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Abstract: Polycyclic aromatic hydrocarbons are large groups of ubiquitous environmental pollutants
composed of two or more fused aromatic rings. This study was designed to evaluate the distribution,
potential sources, and ecological and cancer risks of eleven polycyclic aromatic hydrocarbons from
Huangpi soils in Wuhan, central China. The soil samples for this study were taken from 0-10 cm
and 10-20 cm soil depths. A modified matrix solid-phase dispersion extraction method was applied
to extract analytes from the soil samples. A gas chromatograph equipped with a flame ionization
detector was used to determine the concentrations of the compounds. The sum mean concentrations
of the polycyclic aromatic hydrocarbons were 138.93 and 154.99 pug kg~ ! in the 0-10 cm and 10-20 cm
soil depths, respectively. Benzo[a]pyrene and fluorene were the most abundant compounds in the
0-10 cm and 10-20 cm soil depths, respectively. The quantitative values of the pyrogenic index,
total index, and diagnostic ratio used in this study showed that the polycyclic aromatic hydrocarbons
have a pyrogenic origin. The negligible and maximum permissible concentrations values for
naphthalene, acenaphthylene, acenaphthene, phenanthrene, anthracene, pyrene, benz[a]anthracene,
and benzo[a]pyrene indicated a moderate ecological risk. The incremental lifetime cancer risk values
for adults and children showed a low and moderate cancer risk, respectively.

Keywords: polycyclic aromatic hydrocarbons; land-use; ecological risk; potential sources; cancer risk

1. Introduction

Environmental pollution has become a crosscutting issue attracting the attention of countries’
governmental, public, and scientific communities in the last few decades [1,2]. Polycyclic aromatic
hydrocarbons (PAHs) are a large group of abundant, widespread hydrophobic environmental
pollutants with two or more fused aromatic rings [3,4]. Polycyclic aromatic hydrocarbons are
characterized by high lipid solubility, facile bioaccumulation, environmental toxicity, and persistent
nature, with high melting and boiling points and low vapor pressure [5,6]. They are environmentally
ubiquitous compounds found in measurable concentrations in different environmental components
(water, soil, and sediments) [7]. Polycyclic aromatic hydrocarbons often originate from anthropogenic
sources such as heat-induced organic matter decomposition, incomplete fossil fuel combustion,
accidental petroleum spills, factory discharge, smelting, garbage incineration, coal burning, and motor
vehicle emissions [4,8,9]. Polycyclic aromatic hydrocarbons can also be produced from natural

Int. ]. Environ. Res. Public Health 2018, 15, 2751; doi:10.3390/ijerph15122751 www.mdpi.com/journal/ijerph


http://www.mdpi.com/journal/ijerph
http://www.mdpi.com
https://orcid.org/0000-0002-7574-9468
http://dx.doi.org/10.3390/ijerph15122751
http://www.mdpi.com/journal/ijerph
http://www.mdpi.com/1660-4601/15/12/2751?type=check_update&version=2

Int. J. Environ. Res. Public Health 2018, 15, 2751 2 0of 19

sources such as forest and peat fires, biological processes, volcanic eruption, and ancient sediment
erosion [10-12].

Polycyclic aromatic hydrocarbons end up in various environmental components; however,
soil and sediments are considered as the primary steady reservoir and sinks [11,13]. Polycyclic aromatic
hydrocarbons are thousands in number, but the United States Environmental Protection Agency
(USEPA) classified 16 PAHs as priority carcinogenic and mutagenic compounds [14,15]. Depending on
their molecular structure and number of aromatic rings, PAHs can be grouped into low-molecular
weight PAHs (LMWpaps), with two or three aromatic rings, and high-molecular weight PAHs
(HMWpaps), with four or more aromatic rings [16,17]. Low-molecular weight (LMWpays)
are environmentally abundant and highly toxic compounds; however, they are relatively
less persistent, have lower carcinogenicity, and are more easily degradable than high-molecular weight
(HMWpays) [13,14,16]. Polycyclic aromatic hydrocarbons can induce a broad spectrum of acute and
chronic health impacts such as malformation, mutagenesis, and endocrine system disruptions [3,18-20].

Researchers have affirmed that about half of China’s twenty-seven major lakes and freshwater
sources are extremely contaminated with persistent organic pollutants (POPs) [21,22]. Consequently,
using polluted fresh water for irrigation and untreated solid wastes as fertilizer can induce serious
soil pollution problems. Besides the application of fertilizers and pesticides, urbanization and
industrialization, coupled with a lack of strict environmental supervision, are among the key factors
exacerbating the environmental pollution in China, and the Wuhan vicinity in particular [23,24].
The Huangpi district is one of the 13 districts located in the north of the Wuhan metropolitan.
Many industrial plants (cement plants, foundries, coal gasification and coking plants) have been
built in the city of Wuhan, and rapid urbanization facilities are expected to cause soil pollution [25].
Huangpi is among the districts which are expected to experience substantial environmental pollution
originating from urbanization, industrialization, and urban municipal wastes. The district covers a
large area of agricultural land. The dietary demand of a large portion of the population in the city of
Wuhan depends on crops, vegetables, and fruits produced in the Huangpi district. Thus, the exposure
of humans to pollution from PAHs is expected to be high. In view of this, monitoring and evaluating
the status of PAHs in soil is crucial. Therefore, this study was designed to investigate the concentration,
spatial distribution, potential sources, and ecological and human health risks of PAHs in soil from the
Huangpi district, Wuhan, China.

2. Materials and Methods

2.1. Sample Collection and Pretreatment

The Huangpi district is located between 30°52'30” N and 114°22'30" E. The district covers
a total area of 2261 km?, of which 1267.46 hectares (56.12%) is cultivated land, 4124 hectares
(18.29%) is forest land, 4.98 hectares (0.22%) is grassland settlements, and 160.07 hectares (7.09%)
is comprised by industrial sites, 4.76 hectares (0.21%) by land transport, 296.50 hectares (12.3%) by
water bodies, and 92.09 hectares (4.08%) by unused land [26]. The total population it hosts was 874,938
in 2010 [27] and 1.13 million in 2015 [26]. Soil samples were collected from eighteen sampling places.
The collected samples belong to four different land-use types, namely: barren (BL), farmland (FL),
plastic greenhouse (PGH), and paddy field (PF), sampled at the depths of 0-10 cm and 10-20 cm using
a precleaned stainless steel grab sampler. Locations for each sampling point were recorded using a
global positioning system (GPS). Sample 17 and sample 18 were collected from a similar location,
thus one GPS reading was used for these two samples. Consequently, 17 sampling sites are shown on
the map (Figure 1).

Three soil samples were collected from each sampling site and immediately wrapped in
polyethylene zip-lock bags. Then, the samples from each site were combined and lyophilized using
a benchtop lab vacuum freeze-dryer at —40 °C for 48 h. All the samples were ground and passed
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through a 100-mesh (0.149 mm stainless steel sieve) [15] and stored in a refrigerator at —20 °C until the
next extraction steps [28].
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Figure 1. Map of the study area and sampling locations. Note: S1 (Tangjiawan), S2 (Fengdouhu)
S3 (Erpaiqu), S4 (Changdi), S5 (Zhujiashan), S6 (Tujiadun), S7 (Zhulinyuan). S8 (Zhoujiawan),
59 (Lishuwan), S10 (Xinyang), S11 (Legianwan), S12 (Bomogang), S13 (Hanjiafan), S14 (Wanjiatian),
515 (Hongguanshanxiawan), S16 (Dujiatian), S17 (Tianjiaxiaowan), S18 (Tianjiaxiaowan).

2.2. Chemicals and Standards

A 2000 mg L™ mixture of USEPA priority PAHs containing naphthalene (NaP), acenaphthylene
(Acy), acenaphthene (Ace), fluorene (Flr), phenanthrene (Phe), anthracene (Ant), fluoranthene
(Flu), pyrene (Pyr), benz[a]anthracene (BaA), chrysene (Chr), benzo[b]fluoranthene (BbF),
benzo[k]fluoranthene (BkF), benzol[a]pyrene (BaP), dibenz[a,i]Janthracene (dbA), benzo[ghi]perylene
(BgP), indeno[1,2,3-cd]pyrene (InP), and pyrene (Pyr) was purchased from ANPEL laboratory
technology (Shanghai Inc., Shanghai, China). Chromatographic grade dichloromethane and acetonitrile
were obtained from Fisher Scientific, (Waltham, MA, USA), and Mallinckrodt Baker, Inc., USA,
respectively. In addition, analytical grade reagents: carbon (C18) (SiliCycle, Inc., Quebec City, QC,
Canada), anhydrous sodium sulfate (Na;SOj,) and copper powder (Cu) (Sinopharm Chemical Reagent
Co. Ltd., Shanghai, China). Florisil (Beijing Yizhong Chemical Plant, Beijing, China), and neutral
silica gel (Qingdao Haiyang Chemical Co., Qingdao, China) were purchased from the respective
companies. Pretreatment and activation of the reagents were carried out to improve the effectiveness
of the extraction. Accordingly, the anhydrous sodium sulfate was baked at 450 °C for 4 h before use.
The 60-100 mesh Florisil and 100-200 mesh neutral silica gel were activated by oven-drying at 150 °C
for 10 h and 180 °C for 4 h, respectively. The neutral silica gel was deactivated with 3% ultrapure water
before use. Unlike the other reagents, copper was activated by soaking the copper powder ina 2 N
solution of HCl (Sinopharm Chemical Reagent Co. Ltd.) for 12 h, and was then washed three times
with water and three times with acetone [29].
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2.3. Sample Extraction

The target PAHs were extracted using a modified matrix solid-phase dispersion extraction method
described previously [29-31]. One gram of soil sample was thoroughly blended with three grams of
C18 using a glass mortar and pestle for five minutes [15]. One gram of activated Nay;SOy, one gram
of Florisil, one gram of neutral silica gel, and one gram of copper powder were packed into a blank
10 mL syringe barrel-column with a 0.22 um membrane filter from bottom to top. After the blended
mixture had completely transferred into the syringe column using a funnel, the column was closed
with a 0.22 um membrane filter and compressed with a syringe plunger to remove the air. The sodium
sulfate (NaySOy), Florisil, and neutral silica gel were added to remove any traces of water and form
a free-flowing solution, while activated copper powder was added to remove elemental sulfur [32].
Elution was carried out using 20 mL of dichloromethane by gravity flow [29]. Finally, the extracts were
concentrated to 50 uL under a gentle high-purity nitrogen (N) stream, and 50 uL of acetonitrile was
added as a solvent keeper [28].

2.4. Instrumental Analysis

A gas chromatograph (GC Hewlett-Packard HP-5890; Los Angeles, CA, USA) equipped with flame
ionization detection (GC-FID) was used to determine the concentration of PAHs [33]. One microliter
of each sample extract was automatically injected into an HP-5 capillary column (30 m x 320 pm x
0.25 um). The gas chromatograph column temperature was programmed to begin at 40 °C (hold for
1 min) and was ramped up to 280 °C at a rate of 10 °C/min (hold for 2 min), while the detector was
operated at 310 °C. To increase the quality of the experiment, the glassware used was thoroughly
cleaned with distilled water, baked in a mulffle furnace (Zhengzhou Protech Furnace Co. Ltd.,
Zhengzhou, China) at 450 °C for 4 h, and rinsed with hexane (Sinopharm Chemical Reagent Co.
Ltd) before use. Besides, the gas chromatograph was calibrated using standard solutions of 0.1 ppm,
0.5 ppm, 1 ppm, 2 ppm, 5 ppm, and 10 ppm dissolved in acetonitrile. The calibration curve for the
compounds was linear with an average correlation coefficient value (R?) of 0.991, which implied that
the detection potential of the instrument during the experiment was good. Interference of samples
during the instrumental analysis was checked by including one blank for every ten samples. No PAHs
were detected in the blank samples. The average recoveries in this study varied from 80 to 115%.
The minimum concentration of compounds that could be obtained from the noise (limit of detection)
and the lowest concentration of the analytes in the samples (limit of quantifications) were determined
as a function of three and ten times the standard deviation of the blank, respectively [20]. The limits
of detection and quantification for the soil samples ranged from 0.008 to 0.168 pg kg ! and 0.025 to
0.560 ug kg1, respectively.

In addition to PAHs, three soil properties were determined following the standard methods
recommended by the Chinese Society of Soil Science [30]. The total organic carbon (TOC) contents
of the soil were analyzed with the Shimadzu TOC analyzer (Shimadzu, Kyoto, Japan) (SSM-5000A).
Soil pH was determined using a pH meter (PHS-3C; Leici, Ningbo, China) in a suspension of 1:5
soil-to-water ratio [30,34], while soil moisture content (MC) was determined by drying a known weight
of soil in an oven-dryer at 105 °C for 24 h until a constant weight was recorded.

2.5. Ecological Toxicity and Risk Assessment

Evaluation of the ecological toxicity of the PAH compounds in the soils was carried out
by comparing the risk quotient (RQ) of PAHs under investigation and their corresponding
environmental quality values. There is insufficient toxicological data for PAHs in agricultural
soil [35]. The environmental quality concentration values negligible concentration (NCs and maximum
permissible concentration (MPCs) for Phe, Ant, Flu, BaA, Chr, and BaP were taken from [36].
Researchers have agreed that PAHs with the same toxicity equivalence factor (TEF) have similar
human and ecological health impacts [28,37]. Therefore, the environmental quality values of congeners
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with the same TEF were used to calculate the environmental risk quotient of Nap, Acy, Ace, Flr, and Pyr.
The individual and total environmental risk quotients were determined using the following equations:

_ CPAHs

RQ="cqy @

RQNCs = % @)

RQMPCs = (D%P(ANESCS) ©)

RQ) PAHs = lz_l;lRQi(RQi >1) 4)

RQ ) PAHs(NCs) = 1leRQi(Ncs) (RQi(NCs) > 1) (5)
RQY PAHs(NCs) = 1X_l;lRQi(l\/[PCs) (RQi(MPCs) > 1) (6)

where CPAHs is the concentration of certain PAHs in soil, CQV is the corresponding quality values of
certain PAHs, NCs and MPCs are, respectively, the negligible and maximum permissible concentrations
of PAHs in soil, RQ is the risk quotient, CQVNCs are the quality values of the NCs of PAHs in soil,
and CQVMPCs are the quality values of MPCs in soil.

The total summed environmental risk RQ) PAHs was calculated by considering the individual
ROMPCs and RQMPCs >1. The environmental risk levels for individual and total PAHs are
summarized in Table 1. In addition to the risk quotients, the carcinogenic risk of individual PAHs
was calculated from the concentrations of each PAHs and their corresponding toxicity equivalency
factor [38].

Table 1. The environmental quality values negligible concentration and maximum permissible
concentration of polycyclic aromatic hydrocarbons (PAHs).

Individual PAHs Y PAHs
Risk Grade RQ(NCs) RQ(MPCs) Risk Grade RQY PAHs (NCs) RQY PAHs (MPCs)
Lower risk <1 <1 Risk-free <1 <1
Medium risk >1 <1 Low risk >1; <800 <1
High risk >1 >1 Medium risk 1 >800 <1
Medium risk 2 <800 >1
High risk >800 >1

RQ: risk quotient. Source: [29,37].

Human health impacts of persistent organic pollutants can arise through dermal contact, ingestion,
and inhalation. Human risk assessments of PAHs were evaluated by using the equations adopted
from previous work [11,39]. The toxicity equivalency quotient (TEQ) is an important tool to estimate
the relative toxicity of individual PAH fractions compared to benzo[a]pyrene [39]. The TEQ and
incremental lifetime cancer risk (ILCR) of each PAH through direct ingestion, dermal contact,
and inhalation for adults and children were calculated using Equations (7-10):

TEQ = i Ci = TEFi )

n=1
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CS x (CSFIngestion x {/ B x IRsoil x EF x ED)

ILCRSingestion = B x AT X 8
CS x (CSFDermal x {/ B x SA x AF x ABS x EF x ED)
ILCRSdermal = 9)
BW x AT X cf
CS x (CSFinhalation x {/ 2% x IRair x EF x ED)
ILCRSinhalation = (10)

BW x AT x PEF x cf

where TEQ is the toxicity equivalence quotient, TEF is the toxicity equivalence factor, CS is the PAH
concentration of soils (ug kg~!), CSF is the carcinogenic slope factor (ng kg~ day~!)~!, CSF was
based on the cancer-causing ability of BaP, and the CSFingestion, CSFdermal, and CSFinhalation of
BaP were 7.3, 25, and 3.85 (ug kg~ ! day~!)~!, respectively [11]. BW is body weight (70 kg), AT is
average life span (70 years), EF is exposure frequency (350 days year 1), ED is the exposure duration
(30 years), IRsoil is the soil intake rate (100 mg day_l), IRair is the inhalation rate (20 m3 day_l),
SA is the dermal surface exposure (5000 cm? day 1), cf is the conversion factor (10°), AF is the dermal
adherence factor (10 mg cm~2), ABS is the dermal adsorption fraction unitless (0.1), and PEF is the soil
dust produce factor (1.32 x 10° m3 kg~1). The total risks were the sum of risks of the ILCRs in terms of
direct ingestion, dermal contact, and inhalation. For children, BW (15 kg), EF (180 days), ED (6 year),
[Rair (10 m3 day~ 1), SA (2800 cm? day '), and AF (0.2 kg cm~2) were assumed [9].

2.6. Statistical Analysis

Microsoft Excel 2010 (Microsoft; Redmond, WA, USA) was used to organize and arrange the data.
All the descriptive statistics: minimum, maximum, average, and other computations were conducted
using SPSS statistics version 20 (IBM; Amonk, NY, USA). One-way analysis of variance (ANOVA) was
used to check if there was a statistical difference in concentrations between individual PAHs, soil depth,
and land-use types. Pearson’s correlation analysis was also used to determine the connection between
PAHs and soil properties.

3. Result and Discussion

3.1. Concentrations of Polycyclic Aromatic Hydrocarbons in Soil

The average, range, standard deviation, and total concentrations of the 11 PAHs: Acy, Ace, Flr,
Phe, Ant, Flu, Pyr, BaA, Chr, NaP, and BaP are illustrated in Table 2. The total concentrations of the
PAHs ranged from 6.22 to 376.93 ug kg~! ("mean = 138.93 pg kg~ !) and 10.36 to 450.59 ug kg~
(Ymean = 154.99 pg kg~!) in the 0-10 cm and 10-20 cm soil depths, respectively. Compared to results
of other studies, the summed mean concentration of the current study was markedly lower than
the 16,380 pg kg~! reported from roadside soil in India [40]; the 2936.1 to 5282.3 ug kg ! from core
sediments of Lake Hongfeng, southwest China [41]; 294 to 12741 ug kg~! from the coastal region
of Macao, China [42]; 1174.33 ug kg~! from the Majia River and 914.40 nug kg~! from the Tuhai-Majia
River system, China [43]; 2052.6 pg kg’1 from urban soil of Xi'an, northwest China [9]; 428.41 ug kg’l
from bank soils in Danjiangkou Reservoir, China [28]; and the mean concentration of 209 pg kg_1
in soil of the Songhua River basin, China [44]. However, the results were comparable with the 79.7
to 473 ug kg’1 reported in bank soils from the three Gorges, China [45]; 198 nug kg’1 in soil from
Midway Atoll, the north Pacific Ocean [11]; and 36.9-378 ng kg_1 from bank soils of Luan River,
China [37]. The relatively lower concentration of PAHs in this study might be due to less use of
untreated wastewater and limited industrial discharges released into the soil. BaP, Ace, and Flr were
the dominant PAHs in both the 0-10 cm and 10-20 c¢m soil depths. Concurrently, the total average
concentration of LMWpayys was 73.02 pg kg_l in the surface and 91.46 pg kg_1 in the subsequent layer,
while the concentrations of HMWpaps were 65.91 and 63.53 ng kg ! in the two soil depths, respectively.
The variation in concentration of PAHs with soil depth is due to a higher photochemical and biological
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degradation rate in the surface soil [46]. One-way analysis of variance (ANOVA) revealed that there
was a significant variation in the concentration of individual PAHs (p < 0.05).

The spatial distribution of PAHs across different land-use types and sampling sites in the study
area was evaluated by comparing the obtained average, range, and total concentrations of PAHs. It can
be observed from Table 3 that relatively higher concentrations of PAHs in the 0-10 cm soil depth were
recorded for S3, S7, S8, S9, S10, S11, S12, and S15, whereas for S1, S2, S4, S5, S6, S13, S14, S16, S17,
and S18, they were higher at 10-20 cm depth. Overall, 75% of the samples that were from farmland
and barren land showed higher concentrations of PAHs in the topsoil layer. None of the samples
collected from plastic greenhouses showed higher concentrations in the surface layer. The spreadsheet
of the individual PAHs for all sampling points and the two soil depths is displayed in the Appendix A
(see Table Al).

The mean concentrations of PAHs in all samples ranged from 2.03 pg kg~! (54) to 30.04 pg kg !
(S11) and 1.31 ug kg~ ! (S8) to 35.89 ug kg~! (S5) in the top and subsequent soil layers, respectively.
The average concentration of PAHs in the surface soil layers of the four land-use types were in the
order of BL>PF>FL>PGH, with concentrations of 79.45, 54.54, 50.73, and 40.71 pg kg’l, respectively.
In contrast, the summed average concentrations of PAHs in the subsequent soil layer were higher
in PGH (87.63 ug kg~ '), followed by PF (68.53 ug kg~ 1), BL (57.83 ug kg~'), and FL (39.62 ug kg~ 1).
The higher concentration of PAHs in the 10-20 cm soil layers of PGH could be due to less exposure
to environmental factors such as temperature, runoff, sunlight, and the affinity of PAHs to bind
with stable soil particles. On the other hand, farmland samples showed a lower level of PAHs
than the paddy field and barren land. This might be due to the influence of continuous tillage and
other human interference accelerating the photo-oxidation, volatilization, and diagenesis in farmland.
The summed mean concentrations of PAHs from both depths of the four land-use types were highest
in BL (68.64 ug kg~ 1), followed by PGH (64.17 ug kg !), PF (61.54 ug kg~ !), and FL (45.18 ug kg 1).
However, the one-way analysis of variance showed no statistically significant difference (p < 0.05) in
the concentration of PAHs among the land-use types and the two soil depths.

According to the literature, the environmental distribution and availability of PAHs depend on
their potential sources and pathways [6,14], tendency to bind with organic matter [17], soil stability,
and microorganisms [6]. Some researchers also stated that due to the high level of TOC in the
surface soil, the concentration of PAHs often show a gradual increment from deeper to surface
segments of soil [17,41]. Therefore, the relatively high concentration of PAHs in the surface soil layer
of areas of barren land might be associated with the availability of TOC, accumulation of pollutants
from petroleum products in flowing water, high soil stability, surface-laying water, and the soil
microorganisms current. Likewise, additions from rainwater and lower rates of volatilization due to
the availability of high plant remains might contribute to the enrichment of PAHs in the top layers of
barren land.

In addition to the above points, the authors of [40] stated that the concentration of PAHs
varies with location, season, meteorological conditions, photochemical processes, and distance from
road networks. Thus, the lower concentration of PAHs in the surface layer of PGH in this study is due
to the limited additions from surface runoff, rain washout, dry atmospheric particle deposition, garbage
incineration, road traffic, and asphalt pavements. The comparison of the obtained concentration of
PAHs with those of other studies has been summarized as follows (Table 4).
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Table 2. Concentrations, limits of detection (DL), and limits of quantification (LQ) of PAHs (ug kgfl) at depths of 0-10 and 10-20 cm.

0-10 cm Depth

10-20 cm Depth

PAHs Number of Rings DL LQ

Range Mean SD Range Mean SD

Nap 2 7.6 x 1073 25 x 1072 Nd-19.65 3.93 5.30 Nd—4.7 1.80 1.71
Acy 3 48 x 1072 1.6 x 1071 0.34-15.11 7.51 490 0.35-23.03 7.98 5.90
Ace 3 22 % 1072 7.4 x 1072 0. 70-55.95 26.31 16.71 2.29-44.77 23.31 12.68
Flr 3 33 x 1072 1.1 x 101 2.69-34.04 19.79 9.89 1.69-57.18 30.56 13.80
Phe 3 42 x 102 13 x 101 1.35-20.58 10.60 6.37 3.49-48.22 16.41 12.49
Ant 3 1.5 x 1072 5.0 x 1072 Nd-19.5 4.88 5.59 0.16-33.57 11.41 9.91
LLMW 5.08-164.83 73.02 48.76 7.98-211.47 91.46 56.49
Flu 4 1.9 x 102 6.3 x 1072 0.05-30.98 7.74 7.80 0.60-25.97 8.31 7.38
Pyr 4 48 x 1072 1.6 x 1071 0.86-35.16 15.27 8.62 8.04-225.06 20.25 13.91
BaA 4 1.7 x 101 5.6 x 1071 0.23-8.98 3.50 2.86 0.84-96.01 4.69 4.85
Chr 4 5.7 x 1072 1.9 x 1071 Nd-22.03 5.39 6.18 Nd-115.31 6.30 7.01
BaP 5 1.3 x 101 43 x 1071 Nd-114.95 34.01 26.98 Nd-629.41 23.98 33.59
THMW 1.14-212.10 65.91 52.44 2.38-239.12 63.53 66.74
TPAHs 6.22-376.93 138.93 101.20  10.36-450.59 154.99 123.23

8of19

Ace = acenaphthene, Acy = acenaphthylene, Ant = anthracene, BaA: benzo[a]anthracene, BaP = benzo[a]pyrene, Chr = chrysene, Flu = fluoranthene, Flr = fluorene, Nap = naphthalene, Phe
= phenanthrene, Pyr = pyrene, Nd = Not detected, SD = Standard deviation, ) LMW = sum of low-molecular weight PAHs, tTHMW = sum of high-molecular weight PAHs, XPAHs = the

sum of LMW and HMW PAHs.



Int. J. Environ. Res. Public Health 2018, 15, 2751 9 of 19

Table 3. Spatial distribution and concentration of PAHs in different land-use types.

Land-Use Type Sites Mean (0-10cm) Mean (10-20cm)  SD (0-10 cm) SD (10-20 cm) Range (0-10cm)  Range (10-20cm)  Sum (0-10 cm)  Sum (10-20 cm)

S3 931 7.27 7.07 8.19 0.06-21.13 Nd-23.91 102.17 79.77

Farmland L) 512 20.80 12.04 21.17 16.52 Nd-69.95 0.17-55.76 24943 126.62

armian S15 9.71 7.72 9.50 8.77 0.32-25.07 0.22-29.31 106.61 63.47

S16 10.91 12.59 10.78 10.25 Nd-38.65 0.01-32.27 119.74 138.23

Y PAHs FL 50.73 39.62 12.13 10.93 0.38-154.8 0.4-141.25 577.95 408.09
Pooled mean and sum 45.18 493.02

S9 10.60 5.61 9.84 5.04 Nd-33.35 Nd-14.54 116.43 61.52

S10 7.50 7.02 7.59 5.64 Nd-22.67 Nd-20.39 82.47 76.96

Paddy field (PF)  S13 17.07 19.01 11.25 12.50 1.56-39.86 1.98-36.93 187.51 208.92

S14 6.65 20.50 8.64 15.08 0.13-27.67 4.27-46.93 73.01 22532

S18 12.72 16.39 17.22 18.17 Nd-56.16 Nd-57.18 139.68 180.08

Y PAHs PF 54.54 68.53 10.91 11.29 1.69-179.71 6.3-175.97 599.10 752.80
Pooled mean and sum 61.54 675.95

Plasti S4 2.03 13.11 3.50 20.60 Nd-12.22 0.46-72.44 22.15 143.95

"; 1 S5 9.42 35.89 11.01 34.16 Nd-37.40 4.5-125.88 103.53 394.58

gre(*l’,“GIf’I‘)‘se S6 16.54 16.68 11.19 11.11 2.95-37.41 2.61-33.84 181.78 183.21

S17 12.72 21.95 12.01 17.42 1.09-38.25 0.50-49.30 139.67 241.21

Y PAHs PGH 40.71 87.63 9.43 20.82 4.04-125.28 8.0-281.46 447.13 962.95
Pooled mean and sum 64.17 705.04

s1 3.86 18.97 2.32 12.61 0.63-7.52 1.88-43.53 4225 208.45

B land 2 8.48 17.77 6.82 13.50 0.67-20.74 1.04-39.43 92.99 195.24

a“(‘;’;na“ s7 23.40 14.05 17.24 14.79 4.87-57.69 Nd-42.72 257.19 154.28

S8 13.67 1.31 16.82 1.21 Nd-55.95 Nd-3.49 150.09 14.21

s11 30.04 5.73 30.17 6.89 2.75-114.95 4.27-46.93 330.28 62.80

YPAHs BL 79.45 57.83 14.67 9.8 8.92-256.85 7.19-176.1 872.80 634.98

Pooled mean and sum 68.64 753.89
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Table 4. Comparison of the concentrations of PAHs (ug kg~!) with those obtained at other locations.

Places Environmental Component Number of PAHs determined Range Mean References
. . Soil (0-10 cm) 6.22-376.93 138.93 .
Huangpi, China Soil (1020 cm) 1 10.36-450.59 154.99 This study
Hanfeng Lake, Three Gorges, China Bank soils 15 79.7-473 [45]
. . Sediments 16 20.9-287 115.3
Luan River, China Bank soils 36.9-378 1414 571
Soltan Abad River, Iran Sediments 16 180.3-36 264.55 [47]
0-20 cm 16 2160-335 11,940
Open-pit coal mine, soil, China 20-50 cm 16 230-369 9210 [31]
50-100 cm 16 60-36,460 6590
. Agricultural soil 861-10,840 5527
Czech Republic Forest soils 16 7657-79,385 25,510 [48]
. . Cunha 180
Forest of the Sao Paulo State, Brazil PEFI 16 818 [49]
. . Paddy soil 38.3-1057 209
Agricultural soils, South Korea Upland soil 16 23.3-0834 270 [50]
Three Gorges Dam region, China Agricultural soils 16 277.79-3217.20 1023.48 [15]
East Lake, China Sediments 16 10.9-2478.10 685.8 [31]
Dongjiang River, China Sediments 16 100-3400 880 [51]
North Pacific Ocean Surface soils 16 3.55-3200 198 [11]

PEFI: Parque Estadual das Fontes do Ipiranga, Sao Paulo.
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According to the authors of [52], there are four proposed threshold PAH contamination
levels for soil: not contaminated (<200 pg kg~!), weakly contaminated (200-600 pg kg~!),
contaminated (600-1000 pg kg '), and heavily contaminated (>1000 pg kg~ !). According to these
classifications [52], the majority of the sampling sites were grouped under the “not contaminated”
classification. Only three samples, from Zhulinyuan (S57), Leqianwan (511), and Bomogang (512)
in the 0-10 cm group, and five samples from Tangjiawan (S1), Zhujiashan (S5), Hanjiafan (S13),
Wanjiatian (514), and Dujiatian (S17) in the 10-20 cm group were grouped under “weakly contaminated”
(Table 3). The total average concentrations of 138.72 ug kg ! in the 0-10 cm group and 153.27 ug kg !
in the 10-20 cm group indicated that the soil is not contaminated with PAHs. The low level of soil
contamination in this study might be due to a limited direct discharge of PAHs containing urban
wastes and products of traffic combustion [14].

3.2. Relationship Among Polycyclic Aromatic Hydrocarbons and Selected Soil Properties

Many researchers have included soil properties as key parameters during the determination of
PAHs in soils and other environmental components. Thus, soil moisture content, soil total organic
carbon content, and soil pH were the soil properties determined in this study. The results obtained
ranged from 0.63 to 2.71%, from 4.35 to 47.70%, and from 4.12 to 8.07 for TOC, MC, and pH, respectively.
The Pearson’s correlation coefficient value obtained in this study showed a significant positive
correlation among individual PAHs, except for Nap and BaA (R = —0.053). Acy showed a strong
significant correlation with all PAHs except BaA (p < 0.01). While BaA showed a significant positive
correlation only with Pyr and Flu, this implied that BaA has a common source with Pyr and Flu.
Generally, the strong positive correlation among PAHs implied that they have a common origin.
The detailed values of the relationships among PAHs and selected soil properties are displayed in the
Appendix A (see Table A2).

Pearson’s correlation coefficient results indicated weak negative and positive correlations between
PAHs and the selected soil properties. All the PAHs investigated in this study, except BaP (R = 0.191)
and Ant (R = 0.137), showed a weak negative correlation with TOC. pH exhibited a negative correlation
with all PAHs except Nap (R = 0.011), Chr (R = 0.079), and Ant (R = 0.007). Only Ant (R = 0.139),
BaA (R =0.099), and Flr (R = 0.022) showed a weak positive correlation with soil moisture content.
Ace (R=-0.328), Acy (R = —0.317), and Nap (R = —0.291) exhibited relatively higher negative
correlations with TOC, pH, and MC, respectively. Similarly, the authors of [53] indicated that all
PAHs except (Ace, Flu, and Chr) showed a negative and no correlation with TOC and pH, respectively.
Likewise, a weak positive correlation between TOC and the concentration of PAHs was reported by
the authors of [54] (R = 0.10), [55] (R = 0.054), [33] (R = 0.57), and (R = 0.39) [29]. Other previous
research [44] concluded that PAHs have no significant correlation with TOC in soil.

3.3. Possible Sources of Polycyclic Aromatic Hydrocarbons

Researchers commonly determine the distribution and potential sources of PAHs in
the environment using diagnostic ratios such as Phe/Ant, Flu/Pyr, BaA/Chr, Flu/Flu+Pyr,
and Ant/Ant+Phe [56]. Researchers have also suggested that the pyrogenic index (PI), i.e., the ratio of
LMW to HMW or vice versa, is applicable to determine the potential sources of PAHs [57]. LMWpaps
are dominated by a homologous series of five petrogenic alkylated PAHs (naphthalene, phenanthrene,
dibenzothiophene, fluorene, and chrysene), while the HMWpayy, are chiefly pyrogenic compounds [16].
Therefore, using the PI can better reflect the potential sources of PAHs. According to the authors of [58],
applying the PI has some merits over the PAH isomers ratio for three reasons: first, any change in the
ratio can truly reflect the change in LMW and HMWpay,; secondly, the PI gives better accuracy with
great consistency and less uncertainty; and lastly, natural weathering and biodegradation slightly alter
the PI values. In addition to the diagnostic ratio and PI, researchers use a total index (TI) to identify
the high-temperature (combustion) or low-temperature (petroleum) sources of PAHs. TI, which is the
ratio of (Flu/Flu+Pyr)/0.4 + (Ant/Ant+Phe)/0.1 + (BaA/BaA+Chr)/0.2 as used previously [31,59],
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was employed in this study. A TI > 4 indicates that PAHs have originated mainly from combustion,
while lower values indicate petrogenic sources [59]. For this particular study, identification of the
potential sources of PAHs in soil was carried out using PAH diagnostic ratios, PI, and TI. The obtained
results are presented in Table 5.

The LMW /HMWopay ratios (PI values) for all the sampling sites were <1. The PI values in
this study, which ranged between 0.18 and 0.84, were similar with the PI values of a previous
study [58]. BaA/Chr < 0.50, Ant/Ant+Phe < 0.10, Phe/Ant > 1, Flu/Pyr > 1, and Flu/Flu+Pyr
< 0.5 are indicators of pyrogenic PAHs [52,56,58]. Accordingly, all the diagnostic ratios: Phe/Ant (0.73
to 10.52), Flu/Pyr (0.20 to 1.06), BaA /Chr (0.20 to 9.23), BaA/BaA+Chr (0.17 to 1.0), Flu/Flu+Pyr (0.13
to 0.51), and Ant/Ant+Phe (0.09 to 0.58) indicated a pyrogenic origin of the PAHs. Results of this study
were concurrent with those reported in other works [43,59-61], whereas the ratios for Ant/Ant+Phe
and BaA/BaA+Chr were higher than the corresponding ranges (0.11-0.16) and (0.38-0.48) of the
ratios reported in [41]. In addition, the TI values obtained in this study showed that all soil samples
except S6, S10, and S17 were >4, which indicates that the PAHs determined in this study originated
from combustion processes. Generally, the diagnostic ratios, PI, and TI values suggested that pyrogenic
sources of contamination are predominant; therefore, it is possible to conclude that the PAHs in
Huangpi soil have a mainly pyrogenic origin, having been emitted by industrial processes, transport,
local heating sources, biomass burning, motor vehicle exhausts, heavy industrial emissions, and
additions from plant remains. Sheshui River, which is a potential source of irrigation water in some of
the sampling sites, such as Erpaiqu, Xinyang, Leqianwan, Tianjiaxiaowan, and Wanjiatian, might be
one of the possible routes by which petrogenic PAHs are transported into the study area.

Table 5. The diagnostic ratios, pyrogenic index (PI), and total index (TT) of the investigated PAHs.

Samples Phe/Ant BaA/Chr BaA/BaA+Chr Flu/Pyr Ant/Ant+Phe Flu/Flu+Pyr Yother PAHs YLMWPAH PI(LMW/HMW) TI

1 3.88 1.67 0.63 0.35 0.20 0.26 31.77 10.71 0.34 5.82
2 0.86 0.37 0.27 0.39 0.54 0.28 62.39 30.84 0.49 7.44
3 1.56 4.89 0.83 0.35 0.39 0.26 82.17 20.23 0.25 8.70
4 0.92 041 0.29 0.15 0.52 0.13 18.15 4.23 0.23 7.01
5 1.02 0.57 0.36 0.42 0.50 0.30 70.44 33.15 0.47 7.53
6 4.14 0.26 0.20 0.35 0.19 0.26 115.64 66.35 0.57 3.62
7 8.39 0.63 0.39 0.89 0.11 0.47 182.95 74.46 0.41 4.18
8 5.49 9.23 0.90 0.40 0.15 0.28 103.53 46.80 0.45 6.76
9 1.01 0.69 0.41 0.60 0.50 0.37 87.52 29.13 0.33 7.96
10 323 0.24 0.19 0.21 0.24 0.17 44.81 37.67 0.84 3.76
11 0.90 0.20 0.17 0.38 0.53 0.28 236.33 94.18 0.40 6.79
12 5.14 1.08 0.52 0.33 0.16 0.25 189.32 60.33 0.32 4.84
13 1.19 0.66 0.40 0.64 0.46 0.39 128.66 59.08 0.46 7.52
14 091 0.85 0.46 0.28 0.52 0.22 59.46 13.68 0.23 8.08
15 1.42 0.61 0.38 0.20 0.41 0.17 82.37 24.47 0.30 6.45
16 0.73 6.59 0.87 1.06 0.58 0.51 84.48 35.49 0.42 11.42
17 10.52 0.69 0.41 0.62 0.09 0.38 87.16 52.74 0.61 3.86
18 0.79 4.84 1.00 0.26 0.56 0.20 118.78 21.14 0.18 11.10
Sum 52.09 34.49 8.68 7.87 6.5 5.19 1785.9 714.67 7.29 122.8

3.4. Ecotoxicological and Human Health Risk Assessment

The mean RQMPCs values of all PAHs in both depths were <1. Ace (0.219) and BaP (0.131) in
the 0-10 cm, and Ace (0.194) and Pyr (0.169) 10-20 cm group exhibited higher RQOMPCs. Chr (0.001)
showed the lowest ROMPCs in both soil depths. The RQMPCs, RQNCs, and TEQ values of the PAHs
investigated in this study are presented in Table 6.

A RQMPCs value of >1.0 signifies that PAHs in the environment can cause substantial
contamination, while RONCs <1.0 implies that the occurrence of PAHs can pose negligible
contamination [62,63]. The RQNCs values for Nap, Acy, Ace, Phe, Ant, Pyr, BaA, and BaP in the 0-10
cm soil layer, and Nap, Acy, Ace, Flr, Phe, Ant, Pyr, BaA, and BaP in the 10-20 cm soil layer were
higher than 1.0, while the ROMPCs of individual PAHs were all less than 1.0, indicating that the listed
PAHSs pose a moderate level of ecological risk in the study site. Flu, Flr, and Chr on the top and Chr
and Flu in the subsequent soil layer were risk-free PAHs. The YRQNCs values of 65.90 ug kg~ ! in the
0-10 cm soil layer and 70.13 ug kg~ ! in the 10-20 cm soil layer were less than the threshold ecological
risk values (800 ug kg_l) used in [37].
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The incremental lifetime cancer risk values for adults ranged as such: 1.13 x 10~8-3.54 x 1078,
194 x 107°-6.06 x 107%, and 9.06 x 10713-2.83 x 1072 for ILCRingestion, ILCRdermal,
and ILCRinhalation, respectively. Meanwhile, the ILCR values for children were ranged from
9.23 x 1077-9.51 x 107°, 1.62 x 107-2.77 x 107%, and 4.78 x 10~11-2.31 x 1071 for ingestion,
dermal contact, and inhalation, respectively. According to the literature [9,11,15], ILCR < 10~°
indicates negligible potential cancer and human health risks, while values from 107 to 10~* indicate
low cancer risk. Thus, the obtained cancer risk values for adults revealed that the PAHs can
bring a negligible carcinogenic impact through ingestion and inhalation, whereas the ILCRdermal
(1.94 x 107%-6.06 x 107°) for adults indicates a low potential cancer risk. The ILCRingestion (9.23
x 1077-9.51 x 10~¢) and ILCRdermal (1.62 x 107°-2.77 x 10~%) values for children indicated low
and moderate cancer risk, respectively. ILCR values for children were higher than those for adults.
The ILCR results in this study were comparable to those reported in [11] in soils from the north Pacific
Ocean. The ILRC values for ingestion, dermal contact, and inhalation for adults and children are
displayed in the Appendix A (see Table A3).

All PAHs in this study except BaP exhibited TEQ values of <1, suggesting that these levels of
PAHs cannot induce a harmful human health impact [59,64]. The TEQ values of the eleven PAHs
investigated in this study, arranged in descending order, are as follows: BaP > BaA > Chr > Ant > Ace
> FIr > Pyr > Phe > Flu > Acy > Nap, in the 0-10 cm soil layer, while the TEQ values in the 10-20 cm
soil layer were in the order of: BaP > BaA > Ant > Chr > Flr > Ace > Pyr > Phe > Flu > Acy > Nap.
The results of this study were similar to the findings reported in [65] for a drinking water source from
a large mixed-use reservoir in China. Among the PAHs investigated in this study, only BaP can induce
a carcinogenic impact. Generally, the total TEQ values in the top (34.55 ug kg’l) and in the next layer
(24.74 ug kg 1) were much lower than the safe soil levels recommended by the Canadian Council of
Ministers of the Environment (600 g kg~!) [66].

Table 6. Computed Risk Quotient (negligible concentration and maximum permissible concentration)
and Toxicity Equivalency Quotient Values of PAHs.

PAH Quality Values 0-10 cm 10-20 cm

PAHSs NCs MPCs AVCPAHs AvCPAHs
ug kg1 ug kg1 TEF ug kg1 RQ(NCs) RQ(MPCs) TEQ ug kg1 RQ(NCs) RQ(MPCs) TEQ
Nap 14 140 0.001 3.93 2.81 0.028 0.004 1.80 1.29 0.013 0.002
Acy 1.2 120 0.001 7.51 6.26 0.063 0.008 7.98 6.65 0.066 0.008
Ace 12 120 0.001 26.31 21.92 0.219 0.026 23.31 19.42 0.194 0.023
Flr 2.6 260 0.001 19.79 0.76 0.008 0.020 30.56 1.18 0.012 0.031
Phe 5.1 510 0.001 10.59 2.08 0.021 0.011 16.41 3.22 0.032 0.016
Ant 1.2 120 0.01 4.88 4.07 0.041 0.049 11.41 9.51 0.095 0.114
Flu 2.6 260 0.001 7.74 0.30 0.003 0.008 8.31 0.32 0.003 0.008
Pyr 12 120 0.001 15.27 12.73 0.127 0.015 20.24 16.87 0.169 0.020
BaA 25 250 0.1 3.51 1.40 0.014 0.351 4.69 1.88 0.019 0.469
Chr 107 10,700 0.01 5.39 0.50 0.001 0.054 6.30 0.59 0.001 0.063
BaP 2.6 260 1 34.01 13.08 0.131 34.01 23.98 9.22 0.092 23.98
Sum 128.6 12,860 1.127 138.92 65.90 0.655 34.55 154.99 70.13 0.696 24.74

AvCPAHs is the average concentrations of PAHs, ROMPCs is the maximum permissible level risk quotient values,
RQNCs is the negligible risk quotient values, and TEQ is the toxicity equivalency quotient.

4. Conclusions

Eighteen soil samples collected from different land-use types were analyzed in this study. The
mean concentrations of the PAHs investigated in this study were higher in the soil layer of 10-20 cm
depth than that of 0-10 cm depth. LMWpaps constituted 53% and 59% of the total PAH concentration
in the surface and subsequent soil layers, respectively. BaP in the surface and Flr in the subsurface soil
layer were the most highly concentrated PAHs. The obtained total mean concentrations of PAHs from
both layers of different land-use types decreased in the order of BL > PGH > PF > FL. Due to fewer
petrogenic sources nearby and limited application of untreated irrigation water, the concentrations
of PAHs in this study were lower than the concentrations of PAHs reported from different parts of
China and other countries. The Pearson’s correlation coefficient results showed strong, moderate,
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and relatively weak positive relationships among the investigated PAHs. However, PAHs showed
mostly weak negative with infrequent weak positive correlations with soil moisture content, pH,
and total organic carbon. The diagnostic ratios, PI, and TI values indicated that the PAHs detected in
the study area have a pyrogenic origin. The RONCs and ROMPCs values indicated that the majority
of the PAHs investigated in this study have a moderate level of ecological risk. The TEQ values of the
PAHs investigated in this study were less than the threshold ecological risk and safe levels for soil.
ILCR results revealed a low potential of cancer risk for adults and a moderate risk for children posed
by the PAHs in the study area.
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Appendix A

Table A1. The concentrations of individual PAHs (g kg™') in all samples and at the two respective

soil depths.
0-10 cm Depth
Samples Compounds
Nap Acy Ace Flr Phe Ant Flu Pyr BaA Chr BaP
S1 0.94 4.24 5.58 5.76 3.39 1.63 1.88 4.61 6.07 0.63 7.52
S2 1.77 6.17 18.63  20.74 7.65 10.98 2.67 5.95 3.73 0.67 14.03
S3 0.06 4.70 16.36 12.66 5.13 7.96 7.70 19.40 4.69 2.38 21.13
S4 0.19 0.34 0.70 2.69 1.35 1.93 0.05 0.86 1.82 0.00 12.22
S5 0.00 297 1270  19.80 6.58 0.00 4.23 10.68 2.40 6.77 37.40
S6 14.20 12.33 37.41 30.42 15.26 2.72 9.14 23.50 5.00 6.48 25.32
S7 5.08 1474 4714 3404 1971 4.64 3098  18.62 8.91 15.64  57.69
S8 5.33 1281 5595 27.69 13.36 1.35 9.14 23.00 1.04 0.42 0.00
S9 0.00 4.40 18.78  16.39 3.38 0.00 1033 14.56 5.88 9.36 33.35
S10 0.93 2.53 9.88 13.07  17.19 0.00 1.46 8.04 0.23 6.47 22.67
S11 19.65 1511 4481 3193 2058 1927 12.00 27.20 2.75 22.03 114.95
S12 4.99 14.82 4573 3322 1755 3.87 12.85  35.16 6.71 4.58 69.95
S13 1.56 9.60 39.86 26.71 18.57 5.48 20.63 15.77 8.98 12.25 28.10
S14 0.26 2.58 16.01 891 4.14 0.00 2.28 10.11 0.68 0.37 27.67
S15 2.23 7.81 24.13 13.85 5.67 0.08 341 20.48 1.16 2.72 25.07
S16 7.03 4.43 7.78 1730 1116  13.67 4.38 14.52 0.82 0.00 38.65
S17 5.01 1152 3825 2915 1242 0.85 3.37 11.54 1.13 6.17 20.26
S18 1.60 4.03 3384 1191 7.64 9.73 2.79 1091 1.07 0.00 56.16
Ave 3.93 7.51 26.31 19.79 10.59 4.68 7.74 15.27 3.51 5.39 34.01
10-20 cm Depth
S1 1.88 6.58 3163 2939  20.02 3.94 14.80 4353 1920 1450 2298
S2 2.72 12.33 39.43 35.56 18.17 18.73 12.96 33.83 297 17.50 1.04
S3 0.00 3.47 19.04 2391 7.94 0.00 2.67 1026 11.39 0.91 0.18
S4 1.44 3.17 14.08  20.94 7.92 7.70 1.45 8.80 0.46 5.55 72.44
S5 4.47 23.03 4477 5492 2764 3333 1940 45.01 6.83 9.30 12588
S6 3.95 1231 3193 33.84 1848 4.96 8.18 25.48 2.61 23.06 1841
S7 4.70 8.81 19.18 32.59 42.72 2.33 11.73 29.21 1.76 1.25 0.00
S8 0.09 0.35 2.29 1.69 3.49 125 0.60 1.61 2.84 0.00 0.00
S9 0.00 1.85 12.93 14.54 6.11 8.94 1.59 5.37 1.26 0.94 7.99
S10 0.00 3.93 1256 20.39 5.77 6.88 1.94 8.55 3.40 8.67 4.87
S11 0.00 3.21 18.34 1825 5.44 9.07 0.76 6.04 1.69 0.00 0.00

S12 1.78 8.48 18.73 19.28 8.53 0.73 1.83 9.57 0.17 1.76 55.76
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Table A1. Cont.

S13 1.98 4.70 20.54 32.88 18.42 25.09 12.87 36.93 7.18 12.31 36.02
S14 4.33 15.07 4148 46.93 16.68 22.56 10.38 35.65 4.27 5.45 22.52
S15 2.99 3.76 7.75 8.04 8.21 9.24 4.25 17.53 0.87 0.61 0.22
S16 0.01 5.58 13.09 32.27 12.76 18.78 25.97 14.22 3.20 0.61 11.74
S17 0.50 14.20 31.49 40.66 48.22 4.44 14.12 16.65 10.65 10.98 49.30
S18 1.58 12.72 40.25 57.18 18.79 23.28 412 16.17 3.64 0.00 2.35
Ave 1.80 7.98 23.31 29.07 16.41 11.18 8.31 20.24 4.69 6.30 23.98

Ave: Average concentration of PAHs (ng kg™?)

Table A2. Relationships (R) between PAHs and soil physical properties

Nap Acy Ace Fir Phe Ant Flu Pyr BaA Chr BaP TOC pH MC

Nap 1

Acy  0.540** 1

Ace  0.504*  0.862** 1

Flr 0.315 0.832*  0.730 ** 1

Phe 0.287 0.636*  0.475**  0.690 ** 1

Ant 0.215 0.436 ** 0.292 0.615 ** 0.257 1

Fla 0.235 0.589*  0.544*  0.577*  0.543*  0.345* 1

Pyr  0399*  0.687*  0.630*  0.679*  0.562* 0.500*  0.577** 1

BaA  —0.053 0.239 0.279 0.337*  0.351* 0.033 0.505**  0.439 ** 1

Chr  0402* 0481* 0468* 0426*  0412% 0.198 0.507**  0.520**  0.379* 1

BaP  0.460**  0.507*  0.380* 0.319 0.272 0346*  0335*  0.366* 0.101 0.396 * 1
TOC 0271 —0214 0328 —0.066  —0.202 0.137 —0221  —0.068 —0.038  —0.029 0.191 1

pH 0.011 -0.317  —-0234 —-0.134 —0.206 0.008 -0.191 0177  —0.004 0.079 —0.059 0.102 1

MC -0291 —-0.164 —0.087 0.022 —0.099 0.139 —0.094  —0.059 0.099 —0.028  —0.002 0.525** 0.084 1

TOC: Total organic carbon; MC: moisture content. ** Correlation is significant at the 0.01 level (two-tailed); *
Correlation is significant at the 0.05 level (two-tailed).

Table A3. Incremental lifetime cancer risk (ILCR) values for the samples collected from the

Huangpi district.

Sites  Ave Adults Children

Ingestion Dermal Inhalation Total ILCR Ingestion Dermal Inhalation Total ILCR
S1 1140 178 x 1078 3.05 x 107° 1.42 x 10712 3.07 x 106 1.45 x 1076 557 x 1075 1.16 x 10710 5.71 x 10~°
S2 1310 205x10°8 351 x 107° 1.64 x 10712 3.53 X 10~° 1.67 x 107¢ 6.40 x 1075 1.33 x 10710 6.57 x 10~
S3 827 129x10°8 222 x 107° 1.03 x 10712 223 X 10~° 1.05 x 107¢ 1.62 x 1073 84 x 1011 1.72 X 10~°
S4 755 118x107%  202x10°° 9.44 x 10713 2.03 X 10~ 9.62x 1077 922 x107° 7.69 x 10~11 9.32 x 103
S5 2264 354x10°8 6.06 x 107° 2.83 x 1012 6.10 X 10~ 2.88 x 107° 2.77 x 1074 231 x 10710 2.80 x 104
S6 1659 2.60 x 1078 444 x 1076 2.07 x 1012 447 x 10~ 211 x 107° 2.03 x 1074 1.70 x 10710 2.05 x 1074
S7 1870 293 x 1078 5.01 x 10~° 234 x 10712 5.04 X 10~° 238 x 10°° 228 x 1074 1.90 x 10710 231 x 1074
S8 747 117 x10°8 2.00 x 10~° 9.34 x 1013 2.01 X 10~ 9.51 x 10~° 9.12 x 105 7.60 x 10-11 9.23 x 10~
S9 809 127x10°8 217 x 107° 1.01 x 10712 218 X 10~ 1.03 x 1076 9.88 x 1075 8.23 x 10~ 9.98 x 103
S10 725 113 x10°8 1.94 x 10°° 9.06 x 1013 1.95 X 10~ 923x 1077  885x107° 7.38 x 10°11 8.95 X 10~°
S11 1787 280 x 1078 479 x 107° 223 x 10712 4.81 x 10~ 228 x 107° 218 x 1074 1.82 x 10710 221 x 1074
S12 1709 267 x 1078 458 x 1076 2.14 x 1012 4.61 x 1076 218 x 1076 8.35 x 1075 6.96 x 1011 8.57 x 10~

S13  18.02 2.82x 1078 4.83 x 107° 225 x 10712 4.86 x 10~° 230 x 10~° 352 x 1075 7.34 x 10°11 3.75 x 10~
S14 1356 212 x 1078 3.63 x 107° 1.70 x 10712 3.65 X 10~° 1.73 x 1076 2.65 x 1075 1.38 x 10710 2.82 x 10~
S15 773  121x10°% 207 x10°° 9.66 x 1013 2.08 X 10~ 9.85x 1077 378 x107° 7.87 x 10711 3.88 x 10~

S16 1173 1.83x 1078 3.14 x 107° 147 x 10712 3.16 X 10~ 1.49 x 107© 229 x 1075 478 x 10~ 2.44 x 1075

S17 1731 271 x 1078 464 x 10°° 2.16 x 1012 4.66 x 10~ 221 x 10°° 8.46 x 1075 1.76 x 10710 8.68 x 1075

S18 1453 227 x 1078 3.89 x 10°° 1.82 x 10712 3.92 x 10~ 1.85 x 107¢ 7.10 x 1075 1.48 x 10710 7.29 x 10~°

Sum 2389 3.74 x 1077  6.40 X 107 3.00 x 10~ 11 3.5 x 10° 3.04 X 1075  1.79 x 1073 215 x 10~° 1.01 x 1074
References

1.  Salem, D.M.S.A; Khaled, A.; Nemr, A.E. Assessment of pesticides and polychlorinated biphenyls (PCBs) in
sediments of the Egyptian Mediterranean Coast. Egypt J. Aquat. Res. 2013, 39, 141-152. [CrossRef]

2. Ragab, S;; Sikaily, A.E.; Nemr, A.E.; Sea, R. Concentrations and sources of pesticides and PCBs in surficial
sediments of the Red Sea coast, Egypt. Eqypt |. Aquat. Res. 2016, 42, 365-374. [CrossRef]

3. Zhu, Y; Yang, Y.;; Liu, M.; Zhang, M.; Wang, ]. Concentration, Distribution, Source, and Risk Assessment of
PAHs and Heavy Metals in Surface Water from the Three Gorges Reservoir, China. Hum. Ecol. Risk Assess.
2015, 21, 1593-1607. [CrossRef]


http://dx.doi.org/10.1016/j.ejar.2013.11.001
http://dx.doi.org/10.1016/j.ejar.2016.09.007
http://dx.doi.org/10.1080/10807039.2014.962315

Int. J. Environ. Res. Public Health 2018, 15, 2751 16 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Iwegbue, CM.A.; Obi, G.; Aganbi, E.; Ogala, ].E.; Omo-Irabor, O.0O.; Martincigh, B.S. Concentrations and
Health Risk Assessment of Polycyclic Aromatic Hydrocarbons in Soils of an Urban Environment in the Niger
Delta. Toxicol. Environ. Health Sci. 2016, 8, 221-233. [CrossRef]

Akytiz, M.; Cabuk, H. Gas-particle partitioning and seasonal variation of polycyclic aromatic hydrocarbons
in the atmosphere of Zonguldak, Turkey. Sci. Total Environ. 2010, 408, 5550-5558. [CrossRef] [PubMed]
Abdel-Shafy, H.I.; Mansour, M.S.M. A review on polycyclic aromatic hydrocarbons: Source, environmental
impact, effect on human health and remediation. Egypt |. Pet. 2016, 25, 107-123. [CrossRef]

Lima, A.L.C.; Farrington, ]. W.; Reddy, C.M. Combustion-derived polycyclic aromatic hydrocarbons in the
environment—A review. Environ. Forensics 2005, 6, 109-131. [CrossRef]

Wang, G.; Mielke, HW.; Quach, V,; Gonzales, C.; Zhang, Q. Determination of polycyclic aromatic
hydrocarbons and trace metals in New Orleans soils and sediments. Soil Sediment Contam. 2004, 13,
313-327. [CrossRef]

Wang, L.; Zhang, S.; Wang, L.; Zhang, W.; Shi, X; Lu, X,; Li, X,; Li, X. Concentration and Risk Evaluation of
Polycyclic Aromatic Hydrocarbons in Urban Soil in the Typical Semi-Arid City of Xi’an in Northwest China.
Int. |. Environ. Res. Public Health 2018, 15, 607. [CrossRef] [PubMed]

Wilcke, W. Polycyclic Aromatic Hydrocarbons (PAHs) in Soil—A Review. J. Plant Nutr. Soil Sci. 2000, 163,
229-248. [CrossRef]

Yang, Y.; Woodward, L.A.; Li, Q.X.; Wang, J. Concentrations, Source and Risk Assessment of Polycyclic
Aromatic Hydrocarbons in Soils from Midway Atoll, North Pacific Ocean. PLoS ONE 2014, 9, e86441.
[CrossRef] [PubMed]

Samburova, V.; Zielinska, B.; Khlystov, A. Do 16 Polycyclic Aromatic Hydrocarbons Represent PAH Air
Toxicity? Toxics 2017, 5, 17. [CrossRef] [PubMed]

Doick, K.J.; Klingelmann, E.V.A.; Burauel, P; Jones, K.C.; Semple, K.T. Long-Term Fate of Polychlorinated
Biphenyls and Polycyclic Aromatic Hydrocarbons in an Agricultural Soil. Environ. Sci. Technol. 2005, 39,
3663-3670. [CrossRef] [PubMed]

Kumar, R.; Routh, J.; Ramanathan, A.L.; Klump, J.V. Organic Geochemistry Polycyclic aromatic hydrocarbon
fingerprints in the Pichavaram mangrove—Estuarine sediments, southeastern India. Org. Geochem. 2012, 53,
88-94. [CrossRef]

Liu, M.X,; Yang, Y.Y.; Yun, X.Y.; Zhang, M.M.; Wang, J. Occurrence, sources, and cancer risk of polycyclic
aromatic hydrocarbons and polychlorinated biphenyls in agricultural soils from the Three Gorges Dam
region, China. J. Soil Water Conserv. 2016, 71, 327-334. [CrossRef]

Olver, PJ. Chapter 5. Finite Differences. In Introduction to Partial Differential Equations; Springer International
Publishing: Cham, Switzerland, 2013; Volume 234, 38p.

Van Zuydam, C.S. Determination of Polycyclic Aromatic Hydrocarbons (PAHs) Resulting from Wood
Stoprage and Wood Treatment Facilities for Electricity Transmission in Swaziland. Master Thesis, University
of South Africa, Pretoria, South Africa, June 2007; p. 112.

Grimalt, J.O.; Van Drooge, B.L.; Ribes, A.; Fernandez, P.; Appleby, P. Polycyclic aromatic hydrocarbon
composition in soils and sediments of high altitude lakes. Environ Pollut. 2004, 131, 13—24. [CrossRef]
[PubMed]

Pribylova, P; Kares, R.; Boruvkova, J.; Cuprt, P.; Prokes, R.; Kohoutek, J.; Holoubek, I.; Klanova, J. Levels of
persistent organic pollutants and polycyclic aromatic hydrocarbons in ambient air of Central and Eastern
Europe. Atmos. Pollut. Res. 2012, 3, 494-505. [CrossRef]

Nekhavhambe, T.J.; van Ree, T.; Fatoki, O.S. Determination and distribution of polycyclic aromatic
hydrocarbons in rivers, surface runoff, and sediments in and around Thohoyandou, Limpopo Province,
South Africa. Water SA 2014, 40, 415-424. [CrossRef]

Vennemo, H.; Aunan, K.; Lindhjem, H.; Seip, H.M. Environmental Pollution in China: Status and Trends.
Rev. Environ. Econ. Policy 2009, 3, 209-230. [CrossRef]

Dai, L. Tackling Diffuse Water Pollution from Agriculture in China: Drawing Inspiration from the European
Union. Utrecht Law Rev. 2014, 10, 136-154. [CrossRef]

Lu, Y;; Song, S.; Wang, R.; Liu, Z.; Meng, J.; Sweetman, A.].; Jenkinsd, A ; Ferriere, R.C.; Licd, H.; Luo, W.; et al.
Impacts of soil and water pollution on food safety and health risks in China. Environ. Int. 2015, 77, 5-15.
[CrossRef] [PubMed]


http://dx.doi.org/10.1007/s13530-016-0279-8
http://dx.doi.org/10.1016/j.scitotenv.2010.07.063
http://www.ncbi.nlm.nih.gov/pubmed/20728919
http://dx.doi.org/10.1016/j.ejpe.2015.03.011
http://dx.doi.org/10.1080/15275920590952739
http://dx.doi.org/10.1080/10588330490445349
http://dx.doi.org/10.3390/ijerph15040607
http://www.ncbi.nlm.nih.gov/pubmed/29584654
http://dx.doi.org/10.1002/1522-2624(200006)163:3&lt;229::AID-JPLN229&gt;3.0.CO;2-6
http://dx.doi.org/10.1371/journal.pone.0086441
http://www.ncbi.nlm.nih.gov/pubmed/24466100
http://dx.doi.org/10.3390/toxics5030017
http://www.ncbi.nlm.nih.gov/pubmed/29051449
http://dx.doi.org/10.1021/es048181i
http://www.ncbi.nlm.nih.gov/pubmed/15952370
http://dx.doi.org/10.1016/j.orggeochem.2012.08.007
http://dx.doi.org/10.2489/jswc.71.4.327
http://dx.doi.org/10.1016/j.envpol.2004.02.024
http://www.ncbi.nlm.nih.gov/pubmed/15210271
http://dx.doi.org/10.5094/APR.2012.057
http://dx.doi.org/10.4314/wsa.v40i3.4
http://dx.doi.org/10.1093/reep/rep009
http://dx.doi.org/10.18352/ulr.274
http://dx.doi.org/10.1016/j.envint.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25603422

Int. J. Environ. Res. Public Health 2018, 15, 2751 17 of 19

24.

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Tottie, O. Evaluation of Sludge Management in Wuhan, China. Master Thesis, Swedish University of
Agricultural Science, Uppsala, Sweden, January 2008.

Yun, X.; Yang, Y.; Liu, M.; Zhang, M.; Wang, J. Distribution, Seasonal Variations, and Ecological Risk
Assessment of Polycyclic Aromatic Hydrocarbons in the East Lake, China. Clean Soil Air Water. 2016, 44,
506-514. [CrossRef]

He, J.; Yu, Y; Liu, Y. Research on the decision-making model of land-use spatial optimization. In Proceedings
of the International Symposium on Spatial Analysis, Spatial-Temporal Data Modeling, and Data Mining,
Wuhan, China, 21 October 2009. 74924X.

Wuhan Statistical Yearbook; China Statistical Publishing House: Beijing, China, 2010.

Qi, Y.; Owino, A.A.; Makokha, V.A.; Shen, Y.; Zhang, D.; Wang, J. Occurrence and risk assessment of
polycyclic aromatic hydrocarbons in the Hanjiang River Basin and the Danjiangkou Reservoir, China.
Hum. Ecol. Risk Assess. 2016, 22, 1183-1196. [CrossRef]

Xu, J.; Yu, Y,; Wang, P; Guo, W.; Dai, S.; Sun, H. Polycyclic aromatic hydrocarbons in the surface sediments
from Yellow River, China. Chemosphere 2007, 67, 1408-1414. [CrossRef] [PubMed]

Shi, B.; Wu, Q.; Ouyang, H.; Liu, X.; Ma, B.; Zuo, W.; Chen, S. Distribution and Source Apportionment of
Polycyclic Aromatic Hydrocarbons in Soils and Leaves from High-Altitude Mountains in Southwestern
China. J. Environ. Qual. 2014, 43, 1942-1952. [CrossRef] [PubMed]

Liu, X.; Bai, Z.; Yu, Q.; Cao, Y.; Zhou, W. Polycyclic aromatic hydrocarbons in the soil profiles (0-100 cm)
from the industrial district of a large open-pit coal mine, China. RSC Adv. 2017, 7, 28029-28037. [CrossRef]
Kampire, E.; Rubidge, G. Characterization of polychlorinated biphenyls in surface sediments of the North
End Lake, Port Elizabeth, South Africa. Water SA 2017, 43, 646—654. [CrossRef]

Tongo, I.; Ogbeide, O.; Ezemonye, L. Human health risk assessment of polycyclic aromatic hydrocarbons
(PAHs) in smoked fish species from markets in Southern Nigeria. Toxicol. Rep. 2017, 4, 55-61. [CrossRef]
Al-Busaidi, A.; Cookson, P; Yamamoto, T. Methods of pH determination in calcareous soils: Use of
electrolytes and suspension effect. Aust. J. Soil Res. 2005, 43, 541-545. [CrossRef]

Crommentuijn, T.; Sijm, D.; De Bruijn, J.; Van Leeuwen, K.; Van de Plassche, E. Maximum permissible and
negligible concentrations for some organic substances and pesticides. J. Environ. Manag. 2000, 58, 297-312.
[CrossRef]

Kalf, D.F; Crommentuijn, T.; van de Plassche, E.]. Environmental quality objectives for 10 polycyclic aromatic
hydrocarbons (PAHs). Ecotoxicol. Environ. Saf. 1997, 36, 89-97. [CrossRef] [PubMed]

Cao, Z,; Liu, J.; Luan, Y,; Li, Y.; Ma, M,; Xu, J.; Han, S. Distribution and ecosystem risk assessment of
polycyclic aromatic hydrocarbons in the Luan River, China. Ecotoxicology 2010, 19, 827-837. [CrossRef]
[PubMed]

Sun, H.; Qi, Y.; Zhang, D.; Li, Q.X.; Wang, J. Concentrations, distribution, sources and risk assessment of
organohalogenated contaminants in soils from Kenya, Eastern Africa. Environ. Pollut. 2016, 209, 177-185.
[CrossRef]

Kumar, V.; Kothiyal, N.C.; Saruchi Mehra, R.; Parkash, A.; Sinha, R.R.; Tayagi, S.K.; Gaba, R. Determination of
some carcinogenic PAHs with toxic equivalency factor along roadside soil within a fast developing northern
city of India. J. Earth Syst. Sci. 2014, 123, 479—-489. [CrossRef]

Guo, ].Y,; Wu, EC.; Zhang, L.; Liao, H.Q.; Zhang, R.Y.; Li, W.; Zhao, X.-L.; Chen, S.-J.; Mai, B.-X. Screening
level of PAHs in sediment core from Lake Hongfeng, Southwest China. Arch. Environ. Contam Toxicol. 2011,
60, 590-596. [CrossRef] [PubMed]

Mai, B.; Qi, S.; Zeng, E.Y.; Yang, Q.; Zhang, G.; Fu, J.; Sheng, G.; Peng, P.; Wang, Z. Distribution of polycyclic
aromatic hydrocarbons in the coastal region off Macao. Environ. Sci. Technol. 2003, 37, 4855-4863. [CrossRef]
[PubMed]

Liu, E; Liu, J.; Chen, Q.; Wang, B.; Cao, Z. Pollution characteristics, ecological risk and sources of
polycyclic aromatic hydrocarbons (PAHs) in surface sediment from Tuhai-Majia River system, China.
Procedia Environ. Sci. 2012, 13, 1301-1314. [CrossRef]

Ma, W.-L,; Liu, L.-Y,; Qi, H.; Zhang, Z.-F,; Song, W.-W.; Shen, ].-M.; Chen, Z.L.; Ren, N.Q.; Grabuski, J.;
Li, Y.F. Polycyclic aromatic hydrocarbons in water, sediment and soil of the Songhua River Basin, China.
Environ. Monit. Assess. 2013, 185, 8399-8409. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/clen.201400187
http://dx.doi.org/10.1080/10807039.2016.1147942
http://dx.doi.org/10.1016/j.chemosphere.2006.10.074
http://www.ncbi.nlm.nih.gov/pubmed/17217985
http://dx.doi.org/10.2134/jeq2014.04.0177
http://www.ncbi.nlm.nih.gov/pubmed/25602211
http://dx.doi.org/10.1039/C7RA02484C
http://dx.doi.org/10.4314/wsa.v43i4.12
http://dx.doi.org/10.1016/j.toxrep.2016.12.006
http://dx.doi.org/10.1071/SR04102
http://dx.doi.org/10.1006/jema.2000.0334
http://dx.doi.org/10.1006/eesa.1996.1495
http://www.ncbi.nlm.nih.gov/pubmed/9056405
http://dx.doi.org/10.1007/s10646-010-0464-5
http://www.ncbi.nlm.nih.gov/pubmed/20151190
http://dx.doi.org/10.1016/j.envpol.2015.11.040
http://dx.doi.org/10.1007/s12040-014-0410-7
http://dx.doi.org/10.1007/s00244-010-9568-4
http://www.ncbi.nlm.nih.gov/pubmed/20623117
http://dx.doi.org/10.1021/es034514k
http://www.ncbi.nlm.nih.gov/pubmed/14620810
http://dx.doi.org/10.1016/j.proenv.2012.01.123
http://dx.doi.org/10.1007/s10661-013-3182-7
http://www.ncbi.nlm.nih.gov/pubmed/23564413

Int. J. Environ. Res. Public Health 2018, 15, 2751 18 of 19

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Cai, J.; Gao, S.; Zhu, L.; Jia, X.; Zeng, X.; Yu, Z. Occurrence and source apportionment of polycyclic aromatic
hydrocarbons in soils and sediment from Hanfeng Lake, Three Gorges, China. J. Environ. Sci. Health Part A
Toxic Hazard. Subst. Environ. Eng. 2017, 52, 1226-1232. [CrossRef] [PubMed]

Xiao, R.; Bai, J.; Wang, J.; Lu, Q.; Zhao, Q.; Cui, B.; Liu, X. Polycyclic aromatic hydrocarbons (PAHSs) in
wetland soils under different land uses in a coastal estuary: Toxic levels, sources and relationships with soil
organic matter and water-stable aggregates. Chemosphere 2014, 110, 8-16. [CrossRef] [PubMed]

Kafilzadeh, F. Distribution and sources of polycyclic aromatic hydrocarbons in water and sediments of the
Soltan Abad River, Iran. EQypt ]. Aquat. Res. 2015, 41, 227-231. [CrossRef]

Plachd, D.; Raclavska, H.; Matysek, D.; Riimmeli, M.H. The polycyclic aromatic hydrocarbon concentrations
in soils in the Region of Valasske Mezirici, the Czech Republic. Geochem. Trans. 2009, 10, 1-21. [CrossRef]
[PubMed]

Bourotte, C.; Forti, M.C.; Lucas, Y.; Melfi, A.]. Comparison of Polycyclic Aromatic Hydrocarbon (PAHs)
concentrations in urban and natural forest soils in the Atlantic Forest (Sao Paulo State). An. Acad. Brasil. Cienc.
2009, 81, 127-136. [CrossRef]

Nam, J.J.; Song, B.H.; Eom, K.C.; Lee, S.H.; Smith, A. Distribution of polycyclic aromatic hydrocarbons in
agricultural soils in South Korea. Chemosphere 2003, 50, 1281-1289. [CrossRef]

Zhang, K.; Wang, ].Z.; Liang, B.; Zeng, E.Y. Occurrence of polycyclic aromatic hydrocarbons in surface
sediments of a highly urbanized river system with special reference to energy consumption patterns.
Environ. Pollut. 2011, 159, 1510-1515. [CrossRef] [PubMed]

Yunker, M.B.; Macdonald, R.W.; Vingarzan, R.; Mitchell, R H.; Goyette, D.; Sylvestre, S. PAHs in the Fraser
River basin: A critical appraisal of PAH ratios as indicators of PAH source and composition. Org. Geochem.
2002, 33, 489-515. [CrossRef]

Sun, C.; Zhang, J.; Ma, Q.; Chen, Y.; Ju, H. Polycyclic aromatic hydrocarbons (PAHs) in water and sediment
from a river basin: Sediment-water partitioning, source identification and environmental health risk
assessment. Environ. Geochem. Health 2017, 39, 63-74. [CrossRef] [PubMed]

Bobak, D.M. Polycyclic Aromatic Hydrocarbon Characterization in Otter Creek, Northwest Ohio. Master
Thesis, University of Toledo, Toledo, OH, USA.

Heywood, E.; Wright, J.; Wienburg, C.L.; Black, H.L].; Long, S.M.; Osborn, D.; Spurgeon, D.]. Supporting
information: Factors Influencing the National Distribution of Polycyclic Aromatic Hydrocarbons and
Polychlorinated Biphenyls in British Soils. Eviron. Sci. Technol. 2006, 40, 7629-7635. [CrossRef]
Nieuwoudt, C.; Pieters, R.; Quinn, L.P; Kylin, H.; Borgen, A.R.; Bouwman, H. Polycyclic aromatic
hydrocarbons (PAHs) in soil and sediment from industrial, residential, and agricultural areas in central
South Africa: An initial assessment. Soil Sediment. Contam. 2011, 20, 188-204. [CrossRef]

Magi, E.; Bianco, R.; Ianni, C.; Di Carro, M. Distribution of polycyclic aromatic hydrocarbons in the sediments
of the Adriatic Sea. Environ. Pollut. 2002, 119, 91-98. [CrossRef]

Yang, C.; Zhang, G.; Wang, Z.; Yang, Z.; Hollebone, B.; Landriault, M.; Shah, K.; Brown, C.E. Development of
a methodology for accurate quantitation of alkylated polycyclic aromatic hydrocarbons in petroleum and oil
contaminated environmental samples. Anal. Methods 2014, 6, 7760-7771. [CrossRef]

Wang, Z.; Yang, C.; Brown, C.; Hollebone, B.; Landriault, M. A Case Study: Distinguishing Pyrogenic
Hydrocarbons From Petrogenic Hydrocarbons. In Proceedings of the International Oil Spill Conference,
Savannah, GA, USA, 4-8 May 2008; pp. 311-320. [CrossRef]

Orecchio, S. Contamination from polycyclic aromatic hydrocarbons (PAHs) in the soil of a botanic garden
localized next to a former manufacturing gas plant in Palermo (Italy). J. Hazard. Mater. 2010, 180, 590-601.
[CrossRef] [PubMed]

Fisner, M,; Taniguchi, S.; Moreira, F.; Bicego, M.C.; Turra, A. Polycyclic aromatic hydrocarbons (PAHs) in
plastic pellets: Variability in the concentration and composition at different sediment depths in a sandy
beach. Mar. Pollut. Bull. 2013, 70, 219-226. [CrossRef] [PubMed]

Cui, S.; Fu, Q.; Li, Y.-F,; Li, T.-X; Liu, D.; Dong, W.-C.; Wang, M.; Li, K.-Y. Spatial-temporal variations, possible
sources and soil-air exchange of polychlorinated biphenyls in urban environments in China. RSC Adv. 2017,
7,14797-14804. [CrossRef]

Farooq, S.; Ali-Musstjab-Akber-Shah Eqani, S.; Malik, R.N.; Katsoyiannis, A.; Zhang, G.; Zhang, Y.; Li, J.;
Xiang, L.; Jones, K.C.; Shinwari, Z.K. Occurrence, finger printing and ecological risk assessment of polycyclic


http://dx.doi.org/10.1080/10934529.2017.1356185
http://www.ncbi.nlm.nih.gov/pubmed/28920758
http://dx.doi.org/10.1016/j.chemosphere.2014.03.001
http://www.ncbi.nlm.nih.gov/pubmed/24880593
http://dx.doi.org/10.1016/j.ejar.2015.06.004
http://dx.doi.org/10.1186/1467-4866-10-12
http://www.ncbi.nlm.nih.gov/pubmed/20003407
http://dx.doi.org/10.1590/S0001-37652009000100013
http://dx.doi.org/10.1016/S0045-6535(02)00764-6
http://dx.doi.org/10.1016/j.envpol.2011.03.010
http://www.ncbi.nlm.nih.gov/pubmed/21470730
http://dx.doi.org/10.1016/S0146-6380(02)00002-5
http://dx.doi.org/10.1007/s10653-016-9807-3
http://www.ncbi.nlm.nih.gov/pubmed/26932555
http://dx.doi.org/10.1021/es061296x
http://dx.doi.org/10.1080/15320383.2011.546443
http://dx.doi.org/10.1016/S0269-7491(01)00321-9
http://dx.doi.org/10.1039/C4AY01393J
http://dx.doi.org/10.7901/2169-3358-2008-1-311.
http://dx.doi.org/10.1016/j.jhazmat.2010.04.074
http://www.ncbi.nlm.nih.gov/pubmed/20457488
http://dx.doi.org/10.1016/j.marpolbul.2013.03.008
http://www.ncbi.nlm.nih.gov/pubmed/23582976
http://dx.doi.org/10.1039/C6RA26864A

Int. J. Environ. Res. Public Health 2018, 15, 2751 19 of 19

63.

64.

65.

66.

aromatic hydrocarbons (PAHs) in the Chenab River, Pakistan. ]J. Environ. Monit. 2011, 13, 3207-3215.
[CrossRef] [PubMed]

Bay, B. Assessment of polycyclic aromatic hydrocarbons (PAHs) ecological risk in surface seawater from
Assessment of polycyclic aromatic hydrocarbons (PAHs) ecological risk in surface seawater from the west
Bohai Bay. IOP Conf. Ser. Earth Environ. Sci. 2017, 82, 012040.

Frédéric, O.; Yves, P. Pharmaceuticals in hospital wastewater: Their ecotoxicity and contribution to the
environmental hazard of the effluent. Chemosphere 2014, 115, 31-39. [CrossRef] [PubMed]

Sun, C.; Zhang, J.; Ma, Q.; Chen, Y. Human health and ecological risk assessment of 16 polycyclic aromatic
hydrocarbons in drinking source water from a large mixed-use reservoir. Int. ]. Environ. Res. Public Health
2015, 12, 13956-13969.

Canadian Council of Ministers of the Environment. Canadian Soil Quality Guidelines for the Protection
of Environmental and Human Health—Polycyclic Aromatic Hydrocarbons. In Canadian Environmental
Quality Guidelines; Canadian Council of Ministers of the Environment: Winnipeg, MB, Canada, 2010; p. 19.
Available online: st-ts.ccme.ca/?lang=en&factsheets=186#s0il_agricultural_concentration (accessed on 26
August 2018).

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1039/c1em10421g
http://www.ncbi.nlm.nih.gov/pubmed/22006353
http://dx.doi.org/10.1016/j.chemosphere.2014.01.016
http://www.ncbi.nlm.nih.gov/pubmed/24502927
st-ts.ccme.ca/?lang=en&factsheets=186#soil_agricultural_concentration
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Sample Collection and Pretreatment 
	Chemicals and Standards 
	Sample Extraction 
	Instrumental Analysis 
	Ecological Toxicity and Risk Assessment 
	Statistical Analysis 

	Result and Discussion 
	Concentrations of Polycyclic Aromatic Hydrocarbons in Soil 
	Relationship Among Polycyclic Aromatic Hydrocarbons and Selected Soil Properties 
	Possible Sources of Polycyclic Aromatic Hydrocarbons 
	Ecotoxicological and Human Health Risk Assessment 

	Conclusions 
	
	References

