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Abstract Sintering and steel production as the main emission
sources of polychlorinated dibenzo-p-dioxins and dibenzofu-
rans (PCDD/Fs) may affect environment and human health.
The concentrations, profiles, and distributions of PCDD/Fs in
soil samples from around four typical sintering and steel pro-
duction plants in Hebei Province, China, were determined.
Forty-six soil samples were collected at distances from 500
to 9000 m from industrial plant chimneys. The concentrations
of total 17 2,3,7,8-substituted PCDD/F congeners in the soil
samples from sites A, B, C, and D were in the range 11-130,
13-284, 2.6-378, and 21-231 pg/g, respectively, and the in-
ternationally accepted toxic equivalent (I-TEQ) concentra-
tions were 0.37-13.2, 0.31-12.1, 0.13-13.7, and 1.60—
22.7 pg I-TEQ/g, respectively. Soil ingestion was estimated
the major exposure pathway to PCDD/Fs. At current PCDD/F
concentrations, the local population will be exposed to low
amounts of PCDD/Fs in soil from around the industrial sites,
and this exposure will pose potential health risks for the local
population living at distances of less than 1000 m from nearest
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stack but will have no high health risks for people living fur-
ther away. These results will be helpful when planning mea-
sures to control PCDD/F sources. The data will also benefit
local environmental monitoring studies and be useful when
assessing the risks posed by PCDD/Fs around the industrial
sites to the environment and humans.

Keywords Sintering - Steel production - Industrial sites -
PCDD/Fs - Distribution patterns - Health risk assessment

Introduction

Polychlorinated dibenzo-p-dioxins and polychlorinated di-
benzofurans (PCDD/Fs) are semi-volatile compounds. They
are unintentionally produced and classified as hazardous per-
sistent pollutants. PCDD/Fs can be formed during many ther-
mal industrial activities, such as combustion (including in
coal-fired power plants), the production (including sintering
processes) of ferrous and non-ferrous metals, and other pro-
cesses in chemical plants (Benisek et al. 2015; Cortes et al.
2014; Li et al. 2012a, b; Lin et al. 2015; Liu et al. 2013;
Lundin and Marklund 2005; Lundin and Marklund 2007,
Morales et al. 2014; Park et al. 2014; Tang et al. 2012;
Zhang et al. 2010). The three main sources of PCDD/F emis-
sions in China are waste incineration plants, ferrous and non-
ferrous metal production plants, and power and heat genera-
tion plants, which contribute 17.2, 45.6, and 18.5 %, respec-
tively, of the total PCDD/F emissions (Zheng et al. 2007). It is
found that ferrous and non-ferrous metal production plants
produce more PCDD/Fs than do other plants.

The main stages of steel production are sintering, iron pro-
duction, steel production, and steel rolling. There are also
auxiliary production processes, and coke, heat, and electricity
are produced for use in the steel production processes. It has


http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-016-7050-1&domain=pdf

Environ Sci Pollut Res (2016) 23:18742—18752

18743

previously been found that the iron sintering process is the
primary source of PCDD/F emissions, contributing with
33.6 % of total PCDD/F emissions from ferrous and non-
ferrous metal production in China (Aries et al. 2006; Zheng
et al. 2007), 3.2 % of total dioxin emissions in Japan, and
19.6 % in Europe (Shih et al. 2008). Most of the PCDD/Fs
produced during the sintering process are emitted in waste
gas, and many factors affect the amounts of PCDD/Fs pro-
duced and released (Buekens et al. 2001). The amount of ore
that is sintered each year has recently increased tremendously.
Global output of sintered ore was approximately 3 x 10° t in
2012, and 43.3 % was produced in China (Chinese
Government 2013).

Large amount of PCDD/F emissions may pose potential
health risks to local populations that residing in the heavy
PCDD/F contaminated sites. Food consumption maybe the
predominant source. Soil particles with PCDD/Fs may attach
the food products such as vegetation and crops if production is
implemented in and around the serious PCDD/F polluted
areas. Simultaneously, the irrigation of vegetation and crops
can cause high PCDD/Fs exposure of the populations (Tuyet-
Hanh et al. 2015). Besides, free-ranging chicken, grazed on
the polluted regions, usually have certain amounts of soil con-
taining PCDD/Fs. With an increasing number of consumption
of eggs from this chicken, another important risk factor to
human bodies is attracting more attentions (Polder et al.
2016).

In this study, soil samples were collected in the vicinity of
four major iron ore sintering plants (A, B, C, and D), an in-
tensive industrial area in Hebei Province, China. According to
the Chinese steel industry yearbook (2012), 1.80 x 10° t of
crude steel, 1.64 x 10® t of pig iron, 2.10 x 10% t of finished
steel products, and 5.24 x 10® t of crude iron ore were pro-
duced in Hebei in 2012. Hebei Province produced 40.0 % of
all the iron ore that was produced in China, more than was
produced in any other Chinese province. The amounts of pol-
lutants emitted in Hebei have increased rapidly but the pro-
portions of the pollutants produced that are released have de-
creased dramatically (Chinese Government 2013). A has a
long history, which was integrated with three enterprises in
2005. These three companies were built in 1943, 1919, and
1954, separately. B starts to produce steel since 2004. The first
step of establishment for C was accomplished in October,
2008 and then put it to production. D is working since 2003.

Large amounts of airborne particulate matter with unique
chemical composition released from this industrial area into
the atmosphere deposited at surrounding cities and neighbor-
ing countries through long-range atmospheric transportation
and transformed into regional haze episodes affecting several
regions, such as Beijing, Tianjin, Japan, and Korea. To have a
better understanding of the contamination levels of this indus-
trial area, the concentrations of 17 2,3,7,8-substituted
PCDD/F congeners in the samples were determined, and the

exposure of the local population to these pollutants via soil
was assessed. The aim of the study was to determine the con-
centrations and distributions of PCDD/Fs in the industrial ar-
ea, and, most importantly, to identify the impacts PCDD/Fs
emitted in these areas may have on the environment around
the sources and to assess the impacts of PCDD/F process
emissions on population’s lifetime health risks.

Materials and methods
Soil sampling

A total of 46 soil samples were collected from typical indus-
trial zones in Hebei Province. Eight samples were collected
from site A (118° 12" 5.8” Eto 118° 14'49.9" E, 39° 37" 44.1"
N to 39° 39’ 59.5" N), nine were collected from site B (118°
29"37.6" Eto 118°34'56.8" E, 39° 57" 0.8" N to 39° 59" 23.6"
N), 18 were collected from site C (118° 26’ 8.5” E to 118° 35’
11.6" E, 38° 55" 6.4" N to 39° 2" 12.8” N), and 11 were
collected from site D (118° 36’ 2.3" E to 118° 39’ 1.2" E,
39° 42" 50.6” N to 39° 45’ 35.9" N). The site locations are
shown in Fig. 1 (the red dots in the central figure). The sam-
pling points at each site were distributed in all directions rel-
ative to the industrial emission points, as shown in Fig. 1,
taking into consideration the results of atmospheric dispersion
models, wind rose diagrams provided by the local meteoro-
logical department, sampling limitations imposed by field
conditions, and the effects of various structures.

Soil samples were collected following the Chinese standard
HJ 77.4-2008 (“Determination of PCDDs and PCDFs in soil
and sediment using isotope dilution HRGC-HRMS”). Surface

Fig. 1 Soil sampling points at sites A, B, C, and D
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soil samples (0—10 cm deep) were collected using a stainless
steel sampler. At each sampling point, five soil samples, uni-
formly distributed within an area of 25 m?, were collected and
mixed thoroughly to form one bulk sample of about 2 kg. The
exact positions of the sampling sites were recorded using a
portable global positioning system (Magellan GPS, San
Dimas, CA, USA). Overlying vegetation was removed before
each sample was collected. Each sample was dried at room
temperature until it reached a constant weight. Each sample
was then ground and passed through a 60-mesh sieve, then
refrigerated until it was further processed.

Some of the regions we took soils were used for entertain-
ment, agriculture, or growing some vegetation. If the polluted
soils are used for agricultural practices, an increasing potential
risk will be posed to local populations through intake of these
products. Even though the roots of crops do not intake pollut-
ants, the compounds can accumulate on the surface of the
crops via sorption. In addition, laboring and mixing the layers
deeper than 20-30 cm with machines may not only destroy the
self-purification of soil for pollutants but also cause the pos-
sibility of contaminating groundwater.

Stack gas sampling

Four stack gas samples were collected from these four sites (A,
B, C, and D), using the ISO BASIC System (Tecora Corp.,
TCR sampler) and isokinetic sampling technic. The sampler
is consist of sampling pump (ISOSTACK BASIC
SAMPLER), circulation cooling device (ISOFROST), heating
pipes, heating cartridge box (with a quartz fiber filter cartridge),
and glass condenser (with XAD-2 resin). The particulate
phases in stack gas were captured by quartz fiber filter, and
the gaseous phases were absorbed by XAD-2 resin. Before
sampling, all materials and samplers need to be pretreated with
methanol, acetone, and dichloromethane. And XAD-2 resin
should be further extracted for 6 h by the mixture of n-hexane
and dichloromethane (1:1) and dried with nitrogen blow.

Sample analysis

With regard to the analysis of soil samples, a 10-g aliquot of
each soil sample was spiked with '*C-labeled internal stan-
dards of EPA-1613LCS (Wellington Laboratories, Guelph,
Canada) and then Soxhlet extracted. The extract was evapo-
rated to a small volume and then cleaned by passing it through
a multi-layer silica gel column and a basic alumina column.
The PCDD/F extract would be separated subsequently from
polychlorinated biphenyls. The clean extract was evaporated
to 20 pL under a stream of nitrogen and then spiked with a
!3C-labeled PCDD/F injection standard of EPA-16131S
(Wellington Laboratories, Guelph, Canada). The extract was
then analyzed using an Agilent 6890 high resolution gas chro-
matograph (Agilent Technologies, Santa Clara, CA, USA)
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connected to an Autospec Ultima high resolution mass spec-
trometer (Waters, Milford, MA, USA). The mass spectrometer
was operated at a resolution of at least 10,000 and in selected
ion monitoring mode.

Most part of the qualitative and quantitative analyses of
stack gas samples were similar to soil samples. Only the in-
ternal standards added to the samples were different. Each
sample should be spiked with '*C-labeled internal standards
of EN-1948 ES (Cambridge Isotope Laboratories, Andover,
MA, USA) before Soxhlet extraction. And '*C-labeled
PCDD/F injection standard of EN-1948 IS (Cambridge
Isotope Laboratories, Andover, MA, USA) need to be added
to each stack gas extract before instrumental analysis.

Quality control and quality assurance

The validation of analytical method for the determina-
tion of PCDD/Fs was evaluated by estimating repeat-
ability, reproducibility, accuracy, and sensitivity.
Repeatability and reproducibility were estimated both
for instrument and method, which was determined as
standard deviation. The instrumental repeatability was
performed by injecting the same sample at least three
times consecutively. While the method repeatability was
obtained by analyzing PCDD/Fs in three or more repli-
cate samples. The reproducibility of instrument and
method was achieved from differences among experi-
mental procedures due to artificial factors or change of
instruments. The accuracy error was determined by the
differences between observed PCDD/Fs concentration
and PCDD/Fs spiked concentration. The peaks of con-
geners were identified on the basis of their retention
times and elution order. If the area ratios of quantifica-
tion and identification ion peaks were within 15 % of
theoretical values, the peaks will be quantified. One
laboratory blank sample was analyzed in each batch of
samples. Limit of detection (LOD) and limit of quanti-
fication (LOQ) were used to estimate the sensitivity.
The LOD and LOQ were defined as three and ten times
of signal-to-noise ratio, respectively. The LODs of the
PCDD/F congeners in the soil samples ranged from 0.04
to 5.30 pg/g and in the stack gas samples ranged from
0.08 to 5.78 pg/m’. The sampling recoveries of 17 2,3,
7,8-PCDD/F congeners in the soil samples were be-
tween 23.7 and 115 %, which met the requirements
for the trace analysis of dioxins in environmental sam-
ples. For the stack gas samples, the recoveries for the
labeled PCDD/F standards were between 47.2 and
121 %. A few congener concentrations in soils were
detected lower than their LODs, but at mass fractions
of less than 10 % in the samples. And the concentra-
tions of PCDD/Fs below the LOD were assigned values
equal to half of LOD.
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Human health risk assessment

The PCDD/F concentrations in the soil samples were used to
assess human exposure to PCDD/Fs in soil in the study areas
and the health risks posed. Exposure of the residents of each
study area to PCDD/Fs in soil through three pathways (soil
ingestion, dermal contact, and inhalation) was estimated
(Rovira et al. 2014). The numerical parameters and toxicolog-
ical parameters for each sample were used to estimate human
exposure to PCDD/Fs, and the non-cancer and cancer risks
posed by the ingestion, dermal contact, and inhalation of
PCDD/Fs in soil were obtained from a risk assessment infor-
mation system webpage (RAIS 2013; Vilavert et al. 2014).
Data were calculated using Egs. 1-7.

Csoil X ED x EF x IFP x 10°°

CDling = AT x BW x 365 (1)
Csoil X ED x EF x SA x AF x ABS x 107°

Dl erm = 2
CDlgerm AT x BW x 365 )
Cuoit X EF % ED % ET x <I/VFS + l/PEFw

CDIyy =

AT x 365 x 24

3)
HO = CDI / RD (4)
Cancer risk = CDI x SF (5)
SFy=SF, /ABSgl- (6)
RfDy = RfDy x ABS,; (7)

In Egs. 1-7, CDlyg is the amount of a chemical ingested with
soil (in mg/(kg/day)), Cy.; is the concentration of the chemical in
soil (in mg/kg), ED is the exposure duration (6 years for a child
and 20 years for an adult), EF is the exposure frequency (350 day/
year), IFP is the soil ingestion rate (200 mg/day for a child and
100 mg/day for an adult), AT is the averaging time (6 years for a
non-carcinogenic substance for a child, 20 years for a non-
carcinogenic substance for an adult, and 70 years for a carcino-
genic substance for any person), BW is the body weight (15 kg
for a child and 80 kg for an adult), SA is the surface area
(2373 cm? for a child and 6032 cm? for an adult), AF is the soil
to skin adherence factor (0.2 mg/cm? for a child and 0.07 mg/cm?
for an adult), ABS is the dermal absorption efficiency from soil
(chemical specific, but assumed to be 0.03 (unitless)), ET is the
exposure time (24 h/day), VF; is the volatilization factor (745,
416 m*/kg), PEF,, is the particulate emission factor (1,359,344,
438 m’/kg), HQ is the hazard quotient, RfD is the reference
concentration, SF is the carcinogenic slope factor, SFy, is the oral
slope factor ((mg/(kg day)) "), RfDy is the oral reference dose
(mg/(kg/day)), and ABS,; is the gastrointestinal absorption effi-
ciency factor (1 (unitless)). All these given factors are from the
website of Risk Assessment Information System (RAIS 2013).

Results and discussion
PCDD/F congener patterns

The maximum, minimum, and median PCDD/F concentra-
tions found in the soil samples from the different sites are
shown in Table 1.

The mean total PCDD/F concentration in the soil samples
from site B was higher, at 122 + 104 pg/g (median 73 pg/g),
than in the samples from the other sites. The mean concentra-
tion was lowest (50 = 86 pg/g) at site C (median 24 pg/g). The
mean total PCDD/F concentrations in the soil samples from
sites A and D were 68 + 47 pg/g (median 80 pg/g) and
93 £+ 57 pg/g (median 85 pg/g), respectively. The mean total
internationally accepted toxic equivalent (I-TEQ) (calculated
by the International Toxicity Equivalency Factor (I-TEF))
concentrations in the soil samples from sites A, B, C, and D
were 5.40 = 5.20 pg I-TEQ/g (median 4.60 pg I-TEQ/g),
5.20 + 4.70 pg I-TEQ/g (median 2.50 pg I-TEQ/g),
1.60 £ 3.10 pg I-TEQ/g (median 0.80 pg I-TEQ/g), and
7.60 £ 6.0 pg I-TEQ/g (median 6.80 pg I-TEQ/g), respective-
ly. The mean and median PCDD/F concentrations and I-TEQs
in soils from site C were significantly lower than A, B, and D.
The mean levels of PCDD/Fs from site B were significantly
higher than another three sites while the average concentra-
tions of A and D had no big differences. Moreover, the I-TEQs
of PCDD/Fs in soils from C were the smallest and from A, B,
and D were similar. The differences between the PCDD/F
concentrations in the soil samples were probably caused by
different amounts of PCDD/Fs being emitted from the indus-
trial plants at the different sites because of the different raw
materials, production processes, and pollution control mea-
sures used at the different plants (Die et al. 2015).

Concentrations of PCDD/Fs in the stack gas samples at
these four sampling sites were also determined. The total con-
centrations of PCDD/Fs in stack gas samples at site A, B, C,
and D were 249, 1529, 99, and 422 pg/m’; the median values
were 10.75, 98.37, 1.62, and 22.96 pg/m3; and the I-TEQs
were 20.17, 146.90, 24.71, and 21.88 pg I-TEQ/m’.
Similarly, the average and median values of PCDD/F emis-
sions in stack gas samples from B were obviously larger than
A, C, and D, and PCDD/Fs released from C were the lowest.
Furthermore, the PCDD/F I-TEQs from B were much higher
than A, C, and D and from A, C, and D had no big differences.
The pollution levels of PCDD/Fs in soils were accordance
with the analytical results acquired from stack gases, indicat-
ing that the PCDD/Fs in surrounding environment was prima-
ry influenced by the emission sources.

The PCDD/F congener patterns found in the samples from
sites A, B, C, and D are shown in Fig. 2. The dominant 2,3,7,
8-substituted PCDD/F congeners at all four sites were 1,2,3,4,
6,7,8-HpCDF, OCDF, OCDD, and 1,2,3,4,6,7,8-HpCDD.
The mean total contributions of these congeners to the total
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2,3,7,8-substituted PCDD/F concentrations were 50.3—
78.6 %.

2,3,4,7,8-PeCDF, which has a relatively high toxic equiv-
alence factor, was the major contributor (contributing 22.9—
34.7 %) to the total 2,3,7,8-substituted PCDD/F TEQs at all
four sampling sites. 1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-HxCDF,
and 2,3,4,6,7,8-HxCDF also made large contributions to the
total TEQs. 1,2,3,4,6,7,8-HpCDF, OCDF, and OCDD were
the main contributors to the total PCDD/F concentrations
but only contributed small proportions of the TEQs. The
PCDFs contributed more than the PCDDs to the total TEQs,
and the mean total PCDF to total PCDD concentration ratios
were 1.08-2.15. Higher PCDF than PCDD concentrations
have been found to be released during various thermal pro-
cesses (Xu et al. 2009), so we concluded that almost all of the
samples analyzed in our study were due to PCDD/Fs emitted
during thermal processes.

PCDD/F concentrations at different distances
from the stacks

The PCDD/F concentrations and congener patterns at differ-
ent distances from the industrial plant stacks were investigat-
ed. The contaminant concentrations in the environment typi-
cally decrease with increasing distance from the emission
source because of dilution, dispersion, and decomposition
(Wania and Westgate 2008). The 46 soil samples were divided
into 10 groups according to the distance of each sampling
point from the nearest industrial plant stack (500—1000,
1000-1500, 1500-2000, 2000-3000, 3000—4000, 4000—
5000, 5000-6000, 6000-7000, 7000—-8000, and 8000—

o0 w>»

9000 m). The mean total PCDD/F concentrations and mean
PCDD/F congener concentrations in the soil samples in each
group were calculated. The PCDD/F concentrations in the
samples collected at different distances from the industrial
plant stacks are shown in Fig. 3.

The whole tendency of PCDD/F concentrations decreased
as the distance from the nearest industrial plant stack increased
(Fig. 3). The highest PCDD/F concentrations were found in
samples closest to the stack, and the concentration decreased
as the distance increased as a whole except for the distances of

[
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w
>
I
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>
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|
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[H
[H

Concentrations of PCDD/Fcongeners (pg/g)

500-1000
3000-4000 1
4000-5000

1000-1500
1500-2000 -
2000-3000 -
5000-6000 -
6000-7000 -
7000-8000 -
8000-9000 -

Distance (m)

Fig. 3 PCDD/F concentrations in the samples collected at different
distances from the industrial plant stacks, in which the boxes show the
25th percentiles, the medians, and the 75th percentiles and the whiskers
show the minima and maxima
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4000—6000 and 7000—8000 m. This phenomenon maybe
caused by the disturbance of the surroundings. The intrusion
of other pollution sources because of anthropogenic activities
or atmospheric deposition of contaminants from other emis-
sion regions would increase the PCDD/F levels within this
range, which could help to explain the sudden rising of
PCDD/F concentrations at a distance from the stacks. The
main contributors to the total PCDD/F concentrations were
1,2,3,4,6,7,8-HpCDF, OCDF, and OCDD, as was the case
for the complete set of samples from sites A, B, C, and D.
The PCDD/F homolog patterns found in the soil samples from
different distances from the industrial plant stacks are shown
in Fig. 4. This figure was used to assess changes in the relative
contributions of different PCDD/F homologs to the total
PCDD/F concentrations as the distance from the nearest stack
increased.

The mean total PCDD/F concentration in the soil samples
was 83 =31 pg/g. The PCDD/F emission sources, environmen-
tal processes, meteorology, air mass history, photodegradation,
oxidation, and other factors can influence PCDD/F concentra-
tions in soils (Die et al. 2015). It can be seen from Fig. 4 that
OCDD contributed more than the other homologs to the total
PCDD/F concentrations at most of the distances from the stacks
and showed a marked tendency to increase with distance.
OCDD contributed 17.5, 22.3, 24.2, 20.9, 14.8, 49.8, 59.7,
21.6, 50.9, and 60.6 % of the total PCDD/F concentration at
500-1000, 1000-1500, 1500-2000, 2000-3000, 3000-4000,
4000-5000, 5000-6000, 6000-7000, 7000-8000, and 8000—
9000 m from the stacks, respectively. This may be because
OCDD, with a higher Log K, is more stable than the other
PCDD/F congeners and is strongly retained in soils. Besides,
the proportion of HXCDF was higher than HpCDF at 500—
4000 m. And the distribution patterns of HxCDF and HpCDF
were similar at 4000-9000 m. Meanwhile, the level of HXCDF
was almost always above OCDF. The PCDFs dominated the
homolog patterns at most distances from the stacks.

100

. TeCDF
= PeCDF

80
s HxCDF
HpCDF
= OCDF
s TeCDD
PeCDD
HxCDD
= HpCDD
s OCDD

60

40

PCDD/F homologue patterns (%)

500-1000
1500-2000
3000-4000

1000-1500
2000-3000
4000-5000
5000-6000
6000-7000
7000-8000
8000-9000

Distance (m)

Fig. 4 PCDD/F homolog patterns in soil samples at different distances
from the industrial plant stacks
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The PCDD to PCDF ratio can be used to indicate the path-
way(s) through which PCDD/Fs found in a sample were
formed. The mean PCDD to PCDF ratios at 500—-1000,
1000-1500, 1500-2000, 2000-3000, 3000-4000, 4000—
5000, 5000-6000, 6000—7000, 7000-8000, and 8000—
9000 m from the stacks were 0.40, 0.50, 0.61, 0.50, 0.37,
1.36, 1.94, 0.42, 1.33, and 2.00, respectively, and hence the
ratio followed an increasing trend with distance. And the D/F
ratios for stack gas samples were in the range of 0.085-0.31
(mean 0.20), which were in accordance with previous studies.
Liu et al. (2012) found that the D/F ratios in the stack gas
samples usually less than 1, which indicated the emission
characteristics of PCDD/Fs during thermal processes.
However, the D/F ratios in the soil samples were different
from the air samples and increased in the soil environment
(Liu et al. 2012). Shih et al. (2008) found that the D/F ratios
of total PCDD/Fs ranged from 0.26 to 0.49 in static samples
collected from one sinter plant located in southern Taiwan
(Shih et al. 2008). Domotorova et al. (2012) found that
PCDD dominated the “sink” profiles in soil from Slovakia
(Domotorova et al. 2012).

The mean TEQ was calculated for each of the distance
groups. The highest TEQ (>10 pg I-TEQ/g) was found for
the samples closest to the stack. The TEQs were between 4
and 8 pg I-TEQ/g for the samples 1000-4000 m from the
nearest stack and between 0 and 2 pg I-TEQ/g for the samples
4000-9000 m from the nearest stack.

Relationship between the wind direction and the PCDD/F
concentrations

The study area was divided into four direction zones, north-
west (NW), northeast (NE), southwest (SW), and southeast
(SE) so that the influence of the wind on the PCDD/F conge-
ner distributions in the study area could be estimated. The
concentrations of the PCDD/Fs in the soil samples collected
from each direction zone were then summarized (Fig. 5).

400

|
2004 T —‘7

1004

Concentrations of PCDD/Fs (pg/g)

NW NE SW SE
Fig. 5 Relationship between the wind direction and the PCDD/F
concentrations in the soil around industrial sites
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Table 2 Soil concentrations of
PCDD/Fs (pg/g) found in this
study compared with other areas

Sampling location' Year n PCDD/Fs References

Mean SD
Heibei Province, China 2015 46 77.5 81.0 This study
Maldives, Indian Ocean 2012 25 564 1504 Colombo et al. (2014)
Abandoned PCP Plant, China 2012 6 51,231 53,968 Lietal. (2012a)
HWI, Zhejiang Province, China 2011 11 334 355 Li et al. (2012b)
MWI, in a valley in China 2009 11 296 322 Lietal. (2010)
MSWI, near the Adriatic Sea 2006-2009 12 94.1 36.4 Vassura et al. (2011)
Tibetan Plateau, China 2012 9 2.31 1.02 Tian et al. (2014)

! HWI hazardous waste incinerator, MWI municipal waste incinerator, MSWI municipal solid waste incinerator

Figure 5 clearly shows the PCDD/F concentrations in dif-
ferent direction zones. The relationship between the wind di-
rection and the PCDD/F concentration corresponded to the
yearly dominant wind direction, northwest wind, and the
mean concentrations of PCDD/Fs to the NW, NE, SW, and
SE were 75 £ 67, 48 £ 55,91 £ 92, and 127 + 120 pg/g. The
PCDD/F concentrations to SE (downwind) of the industrial
sites were higher than the concentrations to the NW (upwind)
of the industrial sites, and the concentration had no significant
differences between NE and SW. This is possibly because the
industrial plant stacks emissions had little impact on the soil
concentrations as the dominant wind direction ensured that
most of the PCDD/F emissions did not travel in that direction.

PCDD/F concentrations in soil in different areas

The PCDD/F concentrations found in our samples and in pol-
luted and background samples from other areas in previous
studies are expressed on a dry weight basis in Table 2 to allow
them to be compared. Our results could be compared with the
results of six previous studies.

The PCDD/F concentrations at different sampling sites
were different. Another four studies of industrial areas were
selected to make horizontal comparisons with the results ac-
quired from this study, which was just used to present the
pollutions levels of this study. Additionally, the concentration
of samples collected from cold, remote area — Tibetan Plateau
was also shown here, which could be regarded as the reference
site reflecting high PCDD/F levels in this study. The

concentrations were higher at all of the industrial sites than
at the reference site. Overall, the PCDD/F concentrations were
much lower than have been found in polluted soils from the
Maldives archipelago and from near hazardous waste and mu-
nicipal waste incinerators in China. The PCDD/F concentra-
tions in our samples were similar to concentrations that have
been found in soil from around a municipal solid waste incin-
erator near the Adriatic Sea but significantly higher than in
samples from the Tibetan Plateau that were relatively unaffect-
ed by industrial activities. These comparisons provide a useful
perspective on PCDD/F pollution in soil in the steel produc-
tion area that was studied.

Risks posed to human health

The PCDD/F concentrations in the soil samples 500-1000 m
from the nearest stack were used to assess the exposure of
children and adults living in the study area to PCDD/Fs in
soil. The results of the exposure assessment are shown in
Table 3.

Mean total exposure for local population living at 500—
1000 m from the nearest stack was estimated to be 0.40 pg/
(kg/day) for cancer PCDD/F effects and 1.1 pg/(kg/day) for
non-cancer PCDD/F effects. A child’s exposure was estimated
to be 2.9 pg/(kg/day) for non-cancer effects from PCDD/Fs in
soil and almost six times higher than an adult’s exposure,
which was estimated to be 0.52 pg/(kg/day). Children were
also found to be exposed to higher amounts of non-cancer
PCDDJF effects than adults in previous studies (Wittsiepe

Table 3 Estimated exposure (in

pg/(kg/day)) of local population Exposure pathway Carcinogenic Non-carcinogenic Soil non-carcinogenic

living at 500-1000 m from the ]

nearest stack of the industrial sites Children Adults

in Hebei Province to PCDD/Fs in

soil Soil ingestion 28x107" 7.6x 107" 25 24x107"
Dermal absorption 24 %1072 6.4 %1072 1.8x10" 3.0 x 1072
Inhalation 9.4 %107 25x% 10" 25x107" 2.5%107"
Total 4.0 % 10" 1.1 2.9 52x10"
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2013; USEPA 1996)) from
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et al. 2015). The estimated non-cancer and cancer risks posed
by exposure to PCDD/Fs are shown in Fig. 6.

As is shown in Fig. 6a, none of the individual PCDD/F
congeners exceeded the non-cancer risk safety threshold
(HQ = 1). The highest HQs were found for 2,3,4,7,8-
PeCDF, 1,2,3,7,8-PeCDD, 1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-
HxCDF, and 2,3,4,6,7,8-HxCDF. The hazard index (the sum
of'the individual HQs for different exposure pathways) did not
exceed the safety threshold of 1. 2,3,4,7,8-PeCDF, 1,2,3,7,8-
PeCDD, 1,2,3,4,7,8-HxCDF, 1,2,3,6,7,8-HxCDF, and 2,3,4,6,
7,8-HxCDF were estimated to be the predominant contribu-
tors to the total cancer risk from PCDD/Fs.

It can be seen from Fig. 6b that the cancer risk value was
not higher than 107° (the typical maximum acceptable cancer
risk for a population) for any PCDD/F congener. The cancer
risk values were all below the range between the maximum
acceptable risk threshold (10™*) and the typical maximum

5.0e-2
I Adult
4.0e-2 cnid
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Fig. 7 Estimated non-cancer risks (unitless) from exposure to PCDD/Fs
for a child and an adult living at 500—1000 m from the nearest stack of the
industrial sites in Hebei Province
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acceptable risk (107°) taking highly variable individual char-
acteristics into account (RAIS 2013; USEPA 1996). However,
the cancer risk values for the total PCDD/Fs were slightly
higher than 10~ but still in the range to be considered accept-
able (107° to 10~%), indicating that people living further away
than 1000 m were not at high risks by PCDD/Fs.

The differences between the exposure of children and
adults to PCDD/Fs were explored further by calculating the
non-cancer risks posed to a child and an adult through expo-
sure to PCDD/Fs. The results of these calculations are shown
in Fig. 7. The estimated HQ values for the 17 2,3,7,8-substitut-
ed PCDD/F congeners were much higher for a child than for
an adult, indicating that more risks are posed to children than
adults living in the study area. The hazard index for all of the
PCDD/F congeners, 0.19 for a child and 0.019 for an adult,
was far lower than the safety threshold of 1.

Conclusions

We systematically analyzed and evaluated PCDD/F concen-
trations and distributions in soil around industrial sites A, B,
C, and D. The mean total PCDD/F concentrations in the soil
samples from around sites A, B, C, and D were 68, 122, 50,
and 93 pg/g, respectively, significantly above the background
levels of PCDD/Fs not influenced by human activities, and the
TEQs were 5.44, 5.18, 1.60, and 7.58 pg I-TEQ/g, respective-
ly. 1,2,3,4,6,7,8-HpCDF, OCDF, OCDD, and 1,2,3,4,6,7,8-
HpCDD dominated the total 2,3,7,8-substituted PCDD/F con-
gener concentrations. 2,3,4,7,8-PeCDF was the major contrib-
utor to the total TEQs at all four sampling sites (contributing
22.9-34.7 %). We concluded that PCDD/Fs emitted by the
industrial plants had affected the PCDD/F concentrations in
the environments around the plants. The PCDD/F distribu-
tions in the soil indicated that the environment 500—1000 m
around each industrial plant was seriously affected by
PCDD/F emissions from the plant and had the tendency to
decrease with distance. The non-cancer risks posed by all 17
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2,3,7,8-substituted PCDD/F congeners were below the safety
threshold (i.e., the HQs were all <1), and the cancer risk values
were less than 10~®. Whereas the cancer risk for total 17 23,7,
8-substituted PCDD/Fs was slightly higher than 107° but in
the range considered to be acceptable (107° to 10°*). And the
non-cancer risks from exposure to PCDD/Fs for children were
much higher than adults living in the study area.
Disseminating the results of the study globally will allow them
to be used to improve estimates of risks posed by PCDD/Fs
around industrial sites and to allow control measures to be
implemented to protect the environment and human health.
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