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Abstract Concentration, composition profile, orientation distri-
bution, sources, and potential risks of 16 polycyclic aromatic
hydrocarbons (PAHs) were analyzed in 76 surface (0-25 cm)
soil samples collected from the Changzhi industrial district in
July 2014 using a gas chromatography mass spectrometer (GC-
MS QP2010 Ultra) system. The composition patterns of the
PAHs were dominated by the presence of four-ring PAHs (aver-
age 42.9%), followed by three-ring (average 25.9%), five-ring
PAHs (average 25.6%), two-ring PAHs (average 5.03%), and
lastly, six-ring PAHs (average 0.641%). Source apportionment
of the soil PAHs was also performed by the diagnostic ratios,
principal component analysis (PCA), and coefficient of diver-
gence (CD) analysis indicated signatures of PAHs sources (in-
cluding incineration, coal/wood combustion, and vehicular ex-
haust emission). The total concentration of 16 PAHs (3_16PAHs)
found in the roadsides soils (RS) ranged from 2197 to
25,041 pg kgfl , with an arithmetic mean value of
12,245 ug kg '; followed by the village soils (VS), which ranged
from 2059 to 21,240 pg kg, with a mean of 8976 ug kg '; and
lastly, the agricultural soils (AS), which ranged from 794 to
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16,858 g kg ', with a mean of 3456 ug kg '. According to
the numerical effect-based soils quality guidelines of
Maliszewska-Kordybach, the levels of PAHs in the sampled in-
dustrial areas range from high to heavy contamination. The
values of total benzo[a]pyrene toxicity equivalent values
(>’Bapeql16PAHSs) in the sample areas ranged from 0.087 to
3611 g kg ' with an average of 969 ug kg '. According to
the soil quality guidelines of Canada, values found in the highest
range (100 pug kg '), which are equal to those of
> Bapeql16PAHs found in the industrial area samples, will exert
adverse biological effects. The results of this research could po-
tentially be useful for local governments to control toxicity ex-
posure, promote actions to alleviate PAHs contamination, and to
manage human health at both work and industrial areas.

Keywords PAHs - Contamination - Benzo[a]pyrene -
Potential risk - Soil

Abbreviations

RS Soil samples collected from soil within 0—-5 m
from the roadside around the industrial district

AS Soil samples collected from croplands and vegetable

field soils, which are approximately 1-2 km away
from the industrial district

VS Soil samples collected from parks, the greenbelt,
public squares, and residential areas of the villages
nearby the industrial district

IARC International agency for research on cancer
MW Molecular weight

PAHs  Polycyclic aromatic hydrocarbons

us United States Environmental Protection
EPA Agency
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a sort of organic
compounds with similar structure of two or more fused aro-
matic rings, which are considered to be environmental recal-
citrant toxic pollutants (Crampon et al. 2014). Sixteen PAHs
has been listed as priority control pollutants by the US
Environmental Protection Agency (USEPA), including naph-
thalene (Nap), acenaphthene (Ace), acenaphthylene (Acel),
fluorene (Flu), phenanthrene (Phe), anthracene (Ant), fluoran-
thene (Fla), pyrene (Pyr), benz[a]anthracene (Baa), chrysene
(Chr), benzo[b]fluoranthene (Bbf), benzo[k]fluoranthene
(Bkf), benzo[a]pyrsne (Bap), dibenz[a,h]anthracene (Daa),
indeno[1,2,3-cd]pyrene (Ind), and benzo[g,h,i]perylene
(Bghip) (16 USEPA). Eight PAHs has been classified with
respect to their carcinogenicity to humans by the
International Agency for Research on Cancer (IARC) as fol-
lows: Bap (group 1 toxic, carcinogenic); Daa (group 2A, prob-
ably carcinogenic); Baa, Bbf, Bkf, Chr, Ind, and Nap (group
2B toxic, possibly carcinogenic to humans) and all other
PAHs compounds (group 3, carcinogenicity not classifiable).
Eight PAH species have been defined as probably (2A) or
possibly (2B) carcinogenic to humans according to the litera-
ture (Callén et al. 2008; Cancer and Organization 1983;
Humans et al. 1991; Humans et al. 2004; LYON 2014;
Organization and Humans 1994).

PAHs have ubiquitously contaminated industrial environ-
ments (Hussar et al. 2012; Lundstedt et al. 2007). Generally,
point sources of PAHs are from industrial waste residues and
wastewaters, transportation exhaust, as well as accidental fuel
spills (Johansson and van Bavel 2003). PAHs have the prop-
erties of high hydrophobicity, which can attach on the atmo-
spheric particles and float for long distances, becoming
sources of diffuse pollution (Ravindra et al. 2008; Wilcke
2007).

Most PAHs released into the environment will eventually
enter into the soil ecosystem, becoming restricted to the top
layer of the soil; therefore, the soil system is considered to be
one of the principal reservoirs for PAHs and is also regarded as
a steady indicator of the degree of environmental contamina-
tion (Liu et al. 2001; Mueller et al. 2006; Wang et al. 2012b;
Wild and Jones 1995), attracting considerable attention
(Bourotte et al. 2005; Callén et al. 2011).

Recently, soil contamination of industrialized areas has re-
ceived worldwide attention (Gaga et al. 2012; Luo et al. 2009;
Wang et al. 2010). Industrial processes are the major source of
PAHs found in the contaminated soils (Finkelman et al. 2002;
Wang et al. 2003). It has been considered in areas where large-
scale coking production and consumption occur, soils have
been severely contaminated by PAHs (Wang et al. 2012a).
Studies (Haugland et al. 2008; Jiao et al. 2009b) show that
PAHs in soils from Tianjin, China and Bergen, Norway were
observed to have much higher concentrations of PAHs from
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their industrial region than other regions. The PAHs existed in
polluted areas not only influence soil physicochemical char-
acteristics, but also harm the environment and the people liv-
ing in the actual region (Blake et al. 2007; Mostert et al.
2012).Thus, it is critical to remove PAHs in the soils of pol-
luted areas.

The industrial district, located in the Southeast of Shanxi,
includes coke, coal chemical, iron and steel, and thermal pow-
er plants, and is one pillar industry of the national economy
system occupies an important position in the local economy. A
large amount of fly ash, coal gangue, ash, peat, wastewater,
and hot exhaust gas (water vapor) are produced annually as
by-products. Due to these by-products being poorly managed
for a long time, the industrial areas are now faced with serious
environmental problems. The soil found at many of these
industrial enterprise sites has been contaminated and is con-
sidered a hazard to plant and human health. More so, many
crops would not be able to tolerate these contaminated soils.
To our knowledge, there is a lack of data on the characteriza-
tion of these compounds from these industrial areas.
Therefore, the objectives of this study are the following: to
determine the occurrence and levels of PAHs in soil samples
collected in agricultural districts, roadside green belts, and
village soils in Changzhi; to assess source contributions to
the soil PAHs burden; and finally, to evaluate the potential
human health risk. This study may be meaningful to control
the pollution from PAHs and alleviate the hazard to human
beings.

Materials and methods
Chemicals and materials

A composite standard solution of 16 PAHs, including Nap,
Ace, Acel, Flu, Phe, Ant, Fla, Pyr, Baa, Chr, Bbf, Bkf, Bap,
Ind, Daa, and Bghip, each at a concentration 0£2000 pug mL ™",
were purchased from Supelco (Bellefonte, PA, USA). A work
standard solution containing 16 PAHs was prepared in hexane
before use. Silicagel column (15 cm length x 10 mm id) and
granular anhydrous sodium sulfate were baked at 100 °C for
16 h prior to use. All solvents and chemicals were analytically
graded.

Study area

Changzhi lies between 35° 49" 0” N and 37° 8’ 0" N latitude
and between 111° 58" 3" E and 112° 44’ 4" E longitude, cov-
ering an area of 13,896 km?. It shares its boundaries with
Taiyue Mountain in the west and Taihang Mountain in the
eastern. Changzhi comes under the Loess Plateau and has an
average elevation of 696 m, among which elevation is higher
in southeast than northwest, and exhibits climate transitional
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between a typical temperate and semi-arid continental climate
with four clearly distinct seasons and continental monsoon is
strong lasting. The annual average temperature is 9.1 °C. The
annual average rainfall is 618.9 mm year '. The rainfall ca-
pacity vary from 62.7% of the total annual rainfall during
summer to as low as 2.6% during winter season. The annual
average evaporation capacity is 1740.1 mm year '. The aver-
age wind speed is 2.3 m s~ ' during all year, and the dominant
wind direction is southeast, follow is northwest.

Soil sampling

The industrial area, from where the samples were collected, is
located in Changzhi. The district houses an iron and steel
factory, two power plants, and a coke plant. There are several
villages and roads around the traditional industrial area. In this
study, regions have been classified into three different func-
tional areas represented by the main roadside, country district,
and agricultural area. Furthermore, the sampled areas have
been categorized in directional relation to the industrial areas.
Roadside soil samples (RS) were collected from soil within 0—
5 m from the roadside. Village soil samples (VS) were collect-
ed from parks, the greenbelt, public squares, and residential
areas of the villages. Agricultural soil samples (AS) were col-
lected from croplands and vegetable field soils, which are
approximately 1-2 km away from the industrial areas. A total
of 76 surface soil samples were collected from areas surround-
ing the industrial district in Changzhi (Fig. 1) in July 2014.
Among the 76 soil samples, 36 were from roadside soils (RSi,
i represent the number of sample sites, follows same as), 30
from agricultural soils (ASi), and 10 from village soils (VSi).
For each soil sample, 40 subsamples were taken from the
same functional region (at a depth of 0-25 cm in a 300 m?
area) and mixed thoroughly to form one composite sample.
All of the samples were air-dried at room temperature and
sieved through a 1-mm mesh screen after removing stones
and residual plants and then stored in the dark at 4 °C prior
to analysis.

Extraction, purification, and analysis

Soil samples were extracted by ultrasonic agitation, a method
developed and recommended by various authors (Agarwal
et al. 2006; Jiao et al. 2015; Ray et al. 2008). The 10-g soil
sample was extracted thrice and washed in 30-mL mixture
solvents (acetone/dichloromethane = 1:1) for 15 min with ul-
trasonic agitation (ultrasonic agitation—SB 5200 DT, Ningbo
Xingzhi Biological Technology Co. Ltd., Ningbo, China) at a
frequency of 40 kHz in a water bath (15-25 °C). Following
that, samples were filtered through a silica gel column filled
with 10-cm dried anhydrous sodium sulfate to remove parti-
cles. The extracts were mixed together, concentrated to 1 mL
using a gentle stream of nitrogen, cleaned by a 0.2-pum organic

phase membrane filter, and calibrated to 1.5 mL with n-
hexane (chromatographically pure) in a vial.

The samples were then analyzed by a gas chromatography
mass spectrometer (GC-MS) system (GC-MS QP2010 Ultra,
30 m length x 0.25 mm i.d. x 0.25 um film thickness, HP-5
MS capillary column, Shimadzu enterprise management
(China) Co. Ltd.) with helium as the carrier gas. The injection
volume was 1 pL in splitless mode. The oven temperature
program was as follows: start at 50 °C hold for 1 min,
200 °C at 20 °C min " hold for 1 min, 260 °C at 6 °C min” "
hold for 1 min, and 290 °C at 20 °C min ! hold for 10 min. An
aliquot sample (1 pL) was injected in the splitless mode, and
helium was used as the carrier gas (1.0 mL milfl). The mass
spectrometer was operated in the selective ion monitoring
(SIM) mode using positive ion electron impact ionization (EI).

The identification of individual compounds was achieved
by comparing GC retention time and ion abundance ratio of
two exacts (M/M-1) with the corresponding retention time of
an authentic standard and the acquired ion abundance ratio of
the two exacts (M/M-1), the ions followed for each PAH, such
as Nap(127/129), Acel (150/151), Ace (152/154), Flu (163/
165), Phe (176/179), Ant (176/179), Fla (200/203), Pyr (200/
201), Baa (226/229), Chr (226/229), Bbf (250/253), Bkf (250/
253), Bap (250/253), Ind (138/274), Daa (276/279), and
Bghip (137/138). Quantification of individual compounds
was based on the comparison of peak areas. The 16 PAHs
were quantified using the response factors related to the re-
spective external standards based on a 7-point (0.1, 1.0, 5.0,
50.0, 100, 200, 500 ug kgfl) calibration curve for individual
compounds with a linear relationship R* > 0.9997. Results
presented for soil samples were not corrected according to
the spike recoveries.

Quality control

Solvent blanks, checking standards, and sample duplicates
were analyzed for every set of samples. Variation in PAH
concentrations of the replicated samples was less than 10%
(n = 3); the procedural blank values are always smaller than
the detection limit; the linearity of the method was evaluated
in the range of 0.1-500 pg kg . The calibration curve showed
an R*>0.99. The repeatability of the method was assessed
by analyses of six soil samples that had previously been
extracted with the extraction mixture, supplemented at
100 pg kg ' with a standard mixture (USEPA PAH stan-
dard mixture at 2000 pg mL™! in methanol; Supelco, PA,
USA). Matrix spike experiment recoveries of certified
reference materials ranged from (87 £ 3%, Ace) to
(98 + 4%, Phe) for the 16 PAHs. The limits of detection,
which were defined as the standard deviation from sol-
vent blanks (n = 7), ranged from 0.002 (Bghip) to 0.005
(Ind) pg kg ' for individual PAHs.
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Fig. 1 Geographical locations of the sampling sites in Changzhi, Shanxi province (China)

Data processing and statistical analysis

All statistical analyses employed the Statistical Analysis
Systems (SPSS Statistics Data Editor, Version 17.0). Arc
GIS 9.0 was used to draw the map of the sampling sites. All
data was processed by Microsoft Excel and all diagrams were
drawn using Origin 8.0.

Molecular diagnostic ratios

Due to formation routes of various PAHs under dif-
ferent combustion conditions, the ratios of different
PAHs are expected to vary with different sources.
Thus, diagnostic ratios of PAHs were commonly used
to qualitatively investigate the source contribution.
The most frequently used PAH isomer ratios in some
other publications included low/high molecular weight
(LMW/HMW) (Aichner et al. 2007; Chen et al.
2005), Phe/Ant (Unlii and Alpar 2009), Ant/(Ant +
Phe), Fla/(Fla + Pyr) (Khairy and Lohmann 2012),
Baa/(Baa + Chr) (Katsoyiannis and Breivik 2014;
Yunker et al. 2002), and Bap/(Bap + Chr) (Akyiiz
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and Cabuk 2008). Many studies (Galarneau 2008)
suggested that the use of isomer ratios in PAH source
apportionment should be done cautiously as they
might be similar among different sources, moreover
for the same source type, the ratios could vary dra-
matically depending on fuel properties and burning
conditions. In addition, once emitted into the environ-
ment, the ratio would change, causing difficulty in and
uncertainty of their use. Although the use of diagnostic
ratios has known uncertainties, the method is probably
more pronounced at special locations, such as areas
close to the point sources, and the sources of PAHs in
the soil around the industrial district can be distin-
guished using the ratios of diversity PAHs (Christensen
and Bzdusek 2005); thus, it was used in the present
paper only as an indicative way to provide insight into
the sources.

Cocfficient of divergence

The coefficient of divergence (CD) was used to identify the
similarities between the profiles of PAHs at different sites
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(e.g., AS-RS comparison). The generic formula used for CD
calculation is as follows:

12 [ XiXa )
CDy; = \/— > (;(’—X> (1)
D i=1 ij + Xik

where Xj; represents the average concentration for a PAH com-
ponent i at site j, j and k represent two sampling sites, and p is
the number of PAH components. If the two sampling sites are
similar, the CD approaches zero. If the two sampling sites are
very different, the CD approaches one. By using the CD,
PAHs in the soil can be compared even if the number of
PAH components measured for each site is different, provided
that the same set of chemical components is used in each case
(Wongphatarakul et al. 1998).

Nemerow composite index

The Nemerow composite index (P value) was used to assess
soil environmental risks based on the Chinese environmental
quality standards of the GB 15618-2008 (China 2008), which
provide the maximum permissible concentrations of 16 PAHs
for soil. These limits are as follows: Nap (100 ug kg™ '), Ace
(500 ug kg "), Acel (500 ug kg "), Flu (500 ug kg '), Phe
(500 ug kg™"), Ant (500 pg kg™, Fla (500 ug kg"), Pyr
(500 pg kg "), Baa (100 pg kg™, Chr (100 ug kg '), Bbf
(100 pg kg "), Bkf (200 pug kg "), Bap (100 pg kg '), Daa
(100 pg kg ™), Ind (100 pg kg "), and Bghip (500 pg kg ")
(GB 15618-2008, 2008 discussion draft). These were then
calculated using the following formula:

Pi = Soilpay; / Standard (2)
PAHi
P= %Piw)z 2 ] )
2
. l n
Plav = — Z Pi (4)

n -1

where Soilpay; is the concentration of PAH; in the soil sample
and Standardp,yy; is the GB 15618-2008 soil standard of PAH;.
Where, Pi,, is the average value of the individual pollutant
index, and Pi,,, is the maximum value of the individual pol-
lutant index.

Toxic equivalent concentrations

As PAHSs seldom occur as individual chemicals in the environ-
ment, there has been much discussion as to the most appropriate
way of assessing the risk to human health following exposure to
PAH mixtures. One method of risk-assessing PAHs would be to
assume that the toxicity of all PAHs is equivalent to that of Bap
(Bull and Collins 2013). Since Bap was one of the PAHs with

sufficient toxicological data to derive a carcinogenic potency
factor proven in animal tests, and according to cultures is mu-
tagenic for human cells, it is regarded as one of the most carci-
nogenic of all the PAHs (Lim et al. 2007). The USEPA supplied
a first approach to the toxicity of the PAHs referring it to that
presented for Bap. The toxic equivalent factor (TEF) for Bap is
1.0. Because toxicity criteria are not available for all PAHs,
various TEFs have been proposed in order to relate the poten-
cies of these compounds, and in addition, several agencies and
scientists have tried to establish the real value of every single
PAH TEF (Muller et al. 1997; Kumar et al. 2013; Nisbet and
LaGoy 1992). The TEF has been devised as a method to com-
pare the carcinogenicity of individual PAHs to the carcinoge-
nicity of Bap. The carcinogenic potency of every collected soil
sample was determined relative to its toxic equivalent concen-
trations (Bapeq), which estimates the health risk from exposure
to the PAHs in the soil. The Bapeq for a given PAH compound
was calculated as the product of its TEF and its concentration
(Chen and Liao 2006):

Bapeq = Y, (Soilpan; X TEF;) (5)
i=1

where Bapeq is the total toxic equivalent concentration for all
aim PAHs, Soilpsyy; represents the concentration of one indi-
vidual PAH in the soil samples, and TEF; is the toxic equiva-
lent factor for the corresponding individual PAH. These TEFs
are as follows: Nap (0.001), Ace (0.001), Acel (0.001), Flu
(0.001), Phe (0.001), Ant (0.01), Fla (0.001), Pyr (0.001), Baa
(0.1), Chr (0.01), Bbf (0.1), Bkf (0.1), Bap (1.0), Daa (0.1),
Ind (1.0), and Bghip (0.01) in the study.

Results and discussion
Distribution

Distribution characteristics of PAHs in three functional soils

All of the 16 individual USEPA priority PAHs were identified
in the soil samples collected from the industrial district (Fig. 2).
The concentrations of ¥16PAHs found in the 76 samples
ranged from 794 (AS19) to 25,041 ug kg_1 (RS52), with an
average value of 8346 pg kg '. The geometric mean value
was found to be very high when compared with typical values
for X16PAHs in the following countries: South Korea (220—
190 pg kg ™', mean 390 pg kg') (Kwon and Choi 2014),
Poland (2802450 pg kg ') (Maliszewska-Kordybach 1996;
Oleszczuk and Pranagal 2007), Germany (100-775 g kg ),
and Switzerland (145-593 ug kgﬁl) (Desaules et al. 2008).
Furthermore, the contents of the >16PAHs varied and clearly
depended on the sampled soil functions (Fig. 2a). The lowest
level of X 16PAHs is observed in AS sample sites, ranging

@ Springer
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Fig. 2 a Total PAHs concentrations. b—d Concentrations of individual
PAHs in different soil samples from agriculture soils (AS), roadside soils
(RS), and village soils (VS), respectively. The boxes are of interquartile

from 794 to 16,858 pg kg~ ', with an average value of
3456 ug kg', and a median value of 2287 ug kg '. The
modest level of X 16PAHs is observed in VS sample sites
ranging from 2059 to 21,240 ug kg ', with an average value
of 8976 ug kg ', and a median value of 7711 pug kg '. A
particularly high level of the compounds was noted from RS
sample sites, ranging from 2197 to 25,041 pg kg ', with an
average value of 12,245 ug kg ', and a median value of
13,414 g kg '. The RS values are almost 3.54 and 1.36 times
higher than those found at the AS and VS sample sites (Fig. 2a)
and could be a result of heavy traffic and inhabitant and
industry activities. The concentration of >16PAHs in the RS
sample sites were higher than that found in urban dust samples
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of Bangkok (1100 pg kg ") (Boonyatumanond et al. 2007),
Dalian (1890-17,100 pg kgfl) (Wan et al. 2006), and
Guangzhou (840-12,300 pg kg ') (Wang etal. 2011), and were
comparable to those found in Northeast England
(6000-46,000 pg kg ') (Lorenzi et al. 2011). In AS samples,
the values of 3 16PAHs were also higher than those found in
the Dongjiang River Basin (24.0-231 ugkg ') (Zhang and Tao
2009; Zheng et al. 2014), Hong Kong (7.00-200 pg kg ')
(Zhang et al. 2006), South Korea (23.0-2830 nug kgfl) (Nam
et al. 2003), Nanjing (21.0-533 nug kgﬁl) (Yin et al. 2008), and
Shantou (22.0-1260 pg kgfl) (Rong et al. 2007). The VS
sample values were also higher than those typically found in
Guanting Res (62.0-4210 pg kgﬁl) (Jiao et al. 2009¢).
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The contribution of the individual PAHs was analyzed in
detail, which indicates that four-ring compounds were domi-
nant in most of the soil samples (Fig. 2b—d). The most abun-
dant PAHs found in the AS samples were Phe, Fla, Chr, and
Bkf. The concentrations of individual PAHs in the AS were
ranged from not detected (ND) (Bghip) to 2682 g kg_1 (Fla)
with 100% detection frequencies (except Bhigp, 90%), and
have a higher levels found specifically in the AS74, AS76,
AS71, and AS75 sites (Fig. 2b). The most abundant PAHs
found in the RS samples were Fla, Phe, Pyr, Bkf, Bap, Bbf,
Baa, and Chr. The concentrations of individual PAHs in the
RS were ranged from ND (Bghip) to 4431 ug kg ' (Fla) with
69.4-100% detection frequencies (Fig. 2c¢). The most abun-
dant PAHs found in the VS samples were Phe, Pyr, Fla, Baa,
Bbf, Bkf, and Bap. The concentrations of individual PAHs in
the VS were ranged from ND (Bghip) to 3206 (Phe) pg kg '
with 90.0-100% detection frequencies; higher values were
specifically found in the VS36 and VS54 sites (Fig. 2d). The
results indicate that these compounds are ubiquitous in the soil
environments of surrounding industrial areas.

Distribution characteristics of PAHs in four directional soils

Figure 3 shows that the AS sample sites located in the east
(direction in relation to the industrial district) had a Y’ 16PAHs
average concentration of 1834 ug kg '; in the west, it was
1454 ug kg ™', south 8379 ug kg, and north 3839 ug kg .
Moreover, the concentration levels of a total probably or pos-
sibly carcinogenic PAHs (3 8BPAHs) were 930, 713, 5061,
and 2197 ug kg™' for the AS sample sites located in the east,

west, south, and north, respectively. Levels of ) 16PAHs and
> 8BPAHSs in the AS sample sites significantly declined as
south > north > east > west. As indicated by Fig. 4, the average
values of > 16PAHs in the RS sample sites were 14,213; 8436;
9337; and 14,179 ug kgfl, and the average values of
> 8BPAHs were 6493, 3837, 4928, and 6329 pg-kg_1 for the
RS sample sites located in the east, west, south, and north
(direction in relation to the industrial district), respectively.
Levels of > 16PAHs and > 8BPAHs in the RS sample sites
significantly declined as east > north > south > west.
Compared to AS sample sites, the average value of
> 16PAHs in RS sample sites is higher by 1.98 times and the
average y 8BPAHs value is higher by 1.43 times.

Regarding the specific profile of PAHs concentrations, the
major contribution to the total amount of > 16PAHs, was com-
posed of compounds with four aromatic rings (Fla, Pyr, Baa,
and Chr); the second most dominant group of PAHs was com-
posed of those with five aromatic rings (Bbf, Bkf, Bap),
followed by those with three aromatic rings (Phe). The highest
value of the average level of individual PAHs in the AS sam-
ple sites was found south of the industrial district. The distri-
bution showed orientation makes a significant difference
(p < 0.01), as a consequence of some areas being exposed to
coal and coke used as fuel in industrial activities. For the RS
sample sites, the highest value was found to the east, with less
diversity (p < 0.05), indicating the impacts from the provincial
road (S228) and national road (G22), which provides easy
access into the area. In the monitored areas, the north direction
prevails, indicating the impact of the steel plant, power plants,
and vehicular emissions.

Fig. 3 Concentration of 1400 ~
individual, total 16 PAHs
(3. 16PAHS) and total [ {10000 -
carcinogenic PAHs (3 8BPAHs) 1200 || g000
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Fig. 4 Concentration of
individual, total 16 PAHs
(3_16PAHSs) and total
carcinogenic PAHs (3 8BPAHs)
in roadside soils (RS) found in
different directions surrounding
the industrial district
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The distribution of PAHs in the AS sample soils
pointed to the south and north as dominant directions.
Both directions were probably affected by steel plant
activity and the potential contribution of power stations
sited in the southeast of the steel plants. This includes
the use of coke as heating fuel in the steelworks and
the thermal power stations sited in the southeast using
coal for power production. In addition, the distribution
of PAHs also reflected the influence of the roads: S228
located in the north (direction towards the steel plant),
S102 located in the southeast (direction towards the in-
dustrial district), and G22 and G309 located between
the steel and power plants. Some roads leading to the
monitored areas were not named but they located in the
east and north and are highly used for transportation of
raw materials and products.

From the results, we can inference that the concentra-
tion of > 16PAHs were higher in north samples, but were
lower in west samples both in the AS and RS. The reason
can fall into three categories: (1) wind direction, the year
leading wind direction, prevailing southeasterly winds in
the areas throughout the year, but winter prevailing north-
west wind; (2) Topography, the elevation is higher in
southeast than northwest direction, and the Taiyue
Mountain location in the west, the Taihang Mountain in
the east; and (3) traffic condition, the main roads such as
S228, S102, G22, and G309 are located in the north and
southeast. Moreover, because of the prevailing southeast-
erly winds, the concentration of PAHs is the highest in the
AS sample located in the south, but as impacted on the
traffic, the highest content of the soil PAHs is in the RS
samples located in the east of the industrial areas.

@ Springer

Source identification
Source identification by compositional profiles of PAHs

Generally, PAHs in the environment are originated principally
from anthropogenic sources, such as combusted/pyrolyzed
organic materials, including wood, coal, coke, fossil fuels,
and petroleum products (Ravindra et al. 2008). Burning oil
and operating vehicles releases more Fla, Pyr, Bghip, Bbf,
Bkf, Bap, and Chr. Gas-powered vehicles release Fla, Pyr,
and Bghip and diesel-powered vehicles release Bbf and Bkf
(Miguel et al. 1998; Venkataraman et al. 1994). Furthermore,
Bghip and Bap were found to be enriched in traffic tunnels
(Robinson et al. 2006), and Fla, Chr, and Pyr are increased by
diesel exhaust (Masclet et al. 1986). Combustion/incineration
of coal, wood, and grass produces more Phe, Baa, Ant, Fla,
Pyr, Bap, Bghip, and Chr. The literature describes combustion
of wood, coal, or coke as releasing more Ant, Phe, Fla, Pyr,
Baa, and Chr, and especially Pyr (Duval and Friedlander
1981). Petrogenic PAHs are normally abundant in lower mo-
lecular weight compounds (LMW, rings <3). While LMW
PAHSs can easily undergo weathering compared to those with
greater molecular weight (HMW, rings >4) PAHs (Giger and
Blumer 1974; Lee et al. 1977), and HMW PAHs are mainly in
the particulate phase and easily collect in soil sediments
(Harner and Bidleman 1998; Wang et al. 2013).

This study demonstrated that there were 16 PAHs in the
soil samples with the normalized composition profile of these
PAHs shown in Fig. 5a. The mean abundant compound at all
sites are as follows: Phe (16.6%), Fla (13.6%), Pyr (10.2%),
Chr (10.4%), Baa (7.85%), Bkf (9.07%), Bap (6.97%), Bbf
(6.97%), Nap (5.71%), Flu (4.33%), Ant (3.08%), Acel
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Fig. 5 Relative abundance of
parent PAHs in samples of
agricultural soils (AS), roadside
soils (RS), and village soils (VS)
surrounding the industrial district.
a Relative abundance of different
PAHS. b Relative abundance of
PAHs with different numbers of
rings
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(1.38%), Ace (0.990%), Daa (0.970%), Ind (0.650%), and
Bhigp (0.002%). Therein, Phe, Chr, and Pyr were the three
most abundant compounds. The 16 PAHs were divided into
five clusters according to rings (Fig. 5b): 2-ring (Nap); 3-ring
(Ace, Acel, Flu, Phe, and Ant); 4-ring (Fla, Pyr, Baa, and Chr);
5-ring (Bbf, Bkf, Bap, and Daa); and 6-ring (Ind and Bghip)
hydrocarbons. For all sample soils (AS, RS, and VS), the 4-
ring compounds were most abundant (42.0-43.4%, mean
42.9%), followed by 3-ring PAHs (23.5-27.3%, mean
25.9%), 5-ring PAHs (24.5-27.6%, mean 25.6%), 2-ring
PAHs (mean 5.0%), and 6-ring PAHs (mean 0.6%).
Apparently, the total PAHs were dominated by a greater mo-
lecular weight for the PAHs compounds (HMW PAHs >4
rings) in all AS, RS, and VS surface soil samples. Their pres-
ence was 2.24 times higher than that of low molecular weight
PAHs compounds (LMW PAHs <3 rings). The study indicat-
ed that in comparison to LMW PAHs, compounds with HMW
PAHs often show considerable tendency to accumulate in soil
(Aichner et al. 2007). The presence of Ind and Bghip were a
result of gasoline (Boonyatumanond et al. 2007) and diesel
(Robinson et al. 2006) emissions. The results shown here can
be explained by the huge abundance of HMW PAH com-
pounds being released to the surroundings during daily trans-
port and production processes of the local industries.

Source identification by PAHs isomer ratios

Many studies (Jiao et al. 2009a; Katsoyiannis and Breivik
2014; Yunker et al. 2002) reported that Baa/(Baa + Chr) less
than 0.20 indicates a petroleum origin, whereas 0.20 < Baa/
(Baa + Chr) < 0.35 is from either petroleum or combustion,

and Baa/(Baa + Chr) > 0.35 has a combustion origin alone. A
ratio of Fla/(Fla + Pyr) < 0.4 implies a petroleum source, while
a ratio of 0.4 < Fla/(Fla + Pyr) < 0.5 indicates a fossil fuel
combustion source, such as crude and vehicle oil combustion,
and Fla/(Fla + Pyr) > 0.5 originates from coal or biomass burn-
ing (Opuene et al. 2009). Plotted in Fig. 6a, 86.4% of all sample
sites had Baa/(Baa + Chr) ratio values of more than 0.35, and
93.4% of all sample sites had a Fla/(Fla + Pyr) > 0.5, in this
study. The results show that the PAH sources in all soil samples
come mainly from combustion (coal, biomass, or petroleum).

Researchers (Unlii et al. 2009) believe that petroleum often
contains more thermodynamically stable PAHs (e.g., Phe)
than the less stable isomers (e.g. Ant); therefore, soils with
Phe/Ant >10 were mainly contaminated by petroleum, and
those with Phe/Ant <10 were typical of sediments impacted
by combustion residues. In the present study, the Phe/Ant >10
is recorded in 29.0% of the 76 soil samples (Fig. 6b), specif-
ically, 63.3% of the AS samples had a Phe/Ant ratio >10, and
97.2% of RS samples and 90.0% of VS samples had a Phe/
Ant ratio <10. According to these Phe/Ant ratios, it suggests
that source of PAHs in the areas were combustion and petro-
leum, and the combustion is the main (71.0%) sources of the
PAHs in all the samples, among which AS sample are mainly
from petroleum, but more than 90% of the RS and VS sample
that the ratio of Phe/Ant were below 10, and indicate combus-
tion source. Tobiszewski (Tobiszewski and Namie$nik 2012)
reported that the ratio of Ant/(Ant + Phe) < 0.10, indicating
petroleum as a PAH source, while Ant/(Ant + Phe) > 0.10
suggests biomass combustion. In the study, for the Ant/(Ant
+ Phe) ratio, 67.2% of sample site values were more than 0.10
which confirms a pyrolytic origin (Fig. 6b).
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The literature (Oliveira et al. 2011) reports that an
HMW/LMW PAH < 1.00 indicates PAHs in the soils,
which probably originate from a petrogenic source, while
an HMW/LMW PAH = 1 indicates a combustion origin,
and an HMW/LMW PAH > 1.00 suggests a pyrogenic
origin. For Bap/(Bap + Chry) < 0.20 suggests a petrogenic
origin, while Bap/(Bap + Chry) > 0.35 indicates a vehic-
ular and combustion source, and 0.20 < Bap/(Bap +
Chr) < 0.35 indicates PAHs in the soils with a probable
source being coal, wood, and grass combustion (Akyiiz
and Cabuk 2008). In the present study, 96.1% of the
sample sites have HMW/LMW > 1.00, 47.4% of the sam-
ple sites have Bap/(Bap + Chry) > 0.35, while 38.2% of
the sample sites have 0.20 < Bap/(Bap + Chr) < 0.35.
These results indicate that the distribution of PAHs in
the industrial district is mainly derived from combustion
sources (coal, wood, and grass combustion and petroleum)
(Fig. 6c¢).
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soil samples. AS, RS, and VS represent sample sites located in the
agricultural soils, roadside soils, and village soils, respectively

Principal Component Analysis

In order to further identify sources of PAHs in the industrial
areas soil, principal component analysis (PCA) can be also
used to conduct quantitative assessments. By utilizing the or-
thogonal transformation method to extract valuable informa-
tion from multivariate, after varimax rotation, principle com-
ponents (PCs) are extracted with individual factor loadings
showing correlations of each variable value with each PC
(Harrison et al. 1996; Larsen and Baker 2003). Each PC is
further affirmed and evaluated by source markers. PCA was
performed using SPSS17.0 software.

In this work, two PCs were extracted by PCA. The rotated
factor loadings were listed in Fig. 7a. The PC1 is responsible
for 73.2% of the total variance, and received high loading for
Phe, Chr, Pyr, Bkf, Bap, and Ace. These species were associ-
ated with combustion and vehicle exhaust. According to the
literature (Li and Kamens 1993; Miguel and Pereira 1989;
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Fig. 7 a Principal component analysis loading plot for 16 individual
PAHs. b Different sample sites. AS, RS, and VS represent sample sites
located in the agricultural soils, roadside soils, and village soils,
respectively

Tsai et al. 2007), Ace, Phe, Bkf, Bap, and Pyr are species
associated with combustion and sintering process (coal, wood,
and diesel), and Phe and Chr are markers for coal combustion
(Duval and Friedlander 1981; Harrison et al. 1996; Larsen and
Baker 2003). So, this factor might be in the pyrogenic origin
categories. PC2 is responsible for 11.6% of the total variance.
This factor got high loading for Phe, Baa, Ind, Bghip, Ant, Fla,
Flu, and Daa (Fig. 7a). These species were also associated with
combustion and auto emissions and coke ovens. According to
the literature (Fraser et al. 1997; Venkataraman et al. 2002),
Bghip, Bbf, and Ind are species associated with auto emissions,
while Phe, Flu, Ant, and Fla are the predominant PAHs emitted
from coke ovens (Knafla et al. 2006). The factor received me-
dium loading for Flu, Acel, Ant, Fla, Nap, Baa, and Daa. These

species were associated with vehicle exhaust. Simcik et al.
(1999) report that Acel, Flu, Ant, Fla, and Nap have been used
as tracers for vehicles. So, this factor might be in the mixed
combustion and auto emissions source categories.

The high score was observed at sampling locations RS38,
RS39, RS40, RS41, RS42, RS51, RS52, RS53, RS55, RS57,
RS60, RS67, RS72, VS36, and VS54 (Fig. 7b), which are
located near the S102 and S228 roadsides of high traffic den-
sities. The medium score was found at the most sampling
sites, which suggested PAHs in the soil around the industrial
areas originated from similar sources (Fig. 7b).

Many studies have demonstrated that the sintering process
exists in several industries, such as coking plants and steel and
iron industries. These mainly produce PAHs that are emitted
via unsealed oven doors during charging, pushing, and
cooling processes (Mastral et al. 1996). The high score was
observed at sampling locations which are located near the
roadsides of high traffic densities around the industrial areas.
The medium score was found at the most sampling sites;
moreover, the periphery between the AS and RS cleared rela-
tively, but not clear between the VS and AS or RS. Therefore,
it suggested PAHs in the soil around the industrial areas orig-
inated from similar sources, but have also a little distinction
and the sources of PAHs included coal and coke combustion,
sintering processes, and vehicle exhaust; the latter, however,
contributed the least to the industrial area soils contamination.
The result is according to the source identification by PAHs
isomer ratios and compositional profiles of PAHs.

Coefficient of divergence analysis

In this study, the CD of total and individual PAHs
among the three different functional soils is calculated
as Eq. (1) and listed in Table 1. The values of the 16
individual PAHs is CD > 0.290 (with the exception of
Baa, Bkf, Bbf, Chr, Ind, and Bghip) between the AS
and RS; between the AS and VS is CD < 0.290 (with
the exception of Ace, Flu Ant, Pyr, and Bghip); be-
tween the RS and VS is CD < 0.12 (with the exception
of Daa and Bghip). The average value of CD (Ave-CD)
of the PAHs in the different functional soils is 0.319,
0.253, and 0.120 for the AS-RS, AS-VS, and RS-VS,
respectively. The CD was applied to analyze the simi-
larities of the sources between the soil samples collected
from two areas (such as AS-RS). Generally, it is sup-
posed that the CD value approaching zero illustrates a
similar source, while based on the literature
(Wongphatarakul et al. 1998), the CD value >0.269
may be a symbol of the divergence between sample
soils from two different points. According to the stan-
dard values, the results concluded that possible PAHs
sources of the RS and VS samples have the least diver-
gence (Ave-CD = 0.120), the different PAHs were Daa
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Table 1  The coefficient of divergence (CD) of total and individual
PAHs among the three different functional soils (AS agriculture soils,
RS roadside soils, VS village soils)

PAH AS-RS (CD) AS-VS (CD) RS-VS (CD)
Nap 0.338 0.146 0.066
Ace 0.493 0316 0.054
Acel 0.566 0.290 0.129
Flu 0.465 0.326 0.033
Phe 0.359 0.246 0.022
Ant 0.621 0.510 0.028
Fla 0.327 0.166 0.046
Pyr 0.406 0.310 0.016
Baa 0.213 0.165 0.005
Chr 0.248 0.155 0.017
Bbf 0.076 0.143 0.013
Bkf 0.268 0.122 0.042
Bap 0.337 0.149 0.063
Daa 0.384 0 0.387
Ind 0.001 0.004 0.001
Bghip 0.001 1.000 1.000
Ave-CD 0.319 0.253 0.120

(markers of coal combustion) and Bghip (markers of
auto emissions). The AS and RS samples have the larg-
est divergence (Ave-CD = 0.319), with differing PAHs
being Baa, Bkf, Chr (markers of coal combustion and
sintering), Bghip, Bbf, and Ind (markers of vehicular
emissions). Lastly, between the AS and VS samples,

there is a moderate diversity in sources (Ave-
CD = 0.253), with the differing PAHs being Ace, Flu
Ant, Pyr, and Bghip (markers of vehicles emissions and
combustion). The results indicated that the sources of
PAHs in the three function soils mainly included coal
combustion, sintering, and vehicular emissions, but in
RS main from vehicular emissions, AS main from com-
bustion, sintering, and VS has a least difference to AS
or RS, included coal combustion, sintering and vehicu-
lar emissions, and according with the source identifica-
tion by PAHs isomer ratios.

Thus, as evidenced by the calculated CD values,
PCA, and the compositional profiles of PAHs, the
PAH isomer ration in all sample sites are affected in
particular by combustion, incineration, and vehicular ex-
haust. The majority of the PAH mass was associated
with pyrogenic origin, from which the authors conclude
that industrial activity is responsible for the major
source of PAHs found in the soil environment of the
industrial district of Changzhi.

Potential risk assessment
Risk assessment by contaminant indexes

The single-factor and Nemerow composite indexes were
adopted to assess the quality of the soil of the industrial
area with the USEPA 16 PAHs in accordance of the envi-
ronmental standards of the GB 15618-2008 (China 2008).
Applying formulas (2), (3), and (4), the mean values of the
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single factor contaminant index (P;) of individual PAHs
and the Nemerow composite index (P) of the total PAHs
in the different functional soils are shown in Fig. 8. This
figure shows the following concentration indexes: Ace
(Pace), Acel (Pacel), Flu (Prry), Ant (Pan), Pyr (Ppy,).
Daa (Ppg,), Ind (Pryq), and Bhig (Pgpig) are below 0.70;
0.70 < Phe (Pppe), Fla (Ppra) < 1.00; 1.00 < Nap (Pap)s
Bkf (Pgyy) < 2.00; 2.00 < Bap (Pg,p) < 3.00; and the Baa
(PBaa) = 3.33, Bbf (Pgpy) = 3.38, and Chr (Pcy,,) = 3.92 in
the AS samples. In the RS samples, the Pace, Pacels Pbaas
Pind, Pphnig < 0.70; 1.0 < Pgry, Pane < 2.00;

2.00 < Ppy, < 3.00; 3.38 < Ppia, Prnes Praps Poit, Poor,
Pgaas Ppap, and Py < 11.7. And in VS sample soils, the
Paces Pacels Ppaas Pings and Pppig < 0.7; 0.7 < Ppy,
Pant < 1.00; 2.00 < Pppe, Prra, Ppyr < 3.00; 3.88 < Pgp
Pgis, Pot, Paas and Pcy, < 9.00. The results indicate that
the Pcp, was the highest (3.92 < Py, < 11.7), followed by
Bap (2.98 < Pg,p < 11.2), Baa (3.33 < Pg,, < 9.05), and
Bbf (3.38 < Pgpr < 7.49). Using the same formulas, the
Nemerow composite index (P) values of the 16 PAHs in
AS, RS, and VS samples were 2.92, 8.75, and 6.77, re-
spectively. Based on the P; of individual PAHs or the P
value (P; or P), the environmental quality can be classified
within five pollution levels such as: clean (safe) (P; or
P <0.7), warning value (0.7 < P; or P < 1.0), light pollu-
tion (1.0 < P; or P < 2.0), and middle-high pollution
(2.0 < P; or P < 3.0) and heavy pollution (P; or P > 3.0)
(Ribeiro et al. 2005).

Following the literature data (Ribeiro et al. 2005), we de-
duced that the following PAHs exceeded critical levels of
“heavy pollution: Baa, Bbf, and Chr in the AS samples; Fla,
Phe, Nap, Bkf, Bbf, Baa, Bap, and Chr in RS; Nap, and Bkf,
Bbf, Baa, and Chr in VS. Furthermore, 56.3, 75.0, and 68.8%
of 16 PAHs P; exceeded the level of light pollution in our
study’s samples (P; > 1.0); 25.0, 50.0, and 43.8% of 16
PAHs P; exceeded the level of heavy pollution (P; > 3.00) in
our samples. Based on the value of P, we can regard the AS
samples (P = 2.92) as being moderately polluted
(2.0<P<3.0)and RS (P =8.75) and VS (P = 6.77) samples
as being heavily polluted (P > 3.00).

Risk assessment by concentrations of total PAHs

The limit concentrations of >16PAHs in soils are regulated in
a few countries; Maliszewska-Kordybach (1996) suggests a
soil pollution classification system based on the total 16
USEPA priority control PAH concentrations, namely, unpol-
luted soil (Z16PAHs < 200 pg kg '), weakly polluted soil
(200 < X16PAHs < 600 pg kg '), polluted soil
(600 < X 16PAHs < 1000 pg kg "), and heavily polluted soil
(X16PAHs > 1000 pg kg ). The system was used as a stan-
dard to assess soil environmental risk. In the present study, by
the classification system, only two sampling sites belong to

weakly contaminated, i.e., AS44 (848 ng kg™'), AS19
(794 ug kg, and all others were categorized as severely
polluted (X16PAHs > 1000 ug kg ). This illustrates the grav-
ity of PAHs pollution continuing to exist in the soils surround-
ing industrial districts. Strategies are needed to prevent the
soils themselves from becoming sources, which would trans-
fer PAHs into the air or groundwater of these areas.

Risk assessment by concentrations of carcinogenic PAHs

The total concentrations (38BPAHSs) of the eight varieties of
PAHs have been considered probably or possibly carcinogen-
ic (i.e., Nap, Baa, Chr, Bbf, Bkf, Bap, Inp, Daa), with Bap, one
of the most potent carcinogenic PAHs, being found in all three
of the functional soils sampled from areas surrounding the
industrial district, as shown in Fig. 9.

As seen in Fig. 9a, the value of total carcinogenic PAH
(28BPAHS) concentrations in the AS samples ranged from 398
to 9646 ug kg ' with an average value of 1959 pg kg '; RS
samples ranged from 871 to 12,366 pg kg ™' with an average
value of 5654 ug kg '; and VS samples ranged from 934 to
11,842 pg kg ' with an average value of 4320 ug kg '. The
median concentration was lower for the AS samples
(1151 pg kg™") than the RS and VS samples (approximately
5944 and 3469 ug kg ', respectively), and the range of the
25th and 75th percentiles was wider for the RS samples.
Comparing the functional regions, the highest concentrations of
> 8BPAHs were discovered in the roadside soils, followed by the
village soils, then the agricultural soils. According to a number of
investigations about Y 8BPAH distribution in soils, the concen-
trations of ) 8BPAHs are much higher than those found in urban
and agricultural soils. For example, they are higher than oilfield
soils (10904560 pg kg "), soils surrounding the Tiefa coalmine
district (32002460 pg kg™') (Liu et al. 2012b; Wang et al.
2015b; Weiss et al. 1994); however, they are below Texas oil
exploration area soil (3100-86,400 pg kg ') (Bojes and Pope
2007; Kuang et al. 2011).

At present, only a few studies focused on Bap contamina-
tion in the soils near the industrial areas. Figure 9b shows that
the concentrations of Bap in the AS samples ranged from 36.5
to 2377 ug kg ' with a mean value of 298 ug kg '; in RS, it
ranged from 86.1 to 3228 ug kg ' with a mean value of
1124 pg kg™ '; and in VS, it ranged from 76.3 to
1911 pg kg " with a mean value of 673 pg kg . Soil concen-
trations of Bap from this study’s industrial district were higher
than those found in roadside soils of Chiang-Mai, Thailand
(22.0 ug kgﬁl) (Amagai et al. 1999), urban soils of Beijing (5—
270 pg kg ') (Hung et al. 2005; Ma et al. 2005), Hangzhou
urban soils (9.18-117 ugkg ', mean 27.0 ug kg ™'") (Yu et al.
2014), Tiefa coalmine soils (mean value 0f 99.9 ug kgfl) (Liu
et al. 2012a), and Shanghai urban soils (24.4-824 ug kg ).
Concentrations of Bap in soil found in this study, just, were
lower than those found in the soil surrounding a ferroalloy
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production plant run by the Sino-steel Corporation in Jilin
(5690 g kg ') (Jiang et al. 2009). But the concentrations
were higher 2.98-11.2 times than the environmental quality
standard value (100 pg kgfl) of the GB 15618-2008 (China
2008). This might illustrate that the high concentrations of
> 8BPAHs and Bap in village and agricultural soils of the
industrial district may lead to high carcinogenic potential in
the human being here.
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Risk assessment by Bap equivalent concentrations (Bapeq)

In this study, the carcinogenic potency of every sample is
calculated using Bap equivalent concentrations (Bapeq) as
seen in Eq. (5). Based on the Bapeq, human health risks were
assessed. The TEFs provided by Nisbet and LaGoy (1992) for
the 16 USEPA priority control PAHs (0.001 for Nap, Ace,
Acel, Flu, Phe, Fla, and Pyr; 0.01 for Ant, Chr, and Bghip;
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Table 2  Concentrations and Bap equivalent concentrations of PAHs in agriculture soil (AS), roadside soils (RS), and village soils (VS) samples

Name PAHs (ugkg ") Bapeq (ug kg )

AS RS VS Average value AS RS A Average value
Nap 174 656 388 406 0.174 0.656 0.388 0.406
Ace 31.1 178 111 106 0.031 0.178 0.111 0.106
Acel 333 236 111 127 0.033 0.236 0.111 0.127
Flu 106 561 388 352 0.106 0.561 0.388 0.352
Phe 478 1910 1421 1270 0.478 191 1.42 1.27
Ant 69.8 588 419 359 0.698 5.88 4.19 3.59
Fla 461 1692 1096 1083 0.461 1.69 1.10 1.08
Pyr 316 1427 1110 951 0.316 1.43 1.11 0.951
Baa 333 905 789 676 333 90.5 78.9 67.6
Chr 392 1171 900 821 3.92 11.7 9.00 8.21
Bbf 338 594 749 560 33.8 59.4 74.9 56.0
Bkf 372 1168 772 771 37.2 117 77.2 77.1
Bap 298 1124 673 698 298 1124 673 698
Ind 20.0 5.00 19.7 14.6 19.5 4.58 19.7 14.6
Daa 33.1 31.0 29.0 31.0 331 3.10 2.90 3.10
Bhigp 0.169 0.158 ND 0.109 0.002 0.002 ND 0.001
> 16PAHs/y Bapeql 6PAHs 3455 12,245 8975 8346 432 1423 944 933
> BPAHs/y BapeqBPAHs 1959 5654 4320 3977 430 1411 936 925

0.1 for Baa, Bbf, Bkf, and Ind; and 1 for Bap and Daa) were
used to assess the health hazard of PAH pollution in the in-
dustrial district’s soils.

The toxic values of individual PAHs (Bapeq;), total toxic
values of 16 PAHs (3} Bapeql6PAHs) and 8 carcinogenic
PAHs (Y BapeqBPAHs) in the AS, RS, and VS samples are
listed in Table 2.

Table 2 shows that the value of Y Bapeql6PAHs is 432,
1423, and 944 ng kg_1 in AS, RS, and VS, respectively.
Moreover, the concentrations of the Y BapeqBPAHs were also
calculated; the value was 430 pg kg ' in AS, 1411 ugkg ' in
RS, and 936 ug kg ' in VS. The Y Bapeql6PAH:s levels in the
industrial district’s soils are higher than those from soils found
surrounding a thermal desorption plant in Zhejiang (67.0—
479 ug kgfl) (Liu et al. 2015), and from oilfield soils in
Daging (113 pg kg '), Shengli (168 pug kg™ '), Xinjiang
(94.0 pg kg "), Hebei (212 pg kg™') (Wang et al. 2015a).
According to the Dutch government, uncontaminated soils
that could be considered multi-usage soils should have a
YBapeql6PAH level of less than 20.0-50.0 pg kg '
(Annokkee 1990). Canada has the highest set
Y Bapeql6PAH value of 100 ug kg™ (Lu et al. 2008). The
mean values of Y Bapeql 6PAH (933 ug kg ') in the investi-
gated soils were higher 9.3 times than the Canadian standard
value. The Y BapeqBPAHs shows very high contribution rates
on the Y Bapeql6PAHs concentrations (more than 99%), and
the individual contribution rates of the eight carcinogenic
PAHs on the Y BapeqBPAHs showed a decrease in the

following order: Bap (73.7%) > Bkf (8.40%) > Baa
(7.54%) > Bbf (6.69%) > Ind (2.32%) > Chr
(0.900%) > Daa (0.430%). Compared with the > 16PAHs,
although the average concentration of Y 16PAHs in the mon-
itored regions was not the highest, the Y BapeqBPAHs level
was extremely high (430-1411 ug kg ', mean 925 pg kg ),
specifically, the contribution rates of Bap at 73.7%. The
> Bapeql6PAHs values indicated that local residents’ health
could be put at risk by the existence of high concentrations of
PAHs. Moreover, the high contribution rates of Bap on the
> BapeqBPAHSs also suggest that the PAHs in the industrial
district’s soils may cause a high incidence of cancer among
people living close to the industrial district. In addition, this
might indicate that it is not sufficient to manage the risk of
PAHs by just detecting the total concentrations of them in the
traditional industry areas’ soils. And more attention should be
paid to the carcinogenic potential of Bap in the actual regions.

Conclusions

In this study, the levels of PAHs were detected in the soil
samples shown an increased trend AS—VS-RS. The detected
concentrations of PAHs in the samples were much higher than
the limits permitted by many countries’ standard. The result
demonstrates that soils close to the industrial areas are pollut-
ed seriously (average = 8346 pg kg '). The overall profile
based on molecular weight of PAHs was almost similar in soil
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samples from AS, VS, and RS; the composition of PAHs was
characterized by HMWPAHSs (four to six rings) with an aver-
age ratios of 69.6% of HMWPAHSs to total PAHs content in
the all sample sites, therein, the 4-ring compounds were the
most abundant (average = 42.9%). PCA and PAH isomeric
ratios and the characteristics of the composition of the PAHs
in sampling points indicated that PAHs mainly originated
from pyrogenic origin, especially coal combustion and vehicle
exhaust. And the distribution characteristics of soils PAHs
have been impacted by the wind direction and topography of
the areas. The high-level PAHs were in the soil samples both
from RS and AS located in the east and north and the south
and north of the industrial areas, respectively. According to the
estimated values of Bapeqs of 16 PAH and 8 BPAHs (espe-
cially, Bap), the risk coming from contact with the polluted
soils should be considerably very high. It should also be noted
that, apart from the hazard, the presence of these PAHs pose to
the ecosystem, there is a great health risk to humans in the
regions. It is concluded, therefore, that the local environments
surrounding industrial areas may pose a serious potential haz-
ard to the health of humans living there.
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