5
PCB 180 4.5 <LOQ 1.6 <LOQ
BBP 6,222 1,290 1,708 736 H+S > H+NS***
H+S > NH+S* > NH+NS**
DEHP * 143 43 83 22 H+S > H+NS > NH+ANS#**
H+S > NH+S** > NH+NS***
Galaxolide 158 <LOD 50 <LOD  H+S> H/NH+NS***
H+S > NH+S** > NH+NS*
Tonalide 65 <LOQ 24 <LOD  H+S>NH+S*> H/NH+NS*




SVOCs influenced predominantly by smoking

Fluorene 56 17 38 14 H/NH+S > H/NH+NS**

Phenanthrene 95 51 63 43 H/NH+S > NH+NS**
H+S > H+NS***

Oxadiazon <LOQ <LOD 1.0 <LOD H/NH+S > H/NH+NS##%*

Permethrin 90 78 124 53 NH+S > NH+NS*

BDE 47 45 12 23 4.8 H/NH+S > NH+NS***
H+S > H+NS*** > NH+NS*

BDE 99 19 8.8 15 5.5 H/NH+S > NH+NS**
H+S > H+NS***

BDE 100 5.0 <LOD <LOQ <LOD H/NH+S > H/NH+NS*

PCB 52 2.6 <LOQ 1.0 <LOD H/NH+S > H/NH+NS**

PCB 101 6.8 1.2 2.6 <LOQ H/NH+S > H/NH+NS*

PCB 105 2.7 <LOQ 1.0 <LOD H/NH+S > H/NH+NS*

DBP 5,298 <LOQ 1,161 <LOD H+S > NH+S**> H+NS*
H+NS > NH+NS*

DEP 1,795 <LOQ <LOQ <LOD H+S > H/NHANS***
NH+S > NH+NS*

DiBP 3,370 613 1,329 454 H/NH+S > H/NH+NS**

DiNP 16,570 7,940 8,803 5,606 H+S > H/NHANS***
NH+S > NH+NS*

4-tert-butylphenol <LOQ <LOD <LOQ <LOD  H/NH+S > H/NH+NS*

Triclosan 305 81 313 67 H/NH+S > H/NHANS***

SVOCs influenced predominantly by the season

Benzo(g,h,i)perylene 487 333 159 69 H+S/NS > NH+S/NS**x*
Bisphenol-A 1,091 <LOD <LOD <LOD H+S > NH+NS***
H+NS > NH+NS**

SVOCs with no trend regarding influence of season and smoking
Anthracene 16 14 15 9.1 NH+NS < other **
4-tert-octylphenol 28 <LOD <LOQ <LOD  H+S > other ***

%: percentage of dwellings in each group of season and smoking status; LOD: limit of detection;
LOQ: limit of quantification; *: P < 0.05, **: P <0.01 and *** P <0.001 adjusted with the Bonferroni
correction to account for the multiple comparisons; * concentrations expressed in ng m™.

The SVOCs with concentrations < LOQ in each of the four categories are not reported.



LIST OF FIGURES

Figure 1. Average relative contribution (%) of each PAH to the total concentrations of PAHs

in PM according to season and smoking in the dwelling

Figure 2. Spearman rank correlation coefficients between concentrations of 40 particle-bound

SVOCs and PM;, concentration



Figure 1. Average relative contribution (%) of each PAH to the total concentrations of PAHs

in PM according to season and smoking in the dwelling
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Highlights
» 66 SVOCs were measured in airborne particles (PMjg) in dwellings.
» PAHs, phthalates and triclosan have the highest concentrations.
» Concentrations are higher in smokers’ dwellings and during the heating season.
» Correlations between SVOCs provide trends regarding common determinants.

» High indoor PM; concentrations promote SVOC:s in the particulate phase.



