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Abstract Three important groups of semi-volatile
organic compounds (SVOCs), polycyclic aromatic
hydrocarbons (PAHs), organic chlorinated pesticides
(OCPs) and phthalate esters (PAEs), were produced by
various human activities and entered the water body.
In this study, the pollution profiles of three species
including 16 PAHs, 20 OCPs and 15 PAEs in water
along the Beijiang River, China were investigated.
The concentrations of X;csPAHs in the dissolved and
particulate phases were obtained as 69-1.5 x 10*ngL™"
and 2.3 x 10°-8.6 x 10* ng g, respectively. The
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levels of 2,00CPs were 23-66 ng L~! (dissolved
phase) and 19-1.7 x 10° ng g~' (particulate phase).
Nevertheless, higher levels of PAEs were found both
in the dissolved and particulate phases due to abuse
use of plastic products. Furthermore, non-cancer and
cancer risks caused by these SVOCs through the
ingestion absorption and dermal absorption were also
assessed. There was no non-cancer risk existed
through two kinds of exposure of them at current
levels, whereas certain cancer risk existed through
dermal absorption of PAHs in the particulate phase in
some sampling sites. The results will show scientific
insights into the evaluation of the status of combined
pollution in river basins, and the determination of
strategies for incident control and pollutant
remediation.

Keywords Beijiang River - PAHs - OCPs - PAEs -
Risk assessments

Introduction

During the past several decades, ever increased
population growth and rapid industrialization have
imposed enormous pressure on traditional freshwater
sources (Rabodonirina et al. 2015). Various organics
ubiquitously are present in the global aquatic envi-
ronment by different discharges.
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Semi-volatile organic compounds (SVOCs) were a
class of organics mostly with high toxicity, lipophilicity
and bioaccumulation properties (Li et al. 2013). Poly-
cyclic aromatic hydrocarbons (PAHs) are a large group
of SVOCs mainly originated from the incomplete
burning of biomass, fossil fuel, organic matter and
lipophilic chemicals that are widely distributed in
various environments, including water (Rabodonirina
etal. 2015), soil (Qu et al. 2015; Ruby et al. 2016), dust
(Iwegbue and Obi 2016), air (Li et al. 2013) and even in
biota (Gauthier et al. 2015), especially in the industrial
areas (An et al. 2011). Among them, 16 PAHs were
listed as the priority pollutants by US Environmental
Protection Agency (USEPA) and European Union, and
seven of them (benzo[a]anthracene (BaA), chrysene
(Chry), benzo[b]fluoranthene (BbF), benzo[k]fluoran-
thene (BKF), benzo[a]pyrene (BaP), dibenz[a,h]an-
thracene (DiB), indeno[l, 2, 3-cd]pyrene (IncdP))
were identified carcinogens in the experimental animal
(Tavakoly Sany et al. 2014). Therefore, excessive
attentions were paid to PAHs for their impact on the
human health and the environment (Gauthier et al.
2015), owning to their bioaccumulation and toxicity
properties (Tavakoly Sany etal. 2014; Ruby et al. 2016).

OCPs are an important group of anthropogenic
environmental organic contaminants (Qiao et al. 2010).
Nine of OCPs were regarded as persistent organic
pollutants (POPs) by the Stockholm convention because
of their recalcitrant degradation, bioaccumulation and
high toxicity in nature environment (Li et al. 2016b), as
well as ubiquitously distributed in various environmental
matrices (Zhang et al. 2013b; Sun et al. 2014). Further-
more, like high lipophilicity of halogenated tetrabromo-
bisphenol A (Li et al. 2016a), residues of DDTs and
HCHs were detected even in human breast milks (Wang
et al. 2016a), presenting an harm for not only environ-
ment, but also human beings.

Phthalate esters (PAEs) are another class of impor-
tant SVOCs widely used as plasticizers (accounted for
10-60% of the total plastic) in polyvinyl chloride,
polyvinyl acetates, cellulosic and polyurethanes (Zeng
et al. 2008). As a result of excessive use of plasticizers,
they also widely occurred in different environmental
matrices (Sun et al. 2014; Net et al. 2015). Furthermore,
their toxicity and biological effect were drawn attention
of public (Feng et al. 2009). For example, some PAE:s,
including di(2-ethylhexyl) phthalate (DEHP), dibutyl
phthalate (DnBP) and their metabolites, could disturb
the tryptophan—niacin metabolism in the experimental
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rats (Fukuwatari et al. 2002). Diisobutyl phthalate
(DiBP) could impair reproductive development of male
rat (Saillenfait et al. 2008). Therefore, six PAEs,
including DnBP, diethyl phthalate (DEP), dimethyl
phthalate (DMP), butyl benzyl phthalate (BBP), DEHP
and dioctyl phthalate (DnOP), were listed as priority
pollutants by USEPA.

Beijiang River, the second largest of the three
tributaries to the Pearl River and located in the north-
central region of Guangdong Province China, is one of
the main of drinking water sources in Pearl River Delta.
However, various anthropogenic activities might con-
stitute a potential threat to the water usage of the local
and downstream people due to large amount of people
lived along with Beijiang River. For instance, different
wastewaters were frequently discharged from the
mines, factories, and urban and rural sewage systems
into the Beijiang River. Previously, the pollution profile
of the three kinds of SVOCs had been studied in
Dongjiang River, Pearl River and Xijiang River in Pearl
River Delta (Zeng et al. 2008; Zhang et al. 2013b; Liu
etal. 2014b); however, there were few studies on PAHs,
OCPs and PAEs conducted simultaneously in Beijiang
River so far, as well as their sources apportionment,
mutual correlations and integrated risk. Only one paper
about the assessment of PAHs in surface sediments in
the Beijiang River was published (Song et al. 2014). As
such, basic and systematic environmental data for
PAHs, OCPs and PAEs were urgently needed.

Given this background, the pollution level and
distribution of 16 PAHs, 20 OCPs and 15 PAEs in
Beijiang River mainly from different areas with the
cities, towns, dams, factories and e-waste dismantling
workshops were investigated. In addition, to acquire
more exact information explaining possible pollution
distributions, the composition and possible sources of
target organics were discussed in detail. Finally,
human health assessment through water consumption
(ingestion and dermal absorption) of target pollutants
was evaluated by using exposure risk mode and health
risk parameter by the USEPA.

Materials and methods

Materials

Standard solutions for the quantification analysis and
quality control experiments were achieved as our early
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published references (Li et al. 2013; Sun et al. 2014).
The detailed information was provided in supplemen-
tary information.

Study area and sampling sites

Water samples were collected from twenty sampling
sites from Sanshui City to Shaoguan City in Beijiang
River during April, 2014 as showed in Fig. S1. During
the sampling, pH, water temperature and dissolved O,
(data listed in Table S1) were also measured in situ to
understand the real status of water. Approximately 10
L water was collected using an amber glass bottle (pre-
cleaned with detergent and high purity water), and
then 0.5 g sodium azide was spiked in the water to
prevent microbial degradation. Subsequently, water
samples were carried back to laboratory as soon as
possible and stored at 4 °C refrigerator.

Sample pretreatment, analysis and quality control

Sample extraction and purifying were performed as our
previous study (Sun et al. 2014). The detailed pretreat-
ment steps were provided in supplementary information
(SI). All the samples were quantified using a 7890A gas
chromatography (GC) coupled with a 5975C mass
spectrometer detector (Agilent Technologies, USA)
equipped with a HP-5MS silica-fused capillary column
(30 m x 250 pm x 0.25 pm). The detailed analysis
procedures were also provided in the SI.

The quantification of the target compounds were
based on the ratio of target peak area and the internal
standard peak corresponding to the six-point calibra-
tion curves with R? > 0.99. Blank experiment and
spiked blank experiment were performed to determine
the values of blank and the recoveries of target
compounds. Ten samples are inserted into a blank
experiment and a spiked blank experiment. The
recoveries of the target organics were defined as the
ratio of target spiked concentration values—blank
concentration values/target spiked concentrations.
The recoveries of PAHs in the dissolved and partic-
ulate phases were 68-114% and 69-172%, respec-
tively. The recoveries of OCPs were 44—134% and
51-129% in the dissolved and particulate phases,
respectively. The recoveries of PAEs were 41-242%
and 46-245% in the dissolved and particulate phases,
respectively. All samples were spiked with known

amount of surrogate standards before the extraction,
and these values are listed in Table S2. The method
detection limit (MDL) was obtained through our
pervious study (Sun et al. 2014). The MDL of PAHs,
OCPs and PAEs was 0.03-0.14, 0.05-0.18 and
0.08-0.23 ng L™ in the dissolved phase, respectively,
and 5.3-23, 8.9-20 and 13-39 ng g~ in the particu-
late phase, respectively.

Risk exposure assessment

Health risk assessment is based on the available risk
exposure model of compounds (USEPA 1989, 2014).
Residential exposure pathways to pollutants in water
are mainly including direct ingestion though drink
water, dermal contact through bath and incidental
ingestion while swimming (Liu et al. 2014a). In this
study, first and second pathways were taken into
account for risk assessment, since there is uncertainty
amount for incidental ingestion while swimming
(Tavakoly Sany et al. 2014).

Exposure dose by direct ingestion through drink
water The exposure doses (Di, mg/kg-day) of inges-
tion were calculated using Eq. 1, which are obtained
from the USEPA (USEPA 1989).

i7CW><IR><EF><ED (1)
- BW x AT

where CW is chemical concentration in water
(mg L™ ;IR is ingestion rate (L d™"; EFis exposure
frequency (d y~'); ED is exposure duration (y); BW is
body weight (kg); AT is pathway-specific period of
exposure for non-cancer effects (i.e., ED x 365 d
y~ 1), and 70-year lifetime for carcinogenic effects was
employed (i.e., 70y x 365dy™").

Exposure dose by dermal absorption with chemistry
through bath. The exposure doses (Dd, mg/kg-day) of
dermal contact were calculated using Eq. 2 (USEPA
1989).

_ CW x SA x Kp x ET x EF x ED x CF
B BW x AT

Dd

(2)

where SA is skin surface area available for contact
(sz); ET is exposure time (h d_l); CF is volumetric
conversion factor for water (1 L per 1000 cm?); Kp is
dermal permeability coefficient of compound in water
(cm h™"), which was obtained from Eq. 3 (USEPA
2014).

@ Springer



1490

Environ Geochem Health (2017) 39:1487-1499

Log Kp = —2.8 4 0.66 Log Kow — 0.55MW

(3)
where Kow is octanol/water partition coefficient of
non-ionized species (dimensionless), which acquired
from software program ECOSAR v.1.11 (Ecological
Structure Activity Relationships). MW is molecular
weight (g mol™").

Health risk assessment The health risk (non-cancer
and cancer risks) caused by pollutants through the
direct ingestion and dermal contact was assessed,
respectively.

1. The hazard quotient (HQ) for non-cancer risk was
calculated according to Eq. 4:

HQ = D/RfD (4)

where D is obtained though the Eqgs. 1 (Di) and 2
(Dd). RfD is reference dose oral of a special
compound for non-cancer risk (mg/kg-day),
which gained from USEPA IRIS and listed in
Table S3. Simultaneously, the dermal absorbed
dose was derivation of oral RfD using Eq. 5
(USEPA 2014):

RfDABS = RfD x ABSGI (5)

where RfD4ps is the dermal absorbed dose (mg/
kg-day); ABSgr is gastrointestinal absorption
efficiencies (dimensionless).

2. Lifetime cancer risk (LCR) was also calculated by
Eq. 6 (USEPA 2014):

LCR =D x SF (6)

where SF (per mg/kg day) is the oral carcinogenic
slope factor of each compound obtained from
USEPA IRIS, Environmental Criteria and Assess-
ment Office and PPRTX (USEPA 2016), which
are listed in Table S3. The dermal carcinogenic
slope factor is deduced using Eq. 7 (USEPA
2014) through oral carcinogenic slope factor.

SFaps = SF /ABSq (7)

Additionally, related parameters for risk assess-
ment are listed in Table S4.
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Result and discussion
PAHs pollution profile

The pollution profile of PAHs in the dissolved and
particulate phases was investigated along with Beijiang
River. As shown in Fig. I, S2 and Table S5, the
concentrations of 16 PAHs in the dissolved and partic-
ulate phases of 20 sampling sites were 69—1.5 x 10% ng
L~ 'and 2.3 x 10°-8.6 x 10* ng g7, respectively. In
the dissolved phase, the most abundant PAHs present
was phenanthrene (Phe, accounted for 15-27% of total
PAHs), followed by naphthalene (Nap, 13-23%), fluo-
ranthene (Flua, 7.7-12%) and pyrene (Pyr, 6.0-8.8%);
the minor ingredients were BbF (2.1-5.8%), BKF
(1.7-4.8%), acenaphthylene (Ace, 1.8-2.6%) and ben-
zo[g h,ilperylene (BghiP, 0-4.9%). In contrast, the
distribution profile of those PAHSs in the dissolved and
particulate phases was different dramatically; that is, the
less abundance congeners in the dissolved phase were
the dominate congeners in the particulate phase. The
reason for this is mainly due to low solubility and high
partition coefficient of high-weight PAHs (Feng et al.
2007). Further analysis found that the concentrations of
> 16PAHs in the dissolved phase at S9 and S20 sampling
site were much higher than those at other sites. Higher
concentration at S9 site may be due to that a huge dam
was situated at S9 site which might stop the flow of river
and further enriched the target compounds in the water.
Higher concentration at S20 site was because lots of
industrial mining areas near there may lead to a series of
large-scale mechanical operation, heavy-duty vehicle
transport, and these industrial activities are also sources
of PAHs (Yun et al. 2016). However, similar results did
not appear in the particulate phase, and »;sPAHs
concentration at site S14 (8.6 x 10* ng g™') was the
highest, followed by sites S8, S4 and S7 (4.6 x 10%
3.7 x 10* and 3.4 x 10* ng g™, respectively), but the
lowest levels were obtained at sites S1 and S17
(2.5 x 10* and 2.3 x 10* ng g ', respectively). This
might be different sources contributing to PAHs.

The distribution of PAHs with different rings in the
dissolved and particulate phases was also analyzed. As
Fig. 2a shows, in the dissolved phase, PAHs with 2-
and 3-rings were the most abundant and their compo-
sitions reached to 22-50% and 26—42% of total PAHs,
respectively, followed by 4-rings PAHs (17-29%),
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Fig. 2 Compositions of PAHs in dissolved phase (a) and
particulate phase (b) in Beijiang River

with low specific weight of 5 (3—18%)- and 6-rings
(0-5%). In contrast, in the particulate phase (Fig. 2b),
the most abundant PAHs were 4-rings (38-50% of the
total PAHs) and 5-rings PAHs (30-45%), whereas 3
(6.3-15%)-, 6 (0—4.1%)- and 2-rings (0-16%) PAHs
were less abundant. This is because low-ring PAHs
were more water soluble and high-ring PAHs were
more likely to attach to particulate because of their
high log Kow (Sun et al. 2009).

Compared with other surveyed rivers around the
China (Table S6), in the dissolved phase, the highest
level of PAHs was found in Hun River (1.6 x 10°-

L™ (Zheng et al. 2016), Liaohe River (1.1 x 10%-
2.9 x 10° ng L™" in the dry period and 95-2.8 x 10°
ng L' in the level period) (Lv et al. 2014), Songhua
River (1.6 x 10°-2.7 x 10* ng L™") (Zhao et al.
2014), East Lake (10-5.3 x 10> ng L™") (Yun et al.
2016) and Jialing River (4.7 x 10°-9.9 x 10* ng
Lfl) (Cai et al. 2012), nearly as same as those of Taihu
Lake (38-1.8 x 10* ng L™") (Qiao et al. 2007), but
slightly higher than Xijiang River (22-1.4 x 10* ng
LY (Deng et al. 2009). Compared with other
surveyed rivers around the world (Table S6), in the
dissolved phase, the concentrations of PAHs in this
study were slightly higher than Moscow River in
Russia (Eremina et al. 2016) and Riverine waters of
Ulsan Coast in Korea (You et al. 2012), but much
lower than Ikpa River in Nigeria (Inam et al. 2016).
Furthermore, the levels of PAHs in the particulate
phase were compared in rivers around the world

@ Springer
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(Table S6) and found less PAHs pollution in the
particulate phase. The PAHs concentrations in this
study were markedly higher than those in Taihu Lake
(Qiao et al. 2007) and Xijiang River (Deng et al.
2009). The results indicated, compared with other
studies, the PAHs levels as well as pollution profiles in
the dissolved and particulate phases in this study are
different, which might be due to different contaminant
sources.

Source apportionment of target compounds is
important for further environmental remediation pre-
cisely and effectively. By calculating of the special
ratios of PAHs (Sun et al. 2014), the sources of PAHs
in the dissolved and particulate phases were probed
(Figs. S3 and S4). The ratios of Ant/(Ant + Phe) and
Flua/(Flua + Pry) were 0.08-0.16 and 0.54-0.60 in
the dissolved phase, as well as 0-0.31 and 0.45-0.88 in
the particulate phase, respectively. These indicated the
combustions of biomass and coal as the major sources
for PAHs in the dissolved phase, while the petroleum
and the combustions of biomass and coal were the
main sources for PAHs in the particulate phase (Sun
et al. 2014). Furthermore, the calculated ratios of
IncdP/(IncdP + Bghip) and BaA/(BaA + Chr) ran-
ged from O to 1.0 and from 0.34 to 0.48 in the dissolved
phase; 0.67—1.0 and 0.32-0.62 in the particulate phase,
respectively. These illustrated the combustions of
petroleum products, biomass and coal were the main
sources for PAHs in the dissolved phase (Liu et al.
2014b); besides, the combustions of biomass and coal
were the main PAHs sources, a small part was
originated from mixed of sources of petroleum and
combustion in the particulate phase (Sun et al. 2014).

OCPs pollution profile

The concentrations of Y »0OCPs in the dissolved
phase were not as variable as in the particulate phase at
different sampling sites (Figs. I and S2). In the
dissolved phase, the > ,,OCPs concentrations ranged
from 23 to 66 ng L', and above 50 ng L™' were
obtained at sites S9 and S6, which were much higher
than those at other sites, followed by sites S16, S2 and
S20 with concentrations of 44, 43 and 42 ng L_l,
respectively. Low levels of OCPs were detected at
sites S10, S13 and S15. High levels of OCPs present in
those regions were mainly due to that they are located
in cities, upstream of dam, confluence of rivers and
industrial area, where OCPs could be transported into
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aquatic environment through runoff from nonpoint
sources, atmospheric deposition, industrial discharge
and other means (Feng et al. 2011). As shown in
Table S7, among these OCPs, the detectable rates of
most individual OCPs were up to 100%, except o-
HCH (45%), a-chlordane (95%), aldrin (70%), endrin
(0%), B-chlordane (0%) and heptachlor epoxide (0%).
p.p-DDD and endosulfan sulfate were most fre-
quently detected with a high concentrations ranging
from 8.9 x 107" to 17 ng L™" and from 3.0 to 11 ng
L', respectively. Both of them were the most
dominant OCPs in the dissolved phase occupied
3.3-32% and 8.1-34% of total OCPs, respectively.
Endosulfan was used during 1994-2004 as technical
or formulated products in Guangdong Province (Sun
et al. 2014), while endosulfan sulfate is the main
component in the environment derived from photol-
ysis and biodegradation of endosulfan (Wang et al.
2016b). Besides, 8-HCH (1.9-6.4 ng L_l) and o-
endosulfan (4.0 x 107'=14 ng L™") were also fre-
quently present, accounting for 6.6-23% and
1.5-21%, respectively. However, some OCPs includ-
ing heptachlor epoxide, f-chlordane and endrin are not
present in all the samples investigated. The results
showed that OCPs were frequently detected in
Beijiang River, indicating somewhat polluted, owning
to continual use for agricultural, domestic or industrial
origin (Geyikg¢i and Biiyiikgiingor 2011).

Compared with in the dissolved phase, the OCPs
concentrations were more fluctuant at different sam-
pling sites in the particulate phase. The concentrations
of 3",0OCPs ranged from 19to 1.7 x 10’ ng g~ with
the highest level at site S19, and the sites S18, S9 and
S11 were also heavily polluted with > ,,0OCPs
concentrations of 1.4 x 103, 1.3 x 10> and
1.4 x 10° ng g7, respectively, which were almost 6
to 100 times higher than those at sites S17 (19 ng g™ "),
S16 (1.7 x 10> ng g~ "), SI (1.8 x 10* ng g~") and
S4 (1.8 x 10°ng g™ "). The huge gap among sampling
sites indicated that anthropogenic activities might
bring different amount of OCPs to different areas.
Additionally, o-endosulfan (4.2-2.3 x 10* ng g ',
accounting for 7.8-37% of the total OCPs) and aldrin
(2.8-77ng g~ ', accounting for 1.3-15%) were
detectable at all sampling sites. The probable reason
is that endosulfan is still in use globally, and technical
endosulfan contains 70% o-endosulfan (Wang et al.
2016b), while aldrin is used as alternative to DDT and
widely used during 1950s to 1970s (Zhang et al.
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2012a). Although y-HCH (detectable rate, 90%) was
not present at all sites, the highest concentration was
detected for y-HCH (from not detected (nd) to
5.6 x 10* ng g~ ', accounting for 0-35% of > 5.
OCPs). Similarly to their homologues, 6-HCH (nd-
2.6 x 10> ng g~ "), B-HCH (nd-2.6 x 10> ng g™ "
and o-HCH (nd-1.1 x 10* ng g~') were also the
predominant compounds in the particulate phase,
accounting for 0-20%, 0-20% and 0-12% of > .
OCPs, respectively. In contrast, both low levels and
detectable rates were found for p’p-DDE, y-chlordane
and heptachlor epoxide. This is due to that p'p-DDE is
metabolic product of DDTs under aerobic conditions
and only account for 5% of technical DDTs (Yang
et al. 2014). Besides, chlordane production began in
1948 and was utilized globally over the next 50 years.
And, technical chlordane involves a-chlordane (11%),
v-chlordane (13%) and heptachlor (5%) (Bidleman
et al. 2002), and y-chlordane is easier to be degraded
than a-chlordane, which is potential reason for low
levels y-chlordane (Nomeir and Hajjar 1987). The
reason for low levels and detectable rate of heptachlor
epoxide is due to that it is a metabolite of heptachlor
(Alam et al. 2014). Similar to the dissolved phase,
endrin was also not present in all samples. Neverthe-
less, o-chlordane and endosulfan sulfate were not
present in the particulate phase.

The compositions of OCPs in the dissolved and
particulate phases were also investigated. Twenty of
OCPs was divided into six groups including HCHs,
DDTs, chlordane, heptachlor, endosulfan and others
as grouped in Table S7. As shown in Fig. S5, in the
dissolved phase, the most abundant groups were
HCHs, DDTs and endosulfan, which accounted for
13-39%, 12-36% and 14-49% of the total OCPs,
respectively, followed by ‘others’ (12-25%). Hep-
tachlor and chlordane were the minor groups with
proportion of 2.8-7.2% and 0-9.5%, respectively.
Comparatively, in the particulate phase, HCHs and
endosulfan were still the main groups with proportion
of 0-70% and 7.8-37%, respectively, at most sam-
pling sites. The difference is that the proportion of
endosulfan was nearly same in both phases, but the
proportions of HCHs in the particulate phase were
much higher than those in the dissolved phase. The
proportion of the ‘others’ group was also high
(5.5-45%) in the particulate phase, which was almost
the same as those in the dissolved phase, whereas
DDTs accounted for 0-60% of total OCPs in the

particulate phase, which was onefold lower than those
in the dissolved phase (mean value). Similar to the
dissolved phase, the proportions of heptachlor and
chlordane were very low in the particulate phase at
most sites except heptachlor at S16 in the particulate
phase. The result is consistent with our previous study
(Sun et al. 2014).

To further understand the status of OCPs in the
Beijiang River, the OCPs levels in this study were
compared with other studies around the world. As
shown in Table S8, in the dissolved phase, the highest
levels of X,30CPs were found in Karun River in Iran
(22-89 ng Lfl) (Behfar et al. 2013) and Nanshan
underground River in China (61-9.4 x 10> ng L")
(Alam et al 2014). The £,,0CPs was 19-1.1 x 10> ng
L~" in Poyang Lake (Zhi et al. 2015), which was
slightly higher than those in the current study. The
pollution levels of OCPs in Yangchaihu Lake, East
Lake, Riverine runoff of the Pearl River Delta,
Hangzhou Bay and Huaihe River in China (Guan
et al. 2009; Feng et al. 2011; Yang et al. 2014; Li et al.
2016b) were comparable to the present study. As
compared with the rivers outside of China, the OCPs
levels in Chenab River in Pakistan and Sarno River in
Italy (Mahmood et al. 2014; Montuori et al. 2014)
were lower than those in the current study. As for
OCPs in the particulate phase (Table S8), owning to
the concentration unit or the number of congeners is
different, further comparison in levels of OCPs in the
particulate will not be performed with this study.
Nevertheless, the HCHs and DDTs levels with others
studies were compared. As shown in Table S8, HCHs
and DDTs in the dissolved phase in this study are in
middle level, but present relatively high contaminated
levels in the particulate phase.

Furthermore, the ratios of a-HCH/y-HCH were also
used to infer the possible sources of HCHs in the river
basin (Sun et al. 2014). As shown in Fig. 3, in the
dissolved phase, the ratios were in the range of 0-3.0,
implying that HCHs mainly originated from lindane
and the mixed of lindane and technical HCHs (Sun
et al. 2014). In the particulate phase, the ratios were
obtained as 0—4.8, indicating lindane was the major
source for HCHs (Yang et al. 2014). Similarly, the
ratio of (DDD + DDE)/DDTs is used to determine the
possible sources of p'p-DDTs (Mahmood et al. 2014).
As shown in Fig. S6, the (DDD + DDE)/DDTs ratios
in the dissolved and particulate phases were 0.29-0.88
and 0.22-1.0, respectively, indicating that historical
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Fig. 3 Sources determining of HCHs in dissolved phase (a) and
particulate phase (b) in Beijiang River

residue of p'p-DDT was the main source of DDTs in
the dissolved phase, while there was a new input of
p'p-DDT in the particulate phase (Wang et al. 2013).

PAE:s pollution profile

Fifteen PAEs in the dissolved and particulate phases
were also determined. As shown in Figs. 1 and S2,
the concentrations of Y ;sPAEs ranged from
49 x 10°-2.0 x 10* ng L' to 3.0 x 10>
2.2 x 10* ng g7! in the dissolved and particulate
phases, respectively. In the dissolved phase, the
highest > ;sPAEs concentration was observed at site
S2, followed by at sites S8, S20, S1 and S6, with all
concentrations over 1.4 x 10% ng Lfl, whereas the
lowest > sPAEs concentrations were at sites S10
and S11, less than 5 x 10° ng L™". It is obviously
observed that highly contaminated sites were mainly
located near the cities, industrial regions and
confluence of rivers, which were probable sources
for PAEs. In the particulate phase, the highest
concentrations of Y ;sPAEs were found at sites S8
and S9, upstream of dam, both reaching to
2.1 x 10* ng g~". The next high level of 3 sPAEs
is present at sites S7, S19, S18, S15 and S11, where
are near the e-waste dismantling and mining area.

@ Springer

Therefore, the PAEs concentrations in residual sites
(except for above 7 sites) were almost in the same
order of magnitude.

As for the distribution of individual PAEs
(Table S9), in the dissolved phase, the most dominant
PAEs were DiBP and DnBP, accounting for 42-70%
and 24-55% of the total PAEs, respectively. Followed
by DMP and DEP, which present a proportion of
0.52-6.5% and 1.0-5.2%, respectively, consequently,
those high levels of low-molecular-weight PAEs are
ubiquitously found, mainly due to widely applied to
cosmetics and personal care products (Zheng et al.
2014). DEHP is also a very prevalent organics for
plasticizer, but the proportion of DEHP was very low,
only accounting for 0.02-2.5% of total PAEs in the
dissolved phase. Except for above-mentioned five
main PAEs, the concentrations of other PAEs were
considerably low, less than 0.5% of the total PAEs.
Compared with those in the dissolved phase, the
pollution profiles of individual PAEs in the particulate
phase were slightly different. DnBP was the most
predominant PAEs with substantially high levels
(2.3 x 10°-1.8 x 10* ng g") and proportion (ac-
counting for 60-87% of the total PAEs). Besides, the
relative high levels of DEHP were found (1.9 x 10*-
3.5 x 10*ng g™', accounting for 6.3-24% of the total
PAESs). Nevertheless, unlike in the dissolved phase,
the proportion of DiBP in the particulate phase was
obviously lower than that in the dissolved phase, that
is, probable due to DiBP with short chains with more
water soluble, always consistent with previous study
(Sun et al. 2014; Zheng et al. 2014).

The compositions of PAEs in the dissolved and
particulate phases were also investigated. Fifteen
PAEs were divided into six groups, including DMP,
DEP, DiBP, DnBP, DEHP and ‘others’ (Table S9). As
shown in Fig. 4, DiBP (accounting for 42—70% of the
total PAEs) and DnBP (24-55%) were the most
predominant PAEs groups, whereas other four groups
only made up 2.1-13% of total PAEs in the dissolved
phase. In contrast, DnBP (60-87%) was the only
predominate PAEs groups in the particulate phase,
followed by DEHP (6.3-24%) and ‘other’
(0.11-17%), with least groups of DMP (0-1.1%) and
DEP (0.01-0.14%). Results indicated that PAEs with
shorter side chain, such as DnBP and DiBP, were more
water soluble, while more lipophilic longer side chain
PAEs were more inclined to assemble to the partic-
ulate (Sun et al. 2014).
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Fig. 4 Compositions of PAEs in the dissolved phase (a) and
particulate phase (b) in Beijiang River

Furthermore, six priority PAEs, including DnBP,
DEP, DMP, BBP, DEHP and DnOP, were taken out
for comparison with other studies around the world
(Table S10). In this study, total concentrations of them
in the dissolved and particulate phases were obtained
as 2.1 x 10°-1.1 x 10* ng L™" and 2.6 x 10°-
2.1 x 10* ng g, respectively, accounting for
30-57% and 85-98% of total PAEs. Compared with
other studies, considerably higher X,PAEs levels were
detected in Hun River (Li et al. 2015), Yellow River
(Sha et al. 2007) and Yangtze River (Du et al. 2013)
than those in the current study, while the X4 PAEs
levels in Yangtze River (Zhang et al. 2012b) and lakes
of Beijing (Zheng et al. 2014) were slightly lower than
this study. Even though PAEs pollution was heavy in
China, PAEs concentrations in foreign showed
exceedingly low values, such as Moscow River in
Russia, Selangor River in Malaysia and Kaveri River
in India according to the reports (Santhi and Mustafa
2013; Selvaraj et al. 2015; Eremina et al. 2016). As for
PAE:s in the particulate phase, related literatures were
quite limited. Only two papers reported that PAEs
concentrations in lakes of Beijing (Zheng et al. 2014)
and Yellow River (Sha et al. 2007), were higher than
those in the current study.

Correlation of PAHs, OCPs and PAEs

As shown in Figs. 1 and S2, the concentrations of
PAEs were highest in the dissolved phase. The
probable reason is that PAEs is widely applied to
construction material, clothing, furnishings, polyvinyl
chloride plastic, varnishes and personal care products

(Zheng et al. 2014). Followed by PAHs, they are also
abundant, due to their widely sources and not easily
degraded in the environment. Although banned use of
OCPs, it could be detected with relatively low levels.
Simultaneously, Pearson’s correlation coefficients
with three contaminants were analyzed to measure
the relative closeness of the two variables. As showed
in Table S11, the concentrations of PAHs were
positively correlative with OCPs in the dissolved
phase, while PAEs was not relative to PAHs and
OCPs. However, in the particulate phase, the highest
levels were loaded in PAHs, which are slightly higher
than PAEs levels, far exceeded the OCPs levels.
Further analysis found that high level of PAHs is
mainly originated from vehicular emissions, a mix of
oil and coal emissions, and coal combustion (So-
fowote et al. 2008), owning to larger proportion of
high-ring PAHs than low-ring PAHs. However, high
levels of PAHs were not relative to OCPs and PAEs,
while OCPs showed a positive correlation with PAEs.
The probable reason is that as mentioned above, high
levels in the particulate phase mainly originated from
vehicular emissions which is not related to OCPs and
PAEs.

Human health risk assessment

Non-cancer and cancer risks of three groups of SVOCs
in the dissolved and particulate phases were calcu-
lated. As shown in Fig. 5a, the HQ values for non-

cancer risk of PAHs through two pathways in both
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(a) 0.004
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Fig. 5 Non-cancer (a) and lifetime cancer risks (b) of PAHs,
OCPs and PAEs in the dissolved and particulate phases
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phases were almost at the same level around 107>,
which was far lower than 1, indicating completely no
non-cancer risk (Liu et al. 2014a; Sun et al. 2014)
posed by PAHs through two pathways in Beijiang
River. Although the HQ values of OCPs were slightly
higher than those of PAHs, with 3.5 x 1074
1.4 x 107 (dissolved phase) and 3.4 x 10—
7.4 x 10~ (particulate phase) through the ingestion
absorption, as well as 4.0 x 1074214 x 1073 (dis-
solved phase) and 7.1 x 107°-8.6 x 10~* (particu-
late phase) through the dermal absorption, they still
posing no non-cancer risk. It is interesting that high
levels of PAEs posed low HQ values (the ingestion
absorption: 8.6 x 107%-3.9 x 10~ and 6.5 x 10 °-
4.6 x 1077 in the dissolved and particulate phases; the
dermal absorption: 3.0 x 107*-7.0 x 10~ and
4.4 x 107°-4.6 x 10~* in the dissolved and particu-
late phases, respectively). This may be due to that
PAEs has higher RfD values.

As for the cancer risk, as shown in Fig. 5b, the LCR
values of PAHs through the ingestion absorption in the
dissolved and particulate phases were 4.4 x 107 '—
33 x 107° and 9.1 x 1077—4.8 x 107>, respec-
tively, which is lower than the cancer risk through
the dermal absorption with the values of 1.8 x 107°-
1.9 x 107 and 5.2 x 107°-2.8 x 107" in the dis-
solved and particulate phases, respectively. According
to the reference (Bandowe and Nkansah 2016), there is
also negligible or acceptable cancer risk posed by
PAHs, except for through the dermal absorption in the
particulate phase at sites S14 and S20 (LCR values
exceeded 10™%), which are adjacent to intensively
industrial regions. The cancer risk posed by OCPs was
negligible, because their LCR values were all below
107¢ except site S9 (1.1 x 107°) through the direct
ingestion. Though high levels of PAEs were detected
in both phases, the LCR values were also much lower
than those of PAHs and OCPs, indicating there is
negligible or acceptable risk posed by PAEs. In
addition, the HQ and LCR of the individual compound
at each sampling site are provided in Figs. S7-S18.
Generally speaking, the high risks were mainly located
at S20 and S9 in the dissolved phase, and S20 and S14
in the particulate phase, which is consistent with the
concentrations mentioned above. As same as the
PAHs, S20 and S9 were still the high risk of OCPs in
the particulate phase, while only S9 is highest in the
dissolved phase. For PAEs in the dissolved phase, high

@ Springer

risks were present at S6, S7, S8, S9 and S10, except for
HQ through the ingestion absorption at sites of S2, S8
and S20, while in the particulate phase, the risks at S2,
S9 and S20 were obviously higher than the other sites.
It is inconsistent with the concentrations present
above, mainly due to DEHP which is dominated
contributor of total risk.

Conclusions

Total of 41 SVOC:s, including 16 PAHs, 20 OCPs and
15 PAEs, were determined both in the dissolved and
particulate phases along with Beijiang River. Low
concentrations of PAHs and OCPs were found in the
dissolved phase, while higher levels of PAEs in the
dissolved phase were obtained due to strong contri-
bution of DiBP and DnBP. Similarly, high levels of
PAEs were also found in the particulate phase, with
the dominated compounds of DnBP and DEHP. These
indicated the use of plastics led to a tremendous
pollution of PAEs in water system. Composition
analyses found that PAHs with 2- and 3-rings (more
water soluble) were mainly present in the dissolved
phase, while PAHs with high rings like 4- and 5-rings
were in more proportion in the particulate phase. For
OCPs, endosulfan and HCHs were the main compo-
nents both in the dissolved and particulate phases,
while DDTs were only abundant in the dissolved
phase. Source apportionment indicated that the com-
busted biomass and coal, as well as petroleum, were
the main sources for PAHs in both phases. Lindane
was the main source for HCHs in both phases, while
DDTs were mainly originated from history residual of
p'p-DDT in dissolved phase, and new input of p’p-
DDT was main sources in the particulate phase.
Furthermore, human health risk assessment found that
little or no potential cancer and non-cancer risks are
posed by three groups of contaminants through the
ingestion or the dermal absorption. These results
indicated that although the water in Beijiang River was
slightly polluted by various human activities, the
cancer and non-cancer risks are very low via daily
water consumption. However, the combined effects of
all the pollutants were not taken into consideration in
this study. As such, the hazard risk caused by all the
pollutants should not be overlooked and will be
seriously considered later.
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