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a b s t r a c t
Barbecue (BBQ) is one of the most popular cooking activities with charcoal worldwide and produces abundant
polycyclic aromatic hydrocarbons (PAHs) and particulate matter. Size distribution and clothing-air partitioning
of particle-bound PAHs are signiﬁcant for assessing potential health hazards to humans due to exposure to
BBQ fumes, but have not been examined adequately. To address this issue, particle and gaseous samples were collected at 2-m and 10-m distances from a cluster of four BBQ stoves. Personal samplers and cotton clothes were
carried by volunteers sitting near the BBQ stoves. Particle-bound PAHs (especially 4–6 rings) derived from BBQ
fumes were mostly afﬁliated with ﬁne particles in the size range of 0.18–1.8 μm. High molecular-weight PAHs
were mostly unimodal peaking in ﬁne particles and consequently had small geometric mean diameters and standard deviations. Source diagnostics indicated that particle-bound PAHs in BBQ fumes were generated primarily
by combustion of charcoal, fat content in food, and oil. The inﬂuences of BBQ fumes on the occurrence of
particle-bound PAHs decreased with increasing distance from BBQ stoves, due to increased impacts of ambient
sources, especially by petrogenic sources and to a lesser extent by wind speed and direction. Octanol-air and
clothing-air partition coefﬁcients of PAHs obtained from personal air samples were signiﬁcantly correlated to
each other. High molecular-weight PAHs had higher area-normalized clothing-air partition coefﬁcients in cotton
clothes, i.e., cotton fabrics may be a signiﬁcant reservoir of higher molecular-weight PAHs.
Capsule: Particle-bound PAHs from barbecue fumes are generated largely from charcoal combustion and foodcharred emissions and mainly afﬁliated with ﬁne particles.
© 2018 Elsevier B.V. All rights reserved.
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Cooking fumes contain a large number of organic contaminants,
such as polycyclic aromatic hydrocarbons (PAHs), which vary from
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different cooking styles and cooking oils, among others (Amouei
Torkmahalleh et al., 2017; Gao et al., 2015; Wang et al., 2015; Yao
et al., 2015). Compared to other cooking methods, barbecue (BBQ)
was reported to emit the highest levels of PAHs and suspended particulates (Chen et al., 2012; Wang et al., 2017; Yao et al., 2015). Although
BBQ may be one of the most popular outdoor and indoor cooking events
around the world, BBQ fumes have not yet been investigated adequately. Wu et al. (2015) found that the maximum potential health
risk via dermal and inhalation exposure to BBQ fumes for 1 h per day
was 1.4 × 10−4, slightly higher than the upper limit of the incremental
lifetime cancer risk range (1 × 10−6–1 × 10−4) (USEPA, 2017).
Badyda et al. (2018) also suggested that inhalation exposure risk to
BBQ particles for 5 h a day and 40 days a year was as high as 8.68
× 10−1. Many previous ﬁndings indicated that PAHs were strongly
size-dependent, which would inﬂuence the deposition of PAHs in different regions of the human respiratory tract (Burkart et al., 2013; Luo
et al., 2015; Schnelle-Kreis et al., 1999; Wu et al., 2015). As a result, formation and characteristics of particle-bound PAHs derived from BBQ
merit further investigations.
Polycyclic aromatic hydrocarbons in BBQ fumes are generated by incomplete burning and pyrolysis of thermal agents, food nutrients, and
food oil and fat contents (Farhadian et al., 2011; Oz and Yuzer, 2016;
Rey-Salgueiro et al., 2008). Therefore, the types of fuel and food dictate
the formation of PAHs. Charcoal, natural and liqueﬁed gas, and electricity are often used in BBQ, and charcoal is preferable, especially for
Europeans, as it can generate high temperature and smoke leading to
tasteful cooked meat (Mode, 2017). The type of fuels was reported to inﬂuence the formation of particle-bound PAHs in BBQ fumes, with charcoal briquettes producing the largest amount of PAHs (Badyda et al.,
2018). Abundance and size distribution of PAHs emitted from BBQ are
also impacted by food ingredients and oil, particularly by fat-rich food,
but carbohydrates and proteins of food are not involved in the formation of PAHs (Saito et al., 2014). Knowledge gap has remained about
the primary and other potential sources of particle-bound PAHs in
BBQ fumes and how PAHs evolve upon being emitted.
Dermal contact is an important route for human exposure to PAHs.
Clean clothes may be able to protect human skins from sorption of
semi-volatile organic compounds, whereas clothes pre-exposed to
these pollutants can enhance dermal uptake (Morrison et al., 2015c).
Accumulation of cooking fume derived PAHs on clothes is therefore signiﬁcant for human health and should be well characterized. Most previous studies have focused on clothing-air partition coefﬁcients of
nicotine, phthalates, polybrominated diphenyl ethers (PBDEs),
polychlorinated biphenyls (PCBs), and halogenated ﬂame retardants,
but not PAHs, possibly because of low PAH concentrations in ofﬁces or
homes (Li et al., 2010; Morrison et al., 2018; Morrison et al., 2015a;
Saini et al., 2017; Saini et al., 2016). To address this issue, cotton clothes
were chosen to conduct exposure experiments during outdoor BBQ
events using charcoal. Particulate samples collected in 11 size fractions
were analyzed for 16 PAHs, from which size-dependent concentration
data were acquired to assess the formation and potential sources of
PAHs. The clothing-air partition coefﬁcients of PAHs derived from BBQ
fumes were also estimated.
2. Materials and methods
2.1. Materials
A standard solution containing 16 priority PAHs was purchased from
AccuStandard (New Haven, CT, USA), i.e., naphthalene (Nap), acenaphthylene (Acy), acenaphthene (Ace), ﬂuorene (Flu), phenanthrene (Phe),
anthracene (Ant), ﬂuoranthene (Fla), pyrene (Pyr), benzo[a]anthracene
(BaA), chrysene (Chr), benzo[b]ﬂuoranthene (BbF), benzo[k]ﬂuoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (IcdP),
dibenz[a,h]anthracene (DahA), and benzo[ghi]perylene (BghiP). The
sum of BbF and BkF is designated as B[b + k]F. Surrogate standards

and internal standards were described previously (Wu et al., 2015).
XAD resins were obtained from Supelco (Bellefonte, PA, USA).

2.2. Sample collection
Barbecuing was conducted on November 5, 2016 in suburban
Guangzhou. Particle samples were collected on 47-mm diameter glass
microﬁber ﬁlters (Whatman International, Maidstone, England) with
Micro-Oriﬁce Uniform Deposit Impactor (MOUDI; MSP Corporation,
Shoreview, MN, USA), and segregated into 11 size fractions: N18,
10–18, 5.6–10, 3.2–5.6, 1.8–3.2, 1.0–1.8, 0.56–1.0, 0.32–0.56,
0.18–0.32, 0.10–0.18, and 0.056–0.10 μm. Gaseous samples were collected in polyurethane foam (PUF) at the end of the MOUDI sampler
with a constant ﬂow rate of 30 L min−1. Sampling sites were selected
at 2 and 10 m away from four barbecue stoves arranged as a rectangle
(Supplementary data Fig. S1; “S” designates texts, tables, and ﬁgures
in the Supplementary data), and 1.2 m above the ground. Each personal
air sampler equipped with 1.65 g of mixed XAD-2 and XAD-4 resin (1:1
in mass) and an active sampling device at a ﬂow rate of 3 L min−1 was
operated by volunteers to collect personal air samples, which were assumed to be 0 m away from the BBQ stoves. The time duration of sampling by both MOUDI and personal samplers was 2.5 h. Related cotton
clothing samples were also collected by volunteers. In total, two particle
samples (each contained 11 sub-samples of different size ranges), two
gaseous samples, 13 personal air samples, 13 clothing samples, and
four ﬁeld blank samples were collected and stored in −20 °C until
analysis.
2.3. Sample extraction and instrumental analysis
All samples were spiked with the surrogate standards before extraction, and the procedures for extraction and puriﬁcation of gaseous, particle, and clothing samples were described previously (Wu et al., 2015).
Each personal air sample collected with XAD was ultrasonically extracted three times, each with 15 mL mixture of hexane, dichloromethane, and acetone (2:2:1 in volume). The combined extract was dried
with anhydrous sodium sulfate and puriﬁed on a neutral silica gel column with hexane as the eluent. The collected extract was further concentrated to 50 μL in a vial under a gentle stream of N2 and spiked
with the internal standards before instrumental analysis.
Measurements of PAHs were performed by a Shimadzu GCMS-2010
Plus in the electron impact mode, with chromatographic separation by a
DB-5MS capillary column (30 m × 0.25 mm i.d. with 0.25 μm ﬁlm thickness). The column oven temperature was programmed from 60 °C (held
for 1 min), increased to 200 °C at a rate of 20 °C min−1 (held for 3 min),
raised to 250 °C at 15 °C min−1 (held for 4 min), and ﬁnally increased to
300 °C at 25 °C min−1 (held for 12 min). The ion source temperature
was set at 250 °C and full scanning from m/z 35 to m/z 350 was
conducted.
2.4. Quality assurance and quality control
The recoveries of the surrogate standards, i.e., naphthalene-d8,
acenaphthene-d10, phenanthrene-d10, chrysene-d12, perylene-d12, and
benzo[ghi]perylene-d12, were 54 ± 10%, 66 ± 13%, 82 ± 19%, 94 ±
21%, 86 ± 20%, and 84 ± 16% in ﬁeld samples, and 68 ± 17%, 73 ±
11%, 81 ± 10%, 98 ± 13%, 90 ± 13%, and 89 ± 6% in blank samples. Concentrations of PAHs in ﬁeld samples were corrected by those in corresponding procedural blanks within the same batch. The lowest
calibration concentrations divided by the actual sample volumes/areas
were deﬁned as the reporting limits. The reporting limit was
0.056 ng m−3 with an air volume of 4.5 m3 for gaseous and particle samples, 0.56 ng m−3 with an air volume of 0.45 m3 for personal air samples,
and 12.5 ng m−2 with a fabric area of 0.04 m2 for clothing samples.
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2.5. Data analysis
The area normalized fabric-air partition coefﬁcient (Karea) was estimated by (Morrison et al., 2018)
K area ¼

mPAH
Asample C PAH

ð1Þ

where mPAH is the mass of a PAH compound extracted from cotton cloth
sample; Asample is the clothing surface area; and CPAH is the gaseous concentration of the PAH compound. Geometric mean diameter (GMD) and
geometric standard deviation (GSD) were calculated by (Luo et al.,
2015)
P
logGMD ¼

C i  logDp;i
P
Ci

Ph
2

ð logGSDÞ ¼

Ci 




ð2Þ

2 i
logDp;i − logGMD
P
Ci

ð3Þ

where Ci and Dp,i are the target concentration and geometric mean particle diameter, respectively, in particle size fraction i.
3. Results and discussion
3.1. Characteristic of particle-bound PAHs size distribution
Among the target PAHs measured in BBQ fumes, DahA was not detected in samples collected from both the 2-m and 10-m sites from
the BBQ stoves. Concentrations of PAHs in ambient air were higher at
2-m than at 10-m from the stoves (Fig. S2), apparently due to the impacts from the BBQ stoves. This variability in PAH concentrations with
distance from emission sources was not only consistent with the results
for BBQ fumes in Urumqi, China (Wu et al., 2015), but also with those for
trafﬁc sources (Lee et al., 1995). Fewer high molecular-weight PAHs
were detected at the 10-m site, especially for IcdP and BghiP, than low
molecular-weight ones (Fig. S2). This may have been caused by atmospheric turbulence and dilution effects due to high wind speed
(Burkart et al., 2013).
Previous studies demonstrated that the distribution of PAHs was
particle size-dependent and predominantly associated with ﬁne particles (Aceves and Grlmalt, 1993; Burkart et al., 2013; Luo et al., 2015;
Odabasi et al., 2015; Schnelle-Kreis et al., 1999). In the present study,
particle-bound PAHs, especially 4–6 ring PAHs, were dominant in the
size range of 0.18–1.8 μm (Fig. 1), deﬁned as the accumulation mode.
The prevailing occurrence of PAHs in ﬁne particles from BBQ fumes
was likely resulted from primary combustion emissions and coagulation

-3

Concentration (ng m )

and/or condensation of gaseous PAHs on pre-existing particle surfaces
(Bi et al., 2005). In addition, ultraﬁne particles (b0.1 μm) contained considerable amounts of 5–6 ring PAHs at the 2-m site (Fig. 1). As ultraﬁne
particles possess large surface areas and great ability to sorb and condense toxic air pollutants, they present severe threats to human health
(Sioutas et al., 2005). In this context, inhalation exposure to BBQ fumes
merits further examination.
At the 2-m site, low molecular-weight PAHs (Ace, Flu, and Phe) were
slightly unimodal in size distribution with a peak in ﬁne particles (b1
μm), and well distributed in ultraﬁne and coarse particles (Fig. 2). However, Ant, Fla, and Pyr showed somewhat bimodal distribution patterns
(Fig. 2), contrary to the results from our previous study in Urumqi (Wu
et al., 2015), where the size distributions of PAHs were all unimodal at
the 2-m site away from a BBQ stove. The difference may have been attributed to the higher concentrations of low molecular-weight PAHs
in the gaseous phase than in the particulate phase (both normalized
to ng m−3) in the present study (Fig. S2), resulting in easier gas-toparticle condensation on pre-existing particles (dust, soil or particles
from combustion sources). This allowed low molecular-weight PAHs
to more easily maintain equilibrium between particles of different
sizes (Bi et al., 2005; Bi et al., 2003). High molecular-weight PAHs
(5–6 rings), except for B[b + k]F, showed unimodal size distribution
patterns peaking in the ﬁne particle fraction (Fig. 2), probably because
they tend to afﬁliate with ﬁne particles due to their high octanol-air partition coefﬁcients (Odabasi et al., 2015). The characteristic times for repartitioning of high molecular-weight PAHs, with lower vapor pressures, are also much longer than those for low molecular-weight PAHs
(Bi et al., 2005).
At the 10-m site, particle-bound PAHs were generally unimodal size
distributed and low molecular-weight PAHs (Flu, Phe, Ant, Fla, and Pyr)
tended to shift from coarse particles to ﬁne particles (Fig. 3), opposite to
previously reported results that long-distance transport would shift
particle-bound chemicals from ﬁne to large size fractions (Bi et al.,
2005; Kavouras and Stephanou, 2002; Van Vaeck and Van
Cauwenberghe, 1985). It is possible that coarse particles have higher
dry deposition velocity than ﬁne particles (Luo et al., 2015); consequently they may deposit faster during transport. Other emission
sources and/or meteorological conditions (e.g., wind direction and
speed and temperature) would also strongly affect the size distribution
of PAHs, e.g., shifting toward larger particles (Schnelle-Kreis et al.,
1999).
The GMD values of individual particle-bound PAHs were in the
ranges of 0.43–3.27 and 0.60–1.56 μm at the 2-m and 10-m sites, respectively, with GSDs being 1.93–5.81 and 1.00–5.12 μm (Table 1). Previous studies indicated that particle-bound PAHs had smaller GMDs
with shorter distances to emission sources (Schnelle-Kreis et al., 1999;
Wu et al., 2015). In the present study, however, the GMDs of 2–4 ring
6
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Fig. 1. Concentrations (ng m−3) of particle-bound PAHs in 11 size fractions at (a) 2-m and (b) 10-m sites near BBQ stoves.

1286

J.-Y. Lao et al. / Science of the Total Environment 639 (2018) 1283–1289

1.0
.8

Ace

Flu

Phe

Ant

Fla

Pyr

BaA

Chr

.6
.4
.2
0.0
1.0
.8
.6

dc/C dlog Dp

.4
.2
0.0
1.5
1.2

B[b+k]F

.9
.6
.3
0.0
1.5

BaP

1.2

IcdP

BghiP

.9
.6
.3
0.0
.1

1

10

.1

1

10

.1

1

10

Aerodynamic Diameter (µm)
Fig. 2. Particle size distributions of PAHs at 2 m from BBQ stoves, where dc is the mass concentration of PAHs in each size fraction, C is the total mass concentration of particle-bound PAHs,
and dlog Dp is the logarithm of aerodynamic diameter size interval between two adjacent size fractions.

PAHs were greater at the 2-m site than at the 10-m site, probably due to
higher concentrations of 2–4 ring PAHs in the gaseous phase which facilitated redistributing toward pre-existing coarse particles by volatilization and condensation. Gas-to-particle condensation of PAHs on
pre-existing larger particles upon emitting from sources such as charcoal ash, suspended dust, and soil may have also contributed to the particle size variability. Meteorological conditions (e.g., relative humidity)
are another signiﬁcant factor controlling the particle size distribution
(Burkart et al., 2013; Tsapakis and Stephanou, 2005). For example,
high relative humidity may enhance the sorption of PAHs with high
octanol-water coefﬁcients on particles (Burkart et al., 2013). Because
sampling was conducted on a river bank in the present study, its relative
humidity was higher than that of Urumqi in August, resulting in wider
size ranges of particle-bound PAHs with higher GMD values. However,
the results of high molecular-weight PAHs with lower GMDs and
GSDs in the present study (Table 1) were consistent with those acquired
in Guangzhou and Urumqi (Luo et al., 2015; Wu et al., 2015). The GSD
values are generally larger for chemicals with higher vapor pressures
than those with lower ones due to the effects of volatilization (Luo
et al., 2015).

3.2. Diagnostics of potential PAH sources
The ratios of PAH isomers with similar physicochemical properties,
such as Fla/(Fla + Pyr), Ant/(Ant + Phe), BaA/(BaA + Chr), and IcdP/
(IcdP + BghiP), have been suggested as indicators of pyrogenic or
petrogenic sources (Dvorská et al., 2011; Katsoyiannis et al., 2011;
Wang et al., 2016; Yunker et al., 2002). In general, Fla/(Fla + Pyr) N
0.4, Ant/(Ant + Phe) N 0.1, and BaA/(BaA + Chr) N 0.35 indicate pyrogenic emissions, while Fla/(Fla + Pyr) b 0.4, Ant/(Ant + Phe) b 0.1,
and BaA/(BaA + Chr) b 0.2 suggest petrogenic origins (Budzinski
et al., 1997; Dvorská et al., 2011; Katsoyiannis et al., 2011; Yunker
et al., 2002). It should be noted that use of PAH isomeric ratios without
robust source and transport information to diagnose potential input
source may incur large uncertainties. The conclusions drawn below
should be considered as being supplementary to the main ﬁndings.
At the 2-m site, Fla/(Fla + Pyr) and Ant/(Ant + Phe) in all particle
size ranges were N0.4 and N0.1, respectively, whereas BaA/(BaA
+ Chr) was N0.35 in most particle size ranges (Table 2), suggesting
dominant pyrogenic emissions (Budzinski et al., 1997; Katsoyiannis
et al., 2011; Yunker et al., 2002). Furthermore, the Fla/(Fla + Pyr) values
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Fig. 3. Particle size distributions of PAHs at 10-m from BBQ stoves, where dc is the mass concentration of PAHs in each size fraction, C is the total mass concentration of particle-bound PAHs,
and dlog Dp is the logarithm of aerodynamic diameter size interval between two adjacent size fractions.

in most size ranges were N0.5 (Table 2), indicating a predominant inﬂuence by combustion of wood or charcoal instead of fuel burning
(Katsoyiannis et al., 2011). Average values of Fla/(Fla + Pyr) at 0.52
and BaA/(BaA + Chr) at 0.50 combined were also reﬂective of oil combustion (Galarneau, 2008), implicating emissions from food. On the
other hand, there were a few values between 0.4 and 0.5 for Fla/(Fla
+ Pyr) and between 0.20 and 0.35 for BaA/(BaA + Chr), indications of
liquid fossil fuel and crude oil combustion (Aceves and Grlmalt, 1993;
Wang et al., 2016; Yunker et al., 2002). All these diagnostic results implicated that particle-bound PAHs at the 2-m site were predominantly derived from BBQ fumes, primarily generated from wood and charcoal
combustion and food-charred emissions, as well as from petroleum
combustion.
At the 10-m site, Fla/(Fla + Pyr) and Ant/(Ant + Phe) were in the
ranges of 0.16–0.68 and 0.06–0.63, respectively (Table 2), indicating a
combination of petrogenic and pyrogenic origins (Budzinski et al.,
1997; Katsoyiannis et al., 2011; Yunker et al., 2002). The Fla/(Fla
+ Pyr) values in coarse particles ranged between 0.4 and 0.5, consistent
with fuel combustion emissions, such as those from diesel- and

Table 1
Geometric mean diameter (GMD; μm) and geometric standard deviations (GSD; μm) of
particulate PAHs at 2 and 10 m sites away from BBQ stoves in Guangzhou.
2m

Acy
Ace
Flu
Phe
Ant
Fla
Pyr
BaA
Chr
B[b + k]F
BaP
IcdP
DahA
BghiP
a

10 m

GMD

GSD

GMD

GSD

1.71
1.10
1.31
1.13
3.27
2.07
2.19
1.43
1.08
0.86
0.43
0.62
–
1.51

3.33
5.41
5.21
5.27
5.24
4.81
5.11
4.19
3.47
4.78
2.42
1.93
–
2.63

1.22
0.74
0.92
0.80
1.56
1.40
1.06
1.34
0.70
0.60
0.75
–a
–
–

3.90
4.16
3.59
3.33
4.16
4.36
5.12
4.89
4.79
1.72
1.00
–
–
–

–: means data is not available.

gasoline-powered vehicles. Again, there were a few Fla/(Fla + Pyr)
values larger than 0.5, i.e., the 10-m site was also inﬂuenced by BBQ
fumes. Nevertheless, particle-bound PAHs at the 10-m site were predominated by petrogenic sources, but slightly inﬂuenced by BBQ
fumes due to wind direction and speed. It is noted that the average
Ant/(Ant + Phe) value was slightly greater at the 2-m site (0.27) than
at the 10-m site (0.23), similar to a previous ﬁnding that Ant/(Ant
+ Phe) decreased with increasing distance from a given emission
source (Katsoyiannis and Breivik, 2014) and can be used to assess distance variability.
3.3. Personal air monitoring of PAHs
Personal samplers equipped with ﬁlters and absorbent materials
(e.g., PUF, XAD-2, and XAD-4) have been used extensively for air monitoring, especially for personal air exposure assessment (Liu et al.,
2014; Neri et al., 2016; Preuss et al., 2006; Sklorz et al., 2007). In the
present study, personal samplers equipped with XAD-2 and XAD-4
resins were applied to estimate personal exposure to PAHs near the
BBQ stoves. Only the low and moderate molecular-weight PAHs were
detected in personal air samples (Table S1), but their concentrations
(except for Nap) were much lower than those from MOUDI and PUF
(Tables S1 and S2). A previous study employing a sampler equipped
with ﬁlter and PUF/XAD-4/PUF sandwich also reported few detectable
PAHs with molecular weights higher than Pyr (Xie et al., 2014). The
mean concentration of Nap in personal air samples was 917 ng m−3,
compared to non-detected in PUF samples after correction by ﬁled
blank. This may have resulted from high break-through of Nap in PUF
ﬁeld samples (Hart et al., 1992), as well as strong sorption of atmospherically derived Nap in PUF blank. The mean values of Fla/(Fla
+ Pyr) and Ant/(Ant + Phe) in personal air samples were 0.64 and
0.10, respectively, also in agreement with pyrogenic and charcoal/
wood combustion sources.
As our personal samplers were not equipped with particle ﬁlters, the
samples collected contained both gaseous and particulate PAHs. However, the proportions of particulate PAHs (low to moderate molecular
weights) collected with MOUDI were much smaller than those in the
gaseous phase collected with PUF. Previous studies also indicated that
2–4 ring PAHs were predominant in the gaseous phase (N97%) (Xie
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Table 2
Mass ratios of PAH isomers in 11 particle size fraction (μm) at 2-m and 10-m sites away from BBQ stoves.
N18

10–18

5.6–10

3.2–5.6

1.8–3.2

1.0–1.8

0.56–10

0.32–0.56

0.18–0.32

0.10–0.18

0.056–0.10

Total

2m
Fla/(Fla + Pyr)
Ant/(Ant + Phe)
BaA/(BaA + Chr)

0.47
0.44
0.59

0.49
0.43
0.51

0.51
0.36
0.48

0.53
0.55
0.57

0.56
0.30
0.51

0.54
0.13
0.35

0.52
0.10
0.36

0.50
0.14
0.32

0.53
0.19
0.51

0.40
0.15
0.51

0.56
0.17
0.31

0.51
0.27
0.42

10 m
Fla/(Fla + Pyr)
Ant/(Ant + Phe)
BaA/(BaA + Chr)

0.53
0.49
–a

0.27
0.51
–

0.33
0.42
–

0.68
0.29
–

0.18
0.63
–

0.42
0.19
–

0.53
0.19
–

0.37
0.37
–

0.36
0.06
–

0.16
0.09
–

0.30
0.26
–

0.44
0.23
–

a

–: means data is not available.

(Table S3), especially for low-molecular weight PAHs, were generally
lower than those presented above for other organic chemicals. The exceptions are Pyr and Chr, with log Karea values (2.1 and 2.5) comparable
to those described above. Because the time for clothing exposure to
PAHs was short, the clothes did not achieve equilibrium with atmospheric PAHs (Morrison et al., 2018; Morrison et al., 2015a; Saini et al.,
2017), resulting in underestimated clothing-air partition coefﬁcients
of PAHs. Moreover, cotton clothes are consisted primarily of cellulose
containing polar spots which are strong sorbents for polar species
(Buchert et al., 2001; Morrison et al., 2015b). This is why less cotton
clothes sorbed less amounts of PAHs compared to other polar compounds such as phthalate, nicotine, and methamphetamine (Morrison
et al., 2015b; Saini et al., 2016). Finally, the hygroscopicity of cotton
can reduce the sorption of lipophilic PAHs (Saini et al., 2017). Because
clothing materials can strongly inﬂuence the absorption of different
compounds (Morrison et al., 2018; Morrison et al., 2015b; Saini et al.,
2016; Sherlach et al., 2011), appropriate fabric materials should be chosen to reduce PAHs exposure, especially for sensitive population groups
such as toddlers.

et al., 2014; Zhao et al., 2011). Hence, concentrations of PAHs obtained
with XAD resins were essentially representative of those in the gaseous
phase, and could be used to estimate clothing-air partition coefﬁcients
with sufﬁcient accuracy.
3.4. Clothing-air partitioning
The clothing-air partition coefﬁcient (Karea-0m) obtained in XAD at 0m was in the range of 2.0–290 m for PAHs with molecular weights lower
than 228 (e.g., Chr) except for BaA (Table S3). The log Karea-0m values increased signiﬁcantly (p b 0.01 and r2 = 0.82) with increasing log KOA
(Fig. 4a). Saini et al. (2017, 2016) also obtained linear correlations between log Karea and log KOA for phthalates and halogenated ﬂame retardants in cotton clothes, as well as for polybrominated diphenyl ethers in
cotton, polyester, and steel clothes. On the other hand, the clothing-air
partition coefﬁcients (Karea-2m) of PAHs obtained in PUF at the 2-m
site ranged between 0.64 and 12 m for PAHs with molecular weights
lower than 228 except for Nap (Table S3). There was no signiﬁcant linear correlation (p N 0.05; Fig. 4b) between log Karea-2m and log KOA. As
personal samplers were placed closer to cotton clothes than PUF, the
clothing-air partition coefﬁcients obtained with personal samplers
were likely to be more reﬂective of reality and were used for further assessment below.
Morrison et al. (2018, 2015a, 2015b) estimated log Karea values for
several organic chemicals in different fabrics. The log Karea values were
in the range of 2.0–3.2 for methamphetamine in polyester and/or cotton
clothes, 1.9–3.4 and b2.0–3.3 for PCB-28 and PCB-52, respectively, in
fabric materials including 100% cotton, 100% polyester, and blends of
cotton, polyester, viscose/rayon, and/or elastane, and 2.3–2.6 and
3.5–3.8 for diethyl phthalate and di-n-butyl phthalate, respectively, in
cotton undershirt, outershirt, and jean. The area normalized clothingair partition coefﬁcients of PAHs obtained in the present study

4. Conclusions
Composition proﬁles and size distributions of PAHs were different
between 2- and 10-m distances from the BBQ stoves. Particle-bound
PAHs collected at both distances were mostly afﬁliated in ﬁne particles.
The log Karea values estimated from PAH concentrations in personal air
samplers were signiﬁcantly correlated with log KOA, and increased
with increasing PAH molecular weight. The log Karea of lower
molecular-weight PAHs in cotton clothes were lower than those of
polar compounds, probably due to cellulose in cotton and lipophilicity
of PAHs, as well as the non-equilibrium state of PAHs in clothes.
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Fig. 4. Correlation between the logarithms of air-clothing and octanol-air partition coefﬁcients for nine PAHs in (a) personal air samples (0 m from clothes) and (b) in PUF samples (2 m
from clothes). Log Koa values of PAHs were obtained from EPI Suite.
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