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profiles of gaseous phase OCPs (hexachlorocyclohexanes (HCHs) and dichlorodiphenyltrichloroethanes (DDTs)). Air was sampled at 5, 15, and 30 cm above ground level every 10th day
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during a 60-day period by deploying polyurethane foam cylinders housed in acrylonitrile

Air–soil exchange

butadiene styrene-covered cartridges. Concentrations and compositions of OCPs along the

Chamber

vertical sections indicated a clear relationship with proximity to the mixture of HCHs and

Organochlorine pesticides

DDTs which escapes from the soils. In addition, significant positive correlations were found

Passive air sampler

between air temperatures and concentrations of HCHs and DDTs. These results indicated
revolatilization and re-deposition being at or close to dynamic pseudo-equilibrium with the
overlying air. The sampler used for addressing air–soil exchange of persistent organic
pollutants in any sealed conditions is discussed.
© 2014 The Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences.
Published by Elsevier B.V.

Introduction
In China, hexachlorocyclohexanes (HCHs) and dichlorodiphenyltrichloroethanes (DDTs) were among the most used organochlorine pesticides (OCPs) for pest and malaria control from 1950 to
1983. China stood for 33% and 20% of the global HCH and DDT
production, representing more than 4 and 0.46 million tons in that
period, respectively (Fu et al., 2003). Although being officially
banned since 1980s, HCHs and DDTs persist with high residues in
various environmental medias, ecological compartments, and
human tissues due to their long half-lives, semi-volatility, and
hydrophobicity (Xue and Li, 2011; Zhang et al., 2002).
Soils are a reservoir or source for persistent organic pollutants
(POPs) and air–soil exchange plays an important role in controlling the fate of POPs (Schuster et al., 2011; Tao et al., 2003). This is
especially the case for agrochemical POPs such as OCPs (Cabrerizo

et al., 2011; Kurt-Karakus and Jones, 2006). Soils act as a
predominant sink of OCPs (Tao et al., 2003). With strongly
adhering to or being trapped within soil mineral particles and
soil organic matter, most of OCPs may store in surface soils at an
“aged” state (Arias-Estévez et al., 2008). This “aged” state thus
limits vertical transport of the compound. On the other hand,
soils act as a secondary source by revolatilizing the residuals to
the atmosphere in some cases, since the compounds rather
decompose in soils much slower than in atmosphere and water
(Pereira et al., 2010; Wang et al., 2012). The revolatilization is
strongly depending on environmental factors such as temperature (Odabasi and Cetin, 2012) as well as soil properties such as
the reservoir potential of soils for OCPs (Pereira et al., 2010; Shen
et al., 2010). In many cases the revolatilization under sealed
conditions (e.g., in plastic or glass sheds) is most relevant. This is
likely to be rather different compared with open conditions, since
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A mixture stock of OCP standard solution (purity ≥ 99.5%),
including α-HCH, β-HCH, γ-HCH, δ-HCH, p,p′-DDD, o,p′-DDT, p,p′-DDT,
and p,p′-DDE, were purchased from Supelco company, Bellefonte,
Pennsylvania, USA. The stock was pre-diluted with n-hexane to 2 ng/
mL in order to adapt to 0.1–100 ng/mL for analysis and stored in a
freezer at −20°C. 2,4,5,6-Tetrachloro-m-xylene was used as an internal
standard for the pesticides analysis (J&K Chemical Ltd., Beijing,
China).

All glassware were cleaned using an ultrasonic cleaner
(KQ-500B, Kunshan Ultrasonic Instrument, Kunshan, Jiangsu
Province, China) at 40°C for 6 hr. Used solvents included
n-hexane, acetone and dichloromethane (DCM), and ethyl
acetate (chromatographic grade, purity > 98%, Merck, Darmstadt, Germany). These solvents were redistilled two times
prior to use. Anhydrous sodium sulfate (Na2SO4) was supplied
by LiuLi Chemical Plant (Beijing, China), dried at 400°C for 4 hr
in a furnace and kept in a sealed desiccator. Florisil (60–
100 mesh, Supelco Company, Bellefonte, Pennsylvania, USA)

Approximately 100 kg of subsurface soils (>20 cm) was collected
from an abandoned pesticide facility (119°15′56″E, 29°27′53″N) in
Chongqing City, southwestern China. HCHs and DDTs were the
principal products in the facility during the 1950s–1980s. The
collected soils were enclosed in a stainless steel box and
transported to State Key Laboratory of Environmental Criteria
and Risk Assessment, Chinese Research Academy of Environmental Sciences (SKLECRA-CRAES) within two days. After
removing the gravels and plant roots, the soil was air dried at
room temperature, powered by passing through a 60 mesh sieve,
and then kept at less than −20°C. Soil sampling was performed
following Chinese National Guidelines for Technical Specification
for Soil Environmental Monitoring (HJ/T 166-2006). The following
parameters were determined for five random subsamples of the
soil. The content of total organic carbon was measured using a
total organic carbon/total nitrogen analyzer (Multi N/C 3100,
Analytik Jena AG, Jena, Germany). Soil pH values were determined in a soil-to-water suspension (1:5, W/V) using a pH meter
(DELA320, Mettler-Toledo AG, Schwerzenbach, Switzerland). Soil
relative humidity was determined by weighing the sample before
and after drying it to constant mass at 105°C.
The means and standard deviations of concentrations of
∑ HCH (sum of α + β + γ + δ HCH) and ∑ DDT (sum of p,p′-DDD,
p,p′-DDT, p,p′-DDE and o,p′-DDT) in the soils were (19.7 ± 3.4) μg/g
and (73.0 ± 10.8) μg/g, respectively (Table 1). p,p′-DDD was the
predominant DDT metabolite accounting for 78.4% of the ∑DDT
and its concentration was 57.2 μg/g. Concentrations of p,p′-DDE, o,
p′-DDT, and p,p′-DDT were 7.5, 4.6, and 3.6 μg/g, respectively. This
profile is consistent with the fact that DDT in soils is transformed
by microbial degradation into more stable metabolites such as
p,p′-DDD and p,p′-DDE. In addition, the soil samples had ratios
of p,p′-DDE/p,p′-DDT >1, also indicating an aged DDT (Harner et
al., 2004). Among the four HCH isomers, β-HCH was dominating
with a concentration of 11.9 μg/g, contributing 60.3% of the
∑ HCH. α-HCH accounted for 23.0% of the ∑ HCH, followed by
δ- and γ-HCHs with concentrations of 2.4 μg/g and 0.9 μg/g,
respectively (Table 1). Notably, an obvious difference in the
profiles of HCH isomers was found between HCHs in the
studied soils and the technical HCHs (Li et al., 2006; Liu et al.,
2009). The ratio of α/γ-HCH was 5, indicating a mixture of
technical HCHs (Li et al., 2009) in the studied soil. The high
percentage of β-HCH in the soil also verified a long-term
modification of indigenous technical HCH, rather than
current input (Li et al., 2009).
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1.1. Chemicals

1.2. Tested soil

1.3. Experimental design
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1. Materials and methods

was heated at 450°C for 4 hr, stored in a sealed desiccator, and
reactivated at 130°C for 12 hr prior to use. Before use, silica gel
(80–200 mesh, Beijing Chemical Reagent Company, China) was
activated at 130°C for 18 hr in a shallow glass tray, deactivated
to 3.3% with deionized water in a 500 mL glass jar, mixed
thoroughly and allowed to equilibrate for 6 hr. Deionized water
was prepared using an ultra-pure water system (Labconco,
Beijing Liyuan Electronic Instrument Co. Ltd., Beijing, China).

A novel PAS (PAS-H, China Patent No. ZL201220118062.9),
shown in Fig. 1, was designed to collect gaseous phase OCPs in

sc

higher air temperatures and lower mobility are expected. As a
result, the elevated revolatilization probably leads to an accumulation of highly hydrophobic compounds in crops by leaf
adsorption and root uptake (Krauss et al., 2004). To date, however,
there have been few investigations of air–soil exchange of OCPs
under sealed conditions (Kurt-Karakus and Jones, 2006). The issue
is especially important in China mainly because of the large
residues of OCPs in agricultural soils (Tao et al., 2003) and
widespread use of plastic or glass sheds for crop production
since the 1980s. The issue also has huge implications for the soil–
air–plant cycling of agrochemical POPs.
In studies of air–soil exchange of OCPs, the focus has mainly
been on either the atmospheric boundary layer from tens to
hundreds meters (e.g., Farrar et al., 2005; Tao et al., 2007) or near
soil surface air from tens to hundreds millimeters (e.g., Meijer et
al., 2003; Ruzickova et al., 2008), using active and passive sampling
techniques. These studies assume that contaminants between air
and soil should be at or close to a partitioning equilibrium,
providing quantitative evidences on the atmospheric surface
exchange of OCPs. Unfortunately, active samplers inevitably
bring about some disturbance of the air mass (Kurt-Karakus and
Jones, 2006; Zhang et al., 2009). This could become a more
significant issue under sealed conditions. Thus using passive
sampling techniques under such conditions may be a good
alternative owing to low cost, power-free requirement and easy
operation (Namiesnik et al., 2005; Seethapathy et al., 2008). Certainly,
optimizing calibration against active samplers must be considered
(Wania et al., 2003). Nevertheless, passive air sampler (PAS) at least is
an improvement due to use of low-rusting material, which is an
advantage under sealed conditions with relative humidity being
almost 100%.
We therefore designed and tested a novel PAS (PAS-H), which
could be used under sealed conditions, with the intention of seeing
to what extent “aged” OCP-polluted soils become a secondary
source of HCHs and DDTs to the chamber air. The PAS was made by
polyurethane foam cylinders housed in acrylonitrile butadiene
styrene-covered cartridges. The main objectives of this study were
to: (1) calibrate the PAS-H using a co-deployed sampler that has
been validated under chamber and field conditions; (2) measure the
vertical concentration profiles of OCPs in gaseous phase in the
sealed chamber; and (3) determine the effect of temperature
gradients on OCPs atmospheric concentrations.
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Table 1 – Selected properties of soils used in the chamber
experiment (Mean ± S.D., n = 5).
Parameter
pH
Total organic carbon (g/kg)
Moisture (%)
ΣHCHs (μg/g)
α-HCH (μg/g)
β-HCH (μg/g)
γ-HCH (μg/g)
δ-HCH (μg/g)
ΣDDTs (μg/g)
p,p′-DDD (μg/g)
p,p′-DDT (μg/g)
p,p′-DDE (μg/g)
o,p′-DDT (μg/g)

Measurements
6.6
0.67
10.9
19.7
4.5
11.9
0.9
2.4
73.0
57.2
3.6
7.5
4.6

±
±
±
±
±
±
±
±
±
±
±
±
±

0.2
0.09
0.003
3.4
0.6
2.2
0.1
0.5
10.8
11.8
1.8
0.6
0.1

15–18 cm, and 30–33 cm above the ground level in order to avoid
a possible blockage of the sampling surface area to each other
(Fig. 1). The lower limit of each height range was used to describe
the range height. A thermometer was hung in the chamber to
monitor the internal temperature during the experiment.

1.4. Sample collection

sealed conditions. Each cartridge held a polyurethane foam
(PUF) cylinder (35 mm × 62 mm i.d., 0.024 g/cm3 density, total
surface area 128 cm2, volume 106 cm3), which was covered
by a down-faced cylinder (55 mm × 62 mm i.d.) comprising a
set of upper and lower units. The upper unit (35 mm height)
was equipped with a wind–rain shield and the lower one
(20 mm height) was set with a mesh side face (2 mm aperture
size). The upper and lower units, made of an acrylonitrile
butadiene styrene (ABS), were fixed with a bayonet mount.
PUF cylinders were precleaned by Soxhlet extraction for 24 hr
with n-hexane and acetone (V/V, 1:1), dried in a vacuum
desiccator for ~24 hr, tightly wrapped in aluminum foil and
then placed in a clean glass jar in the dark.
The sealed chamber was prepared with a cuboid-shaped
ABS skeleton (45 cm height × 50 cm width × 50 cm depth,
0.11 m3). All the faces were covered by polyvinylchloride
(PVC) plastic films, one of which with a lockable opening
(10 cm × 30 cm). The 50 kg of the collected soil was laid on the
bottom of the chamber, resulting in a layer of the soil about
10 cm thick. Three ABS stands (45 cm height) were vertically
and randomly put in the chamber for mounting the PAS-H
cartridge. The cartridges were deployed non-vertically at 5–8 cm,

The experiment was performed in a greenhouse, with a length
of 22.0 m, width of 9.5 m, and height of 5.2 m, of CRAES from 5
August to 3 October, 2011. Gas samples were collected following
Chinese National Guidelines for Ambient Air Quality Monitoring (HJ/T 194-2005). The PAS-H samplers were transported in a
sealed bag and assembled on the study site. PUF cylinders were
replaced by precleaned ones every 10 days. All samples were
collected at between 10:00 a.m. and 11:00 a.m. to avoid any side
effects of circadian rhythms. A total of 54 PUF cylinders were
collected, stored in airtight aluminum boxes, and kept in a
freezer at −20°C until needed analysis.

1.5. Sample extraction
Extracts of DDTs and HCHs in the soil samples were prepared using
accelerated solvent extraction (ASE300, DIONEX, Sunnyvale, USA)
according to the EPA Method 3545. In brief, 10 g (wet weight) of
soil samples was mixed with anhydrous sodium sulfate and then
ground until a fine, grainy consistency was achieved. One gram
of Florisil was added as a dispersant to the mixtures and then
transferred into the ASE300. Acetone/n-hexane (1:1, V/V) was
used as the extraction solvent. The extraction system was set to:
pressure 10 MPa, temperature 100°C, heating time 5 min, static
time 5 min, flush volume 60%, and cycle 2 times. PUF cylinders
were extracted by Soxhlet extraction with n-hexane/acetone
(1:1, V/V) for 24 hr (Ruzickova et al., 2008). Considering
co-extracts with relatively low concentrations, the sample
cleanup procedure was omitted. All the extracts
were concentrated to about 1.0 mL by a rotatory evaporator
(SENCO, Shanghai Shengke Science and Technology Limited
Company, Shanghai, China). Internal standards containing

35 mm
Sampling cartridge
Mesh

Stand
20 mm
62 mm

Holder
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Fig. 1 – Design of the PAS-H passive air sampler for collecting gaseous phase organochlorine pesticides (OCPs) at various
heights in near soil surface air.
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1.7. Quality control and assurance
For quality assurance, a mixed working standard of HCHs and
DDTs was used to establish a calibration curve for calculating
the concentrations of target compounds. The calibration
curve was developed with the mixed solution at 0.1, 1, 5, 10,
20 and 100 ng/mL, of which 1 and 20 ng/mL were used for
periodic calibration. Detection limits (DLs) were 0.0025–
0.022 ng/g for HCH isomers and 0.008–0.15 ng/g for DDT
metabolites. In order to determine the probable contamination generated during sampling, extraction, and analysis,
blank samples (soil matrix blank, PUF blank and procedure
blank) were collected and analyzed. Concentrations of HCHs
and DDTs in the blanks were observed to be below DLs. In
addition, recovery was tested by spiking PUF cylinders and
soil samples with standard HCHs and DDTs. The obtained
recoveries were in the range of 81%–113% with a relative
standard deviation (RSD) of 3.52%–9.54%.

2. Results and discussion
2.1. Calibration of the passive air sampler PAS-H
When introducing a novel PAS the validation should include:
(1) field testing and (2) chamber study at different exposure
times. Rather than using an active sampler directly, using a
validated PAS for the calibration of a newly-designed PAS is
time-saving and cheap (Tao et al., 2009; Zhang et al., 2011).
Moreover, as mentioned in the Introduction section, a side effect
on air flow may be even more important when active samplers
are used in a sealed condition. Therefore, the PAS-H sampler
was calibrated against co-deployed PAS-P samplers under both
chamber and field conditions. The PAS-P sampler was designed
by Shoeib and Harner (2002a) and is well calibrated against
active samplers in various conditions (e.g., Harner et al., 2004;
Shunthirasingham et al., 2010). Although the PAS-P is believed

RS ¼

M PAS
C A Δt

where, MPAS (pg) represents the mass of pollutants sequestered
by a PAS, CA (pg/cm3) is the concentration of pollutants in the
sampled air; and Δt (day) is the sampling duration. According to
the equation, a plot of MPAS versus RS leads to a straight line with
a slope of CAΔt. That is to say, RS for a newly-designed PAS can
be obtained by comparing with a co-deployed PAS (e.g., PAS-P),
assuming that the co-deployed samplers were exposed to the
same condition. In this study, the mass of OCPs sequestered by
all individual PUF cylinders of three-duplicate PAS-H samplers
were averaged and calibrated against those derived from the
PAS-P. The mass of individual OCPs by the two samplers was
plotted against each other under field (Fig. 2a) and chamber
(Fig. 2b) conditions. It appeared that under the two conditions
the uptake efficiencies (RS) of the PAS-H cylinders for capturing
gaseous phase OCPs were roughly only half of those obtained
from the PAH-P disks, for all DDT metabolites and HCH isomers.
The RSs of the two PASs are expected to depend on their surface
area (Shoeib and Harner, 2002b), given that the PUF disks/
cylinders held had an identical material (PUFs) and surface
character (in both case 0.024 g/cm3). However, the surface area
of the PAS-P is 2.8 times that of the PAS-H, much higher than
the ratios between the efficiencies (1.96 in the field and 2.04 in
the chamber). This may be due to differences in the basic
configurations of the two samplers with a much more open
design for the PAS-H (Fig. 1). Both samplers had the screen mesh
coverage, a common configuration in most of PAS, creating a
relatively stagnant surface layer and preventing the direct effect
of wind on the uptake. In conclusion the samplers give similar
results illustrated by high correlation coefficients (0.91 and 0.94,
p < 0.001) and similar slopes (0.51 and 0.49) observed under field
and chamber conditions, respectively (Fig. 2). However, there is
a tendency for the three points corresponding to one compound
(e.g., p,p′-DDE) to be either above or below the line, indicating
small differences between the samplers.
The sampling rates (RS) frequently used are 3.5 and 2.5 m3/
day for the PAS-P deployed outdoors and indoors, respectively
(Shoeib and Harner, 2002a; Wilford et al., 2004). According to
the concentration profiles of the individual OCPs between
paired observations of the chamber and field evaluation, we
deduced RS of 1.75 and 1.25 m3/day for the PAS-H deployed
outdoors and indoors, respectively.

2.2. Vertical concentration profiles of OCPs in chamber air
OCP concentrations at various heights and durations tested
were calculated according to the RS and the calibration
equations described in the Section 2.1. Averages of the results
for the measured concentrations of the three samplers at a
given height were calculated. Overall, ∑HCH and ∑DDT
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GC–MS analysis was performed using an Agilent 7890 gas
chromatography coupled with an Agilent 5975 mass-selective
detector (Agilent Technologies, Beijing, China). Separation was
accomplished on a DB-5MS fused silica column (30 m × 0.25 mm
i.d.; 0.5 μm film thickness, Agilent Technologies, Beijing, China).
The oven temperature program was 1 min at 70°C, 40°C/min to
180°C for 2 min, 2°C/min to 200°C for 1 min, and then ramped at
20°C/min to 260°C for 2 min. A total run lasted for 72 min. The
analysis was performed using selective ion monitoring (SIM) with
an ionization voltage of 70 eV. The ion-source temperature was
set at 230°C (EI) with a transfer line temperature at 250°C. Sample
injection was 5 μL in a splitless mode with 0.25 mm i.d. column.
Injection and detection temperatures were 200 and 250°C,
respectively. Helium (≥99.99%) was used as the gas carrier at a
constant flow of 1.0 mL/min.

.ac

1.6. GC–MS analysis

to collect gaseous and particulate phase OCPs simultaneously
(Shoeib and Harner, 2002b), only gaseous OCPs were measured in this study. This is because that more than 90% of the
OCPs are in this phase in ambient air and a similar or larger
fraction is expected under the specific conditions of this
study (e.g., low wind speed).
A calibration equation developed for calculating the sampling rate (RS, m3/day) of a PAS is:

sc

2-floruobiphenyl and p-terphenyl-d14 (2.0 mg/mL, J&K Chemical
Ltd., Beijing, China) were added to the extracts for volume
correction and the quantification of the PCB compounds just
prior to analysis.
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Fig. 2 – Linear curve fitting (straight lines) in the mass of pollutants between the PAS-P and PAS-H under field (a) and sealed
chamber (b) conditions.

concentrations in chamber air ranged from 109 to 361 ng/m3
and from 100 to 985 ng/m3, respectively (Fig. 3), which are more
than three orders of magnitude higher than those reported in
other studies (e.g., Halse et al., 2011; Harner et al., 2004; Li et al.,
2009). This might be because presumably these soils had much
higher concentrations of OCPs than found in more normal
agricultural soils. This result, however, indeed indicated that
soils were acting as a secondary source of OCPs contaminating
the chamber air, which supports previous findings in the
literature on sources and cycling of hexachlorobenzene (HCB)
and polychlorinated biphenyls (PCBs) (Kurt-Karakus and Jones,
2006). It is also implied that soils were capable of influencing air
concentrations through ‘degassing’.
Means and standard deviations ∑HCH and ∑ DDT concentrations for the three height ranges (5, 15, or 30 cm) are shown
in Fig. 3. The vertical gradient patterns show a similar trend.
These patterns indicate net transport of OCPs either from soil
to air or from air to soil. The upper layer (30 cm) showed
always the lowest concentrations both of ∑ HCH and ∑ DDT.
Net transport of ∑ HCH and ∑ DDT from soil to air occurred in

the first two intervals (0–10 days and 10–20 days), whereas the
opposite was the case for the other intervals. However, this
pattern of net transport was not found for all the individual
HCH isomers and DDT metabolites (Fig. 4). This might be
caused by noises generated during sampling and/or sample
analysis which masked the signal of the vertical pattern.
Certainly, we cannot reject the presence of a real difference in
this vertical pattern since these isomers and metabolites
possess different physio-chemical properties.
Vertical gradient patterns for the HCH isomers and DDT
metabolites are presented in Fig. 4 as means and standard
deviations. The patterns were roughly classified into 4
categories based on the net direction of air-soil exchange.
Those with an apparent trend in either direction are marked
by “ ” (saddle pattern) or “ ” (pseudo-decreasing) in Fig. 4.
The clear gradient is presented by “ ” (β-HCH, γ-HCH, δ-HCH,
p,p′-DDE, and o,p′-DDT) or “ ” (p,p′-DDD) indicating net
transport from soil to air in the beginning and from air to
soil consequently. A considerable variation, however, was
observed in the time required to reach the maximum air
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Fig. 3 – Vertical gradient patterns of HCHs and DDTs sampled by the PAS-H in a sealed chamber. PAS-H cartridges were
deployed at 5–8 cm (H5), 15–18 cm (H15) and 30–33 cm (H30) above the soil surface, for collecting gaseous phase OCPs every
10 day during a period of 60 day. The clear gradients are presented by “ ” (saddle pattern), indicating net transport from soil to
air in the beginning and from air to soil consequently.
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Fig. 4 – Vertical gradient patterns of HCH isomers and DDT metabolites sampled by the PAS-H in a sealed chamber. PAS-H
cartridges were deployed at 5–8 cm (H5), 15–18 cm (H15) and 30–33 cm (H30) above the soil surface, for collecting gaseous phase
OCPs every 10 day during a period of 60 day. The clear gradients are presented by “ ” (saddle pattern) or “ ”
(pseudo-decreasing) (Fig. 3) and the not-so-clear ones are shown as “ ” (pseudo-saddle pattern) and “ ” (pendulum pattern),
depending on net transport direction.
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concentrations of other compounds, e.g., α-HCH (a not-so-clear
gradient is marked by “ ” (pseudo-saddle pattern)) and p,p′-DDT
(a not-so-clear gradient is marked by “ ” (pendulum pattern))
may never attain a peak that are not so clear at the given period of
this study (Fig. 4). In fact, physical and chemical properties of

je

concentrations for the different isomers and metabolites.
Apparently, p,p′-DDD had a continued momentum of decline
and reached the peak most quickly (<10 days), while relatively
less volatile chemicals, such as β-HCH, may take considerably
longer time (10–20 days). On the other hand, chamber
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Fig. 5 – Mass contribution of HCH isomers to total HCH (a) and DDT metabolites to total DDT.

contaminants and soils appear to strongly affect the time needed
to reach peaks, among which the vapor pressure and enthalpy of
chemicals as well as the quantity and type of soil organic material
are considered to be the most important (Cabrerizo et al., 2011).
The relative amounts both of HCH isomers and of DDT
metabolites in the chamber air varied slightly with height
(Fig. 5). The contributions of α-, β-, γ-, and δ-HCH to the ∑HCH
were 33.3%–33.9%, 41.5%–43.4%, 11.7%–12.2%, and 10.5%–13.5%
and of p,p′-DDE, p,p′-DDD, o,p′-DDT and p,p′-DDT to the ∑DDT
were 2.6%–3.7%, 91.1%–93.1%, 2.5%–2.8%, and 1.8%–2.4%, in the
period of 0–10 days, respectively. β-HCH and p,p′-DDD were the
most dominant HCH isomers and DDT metabolites in the
chamber air, consistent with the contributions of the two
compounds in the studied soils (Table 1). In spite of relatively
low correlation coefficients (data not shown), positively significant relationships (p < 0.05) were found for the compositions
of HCH isomers and DDT metabolites between soil and air
samples at all heights for all sampling periods. This suggests
that the composition of the residual OCPs in soils had a strong
effect on the composition in the chamber air. This effect might
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In the experimental chamber, the average temperatures
showed a range from 34.7 to 26.3°C at 12 hr of light and from
25.6 to 14.3°C at 12 hr of dark (Fig. S1). Overall, the concentrations of ∑ HCH and ∑ DDT in the chamber air increased with
average temperatures. It was evidenced by significant decreases of their concentrations, to some extent being at or
closer to dynamic pseudo-equilibrium, when air temperatures
also decreased (p < 0.001 for DDT and p ≈ 0.05 for HCH, Figs. 3
and 6). A decrease in the ∑HCH and ∑ DDT concentrations
was even found to be more than 70% and 90% in the period of
50–60 days, compared with the highest values (10–20 days),
respectively. This pattern was also the case for the HCH
isomers of γ-HCH and δ-HCH and DDT metabolites of p,p′-DDD

HCH concentration (ng/m3)

Equation

1000

2.3. Temperature-dependent concentration profiles of OCPs in
chamber air

.cn

H30
H15
H5

be caused by the reservoir potential of soils for OCPs and/or
the evaporation from the soil in the strength (Cabrerizo et al.,
2009, 2011).
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(Fig. 4). These results suggest that air concentrations of
these isomers and metabolites vary diurnally, showing a net
deposition from air to soil along with the temperature decline.
This slightly supports air–soil exchange of HCH isomers and
DDT metabolites which is temperature dependent (Cabrerizo
et al., 2011; Wang et al., 2012). Nevertheless, with the
exception of p,p′-DDE, o,p′-DDT, p,p′-DDT, α-HCH, and β-HCH,
their trapping by cartridges under the sealed chamber seems
to be influenced by a complex integral of many factors, not
solely temperature (Fig. S2).
On the other hand, as shown in Fig. 5, the average
temperature had a greater effect on the compositions of DDT
metabolites than those of HCH isomers. In general, the
compositions of HCH isomers merely had a slight change in
the experimental period (Fig. 5a). However, the contributions
of p,p′-DDD to ∑ DDT continuously decreased by about 70%
from 91.1%–93.1% to 24.4%–27.5% when air temperatures
decreased by 24.4% in the light and 44.1% in the dark (Fig. S1,
34.7°C vs 26.2°C in the light and 35.6°C vs 14.3°C in the dark,
respectively), while the opposite was the case for p,p′-DDE and
p,p′-DDT with contributions from 2.6% to 29.5% and from 1.8%
to 32.0%, respectively (Fig. 5b). This might be linked to the
thermodynamical properties of each compound, which evidence by reaching most rapidly dynamic pseudo-equilibrium
with the maximum air concentrations for p,p′-DDD (Fig. 4).

(Fig. 2). We thus concluded that the PAS-H behaved well on
the chamber and field evaluation. However, the PAS-H gave
a relatively low RS, only half of the PAS-P. The low RS
unexpectedly resulted in a relative rationality of OCPs uptake
in this study, possibly which was compensated by the
high concentrations of OCPs in the used soils (Table 1). On the
other hand, this low RS may lead to high variations in the
measurements, which were found particularly for a higher
temperature conditions in the chamber in this study and for the
OCP species with low proportion such as p,p′-DDT or low
volatility such as β-HCH. The solution to this problem may be
to increase the size and/or exposure area of the PUF cylinders.
HCH isomers (α-, β-, γ-, and δ-HCH) and DDT metabolites
(p,p′-DDE, p,p′-DDD, o,p′-DDT and p,p′-DDT) investigated in
this study occurred dominantly in gaseous phase (> 90%). In
addition, the possibility of adherence of the compounds to
airborne particles cannot be totally ignored even if the
amounts are likely to be very low under sealed condition.
This suggests that the PAS-H might not be applied to
compounds where a considerable fraction is likely to be
particle bound or in environments with high particle
concentrations. Therefore, the PAS-H should be further
improved to counterbalance the impact of particulate phase
compounds.

2.4. Implications for the application potential of the PAS-H

3. Conclusions

So far air–soil exchange of POPs rarely investigated in a sealed
condition, in which some aspects of air–soil exchange likely are
important for the soil–air–plant cycling of POPs (Bartkow et al.,
2004; Moeckel et al., 2009). This study demonstrated that the
innovatively designed PAS (PAS-H) could be applied successfully
to monitor gaseous OCP, a typical POP, concentrations in a
sealed chamber. As a variant of the PAS, the device certainly has
some inherent advantages including cost effectiveness, easy
to operate, and no power need (Seethapathy et al., 2008; Moeckel
et al., 2009). In addition, the concentrations obtained from
time-averaged (10 days) data are more reasonable compared
with those obtained by active samplers due to less influence of
temporal variation and mass disturbance (Seethapathy et al.,
2008; Moeckel et al., 2009). More importantly, the holders of the
sampling cartridge were made of ABS, eliminating any possible
interference with the produced material. This innovative device
appears to have a great potential for application in sealed
conditions.
Also, this sampler has the inevitable drawbacks including
difficulties and uncertainties associated with its calibration.
Owing to the limitation of places applied in this study, the
PAS-H was not calibrated directly using an active sampler
and more importantly sampling rates of a validated PAS may
be quite questionable. Selecting an ultralow-volume active
sampler appears to be a feasible alternative to solve this
problem. However, calibration of a PAS using a validated PAS
is time-saving and cheap. Fortunately, there are at least two
reasons why we endorse this argument. On the one hand, the
calibration of the PAS-H using the co-deployed PAS showed
highly significant correlations under the both chamber and
field conditions (Fig. 2). Both PASs gave the concentrations of
HCH isomers and DDT metabolites with good reproducibility

We introduce a newly-designed passive air sampler (PAS-H)
that was tested for application to sealed conditions. The
sampler has huge implications for studying the soil–air–plant
cycling of POPs when used in plastic and glass sheds. It was
furthermore found that the vertical concentration gradients
showed a marked temperature-dependence as well as a clear
relationship with the mixture of OCPs which escapes from
soils. The current findings substantially add towards understanding levels and compositions of OCPs in chamber air,
highlighting crop management underlying air–soil–plant uptake and partition of POPs including OCPs.
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