Chemosphere 291 (2022) 133083

4
L

LSEVIER

journal homepage: www.elsevier.com/locate/chemosphere

Contents lists available at ScienceDirect

Chemosphere

Chemosphere

»

Check for

Profiling and assessing soil-air exchange of polycyclic aromatic e
hydrocarbons (PAHs) in playground dust and soil using ex situ equilibrium

passive sampling

Dat Thanh Pham, Abhrajyoti Tarafdar, Pil-Gon Kim, Jung-Hwan Kwon -

Division of Environmental Science and Ecological Engineering, Korea University, Seoul, 02841, Republic of Korea

HIGHLIGHTS

o Total concentration of £16 PAH in dust
was approximately 5 times higher than
soil.

e Bioavailable fraction of PAHs was eval-
uated using passive samplers.

o Fugacity analysis indicated that PAHs in
dust/soil are mainly from atmospheric
deposition.

e Source apportionment suggests the main
source of PAHs from petrogenic
combustion.

e PAHs in dust/soil showed weak corre-
lations with TOC.
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ABSTRACT

Cancer risk can be associated with exposure to polycyclic aromatic hydrocarbons (PAHSs) in playground dust and
soil. This study investigated the profiles and sources of PAHs from poured rubber-surfaced playground dust and
uncovered playground surface soil, by applying an ex-situ equilibrium passive sampling technique. Surface dust
and soil samples were collected from 15 different playgrounds in Seoul, Republic of Korea. The total 16 EPA
PAHs concentrations in surface dust and soil varied from 198 to 919 pg kg~! dw and 68-169 pg kg™! dw,
respectively. 4- to 6-ring PAHs were dominant, accounting for approximately 53.8%-94.5% of the total PAHs in
surface dust and soil. The diagnostic ratios and principal component analysis suggested that a mixed coal
combustion and vehicular emission was likely the main source of PAHs in the surface dust and soil. The higher
total organic carbon content can explain the higher PAH accumulation and lower fugacities of PAHs. The
fugacity comparison of phenanthrene and pyrene in dust, soil, air, and playground surface material indicated that
atmospheric deposition is the main source of PAHs in the dust and soil on rubber-surfaced and uncovered sur-
faced playgrounds. This study contributes to the understanding of PAHs sources in dust and soil samples in
children’s playground and helps policymaker determine the right contamination sources for risk management.
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1. Introduction

Polycyclic aromatic hydrocarbon (PAH) pollution, alongside
increasing industrialization, has caused serious concern. PAHs are an
important group of organic pollutants released into the environment,
primarily through incomplete combustion of fossil fuels and biomass (Yu
et al., 2019). Children spend more time outdoors, coming in close con-
tact with dust and soil, and may face increased PAH exposure as
compared to adults. Numerous studies have focused on the PAH con-
centrations in surface dust and soil in roadsides, busy streets, and in-
dustrial areas, to study the risks of PAHs on the environment and human
health (Liu et al., 2019; Marquez-Bravo et al., 2016; Tarafdar and Sinha,
2018; Yadav et al., 2018; Zhang et al., 2016).

Outdoor playground surfaces can be made of natural soil or poured
rubber installation, which largely consists of crumb rubber (cushion
layer), covered by materials (wear layer) such as ethylene propylene
diene monomer (EPDM), styrene-butadiene (SBR), or thermoplastic
vulcanizate (TPV) granules. It has been reported that rubber tire mate-
rials contain aromatic extender oil and have a PAH content of 300-700
mg kg™ (Aatmeeyata and Sharma, 2010). Previous studies of PAH
concentrations in natural soil playgrounds in Bratislava, Slovakia (Hiller
et al., 2015) and Gwangju, Republic of Korea (Islam et al., 2018) indi-
cated mean childhood cancer risks of 1.09 x 1077 and 3.6 x 1077,
respectively. Contrastingly, Tarafdar et al. (2019) reported that the
cancer risk was marginally higher than the standards set by US Envi-
ronmental Protection Agency ((EPA 1990)) in the dust from poured
rubber-surfaced playgrounds in Seoul, Republic of Korea. PAHs con-
centrations were four to five times higher in dust from the covered
playground than in the natural soil playground (Tarafdar et al., 2019).
Bioavailability of the higher concentration of PAHs in dust in covered
playgrounds is uncertain as the natural soil playgrounds. Higher total
PAH concentration in dust can be attributed to PAH migration from the
rubber mulch of the poured rubber surface. Therefore, investigating the
sources of PAHs in dust and soil particles from playground surfaces and
rubber mulch is necessary to further understand the risk associated with
PAH uptake and formulate appropriate management strategies.

Soil-air exchange is a key diffusive process governing the fate of
hydrophobic organic pollutants, including PAHs (Cousins et al., 1999).
Atmospheric deposition is a significant source of PAHs in surface dust
and soil (Murakami et al., 2005; Suman et al., 2016; Wild and Jones,
1995). Semi-volatile PAHs may re-volatilize from surface dust and soil
and re-enter the atmosphere. To evaluate the risk associated with
environmental contamination and human exposure, it is important to
understand the soil-air exchange of PAHs. Existing soil-air partitioning
methods involve grab sampling (Bidleman and Leone, 2004; Wang et al.,
2014). This approach may be inefficient in defining the soil exchange
layer, and the compound levels extracted with organic solvents may
surpass the levels freely exchanged with air (Wang et al., 2015).

In situ passive sampling is a low cost, efficient, and convenient
method (Zhang et al., 2011) as compared to grab sampling, because it
can be used to calculate freely dissolved or gas-phase concentrations of
semi-volatile compounds in water and air (Donald et al., 2018). Several
studies have measured fugacity gradients at the soil-air interface using
polyurethane foam passive samplers (Wang et al., 2017; Zhang et al.,
2011). Alternatively, soil-air partitioning could be conducted in a lab-
oratory, using the soil-air fugacity based on the freely dissolved con-
centrations, Cfree, by mixing soil with passive samplers in batch systems
under no-depletion conditions (Arp et al., 2014; Enell et al., 2016;
Hawthorne et al., 2011). Upon all phases (water, soil/sediment, colloids,
and polymer coating of a passive sampler) achieving equilibrium, Cgee is
calculated using the target chemical concentration in the passive
sampler and predetermined equilibrium polymer—water partition con-
stants. This approach is useful for evaluating the bioavailable fraction
and fugacity of PAHs in dust, soil, and rubber samples.

The main objectives of this study were to investigate the total con-
centration, spatial distribution pattern, and emission sources and to
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determine the soil-air exchanges of the 16 PAHs in surface dust and soil
from 15 children’s playgrounds. This study will be useful in character-
izing playground dust and soil and understanding the risks of rubber
surfaces to support decision making in selecting suitable surface mate-
rials for children’s playgrounds.

2. Material and methods
2.1. Chemicals and materials

A standard mixture containing 16 EPA PAHs (product code: 36,979)
and an internal standard mixture (product code: CRM46955) containing
acenaphthene-d;, chrysene-d;s, 1,4-dichlorobenzene-d4, naphthalene-
ds, perylene-d;,, and phenanthrene-d;o, were purchased from Supelco
(Bellefonte, PA, USA). The abbreviations of the 16 PAHs used in this
study are presented in Table S1, Supplementary Material. Dichloro-
methane (DCM) and n-hexane were obtained from Daejung Chemicals
(Siheung, Republic of Korea), and water was obtained from Honeywell
Burdick & Jackson (Charlotte, North Carolina, USA). All organic sol-
vents and water used were of HPLC-grade. Sodium sulfate, calcium
chloride, and sodium azide were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Silica gel (0.04-0.063 mm) was obtained from Merck
KGaA (Darmstadt, Germany). Recycled rubber mulch (model number:
RM16ET) was purchased from IMC Outdoor Living (St. Louis, MO, USA).

2.2. Samples and TOC measurement

Surface dust and soil samples were collected from 15 different chil-
dren parks in Seoul, from November 2019 to February 2020 (Figure S1,
Supplementary Material). The samples were collected according to the
guidelines of the Environmental Hazards Assessment Program of the
California Environmental Protection Agency (Sava, 1994). Approxi-
mately, 50 g of dust particles on 50-100 m? of poured rubber play-
ground surfaces was collected using brushes and dustpans. Because
particles on covered playgrounds rarely contained soil grain, we defined
those as dust particles. Surface soil samples at a depth of approximately
2 cm were collected from the four uncovered playgrounds, using a
stainless-steel shovel. Eight sub-samples per site were collected, pooled,
and mixed thoroughly to provide a representative sample for each site.
All samples were stored in 250 mL amber vials with a Teflon-lined cap
for laboratory transportation. After the samples were air-dried at room
temperature for 48 h, gravel and plant residues were manually removed
from the samples. All samples were gently crushed, homogenized, sieved
through a 2 mm sieve, and stored at 4 °C until analysis.

The moisture content and total organic matter (TOM) of 2 g of dust
and soil were measured. Dust and soil moisture content was determined
by drying the samples at 105 °C for 16 h. These samples were placed in
an electric furnace (Model: SJ-DF5, Sejong Scientific Co., Bucheon, Re-
public of Korea) for TOM determination by measuring their loss upon
ignition at 550 °C for 6 h. Total organic carbon (TOC) content was then
estimated by multiplying 0.58 with TOM content (Nelson and Sommers,
1983).

2.3. Soxhlet extraction and cleanup

The 5 g dust or soil sample was spiked with 50 pL (20 pg mL 1) of the
internal standard mixture and air-dried for 24 h. The samples were
mixed with 5 g of anhydrous sodium sulfate and placed in a glass
extraction thimble. Sodium sulfate was dehydrated for 6 h at 600 °C in a
muffle furnace, prior to the experiment. The samples were then Soxhlet
extracted with 150 mL of DCM for 24 h. The extracts were concentrated
to 3-5 mL using a rotary vacuum evaporator (N-1200A, Shanghai Eyela
Co., Ltd., Shanghai, China). The aliquot was then filtered through a
column packed with 2 g and 0.5 g of dehydrated silica gel and anhydrous
sodium sulfate, respectively. The column was preconditioned with 10
mL of DCM and n-hexane. The PAH fraction was eluted with 20 mL of
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DCM and then concentrated to 3-5 mL using a rotary vacuum evapo-
rator. The concentrates were dissipated to 1 mL under a gentle stream of
nitrogen gas. The samples were then preserved at 4 °C, prior to gas
chromatography-mass spectrometry (GC-MS) analysis.

2.4. Fugacity determination using passive sampling

Medical-grade polydimethylsiloxane (PDMS) sheets with a thickness
of 125 pm (Specialty Silicone Products, Inc., Ballston Spa, NY, USA)
were cut into 6 cm diameter disks and washed with acetone: n-hexane
(1:1, v/v), followed by methanol. A 5 g homogenized soil sample, a
PDMS disk, and 20 mL aqueous solution containing 0.001 M CaCl; and
0.015 M NaN3 were placed in a 20 mL glass vial with a Teflon-lined cap.
There was only a 0.5 mL headspace in a vial. The vials were then placed
in a shaking incubator at 25 °C and 150 rpm in the dark. Equilibrium was
achieved after 28 days (Arp et al., 2014; Enell et al., 2016), and the
PDMS disks were removed with a tweezer, rinsed with ultrapure water,
and wiped dry with a tissue. They were then placed in a clean 5 mL vial,
with 2 mL of DCM and 50 pL of the internal PAH solution. The vials were
placed in a shaking incubator for 48 h at 150 rpm. After shaking, the
solution was concentrated to 100 pL under a gentle nitrogen stream,
transferred to a 200 pL GC vial, and immediately analyzed using GC-MS.
PAH depletion by the polymer was negligible, accounting for less than
5% of the total amount. This prevents an artefactual reduction of freely
dissolved concentrations, Cgee (U8 LY. At equilibrium, Cgee was
calculated from PAH concentrations in PDMS, Cppyis (18 kg’l), using the
obtained PDMS-water partition constants in the literature, Kppmsw
(Lree kg’lpDMS) (Table S2, Supplementary Material) for 16 PAHs (Kwon
et al., 2007).

Fugacity is a measure of the tendency of a chemical to escape from its
medium (Mackay, 1979). In this study, the PAH concentrations in the
dust, soil and aqueous phases were at equilibrium. Therefore, the
fugacity of PAHSs in dust and soil (fs, Pa) was equal to that in aqueous
phase, which is given by

fw = (Cpree x H) / (My x 10%) @

where, My is the PAH molecular weight (g mol’l), and H is Henry’s law
constant (Pa m® mol™!) (Table S2).
PAHs fugacity in air (fg, Pa) is given by:

fo =10"CGRT /My 2

where, R is the universal gas constant (8.314 Pa miK! mol’l), T is the
temperature (K), and Cg is the gas phase concentration (ng m_3).

2.5. GC-MS analysis

PAHs were separated on an Agilent DB-5MS column (30 m x 0.25 m
x 0.25 pm film thickness) using an Agilent 7890A gas chromatograph,
coupled with an Agilent 5975C mass detector. The temperature program
of the GC oven was as follows: (1) 40 °C for 1 min, (2) 120 °C (ramp:
25 °C minfl), (3) 160 °C (ramp: 10 °C min’l), (4) 230 °C (ramp: 5 °C
min’l), 285 °C (ramp: 1.5°C min’l), and (5) 300 °C (ramp: 5 °C min’l),
held for 3 min. The inlet and detector temperatures were 250 and
280 °C, respectively. Two microliters of sample were injected using an
Agilent 7683B series injector autosampler in splitless mode, and helium
was used as the carrier gas (1 mL min’l). The analyte identification was
confirmed using the peak retention times in GC-MS and qualifier ions
(Table S1). The most abundant ions were quantified.

2.6. Principal component analysis (PCA)

PCA, the multivariate analytical tool, was used to reduce a set of
original variables (measured PAHs content in the dust and soil samples)
and to extract a small number of latent factors (principal components,
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PCs) for analyzing relationships among the observed variables. Data
submitted for the analysis were arranged in a matrix, with each column
corresponding to one PAH component and each row representing a
playground location (i.e., number of playgrounds). PCA was used to
evaluate data matrices, allowing the summarized data to be further
analyzed and plotted. According to Kaiser’s rule, the number of factors
extracted from the variables was determined by a scree test. Only factors
with eigenvalues greater than one were retained based on this criterion.
PCA was performed using GraphPad Prism 9.2.0 for Windows (Graph-
Pad Software, San Diego, CA, USA).

2.7. Quality control

A laboratory blank was included for every 15 samples in the
analytical procedure. None of the analytical blanks had detectable
contamination of the monitored PAHs; thus, all data were reported
without recovery corrections. According to the International Conference
on Harmonization (ICH) guidelines (Harron, 2013), the detection limit
(DL) and the quantitation limit (QL) can be expressed as DL = 3.3 ¢/S
and QL = 10 o/S, respectively, where o is the standard deviation of the
response and S is the slope of the calibration curve. The slope S was
estimated from the calibration curve, and the standard deviation of the
response was determined based on the standard deviation of the y-in-
tercepts of the regression lines. The DL and QL for the 16 PAHs ranged
from 0.5 to 1.2 and 1.6-3.8 ng g}, respectively. The average surrogate
standard recoveries (Acenaphthene-d;g, Chrysene-d;, Perylene-d;s,
Phenanthrene-d; ) of Soxhlet-extracted samples were 60%, 94%, 105%,
and 118%, respectively, while those of PDMS-extracted samples were
75%, 90%, 98%, and 94%, respectively.

3. Results and discussion
3.1. PAH concentration and profiles

The concentrations of the 16 PAHs measured in the dust and soil
samples are presented in Fig. 1. The median total concentration of 16
PAHs were approximately five times higher in dust from covered play-
ground than in soil from uncovered playground, with ranges of
173.6-919.4 pg kg ! dw (median 582.6 pg kg ™! dw) and 68.2-168.5 pg
kg’1 dw (median 119.2 pg kg’1 dw), respectively (Table S4). The PAHs
concentration in playground dust and soil in this study were comparable
with those in soil (13.2-145.5 pg kg~ dw, median 31.8 pg kg~! dw)
from Gwangju, Republic of Korea, but lower than those in soil
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Fig. 1. Total concentrations of 16 PAHs in surface dust and soil of the 11
rubber-surfaced and 4 soil playgrounds (S3, S5, S7, S13) in Seoul. The whiskers
on the bars represent the standard deviations of triplicates.
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(2820-6460 pg kg™! dw, median 4205 pg kg™ dw) and dust
(4910-57,930 pg kg~! dw, median 12,554 pg kg~! dw) from Seoul
(Tarafdar et al., 2019). Playgrounds 1, 2, and 8, located near main roads
and parking lots, had higher total PAH concentrations in the dust sam-
ples. Contrastingly, playgrounds 6 and 10 had the lowest total PAH
concentrations. Playground 6 is located far from main roads and sur-
rounded by buildings, whereas playground 10 is next to a stream and an
alley. The total PAH concentration in the soil followed the same pattern
as that in dust. Playgrounds 3, 5, and 7 are near main roads and a
parking garage, while playground 13 is near an alley within a housing
complex. Thus, it can be predicted that vehicles contributed to abundant
PAHs in urban dust and soil particles.

The profiles of the individual PAHs in the surface dust and soil are
listed in Table S4. The top three PAH congeners found in all dust and soil
samples were FLU, PYR, and PHE, which accounted for 48% and 63.5%
of the dust and soil samples of all PAH concentrations, respectively. This
is consistent with the results of previous studies showing that these three
compounds accounted for more than 35% of the total PAH content in
Huanggang, Central China (Liu et al., 2019) and four major cities in
Nepal (Birgunj, Kathmandu, Pokhara, and Biratnagar) (Yadav et al.,
2018). CHR was identified as the most abundant PAH measured in dust,
accounting for 28.2% of the 16 PAHs, while PHE was the most abundant
PAH in soil, accounting for 29.1% of the 16 PAHs. This suggests that
CHR and PHE may be relatively stable, thereby accumulating domi-
nantly in dust and soil. Eight relatively more carcinogenic PAHs
(HCar-PAHs), including CHR, BaA, BbF, BKF, BaP, IcdP, DahA, and
BghiP, were detected at higher levels in dust than in surface soil. The
total concentration of HCar-PAHs in dust and soil ranged from 71.5 to
388.4 pg kg ! dw (median 221 pg kg~ dw) and 9.6-37.3 pg kg ! dw
(median 33.7 pg kg ™! dw), respectively, and occupied lower than 50% of
the concentration of 16 PAHs. BaP concentration in the dust and soil
ranged from 4.9 to 61.2 pg kg~! dw (median 18.7 pg kg~! dw) and n.
d.~1.85 pg kg ! dw (median n.d.), respectively.

Considering the number of aromatic rings, 4-ring PAHs were the
most dominant, followed by 6-ring and 5-ring PAHs, accounting for
48%, 17%, and 15% of the 16 PAHs, respectively. The contents of high
molecular weight PAHs (HMW-PAHSs) containing 4—6-ring PAHs ranged
from 39 to 844 pg kg~! dw (median 255.5 pg kg~ dw), accounting for
53.8-94.5% of the total PAHs. Contrastingly, the contents of low mo-
lecular weight PAHs (LMW-PAHs) ranged from 25.7 to 77.9 pg kg ' dw
(median 51.7 pg kg~ dw), accounting for 5.5-46.2% of total PAHs. The
predominance of HMW-PAHs over LMW-PAHs strongly implies the
dominance of pyrogenic sources over petrogenic sources (Vinas et al.,
2009; Zakaria et al., 2002) and is a common feature of urban soils from
different cities. This finding is consistent with those of previous studies
of PAHs in playground soil from Bratislava, Slovakia (Hiller et al., 2015),
urban soil from Nepal (Yadav et al., 2018), and street dust from Ezhou,
China (Zhang et al., 2016). The elevated HMW-PAH content in dust and
soil could be caused by higher stability of HMW-PAHs (Chung et al.,
2007), while the low level of LMW-PAHs might be due to degradation
and volatilization (Marquez-Bravo et al., 2016; Morillo et al., 2007).
However, exceptionally high levels of PHE measured in soil were likely
because PHE is the most thermodynamically stable compound among
the 3-ring parent PAHs (Vane et al., 2014).

TOC has been found to be a principal factor controlling the sorption
of hydrophobic organic chemicals in soils and sediments, with higher
concentrations accompanied by high TOC (Nam et al., 2008). Generally,
dust from covered playgrounds had higher TOC than soil from uncov-
ered playgrounds. Correlations of contents of LMW-PAHs, HMW-PAHs,
and 16 PAHs with TOC levels of surface dust and soil were examined
(Figure S2, Supplementary Material), showing that TOC was not corre-
lated with each PAH group. This trend is similar to that observed for
street dust from Dalian (Wang et al., 2009). TOC has less influence on
PAH distribution in dust than in soil (Hiller et al., 2015; Wang et al.,
2009; Zhang et al., 2016). This may be attributed to different physical
and chemical properties of dust and soil. Dust is described as a complex
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and heterogeneous mixture of atmospheric aerosols, asphalt particles,
tire particles, sand, and other minerals (Takada et al., 1990), while soil
organic matter mainly contains humic substances (Senesi, 1992).

3.2. Diagnostic ratio (DRs) and principal component analysis (PCA)

A quantitative understanding of PAH sources plays a significant role
in assessing and reducing the environmental risk caused by PAHs. PAH
sources directly impact the congener profile (Akyiiz and Cabuk, 2010;
Tarafdar et al., 2018). The diagnostic ratio is a conventional technique
to identify the PAH sources present in different environmental media
(Devi et al., 2016). Understanding the origins (i.e., petrogenic or pyro-
lytic/combustion) of PAHs in multi-environmental matrices is important
for evaluating the fate and transport processes. The ratios of the selected
individual PAH compounds used to categorize the PAH sources were
interpreted in Table S3.

The diagnostic ratio analysis generally suggests that fuel combustion
and petrogenic origin were likely the main sources of PAHs in dust and
soil samples from children’s playgrounds in Seoul (Fig. 2). Most of the
dust samples had FLA/(FLA + PYR) values < 0.40, and IcdP/(IcdP +
BghiP) values ranging from 0.20 to 0.50. According to the interpretation
of the DRs (Table S3), these values suggested a mixed petroleum com-
bustion and petrogenic origin of the PAHs in urban playground dust. On
the contrary, the scattered BaA/(BaA + CHR) ratios and ANT/(ANT +
PHE) ratios (Fig. 2b) indicated that the source of PAHs in dust also
included coal combustion, in addition to petroleum combustion and
petrogenic origin. Only FLA/(FLA + PYR) and IcdP/(IcdP + BghiP) ra-
tios were calculated for soil samples, because the individual PAH con-
centrations in the other ratios were close to or lower than the detection
limits. The FLA/(FLA + PYR) and IcdP/(IcdP + BghiP) values are the
most appropriate for identifying PAH sources in soils (Tobiszewski and
Namiesnik, 2012), as individual pairs of PAHs included in the ratios
exhibit similar behavior in terms of their chemical stability in air and
soil (Yunker and Macdonald, 2003). The FLA/(FLA + PYR) values
ranging from 0.40 to 0.50 and the IcdP/(IcdP + BghiP) values ranging
from 0.20 to 0.50 show a mixed petroleum combustion and fossil fuel
combustion origin of PAHs in urban soils.

In some cases, the values of the four ratios are not always in agree-
ment, therefore resulting to different sources of the PAHs. The total
index (Orecchio et al., 2010) was calculated as the sum of single ratios
normalized to the limit value.

Toral inter — ANT/(ANT + Phe) | FLA/(FLA + PYR)
0.1 0.4
BaA/(BaA + CHR) IcdP/(IcdP + BghiP) 3)
0.2 0.5

PAHs originating from combustion have a total index >4, whereas a
total index <4 indicates products prevalently originating from petro-
leum. The value of the total index for all dust and soil samples varied
between 1.39 and 5.31, supporting the results of the DR analysis that
PAHs likely originated from a mixed combustion and petroleum
products.

The diagnostic ratios can only be used to qualitatively identify PAH
sources. However, principal component analysis (PCA) can be used to
semi-quantitatively describe the contribution of main PAH sources
(Wang et al., 2012). The four factors having eigenvalue higher than one
accounted for 84% of the total variance. Due to the weak correlation of
PC3 and PC4 (6.98% and 6.35% of the total variance, respectively), PC3
and PC4 were not discussed in this study. PC1 explained 56% of the
variance, and PC2 accounted for 14% of the data variability (Fig. 3). The
score plot for the samples (Fig. 3) indicated that the soil samples had
similar sources while the dust samples were scattered, suggesting that
they had different PAH sources. PCl was heavily weighted by
three-to-six-ring PAHs- PHEN, FLA, BaA, BghiP, BaP, BbF, and IcdP,
indicating the characteristics of carcinogenic and high molecular weight
of PAHs. According to the literature (Wang et al., 2012; Zhang et al.,
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dominated by NAP, ACE, ANT, DahA and PHEN, indicating that PC2 is
characterized by low molecular weight PAHs. These two-to-three-ring
PAHs suggested the emission characteristics of PAH composition

2009), BbF, BaP, BghiP, and IndP have been suggested to indicate
vehicle emission while PHEN, FLA, and BaA were related with the
emission characteristics of PAHs from coal combustion. PC2 was
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Fig. 4. Fugacity fraction (fy) values of PHE and PYR for winter. The whiskers on
the bars represent the range of the f; values; the respective dash and dot line
represent the mean f; values of PHEN and PYR.

related to coal combustion. Taking the PCA and DR results together,
vehicle emission and coal combustion were likely the major sources for
total PAHs (see Fig. 4).

3.3. Soil-air gas exchange

Measured Cgree of > 16 PAHs in dust and soil samples varied from
0.017 to 0.12 pg L™ 'fee (median 0.053 Hg L™ 'fee) (Table S5). The dust
samples from covered playgrounds were predicted to have lower Cgee
than soil. The higher TOC in dust could increase PAH accumulation and
prevent PAHs leaching from dust particles, especially HMW-PAHs,
owing to their greater hydrophobicity. LMW-PAHs (2-3-ring PAHs)
occupied 29.6-98.0% of the Cgee, with PHE having the highest Cgree
value. PYR and PHE occurred in all samples and had the highest Cee
among the HMW-PAHS. Five- and six-ring PAHs were barely present in
all samples, and benzo[a]pyrene only occurred at the D4, S5, and D8
sites.

The fugacity of the compounds in the compartment was compared to
determine whether the compartments were in equilibrium. The fugacity
fraction (fp) is a convenient and conventional way of expressing the
relative fugacity of two environmental compartments (Harner et al.,
2001; Meijer et al., 2003; Wang et al., 2011). A fugacity fraction of
approximately 0.50 indicates equilibrium, >0.50 indicates net volatili-
zation from soil into air, and <0.5 indicates net deposition from air to
soil. However, owing to uncertainties and the propagation of errors in
the calculation, f; values between 0.3 and 0.7 are not considered to differ
significantly from equilibrium; ff > 0.7 indicates that the soil is a source
with net volatilization from soil to air, and ff < 0.3 indicates that the soil
is a sink with net deposition from air to soil (Harner et al., 2001; Meijer
et al., 2003; Wang et al., 2011).

fe=f /(i +£) “)

The prevailing PHE and PYR were chosen as representative PAHs for
LMW-PAHs and HMW-PAHS, respectively. The fg values of PHE and PYR
were calculated using the atmospheric gas-phase concentrations re-
ported by Thang et al. (2020), and fs values of PHE and PYR were
calculated from their dust and soil freely dissolved concentrations
measured in this study (Table S5). Atmospheric gas-phase concentration
data was collected from one of the sampling stations in Thang et al.
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(2020). The sampling station U18 in Seongbuk district, Seoul, Republic
of Korea was chosen since its location was within 5 km distance from the
sampling playgrounds in this study, suggesting the minimally spatial
variability. Despite the two years apart in terms of sampling between the
two studies, data from samples taken in the winter was chosen to
minimize the potential influence of seasonal variability.

The ff values for PHE and PYR are shown in Fig. 3, ranging from 0.12
to 0.89 (median 0.54) and n.d. to 0.72 (median 0.32), respectively.
Generally, the f¢ values of PHE and PYR in most playgrounds were within
the certainty range, implying that the dust, soil, and ambient air were
close to the phase equilibrium. The f; values for PHE were higher than
those for PYR, except in D1. The mean f; values increased with
decreasing molecular weight of the individual PAHs, indicating that dust
and soil acted as a sink for HMW-PAHs rather than LMW-PAHs,
consistent with the results of previous studies (Bozlaker et al., 2008;
Wang et al., 2011). LMW-PAHs are more mobile and subject to soil-air
transfer because of their higher volatility and lower retention in dust
and soil (Cousins et al., 1999; Hippelein and Mclachlan, 1998). The
HMW-PAHs appeared to accumulate for longer periods in dust and soil,
after deposition. Thus, surface dust and soil was a source of some
LMW-PAHs to the atmosphere and a long-term sink for HMW-PAHSs.

Atmospheric deposition is a major source of PAHs in dust and soil
(Bozlaker et al., 2008). The predominance of PYR and PHE in Seoul air
(Thang et al., 2020) could explain the dominance of these compounds in
playground dust and soil particles. We initially hypothesized that PAHs
could be transferred from the “cushion layer” to the “wear layer” of the
rubber surface and the “wear layer” to the dust. This phenomenon could
disturb the pre-existing equilibrium between the playground dust and
gas phase, making dust a source of PAHs in the atmosphere. However,
the equilibrium of PHE and PYR between dust, soil, and air demon-
strated that the source of PAHs in dust and soil particles is unlikely to
originate from the playground covers but mainly because of atmospheric
depositions; however, fs and f; values were derived from two indepen-
dent studies.

The total and freely dissolved concentrations of PAHs extracted from
the rubber mulch were determined. The results showed that the con-
centration of 16 PAHs in rubber mulch ranged from 33.2 to 62.5 pg g !
dw (median 45.4 pg g’l dw) (Table S4). FLA, PYR, and PHE were the
most abundant congeners, consistent with previous reports (Celeiro
et al., 2014; Llompart et al., 2013). PAHs from the rubber mulch were
undetected in the aqueous phase profiles, which can be explained by the
strong sorption of PAHs to carbon content in rubber. The results show
that PAHs in dust particles on playground surfaces rarely originate from
the “cushion layer” as hypothesized but mainly from atmospheric PAHs.
Taking the DRs, PCA, and soil-air gas exchange analysis together, at-
mospheric deposition is likely the major source for total PAHs; therefore,
minimizing vehicular exhaust may reduce the health risks.

The results showed that the strong sorption of PAHs to TOC fraction
in dust/soil and in the rubber surfacing can lower the environmental risk
of PAHs but extend their presence. Despite this, regulatory guidelines for
PAHs contaminated soil often rely on the total soil concentrations
(Ehlers and Luthy, 2003; Brand et al., 2013), overestimating risk by not
sufficiently accounting for (bio)availability. This study suggested that
the fugacity analysis can provide complementary information for initial
screening purposes on risks related to PAHs. The health risk of PAHs can
be estimated by total soil concentration, while the fugacity analysis can
suggest the source of contamination. Information provided from the two
analyses can minimize the false positive identification of the contami-
nation source to help policymakers target the right source of contami-
nants in dust and soil adhered to consumer products. In this study, the
fugacity analysis suggested that the poured rubber surface is considered
as a suitable material for the children’s playground in terms of the PAHs
contamination.
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4. Conclusion

The median total PAH concentrations from dust on poured rubber-
surface playgrounds were approximately five times greater than those
from soil on natural soil playgrounds in Seoul. The composition profile
of PAHs in dust and soil with a predominance of 4-, 5-, and 6-ring PAHs
indicated that combustion processes were the most important source of
these compounds. The TOC concentration had no significant influence
on the total PAH accumulation in the dust and soil particles. Diagnostic
ratios and PCA analysis showed that playground PAHs originated from a
mixed coal combustion and vehicular emission. The freely dissolved
concentration suggested that TOC could inhibit the leaching of PAHs,
especially HMW-PAHs from dust and soil particles. Measuring soil-air
fugacity fractions of PHE and PYR, and total freely dissolved concen-
trations of PAHs in rubber mulch affirmed that atmospheric deposition
was largely the source of PAHs in dust and soil particles. The strong
sorption of PAHs to the carbon content in rubber is attributed to the
undetected PAHs in the aqueous phase profiles. Therefore, the “cushion
layer” of the playground surface was not the main source of childhood
cancer risk. There is also a possibility that PAHs can directly leach from
the playground to children, through direct dermal contact with the
covered surface. This could be an important research area to further
assess childhood cancer risk associated to PAHs in playgrounds.

Credit author statement

Thanh Dat Pham: Conceptualization, Methodology, Investigation,
Validation, Writing — original draft preparation. Abhrajyoti Tarafdar:
Conceptualization, Methodology, Writing — review & editing. Pil-Gon
Kim: Conceptualization, Methodology, Writing — review & editing.
Jung-Hwan Kwon: Conceptualization, Supervision, Writing — review &
editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgement

This work was supported by the Korea Environment Industry and
Technology Institute (KEITI) through “Development of methods
measuring cumulative exposure to hazardous chemicals under the use of
consumer products using passive samplers” funded by the Korea Min-
istry of Environment (MOE) [grant number 2021002970002].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.chemosphere.2021.133083.

References

Aatmeeyata, Sharma, M., 2010. Polycyclic aromatic hydrocarbons, elemental and
organic carbon emissions from tire-wear. Sci. Total Environ. 408, 4563-4568.
https://doi.org/10.1016/j.scitotenv.2010.06.011.

Akyiiz, M., Cabuk, H., 2010. Gas-particle partitioning and seasonal variation of
polycyclic aromatic hydrocarbons in the atmosphere of Zonguldak. Turkey. Sci.
Total Environ. 408, 5550-5558. https://doi.org/10.1016/j.scitotenv.2010.07.063.

Arp, H.P.H., Lundstedt, S., Josefsson, S., Cornelissen, G., Enell, A., Allard, A.S., Kleja, D.
B., 2014. Native oxy-PAHs, N-PACs, and PAHs in historically contaminated soils
from Sweden, Belgium, and France: their soil-porewater partitioning behavior,
bioaccumulation in Enchytraeus crypticus, and bioavailability. Environ. Sci.
Technol. 48, 11187-11195. https://doi.org/10.1021/es5034469.

Bidleman, T.F., Leone, A.D., 2004. Soil-air exchange of organochlorine pesticides in the
Southern United States. Environ. Pollut. 128, 49-57. https://doi.org/10.1016/j.
envpol.2003.08.034.

Chemosphere 291 (2022) 133083

Bozlaker, A., Muezzinoglu, A., Odabasi, M., 2008. Atmospheric concentrations, dry
deposition and air-soil exchange of polycyclic aromatic hydrocarbons (PAHs) in an
industrial region in Turkey. J. Hazard Mater. 153, 1093-1102. https://doi.org/
10.1016/j.jhazmat.2007.09.064.

Brand, E., Lijzen, J., Peijnenburg, W., Swartjes, F., 2013. Possibilities of implementation
of bioavailability methods for organic contaminants in the Dutch Soil Quality
Assessment Framework. J. Hazard. Mater. 261, 833-839. https://doi.org/10.1016/j.
jhazmat.2012.11.066.

Celeiro, M., Lamas, J.P., Garcia-Jares, C., Dagnac, T., Ramos, L., Llompart, M., 2014.
Investigation of PAH and other hazardous contaminant occurrence in recycled tyre
rubber surfaces. Case-study: restaurant playground in an indoor shopping centre. Int.
J. Environ. Anal. Chem. 94 (12), 1264-1271. https://doi.org/10.1080/
03067319.2014.930847.

Chung, M.K., Hu, R., Cheung, K.C., Wong, M.H., 2007. Pollutants in Hong Kong soils:
polycyclic aromatic hydrocarbons. Chemosphere 67, 464-473. https://doi.org/
10.1016/j.chemosphere.2006.09.062.

Cousins, I.T., Beck, A.J., Jones, K.C., 1999. A review of the processes involved in the
exchange of semi-volatile organic compounds (SVOC) across the air-soil interface.
Sci. Total Environ. 228, 5-24. https://doi.org/10.1016/50048-9697(99)00015-7.

Devi, N.L., Yadav, I.C., Shihua, Q., Dan, Y., Zhang, G., Raha, P., 2016. Environmental
carcinogenic polycyclic aromatic hydrocarbons in soil from Himalayas, India:
implications for spatial distribution, sources apportionment and risk assessment.
Chemosphere 144, 493-502. https://doi.org/10.1016/j.chemosphere.2015.08.062.

Donald, C.E., Anderson, K.A., Program, E.S., Building, L.S., 2018. Assessing soil-air
partitioning of PAHs and PCBs with a new fugacity passive sampler. Sci. Total
Environ. 596-597, 293-302. https://doi.org/10.1016/j.scitotenv.2017.03.095.

Ehlers, L.J., Luthy, R.G., 2003. Contaminant bioavailability in soil and sediment.
Environ. Sci. Technol. 37 (15), 295A—302A. https://doi.org/10.1021/es032524f.

Enell, A., Lundstedt, S., Arp, H.P.H., Josefsson, S., Cornelissen, G., Wik, O., Berggren
Kleja, D., 2016. Combining leaching and passive sampling to measure the mobility
and distribution between porewater, DOC, and colloids of native oxy-PAHs, N-PACs,
and PAHs in historically contaminated soil. Environ. Sci. Technol. 50, 11797-11805.
https://doi.org/10.1021/acs.est.6b02774.

EPA, 1990. Corrective action for soild waste management units (SWMUS) at hazardous
waste management facilities: proposed rule. 55 F.R. 30, 800.

Harner, T., Bidleman, T.F., Jantunen, L.M.M., Mackay, D., 2001. Soil-air exchange model
of persistent pesticides in the United States cotton belt. Environ. Toxicol. Chem. 20,
1612-1621. https://doi.org/10.1002/etc.5620200728.

Harron, D.W.G., 2013. Technical requirements for registration of pharmaceuticals for
human use: the ICH process. Textb. Pharm. Med. 1994, 447-460. https://doi.org/
10.1002/9781118532331.ch23.

Hawthorne, S.B., Jonker, M.T.O., Van Der Heijden, S.A., Grabanski, C.B., Azzolina, N.A.,
Miller, D.J., 2011. Measuring picogram per liter concentrations of freely dissolved
parent and alkyl PAHs (PAH-34), using passive sampling with polyoxymethylene.
Anal. Chem. 83, 6754-6761. https://doi.org/10.1021/ac201411v.

Hiller, E., Lachka, L., Voza, J., 2015. Polycyclic aromatic hydrocarbons in urban soils
from kindergartens and playgrounds in Bratislava, the capital city of Slovakia.
Environ Earth Sci 73, 7147-7156. https://doi.org/10.1007/512665-014-3894-1.

Hippelein, M., Mclachlan, M.S., 1998. Development and influence of physical — chemical
properties. Environ. Sci. Technol. 32, 310-316. https://doi.org/10.1021/
€s9705699.

Islam, M.N., Jo, Y.T., Chung, S.Y., Park, J.H., 2018. Assessment of polycyclic aromatic
hydrocarbons in school playground soils in urban Gwangju, South Korea. Arch.
Environ. Contam. Toxicol. 74, 431-441. https://doi.org/10.1007/500244-017-0467-
9.

Kwon, J.H., Wuethrich, T., Mayer, P., Escher, B.I., 2007. Dynamic permeation method to
determine partition coefficients of highly hydrophobic chemicals between poly
(dimethylsiloxane) and water. Anal. Chem. 79, 6816-6822. https://doi.org/
10.1021/ac0710073.

Liu, J., Zhang, J., Zhan, C., Liu, H., Zhang, L., Hu, T., Xing, X., Qu, C., 2019. Polycyclic
aromatic hydrocarbons (PAHs) in urban street dust of Huanggang, central China:
status, sources and human health risk assessment. Aerosol Air Qual. Res. 19,
221-233. https://doi.org/10.4209/aaqr.2018.02.0048.

Llompart, M., Sanchez-Prado, L., Pablo Lamas, J., Garcia-Jares, C., Roca, E., Dagnac, T.,
2013. Hazardous organic chemicals in rubber recycled tire playgrounds and pavers.
Chemosphere 90, 423-431. https://doi.org/10.1016/j.chemosphere.2012.07.053.

Mackay, D., 1979. Finding fugacity feasible. Environ. Sci. Technol. 13, 1218-1223.
https://doi.org/10.1021/es60158a003.

Marquez-Bravo, L.G., Briggs, D., Shayler, H., Mcbride, M., Lopp, D., Stone, E., Ferenz, G.,
Bogdan, K.G., Mitchell, R.G., Spliethoff, H.M., 2016. Concentrations of polycyclic
aromatic hydrocarbons in New York City community garden soils: potential sources
and influential factors. Environ. Toxicol. Chem. 35, 357-367. https://doi.org/
10.1002/etc.3215.

Meijer, S.N., Shoeib, M., Jantunen, L.M.M., Jones, K.C., Harner, T., 2003. Air - soil
exchange of organochlorine pesticides in agricultural soils. 1. Field measurements
using a novel in situ sampling device. Environ. Sci. Technol. 37, 1292-1299. https://
doi.org/10.1021/es020540r.

Morillo, E., Romero, A.S., Maqueda, C., Madrid, L., Ajmone-Marsan, F., Grcman, H.,
Davidson, C.M., Hursthouse, A.S., Villaverde, J., 2007. Soil pollution by PAHs in
urban soils: a comparison of three European cities. J. Environ. Monit. 9, 1001-1008.
https://doi.org/10.1039/b705955h.

Murakami, M., Nakajima, F., Furumai, H., 2005. Size- and density-distributions and
sources of polycyclic aromatic hydrocarbons in urban road dust. Chemosphere 61,
783-791. https://doi.org/10.1016/j.chemosphere.2005.04.003.


https://doi.org/10.1016/j.chemosphere.2021.133083
https://doi.org/10.1016/j.chemosphere.2021.133083
https://doi.org/10.1016/j.scitotenv.2010.06.011
https://doi.org/10.1016/j.scitotenv.2010.07.063
https://doi.org/10.1021/es5034469
https://doi.org/10.1016/j.envpol.2003.08.034
https://doi.org/10.1016/j.envpol.2003.08.034
https://doi.org/10.1016/j.jhazmat.2007.09.064
https://doi.org/10.1016/j.jhazmat.2007.09.064
https://doi.org/10.1016/j.jhazmat.2012.11.066
https://doi.org/10.1016/j.jhazmat.2012.11.066
https://doi.org/10.1080/03067319.2014.930847
https://doi.org/10.1080/03067319.2014.930847
https://doi.org/10.1016/j.chemosphere.2006.09.062
https://doi.org/10.1016/j.chemosphere.2006.09.062
https://doi.org/10.1016/S0048-9697(99)00015-7
https://doi.org/10.1016/j.chemosphere.2015.08.062
https://doi.org/10.1016/j.scitotenv.2017.03.095
https://doi.org/10.1021/es032524f
https://doi.org/10.1021/acs.est.6b02774
http://refhub.elsevier.com/S0045-6535(21)03555-4/sref13
http://refhub.elsevier.com/S0045-6535(21)03555-4/sref13
https://doi.org/10.1002/etc.5620200728
https://doi.org/10.1002/9781118532331.ch23
https://doi.org/10.1002/9781118532331.ch23
https://doi.org/10.1021/ac201411v
https://doi.org/10.1007/s12665-014-3894-1
https://doi.org/10.1021/es9705699
https://doi.org/10.1021/es9705699
https://doi.org/10.1007/s00244-017-0467-9
https://doi.org/10.1007/s00244-017-0467-9
https://doi.org/10.1021/ac0710073
https://doi.org/10.1021/ac0710073
https://doi.org/10.4209/aaqr.2018.02.0048
https://doi.org/10.1016/j.chemosphere.2012.07.053
https://doi.org/10.1021/es60158a003
https://doi.org/10.1002/etc.3215
https://doi.org/10.1002/etc.3215
https://doi.org/10.1021/es020540r
https://doi.org/10.1021/es020540r
https://doi.org/10.1039/b705955h
https://doi.org/10.1016/j.chemosphere.2005.04.003

D.T. Pham et al.

Nelson, D., Sommers, L., 1983. Total carbon, organic carbon, and organic matter. In:
Page, A. (Ed.), Methods of Soil Analysis. https://doi.org/10.2134/
agronmonogr9.2.2ed.c29.

Nam, J.J., Thomas, G.O., Jaward, F.M., Steinnes, E., Gustafsson, O., Jones, K.C., 2008.
PAHs in background soils from Western Europe: influence of atmospheric deposition
and soil organic matter. Chemosphere 70, 1596-1602. https://doi.org/10.1016/].
chemosphere.2007.08.010.

Orecchio, S., Cannata, S., Culotta, L., 2010. How building an underwater pipeline
connecting Libya to Sicilian coast is affecting environment: polycyclic aromatic
hydrocarbons (PAHs) in sediments; monitoring the evolution of the shore approach
area of the Gulf of Gela (Italy). J. Hazard Mater. 181, 647-658. https://doi.org/
10.1016/j.jhazmat.2010.05.061.

Sava, R., 1994. Guide to sampling air, water, soil, and vegetation for chemical analysis.
Environ. Hazards Assess. Progr. 94, 1-57.

Senesi, N., 1992. Binding mechanisms of pesticides to soil humic substances. Sci. Total
Environ. 123-124, 63-76. https://doi.org/10.1016/0048-9697(92)90133-D.

Suman, S., Sinha, A., Tarafdar, A., 2016. Polycyclic aromatic hydrocarbons (PAHs)
concentration levels, pattern, source identification and soil toxicity assessment in
urban traffic soil of Dhanbad, India. Sci. Total Environ. 545-546, 353-360. https://
doi.org/10.1016/j.scitotenv.2015.12.061.

Takada, H., Onda, T., Ogura, N., 1990. Determination of polycyclic aromatic
hydrocarbons in urban street dusts and their source materials by capillary gas
chromatography. Environ. Sci. Technol. 24, 1179-1186. https://doi.org/10.1021/
es00078a005.

Tarafdar, A., Chawda, S., Sinha, A., 2018. Health risk assessment from polycyclic
aromatic hydrocarbons (PAHs) present in dietary components: a meta-analysis on a
global scale. Polycycl. Aromat. Comp. 40 (3), 850-861. https://doi.org/10.1080/
10406638.2018.1492426.

Tarafdar, A., Oh, M.J., Nguyen-Phuong, Q., Kwon, J.H., 2019. Profiling and potential
cancer risk assessment on children exposed to PAHs in playground dust/soil: a
comparative study on poured rubber surfaced and classical soil playgrounds in
Seoul. Environ. Geochem. Health 42, 1691-1704. https://doi.org/10.1007/s10653-
019-00334-2.

Tarafdar, A., Sinha, A., 2018. Public health risk assessment with bioaccessibility
considerations for soil PAHs at oil refinery vicinity areas in India. Sci. Total Environ.
616-617, 1477-1484. https://doi.org/10.1016/j.scitotenv.2017.10.166.

Thang, P.Q., Kim, S.J., Lee, S.J., Kim, C.H., Lim, H.J., Lee, S.B., Kim, J.Y., Vuong, Q.T.,
Choi, S.D., 2020. Monitoring of polycyclic aromatic hydrocarbons using passive air
samplers in Seoul, South Korea: spatial distribution, seasonal variation, and source
identification. Atmos. Environ. 229, 117460. https://doi.org/10.1016/j.
atmosenv.2020.117460.

Tobiszewski, M., Namiesnik, J., 2012. PAH diagnostic ratios for the identification of
pollution emission sources. Environ. Pollut. 162, 110-119. https://doi.org/10.1016/
j-envpol.2011.10.025.

Vane, C.H., Kim, A.W., Beriro, D.J., Cave, M.R., Knights, K., Moss-Hayes, V.,
Nathanail, P.C., 2014. Polycyclic aromatic hydrocarbons (PAH) and polychlorinated
biphenyls (PCB) in urban soils of Greater London, UK. Appl. Geochem. 51, 303-314.
https://doi.org/10.1016/j.apgeochem.2014.09.013.

Vinas, L., Franco, M.A., Gonzélez, J.J., 2009. Polycyclic aromatic hydrocarbon
composition of sediments in the Ria de Vigo (NW Spain). Arch. Environ. Contam.
Toxicol. 57, 42-49. https://doi.org/10.1007/500244-008-9230-6.

Wang, C., Wang, X., Gong, P., Yao, T., 2014. Polycyclic aromatic hydrocarbons in surface
soil across the Tibetan Plateau: spatial distribution, source and air-soil exchange.
Environ. Pollut. 184, 138-144. https://doi.org/10.1016/j.envpol.2013.08.029.

Chemosphere 291 (2022) 133083

Wang, C., Wang, X., Ren, J., Gong, P., Yao, T., 2017. Using a passive air sampler to
monitor air—soil exchange of organochlorine pesticides in the pasture of the central
Tibetan Plateau. Sci. Total Environ. 580, 958-965. https://doi.org/10.1016/j.
scitotenv.2016.12.046.

Wang, D.G., Yang, M., Jia, H.L., Zhou, L., Li, Y.F., 2009. Polycyclic sromatic
hydrocarbons in urban street dust and surface soil: comparisons of concentration,
profile, and source. Arch. Environ. Contam. Toxicol. 56, 173-180. https://doi.org/
10.1007/500244-008-9182-x.

Wang, W., Simonich, S., Giri, B., Chang, Y., Zhang, Y., Jia, Y., Tao, S., Wang, R.,
Wang, B., Li, W., Cao, J., Lu, X., 2011. Atmospheric concentrations and air-soil gas
exchange of polycyclic aromatic hydrocarbons (PAHs) in remote, rural village and
urban areas of Beijing-Tianjin region, North China. Sci. Total Environ. 409,
2942-2950. https://doi.org/10.1016/j.scitotenv.2011.04.021.

Wang, Y., Luo, C., Wang, S., Liu, J., Pan, S., Li, J., Ming, L., Zhang, G., Li, X., 2015.
Assessment of the air-soil partitioning of polycyclic aromatic hydrocarbons in a
paddy field using a modified fugacity sampler. Environ. Sci. Technol. 49, 284-291.
https://doi.org/10.1021/es5040766.

Wang, Y., Li, X., Li, B.H., Shen, Z.Y., Feng, C.H., Chen, Y.X., 2012. Characterization,
sources, and potential risk assessment of PAHs in surface sediments from nearshore
and farther shore zones of the Yangtze estuary, China. Environ. Sci. Pollut. Res. 19,
4148-4158. https://doi.org/10.1007/s11356-012-0952-7.

Wild, S.R., Jones, K.C., 1995. Polynuclear aromatic hydrocarbons in the United Kingdom
environment: a preliminary source inventory and budget. Environ. Pollut. 88,
91-108. https://doi.org/10.1016/0269-7491(95)91052-M.

Yadav, I.C., Devi, N.L., Li, J., Zhang, G., 2018. Polycyclic aromatic hydrocarbons in
house dust and surface soil in major urban regions of Nepal: implication on source
apportionment and toxicological effect. Sci. Total Environ. 616-617, 223-235.
https://doi.org/10.1016/j.scitotenv.2017.10.313.

Yu, Y., Katsoyiannis, A., Bohlin-Nizzetto, P., Brorstrom-Lundén, E., Ma, J., Zhao, Y.,
Wu, Z., Tych, W., Mindham, D., Sverko, E., Barresi, E., Dryfhout-Clark, H., Fellin, P.,
Hung, H., 2019. Polycyclic aromatic hydrocarbons not declining in Arctic air despite
global emission reduction. Environ. Sci. Technol. 53, 2375-2382. https://doi.org/
10.1021/acs.est.8b05353.

Yunker, M.B., Macdonald, R.W., 2003. Alkane and PAH depositional history, sources and
fluxes in sediments from the Fraser River Basin and Strait of Georgia. Canada. Org.
Geochem. 34, 1429-1454. https://doi.org/10.1016/50146-6380(03)00136-0.

Zhang, S., Zhang, W., Wang, K., Shen, Y., Hu, L., Wang, X., 2009. Concentration,
distribution and source apportionment of atmospheric polycyclic aromatic
hydrocarbons in the southeast suburb of Beijing, China. Environ. Monit. Assess. 151,
197-207. https://doi.org/10.1007/510661-008-0261-2.

Zakaria, M.P., Takada, H., Tsutsumi, S., Ohno, K., Yamada, J., Kouno, E., Kumata, H.,
2002. Distribution of polycyclic aromatic hydrocarbons (PAHs) in rivers and
estuaries in Malaysia: a widespread input of petrogenic PAHs. Environ. Sci. Technol.
36, 1907-1918. https://doi.org/10.1021/es011278+.

Zhang, J., Zhan, C., Liu, H,, Liu, T., Yao, R., Hu, T., Xiao, W., Xing, X., Xu, H., Cao, J.,
2016. Characterization of polycyclic aromatic hydrocarbons (PAHs), Iron and black
carbon within street dust from a steel industrial city, central China. Aerosol Air Qual.
Res. 16, 2452-2461. https://doi.org/10.4209/aaqr.2016.02.0085.

Zhang, Y., Deng, S., Liu, Y., Shen, G, Li, X., Cao, J., Wang, X., Reid, B., Tao, S., 2011.
A passive air sampler for characterizing the vertical concentration profile of gaseous
phase polycyclic aromatic hydrocarbons in near soil surface air. Environ. Pollut. 159,
694-699. https://doi.org/10.1016/j.envpol.2010.12.002.


https://doi.org/10.2134/agronmonogr9.2.2ed.c29
https://doi.org/10.2134/agronmonogr9.2.2ed.c29
https://doi.org/10.1016/j.chemosphere.2007.08.010
https://doi.org/10.1016/j.chemosphere.2007.08.010
https://doi.org/10.1016/j.jhazmat.2010.05.061
https://doi.org/10.1016/j.jhazmat.2010.05.061
http://refhub.elsevier.com/S0045-6535(21)03555-4/sref33
http://refhub.elsevier.com/S0045-6535(21)03555-4/sref33
https://doi.org/10.1016/0048-9697(92)90133-D
https://doi.org/10.1016/j.scitotenv.2015.12.061
https://doi.org/10.1016/j.scitotenv.2015.12.061
https://doi.org/10.1021/es00078a005
https://doi.org/10.1021/es00078a005
https://doi.org/10.1080/10406638.2018.1492426
https://doi.org/10.1080/10406638.2018.1492426
https://doi.org/10.1007/s10653-019-00334-2
https://doi.org/10.1007/s10653-019-00334-2
https://doi.org/10.1016/j.scitotenv.2017.10.166
https://doi.org/10.1016/j.atmosenv.2020.117460
https://doi.org/10.1016/j.atmosenv.2020.117460
https://doi.org/10.1016/j.envpol.2011.10.025
https://doi.org/10.1016/j.envpol.2011.10.025
https://doi.org/10.1016/j.apgeochem.2014.09.013
https://doi.org/10.1007/s00244-008-9230-6
https://doi.org/10.1016/j.envpol.2013.08.029
https://doi.org/10.1016/j.scitotenv.2016.12.046
https://doi.org/10.1016/j.scitotenv.2016.12.046
https://doi.org/10.1007/s00244-008-9182-x
https://doi.org/10.1007/s00244-008-9182-x
https://doi.org/10.1016/j.scitotenv.2011.04.021
https://doi.org/10.1021/es5040766
https://doi.org/10.1007/s11356-012-0952-7
https://doi.org/10.1016/0269-7491(95)91052-M
https://doi.org/10.1016/j.scitotenv.2017.10.313
https://doi.org/10.1021/acs.est.8b05353
https://doi.org/10.1021/acs.est.8b05353
https://doi.org/10.1016/S0146-6380(03)00136-0
https://doi.org/10.1007/s10661-008-0261-2
https://doi.org/10.1021/es011278&plus;
https://doi.org/10.4209/aaqr.2016.02.0085
https://doi.org/10.1016/j.envpol.2010.12.002

	Profiling and assessing soil-air exchange of polycyclic aromatic hydrocarbons (PAHs) in playground dust and soil using ex s ...
	1 Introduction
	2 Material and methods
	2.1 Chemicals and materials
	2.2 Samples and TOC measurement
	2.3 Soxhlet extraction and cleanup
	2.4 Fugacity determination using passive sampling
	2.5 GC-MS analysis
	2.6 Principal component analysis (PCA)
	2.7 Quality control

	3 Results and discussion
	3.1 PAH concentration and profiles
	3.2 Diagnostic ratio (DRs) and principal component analysis (PCA)
	3.3 Soil-air gas exchange

	4 Conclusion
	Credit author statement
	Declaration of competing interest
	Acknowledgement
	Appendix A Supplementary data
	References


