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Abstract Samples of ambient air (including gaseous and par-
ticulate phases), dust fall, surface soil, rhizosphere soil, core
(edible part), outer leaf, and root of cabbage from eight vege-
table plots near a large coking manufacturer were collected
during the harvest period. Concentrations, compositions, and
distributions of parent PAHs in different samples were deter-
mined. Our results indicated that most of the parent PAHs in
air occurred in the gaseous phase, dominated by low molecu-
lar weight (LMW) species with two to three rings. Specific
isomeric ratios and principal component analysis were
employed to preliminarily identify the local sources of parent

PAHs emitted. The main emission sources of parent PAHs
could be apportioned as a mixture of coal combustion, coking
production, and traffic tailing gas. PAH components with two
to four rings were prevailing in dust fall, surface soil, and
rhizosphere soil. Concentrations of PAHs in surface soil ex-
hibited a significant positive correlation with topsoil TOC
fractions. Compositional profiles in outer leaf and core of
cabbage, dominated by LMW species, were similar to those
in the local air. Overall, the order of parent PAH concentration
in cabbage was outer leaf > root > core. Partial correlation
analysis and multivariate linear stepwise regression revealed
that PAH concentrations in cabbage core were closely associ-
ated with PAHs present both in root and in outer leaf, namely,
affected by adsorption, then absorption, and translocation of
PAHs from rhizosphere soil and ambient air, respectively.

Keywords PAHs . Coking industry . Air . Rhizosphere soil .

Cabbage . Absorption

Introduction

Sixteen parent polycyclic aromatic hydrocarbons (PAHs) that
occur extensively in multiple environments are among the
causes responsible for inducing mutagenesis, carcinogenesis,
and teratogenesis (Srogi 2007; Zhan et al. 2013a) and have
been placed on the list of pollutants with priority by the
USEPA since the 1970s. With large-scale industrial develop-
ment and the rapid growth of populations and motor vehicles
in recent years, pollution by PAHs has become increasingly
severe in many developing countries, especially China. In
particular, some studies have detected different crops contam-
inated by PAHs in various regions (Ashraf and Salam 2012;
Waqas et al. 2014). Because ordinary diet is the main exposure
pathway of PAHs to human beings (Phillips 1999), the
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presence of PAHs in crops may directly exert adverse impacts
on the quality and safety of agricultural products and result in
potential risks to human health. Some studies have investigat-
ed the associations between PAH contamination and crop
safety. For example, PAHs present in different types of vege-
tables harvested from the wastewater irrigated suburbs of
Beijing and Tianjin were harmful to the local people (Wang
et al. 2011b). The estimated total daily dietary intake (TDI) of
the benzo[a]pyrene (BaP)-equivalent PAHs in various vegeta-
bles collected near an e-waste incineration site in southern
China indicated a potential health risk by ingestion (Wang
et al. 2012). In addition, another recent report suggested that
consumption of Brassica chinensis from the local farmlands
in northwest China would lead to an average carcinogenic risk
at the level of 1.66 × 10−4, exceeding the international guide-
line (1.0 × 10−4) on excessive lifetime risk of carcinogens
(Zhang et al. 2015).

The natural background of PAHs synthetized in vegetables
usually falls between 10 and 20 ng/g. The majority of PAHs
that originate from anthropogenic sources can enter plants
(such as vegetables) via different pathways (Edwards 1983),
and then a chain of internal procedures can occur in different
parts of plants, e.g., translocation, (bio)degradation, and accu-
mulation (Trapp and Matthies 1995; Wild et al. 2007).
Overall, two major routes are responsible for access of
exogenic PAHs to vegetables: adsorption and absorption by
the root system in the rhizosphere and by cuticles and stoma
on leaves and then translocation towards other inner tissues
(Wild et al. 2004; Wieczorek andWieczorek 2007; Khan et al.
2008). Moreover, uptakes by roots and foliage exhibit differ-
ent compositional profiles and contributions to the total
amount of PAHs. For example, low molecular weight
(LMW) species, with stronger volatility and bioavailability,
are easily enriched in the gaseous phase, then are deposited
and penetrate the foliar surface into inner tissues (Lv et al.
2014). Meanwhile, they are readily absorbed by the root sur-
face in the rhizosphere. By contrast, high molecular weight
(HMW) components, mainly adsorbed on particulate phase,
are often washed off from leaf surface to the ground soil
(Kipopoulou et al. 1999). HMW components were reported
to pass into vegetables mainly through root uptake, while for
LMW species, foliar absorption was as significant as root
uptake (Fismes et al. 2002). A series of studies investigated
PAHs in different tissues of rice in different growth stages and
demonstrated that component profiles of individual PAHs in
rice organs were similar to those in ambient air, rather than to
those in surface soil (Tao et al. 2006a), and ambient air was
seen as an important source of PAHs accumulated by maize
plants (Lin et al. 2007). Furthermore, airborne particulate and
gaseous PAHs may be the origins of PAHs in leaf cuticles and
inner tissues of different trees, respectively, while hard migra-
tion of HMW species to inner tissues was an additional source
(Wang et al. 2008). In contrast, median molecular weight

(MMW) PAHs with four rings were reported to possess a
larger potential to be taken up by the wheat root system (Tao
et al. 2009b). A substantial portion of 14C-labeled fluoran-
thene was detected in roots of Pisum sativum by root exposure
regardless of upward transport, and notable labeled activity
was observed in the apical parts of stem and root after foliar
uptake (Zezulka et al. 2014). Other studies indicated that the
proportions of LMWPAHs with two to three rings were great-
er in roots, shoots, and leaves, and absorption by the foliar
surface via ambient air was the dominant pathway for plants to
accumulate PAHs (Li et al. 2010a; Wang et al. 2011b). In
addition, prediction models were established for different veg-
etables to assess the potential health risk, based on PAH con-
centrations in plant tissue and in soil (Empereur-Bissonnet
et al. 2013). Another multiple linear regression model was
also developed to simulate the correlations between root mor-
phology and tissue composition for PAHs uptake (Zhan et al.
2013b). In particular, a multivariate linear regression model
for predicting cabbage uptake of PAHs based on gaseous and
particulate phase PAH concentrations at two sites in Tianjin, in
northern China, indicated that the contribution of surface soil
to accumulation of PAHs in the aerial part of cabbage may be
insignificant (Tao et al. 2006b).

Due to significant discrepancies in socioeconomic levels,
pollution characteristics, and crop species in different areas,
current studies on the relationship and transport of individual
PAH components in multiple surroundings and on the associ-
ation of PAHs pollution with agricultural product safety and
human health are still inadequate and have yielded a few con-
flicting or discordant interpretations. In this study, some veg-
etable plots near a large-scale coking industry base located in
Shanxi Province in northern China were selected, and various
field samples of ambient air (including gaseous phase and
particulate phase), dust fall, surface soil, rhizosphere soil,
and different parts of the cabbage plant (Brassica oleracea
Linnaeus var. capitata Linnaeus, as one of the local popular
vegetables with large yields) were collected to determine the
concentration range and compositional profile of the parent
PAHs. Furthermore, specific ratios of paired isomeric species
combined with multivariate statistical analysis were employed
for preliminary identification of the local emission sources of
PAHs. Finally, associations between PAH concentrations in
different media and those in various parts of cabbage (partic-
ularly in edible core) were explored.

Materials and methods

Sample collection

Based on the local prevailing wind direction and planting
conditions, eight villages with different distances (0.6, 4.2,
7.1, 7.5, 9.7, 10.3, 12.7, and 21.1 km) from the coking base
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and different sizes of cabbage plot were selected for sampling,
as illustrated in Fig. S1. During the local harvest time (i.e., full
mature stage), surface soil, rhizosphere soil, ambient air (in-
cluding gaseous phase and particulate phase), dust fall, and
cabbage plants (including outer leaf, root and core) were col-
lected from the cabbage plots of the eight villages. In each
sampling plot, 12 or 13 sites were assigned, and totally 100
surface soil (0~5 cm depth) samples were gathered in the form
of composite samples including five sub-samples for each. In
common practice, the outer leaves and roots of cabbages were
discarded during harvest, while only the cores were consid-
ered the edible part.

The corresponding samples of cabbages and rhizosphere
soils were collected at the same sampling sites as the topsoil.
After careful removal of nonrhizosphere soil, we used a
stainless-steel knife to remove the rhizosphere soil (approxi-
mately 0~5 mm away from root surface) from the root system.
Each whole cabbage sample was further separated into outer
leaves, edible cores, and roots. In total, 101 rhizosphere soil
samples, 103 outer-wrapping leaf samples, 101 core samples,
and 101 root samples were obtained. For simplicity, the outer-
wrapping leaf is hereinafter referred to as outer leaf or leaf.

Triplicate passive air samplers developed by Tao et al.
(2009a) were mounted in different locations of each sampling
village. Gaseous phase and particulate phase PAHs were col-
lected by polyurethane foam (PUF) and glass fiber filter
(GFF), respectively. Passive air sampling for 30 days included
the whole sampling period for topsoil, rhizosphere soil, and
cabbage. In addition, active air samples were collected in four
villages selected from the eight sampling villages to calibrate
the results of passive air samples, as in some previous studies
(Tao et al. 2006b). The active samples were gathered by the
active air samplers (QCD-3000, Tianyue Instrument Ltd.
Company, Yancheng, China) at a low flow volume of 1.5 L/
min at the beginning, at the middle, and at the end of the
passive sampling period, and each sampling period lasted for
24 h. The active air sampler was equipped with a sampling
tube, including a top GFF to collect particulate phase PAHs
and a bottom PUF plug (22 mm × 76 m, Supelco Company,
USA) to collect gaseous phase PAHs. Before sampling, all the
PUFs were Soxhlet extracted for 8 h using 150 mL acetone,
150 mL dichloromethane and 150 mL n-hexane successively.
The GFFs were roasted for 6 h in a muffle furnace at 450 °C,
equilibrated in a desiccator (25 °C) for 24 h, and then weighed
both before and after sampling. A total of 24 passive air sam-
ples and 12 active air samples were obtained.

The stainless-steel cylinders, each 33 cm in diameter and
28 cm high, were used to collect dust fall samples. The locations
and sampling time intervals of these cylinders were the same as
for the passive air samplers. After removal of impurities (such as
leaves and insects) and cleaning with deionized water, we
employed a filtering device to gather the dust fall samples, and
all the filters were sealed immediately and kept at −15 °C until

further pretreatment. A total of 21 dust fall samples were collect-
ed, due to an unexpected loss of three cylinders.

Sample pretreatment

All the soil samples (including surface soil and rhizosphere
soil) were air-dried at room temperature. After removal of
detritus and plant residues, 8 g of each sample was ground
to pass a 70-mesh sieve, and then transferred into a microwave
tube with a 20-mLmixture of n-hexane and acetone (v/v = 1:1)
for microwave extraction (MARS2Xpress, CEM, USA). The
programmed temperature conditions were set as follows: the
microwave tubes were heated to 110 °C at 10 °C/min and held
for 10min, and then cooled back down to room temperature in
30 min. After filter pressing, each extract was concentrated to
approximately 1 mL in a water bath at 37 °C by a vacuum
rotary evaporator (R-201, Shensheng Sci. & Technol. Ltd.,
Shanghai, China). The concentrate was then purified through
an alumina-silica gel column (Yang et al. 2014); the corre-
sponding details will be described later. Another sub-sample
of 1 g was further ground to pass a 200-mesh sieve for deter-
mining the TOC fraction (TOC-5000A, SSM-5000,
Shimadzu Corporation, Japan).

Different parts of the cabbage samples were cleaned,
freeze-dried, and ground into power. One gram (dry weight,
d.w.) of each sample was transferred into the microwave tube
with 20 mL acetonitrile. The microwave extraction conditions
were the same as those for the soil samples. After filter press-
ing, the extract was moved into a 120-mL separating funnel
containing 100 mL of a 4% solution of sodium sulfate. The
mixture was extracted twice using 30 mL n-hexane each time.
The extract in the organic phase was rotary evaporated to
approximately 1 mL before the subsequent purification with
a florisil-silica gel column.

All the PUF disks were Soxhlet extracted for 8 h in a water
bath at 65 °C using a 125-mL mixture of n-hexane and acetone
(v/v = 1:1) and then concentrated into approximately 1 mL by
rotary evaporation and purified by the alumina-silica gel column.
The GFFs used were weighed, cut into pieces, and moved into
microwave tubes with a 25-mLmixture of n-hexane and acetone
(v/v = 1:1) for each sample. After filter pressing, the extracts were
concentrated into 1 mL for purification with the alumina-silica
gel columns (Yang et al. 2014).

The dust fall samples were freeze-dried and weighed careful-
ly. A stainless-steel knife was used to carefully scrape the dust off
the filters, and the subsequent procedures of pretreatment and
determination were identical with those for the soil samples.

Each chromatographic column for cleanup (10 mm
i.d. × 350 mm length) was packed by the wet method with
12 cm neutral alumina, and 12 cm neutral silica gel, or with
12 cm neutral silica gel and 12 cm neutral florisil in sequence,
and then 1 cm of anhydrous sodium sulfate was added to the
top of each column. The concentrated extract was transferred
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into the column with 2 mL of n-hexane added twice. Ten
milliliters of n-hexane was employed to rinse the column at
first and discarded, then a 50-mL mixture of n-hexane and
acetone (v/v = 1:1) was added to rinse. The eluent was rotary
evaporated into 1 mL, then 5 mL n-hexane was added and the
extract was concentrated into 1 mL again. The concentrate
was spiked with a mixture of internal standard substances
including 200-ng of naphthalene (NAP)-d8, acenaphthene
(ACE)-d10, anthracene (ANT)-d10, chrysene (CHR)-d12, and
perelyne-d12 each (AccuStandard, USA), and kept sealed at
−4 °C (Li et al. 2014).

All the reagents used in this study were of chromatographic
purity (Fisher Scientific, USA). The glass fiber filters for filter
pressing were roasted for 4 h at 450 °C. Alumina and silica gels
(100~200mesh, Sino-PharmChemical Reagent Co. Ltd., China)
were baked for 6 h at 450 °C, and florisil (J&K Scientific Ltd.,
Germany)was roasted for 4 h at 650 °C.Afterwards, the calcined
alumina, silica gel, and florisil were reactivated for 16 h at
130 °C, then 3% deionized water was added for 4 h, and finally
n-hexane was added for equilibrium overnight. The anhydrous
sodium sulfate (analytical grade, Sino-pharm. Chemical Reagent
Co. Ltd., China) was roasted for 10 h at 650 °C.

PAHs quantification

Sixteen parent PAHs were determined in the research using a
GC/MS (Agilent GC6890/5973 MSD, Agilent Technology,
USA). The chromatographic column was a capillary column
with film thickness HP-5 MS (30 m × 0.25 mm × 0.25 μm,
Agilent Technology, USA). Helium was used as carrier gas at
a flow rate of 1.0 mL/min. The inlet pressure was set at 30 kPa
and the injection volume was 1 μL. The temperature of the
column was programmed from 60 to 280 °C at 5 °C/min. The
final isothermal stage was held for 20 min until the detected
sample flowed out completely. The detector was set in elec-
tron mode at 70 eV, mass range from 45 to 600 amu, and
multiplier pressure at 1288 V. The ion source temperature
was 230 °C. Selected ion monitoring (SIM) modewas chosen.

The 16 components detected in this study included the fol-
lowing: NAP, acenaphthylene (ACY), ACE, fluorene (FLO),
phenanthrene (PHE), ANT, fluoranthene (FLA), pyrene (PYR),
benz(a)anthracene (BaA), CHR, benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP),
indeno[l,2,3-cd]pyrene (IcdP), dibenz[a,h]anthracene (DahA),
and benzo[g,h,i]perylene (BghiP).

Quality assurance and quality control

Half of all the studied samples were randomly chosen and spiked
with 2-floruo-1,1 ′-biphenyl and p- terphenyl-D14
(AccuStandard, USA), as the recovery rate indicators. The recov-
eries of the indicators were 50~98% and 89~150%, respectively.
The method recoveries of the 16 PAHs in different sampling
media ranged from 70 to 130%. The detection limits of different
PAH components were from 0.01 to 0.64 ng/mL. The procedural
blanks were examined for all types of samples to eliminate pos-
sible external contamination during the whole pretreatment pro-
cedures. In this study, NAPwas excluded from the final results of
total PAHs (hereafter termed as PAH15), due to its relatively high
concentrations in the blanks and lower recovery rate. The PAH
standard was examined for every 20 measured samples to mon-
itor the retention times of the target components in GC and
variations of MS response values. The corresponding results of
the freeze-dried vegetable samples and the surface and rhizo-
sphere soil samples were based on dry weight (d.w.). The initial
concentrations of the studied PAHs in the particulate phase and
gaseous phase of the passive air samples used the weights of the
compounds bound to the particles on GFF and adsorbed on PUF
per unit volume, respectively. Subsequently, they were calibrated
using the active sampling results based on the established regres-
sion models (Tao et al. 2009a), as provided in the BResults and
discussion^ section.

Data analysis

The statistical analyses were implemented by SPSS version
20.0 (IBM, USA). The processes included principal compo-
nent analysis (PCA), multiple linear regression (MLR), non-
parametric Spearman correlation analysis, and partial correla-
tion analysis.

Results and discussion

Concentration range in environmental media

Ambient air and dust fall

The results of passive air sampling were calibrated by the data
from corresponding active air sampling (Tao et al. 2009a), where
two regression models were derived as follows to correct PAH
concentrations in the particulate phase and gaseous phase.

Particulate phase subscript Pð Þ : lgPAHP Að Þ ¼ 0:919þ lgPAHP Pð Þ=e −0:985þ0:005�MWtð Þ; r2 ¼ 0:80

Gaseous phase subscript Gð Þ : lgPAHG Að Þ ¼ 1:061� lgPAHG Pð Þ−3:274�MWt
0:122 þ 6:576; r2 ¼ 0:91
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where PAH(A) is the average concentration of PAHs (ng/m3)
after calibration by active air sampling. PAH(P) represents the
average concentration of PAHs obtained by passive air sam-
pling (ng/device/day), andMWt denotes the molecular weight
for each PAH species. The satisfactory accuracies of the cali-
bration models are shown in Fig. S2.

The calibrated total concentrations of PAH15 in ambient
air, including gaseous phase and particulate phase, as well as
the compositional profiles in eight sampling villages, are il-
lustrated in Fig. 1. No significant difference in total air con-
centrations of PAHs could be observed, while the concentra-
tions of PAHs in the gaseous phase were obviously much
greater than those in the particulate phase in all sampling
villages, and LMW species with two to three rings were pre-
dominant in the atmosphere of all the studied villages.

The total PAH concentrations in dust fall ranged from 4.6
to 34.2 μg/g, with an average of 16.1 μg/g. Based on the
opening area of each cylinder, the concentrations in dust fall,
and the sampling interval, the deposition fluxes of local PAHs
in different sampling villages were calculated and are shown
in Fig. 1 and ranged from 1.5 to 6.1 μg/day/m2 with a mean
value of 3.6 μg/day/m2.

Surface soil and rhizosphere soil

Figure S3 shows the statistical results of PAHs in surface soils
from the sampling villages. The concentrations of PAH15
ranged from 130 to 703 ng/g with a median value of 236 ng/
g. The whole condition was designated as weakly contaminat-
ed, according to the European soil quality criteria
(200~600 ng/g) issued in 1996 (Maliszewska-kordybach
1996). The Spearman correlation coefficients accounted for
the relationships of single species and the summed concentra-
tions with TOC fraction in surface soils are listed in Table S1.
Concentrations both of the individual species and the total
PAH15 exhibited a significant positive association with the
topsoil TOC fraction, in agreement with many other studies
(Chen et al. 2005a; Jiang et al. 2011, 2016).

The concentration of PAH15 in rhizosphere soils
from sampling plots ranged from 93 to 623 ng/g with
a median of 179 ng/g, as plotted in Fig. S4. The av-
erage concentrations of different components and the
total amount in rhizosphere soil were somewhat lower
than those in surface soil, as shown in Fig. 2.
Rhizosphere is generally quite different from bulk soil
in terms of physicochemical properties (such as pH and
redox conditions) and microbial characteristics (e.g.,
population abundance, community diversity, biodegra-
dation, and transformation activity to pollutants). For
instance, an in situ increasing gradient of PAHs in
different rhizosphere layers of Trifolium pratense L.
and Hyssopus officinalis L. was in the order rhizoplane
soil < strongly adhering soil < loosely adhering soil <
bulk soil (Ling et al. 2013). Due to stronger microbial
activity, parent PAH concentrations in rhizosphere soil
revealed relatively lower level with respect to topsoil
in this study.

Fig. 1 Atmospheric concentrations (ng/m3) of PAHs in total, gaseous
phase, and particulate phase (upper panel), as well as deposition fluxes
(μg/day/m2) of PAHs in dust fall in vegetable plots from eight sampled
villages (lower panel)

Fig. 2 Comparison of average concentrations of total PAHs and
components with different rings in surface soils and rhizosphere soils
(ng/g)
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Component profile in environmental media

Based on the average concentrations in the eight sampling
villages, Fig. 3 reveals the individual contributions of compo-
nents with different rings to the total and different phases of air
PAHs. The LMW species (two to three rings) were clearly
predominant in all the sampling villages, contributing over
90% of the total PAHs, while the portion of species with five
to six rings was negligible in the gaseous phase samples. By
contrast, the proportions of MMW and HMW components
with four to six rings increased markedly in the particulate
phase samples. LMW and HMW PAHs appeared primarily
in the gaseous and particulate phases, respectively. This dif-
ference is probably due to their differences in volatility and
hydrophobicity, and our results were in accord with those
from other studies (Li et al. 2010b; Hong et al. 2015; Masala
et al. 2016).

For comparison, the component profiles of PAHs in atmo-
spheric particulate phase, dust fall, surface soil, and rhizo-
sphere soil are described in Fig. 4. Due to mutual collisions,
heavier components in the dust fall, commonly with larger
particle sizes relative to atmospheric suspended particles, were
readily deposited from the air to the ground (surface soil). In
contrast to the compositional spectra of total PAHs in ambient

air (see upper panel in Fig. 3), portions of MMW and HMW
species in the dust fall clearly increased, while contribution of
LMW species decreased accordingly. However, except for a
slight reduction in lighter species and a small increase in
heavier ones in dust fall from most sampling villages, the
overall component profiles of dust fall were quite similar to
those of the particulate phase in air. The corresponding com-
positional profile indicated that PAH components with two to
four rings (i.e., LMW and MMW species) were prevailing in
rhizosphere soils and similar to those in surface soils, while a
slight decrease in the fraction of HMW species occurred in
rhizosphere soils with respect to surface soils (in other words,
bulk soils), possibly because of stronger microbial biodegra-
dation and transformation in the rhizosphere.

Characterized by the primary contributions of the LMW
and MMW species, there was an overall resemblance among
the distribution patterns of PAH components in solid particles
from the various media (see Fig. 4), which implied their
source homology. Some studies indicated a larger percentage
of HMWPAHs present in surface soils (Cui et al. 2015), while
others reported a dominant contribution of LMW PAHs
(Okedeyi et al. 2013). The compositional differences would
be affected by the differences in type of emission source,
dispersion distance, (bio)degradation, and transformation of

Fig. 3 Upper panel: Component profiles (%) of atmospheric PAHs
(gaseous phase plus particulate phase) in vegetable plots of sampled
villages. Lower panel: Contributions of individual PAH components

with different rings to gaseous phase PAHs (left) and to particulate
phase PAHs (right) in each sampled village
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parent PAHs within or between different environmental media
(Cao et al. 2013).

Preliminary source apportionment

A number of methods to identify emission sources of parent
PAHs have been developed, such as a chemical mass balance
model (Li et al. 2003); specific ratio of paired isomers (Yunker
et al. 2002; Tobiszewski and Namiesnik 2012); multivariate
statistical analysis (Golobočanin et al. 2004); isotopic technique
ofΔ13C,Δ14C, andΔ2H (Bosch et al. 2015); and amultimedia
fate fugacity model (Mackay and Hickie 2000; Zhang et al.
2005). The simple method of paired isomeric ratios has some
limitations, e.g., differences in (bio)degradation behaviors, and
there is a resultant risk of misjudgment. Considering the limited
conditions and gaps of available data in the present study, cal-
ibration by multimedia fate modeling (Zhang et al. 2005) was
not implemented and the simple isomeric ratio was employed
instead. Two specific ratios of FLA/(FLA + PYR) and
IcdP/(IcdP + BghiP), as relatively stable MMW and HMW
species, were utilized (Tobiszewski and Namiesnik 2012) and
are depicted in Fig. 5. All the ratios of FLA/(FLA + PYR) were
greater than 0.5 in the local ambient air, which meant that the
emission sources were from biomass and coal combustion.
Meanwhile, all the values of IcdP/(IcdP + BghiP) fell between
0.2 and 0.5, indicating a dominant contribution from petroleum
combustion (namely, tailing gas emitted by motor vehicles;

Tobiszewski and Namiesnik 2012). On the whole, a mixed
emission source from biomass and coal burning and traffic
exhaust for the parent PAHs in local air could be apportioned.

PCA, combined with MLR, was applied to assist in diag-
nosing the emission sources of parent PAHs (Golobočanin
et al. 2004; Manoli et al. 2004). As summarized in Table S2,
three factors (principal components) could be extracted by a
varimax rotation with the accumulative variance up to 88%.
Based on previous investigations, the coking industry was
responsible for ACE, FLO, and PHE (Khalili et al. 1995);

Fig. 5 Specific isomeric ratios of paired PAH species in ambient air from
the sampled vegetable plots. Note: a ratio value for one of the sampled
village was discarded due to error in determination

Fig. 4 Compositional profiles of parent PAHs in atmospheric particulate phase, dust fall, surface soil, and rhizosphere soil samples collected from the
sampled vegetable fields
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while FLA, PYR, and BaAwere indicators of coal combustion
(Simcik et al. 1999; Ravindra et al. 2006). CHR, BbF, and
BkF were emitted mainly from industrial coal burning (Chen
et al. 2005b; Brown and Brown 2012). BaP and IcdP are often
considered as the typical products of vehicular exhaust
(Miguel et al. 1998; Simcik et al. 1999; Ravindra et al.
2006). Accordingly, F1 accounted for the influence of coal
combustion, while F2 and F3 were associated with emission
from coking production and traffic exhaust. The contributions
of different emission sources were calculated by MLR using
the standardized scores of total concentrations of air PAHs
from the eight sampling villages as the dependent variable
and the factor scores of three principal components as the
independent variables. The corresponding model equation is
shown below, where F3 was excluded due to low statistical
significance (p > 0.05).

ΣPAH15 ¼ 0:705� F1 þ 0:647� F2 r2 ¼ 0:86; p ¼ 0:01

Based on the regression coefficients of F1 and F2, PAHs
released from coal combustion contributed 52% of the total air
concentration, while emissions from the coking industry and
vehicular exhaust were responsible for the other 48%. The
results correspond to those by diagnostic ratios mentioned
above.

Shen et al. estimated the global emission inventory corre-
sponding to the 16 atmospheric parent PAHs in 2008 (Shen
et al. 2013), and the extracted results, shown in Fig. S5, indi-
cate that PAHs emitted from domestic coal combustion played
a dominant role (up to 52.5%) in the local total amount. In
addition, indoor biomass (crop residue plus firewood) burning
(20.4% + 9.4%) and traffic fuel oil (vehicular exhaust, 9.6%)
were also important emission sources of air PAHs, in agree-
ment with the source apportionment results above. The air
sampling period in this study covered only the harvest season
of local cabbages (summer), rather than the whole growth
cycle. However, the PAH emissions in winter are usually
much greater than those in summer in northern China (Liu
et al. 2008), especially the emissions from biomass burning
and coal combustion for residential cooking and heating.

Concentration range and component profile in cabbage

Figures S6–S8 illustrate the statistical results of PAH15 in
cabbage leaf, core, and root gathered from eight sampling
villages, respectively. The dry-weight based distribution
ranges of total PAHs in leaf, core, and root fell between 52
and 269 ng/g, between 0.9 and 47.6 ng/g, and between 14 to
199 ng/g, and the corresponding median values were 174,
12.9, and 93 ng/g, respectively. As a result, a decreasing trend
was seen in the order outer leaf > root > core for the average
concentrations of total PAH15 and individual components
with different rings (see Fig. 6). The phenomenon may be

ascribed to larger foliar area and higher planting density of
local cabbage, which enhanced absorption of atmospheric
PAHs by foliar surfaces and to some extent hindered the de-
position of PAHs on the surface soil. In view of the total
amount of PAHs in the edible part (cabbage core), the health
risk by exposure from ingestion of local cabbage is relatively
low. Considering the individual species, all the corresponding
concentrations in cabbage core were much lower than those in
leaf and root. The differences in concentrations between leaf
and root mainly occurred for the FLA, PYR, and CHR in the
MMW species and for DahA in the HMW species. On the
whole, the distribution features of total PAHs and individual
components in different tissues of cabbage were similar to
those observed in earlier studies (Li et al. 2010a; Wang et al.
2011b), such as greater concentrations of LMW species in
root, core and leaf, except for DahA in leaf.

Comparison of PAH component profiles between different
parts of the cabbage plant (leaf, core, and root) is plotted in
Fig. 7. PAH species with two to four rings (LMW + MMW)
were dominant in the cabbage core and root (exceeding 80%),
especially the LMW species, while the contribution of the
HMW species increased notably in the outer leaf samples
collected from some vegetable plots (S3, S4, S6, and S8),

Fig. 6 Average concentrations of total PAHs, components with different
rings (upper panel), and individual species (lower panel) in cabbage leaf,
root, and core (ng/g)
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though LMW components were still predominant in most
sampling villages. Overall, the distribution patterns of PAH
components in the edible part of cabbage (i.e., core) in this
study, characterized by the prevailing LMW and MMW spe-
cies, seemed to be more associated with those in the particu-
late phase of ambient air (see lower panel in Fig. 3) than with
those in the solid particles from dust fall, rhizosphere soil, and
surface soil (Fig. 4), in accord with other studies (Waqas et al.
2014).

Associations of PAHs in root and leaf with those in core

In general, some complex interactions existed between differ-
ent environment media. For instance, interactions of PAHs in
air, soil, litter, and different tissues of trees were confirmed by
significant correlations between the studied compartments
(Odabasi et al. 2015). Similarly, we employed partial correla-
tion analysis to explore the correlations between two specific
media and the associations between different tissues of cab-
bage, after eliminating other related influences. Table S3 tab-
ulates the partial correlation results of average PAH concen-
trations in surface soil, rhizosphere soil, ambient air (including
total, gaseous phase and particulate phase), and dust fall. It is
well known that air-soil exchange (dry and wet deposition
from atmosphere vs. reemission from topsoil) is one of the
most important processes affecting the local distribution of
PAHs between the two media. In this study, after eliminating
the influences of PAHs in both ambient air and dust fall,

concentrations of total PAH15 and components with different
rings in surface soil were significantly associated with those in
rhizosphere soil. Furthermore, much closer relations were ob-
served between total and different species concentrations in
surface soil and those in dust fall than in ambient air, after the
individual impacts of PAHs in ambient air or in dust fall were
removed, suggesting the influences of air-soil exchange (Tao
et al. 2008; Liu et al. 2011; Wang et al. 2011a, 2015a).
Likewise, the correlation of total PAH15 in dust fall with the
atmospheric particulate phase was much stronger than that
with the gaseous phase, as indicated by the partial correlation
coefficients r (D-P, G) and r (D-G, P) in Table S3.

Table S4 summarizes the results of partial correlation anal-
ysis for the different cabbage tissues. After excluding the as-
sociations with root, ambient air (including gaseous and par-
ticulate phases), and dust fall, the LMW and MMW species
concentrations in cabbage cores showed significant partial
correlations with the PAHs in cabbage leaves input via foliar
absorption. Similarly, based on removing the associations
with atmospheric gaseous phase and rhizosphere soil, the
LMW and MMW species concentrations in cabbage cores
revealed significant partial correlations with the PAHs in cab-
bage roots taken up from rhizosphere soil. These relations
indicated that LMW and MMW PAHs present in cabbages
were correlated with both exposure pathways (foliar uptake
and root absorption), consistent with the previous study (Lin
et al. 2007). However, the HMW species concentrations both
in leaves and in roots were not partially correlated with those

Fig. 7 Compositional profiles of PAHs in cabbage leaf, core, and root samples collected from the sampled vegetable fields
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in the cores (see Fig. 6), possibly because most HMW PAHs
were not detected in cores. A recent report showed that only
LMW and MMW PAHs had the potential to be transported
from root system to shoot tissues (Alagić et al. 2015). As for
total PAH15 in cabbages, after the contributions of other fac-
tors were eliminated, the partial correlation coefficient of
PAH15 concentrations between cores and outer leaves, r (C-
L, R + A + D) = 0.18, p < 0.01, was greater than that between
cores and roots, r (C-R, G + RS) = 0.04, p > 0.05.
Accordingly, compared with roots, there may be a closer cor-
relation between cores and outer leaves in terms of total
PAH15 amount.

Many previous studies have described the correlations be-
tween pollutant concentrations in plant organs and in sur-
rounding media. For example, PAHs in leaves of some ever-
greens were found to be closely related to concentration and
composition of particulate matters (Librando et al. 2002), and
a positive correlation among the PAH concentrations in honey,
blossom, and soil was also observed (Ciemniak et al. 2013).
Since the local cabbage core (edible part) is usually wrapped
by outer leaves until harvest time, atmospheric particles and
dust fall are unlikely to directly bypass the outer leaf into the
cabbage core. Thus, in this study, we inferred that a minority
of the PAHs in cabbage core may originate from diffusion of
gaseous phase PAHs in air. However, the outer leaves are
exposed to ambient air for a relatively long period, and
PAHs both in the atmosphere (including gaseous and particu-
late phases) and in dust fall would affect those in the cabbage
outer leaf. Generally, the cabbage root system contacts the
rhizosphere soil directly, and most, if not all, the PAHs in
the root system come from adsorption and then absorption in
the root hair zone. Table 1 demonstrates the results of partial
correlation of PAHs between different cabbage organs and
different environment media. After eliminating the associa-
tions with ambient air and cabbage roots, LMW and MMW
species concentrations in cabbage leaves revealed a significant
partial correlation with those in dust fall by r (L-D, A + R).
Similarly, based on removing the associations with dust fall
and cabbage roots, LMW and MMW species concentrations
in cabbage leaves also displayed a significant partial

correlation with those in ambient air by r (L-A, D + R).
Furthermore, PAHs in the atmospheric gaseous phase showed
a stronger partial correlation with those in cabbage leaves,
compared to PAHs in the atmospheric particulate phase.
Meanwhile, PAH concentrations in cabbage roots were signif-
icantly associated with those in rhizosphere soil after the cor-
relations with surface soil were excluded. Additionally, LMW
components in cabbage cores were significantly related to
those in the atmospheric gaseous phase, based on removing
the correlations with cabbage leaves and roots.

For the purpose of further exploring the correlations be-
tween concentrations of parent PAHs in various environment
media and the edible part (core) of cabbage, after the normal-
ity tests, the natural-logarithm mean concentrations of PAHs
in ambient air (gas plus particle), rhizosphere soil, and dust fall
were considered as three independent variables, and the
natural-logarithm average concentration of PAHs in cabbage
core as one dependent variable. Then, a multivariate linear
regression model (MLR), with stepwise selection of all the
independent variables aforementioned, was developed as fol-
lows, and the corresponding details are provided in Table S5.

lnC ¼ 0:417� lnAþ 0:289� lnRS−1:840 r2 ¼ 0:35; p < 0:01

where C, A, and RS denote the concentrations of PAHs in
cabbage core, ambient air, and rhizosphere soil, respectively.
The good fitting of the regression model manifested parent
PAHs in cabbage cores was closely associated with those in
ambient air and in rhizosphere soil, and statistical exclusion of
the influences from PAHs in dust fall on PAHs in cabbage
core. In another previous report, no specific gradient trends
of PAHs along the root, stem, ear axe, and grain of rice were
observed, which suggested systematic translocation among
the rice organs was unlikely (Tao et al. 2006a). However, a
clear sequence of PAH concentration distribution, including
total PAH15 and individual species with different rings, was
observed in the current research, namely, outer leaf > root >
core, as shown in Fig. 6. Furthermore, the related multivariate
linear regression models indicated that the contribution of

Table 1 Partial correlation of PAHs between different cabbage organs and different environmental media in sampled vegetable plots

Component r (L-P, D + G + R) r (L-G, D + P + R) r (L-D, A + R) r (L-A, D + R) r (R-RS, SS) r (C-G, L + R)

2~3 rings 0.49** 0.59** 0.60** 0.58** 0.28** 0.28**

4 rings 0.09 0.44** 0.35** 0.59** 0.27** −0.07
5~6 rings 0.02 0.12 0.11 −0.21 0.04 −0.37*
ΣPAH15 0.60** 0.73** 0.40** 0.69** 0.21** −0.11**

r (X-Y, Z1 + Z2 + Z3) represents the correlation coefficient of the PAH concentrations between X and Yafter eliminating the contribution of Z1 + Z2 + Z3.

SS surface soil, RS rhizosphere soil, A ambient air, G gaseous phase, P particulate phase, D dust fall, C cabbage core, L cabbage leaf, R cabbage root

*p < 0.05; **p < 0.01
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PAHs in surface soil to the accumulation of PAHs in the aerial
part of the cabbage plant (Tao et al. 2006b) or in the wheat
grain (Liu et al. 2017) was insignificant or negligible, whereas
rhizosphere soil, rather than surface soil (i.e., bulk soil), plays
an important role in occurrence of PAHs in cabbage core (ed-
ible part) and root in this study.

A few deficiencies are noted in the current study, which can
be improved in the future. For example, the multimedia sam-
ples were only collected during the local harvest time; how-
ever, concentrations of parent PAHs in vegetables may change
in different growth stages. Some similar investigations indi-
cated that PAH concentrations and profiles varied in soil, wa-
ter, and different rice tissues at different growth stages (Wang
et al. 2015b). The appearance and structure of crops at differ-
ent growth times would also affect the air-soil exchange sig-
nificantly (Wang et al. 2015c). Therefore, if the sampling pe-
riod could cover the whole growth cycle of the local vegeta-
bles, the resulting assessment of root uptake and foliar absorp-
tion would be more accurate with more available data.
Additionally, for continuous monitoring of long-term changes
in PAH concentrations inside the crops (including different
tissues or organs), applications of some novel or modified
devices are required as well (Wang et al. 2015a).

Conclusions

In the local air, most of the atmospheric parent PAHs occurred
in the gaseous phase with dominant contribution by the LMW
PAH species. Source apportionment results indicated the local
PAH emission sources were a mixture of coal combustion,
coking activity, and traffic exhaust. Concentrations of 15 par-
ent PAHs in rhizosphere soils from the sampled cabbage plots
were slightly lower than those in surface soils. In comparison
with cabbage cores and roots, parent PAHs accumulated more
readily in cabbage leaves, and PAH species with two to four
rings were prevailing in different tissues of local cabbages.

Based on the similarity in component profiles and partial
correlation statistics, PAHs in cabbage cores originatedmainly
from uptake by foliage and root and subsequent inner translo-
cation. In addition, after eliminating the corresponding asso-
ciations with the other media studied, parent PAH concentra-
tions in cabbage roots exhibited a significant partial correla-
tion with those in rhizosphere soils. Meanwhile, parent PAH
concentrations in both cabbage leaves and cabbage cores had
significant partial correlations with those in the atmospheric
gaseous phase.
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