
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Ju

ly
 2

01
9.

 D
ow

nl
oa

de
d 

on
 2

/2
1/

20
26

 6
:2

7:
59

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Occurrence and
aCollege of Water Sciences, Beijing Normal U

lushy2000@163.com; Tel: +86-10-84935064
bState Environmental Protection Scientic O

Dongtinghu (SEPSORSLD), National Engi

Control and Ecological Restoration, State K

and Risk Assessment, Research Centre o

Academy of Environmental Sciences, Beijing
cYuxi Normal University, Yuxi, Yunan 65310

† Electronic supplementary informa
10.1039/c9ra02450f

Cite this: RSC Adv., 2019, 9, 22609

Received 1st April 2019
Accepted 6th July 2019

DOI: 10.1039/c9ra02450f

rsc.li/rsc-advances

This journal is © The Royal Society of C
health risk assessment of volatile
organic compounds in the surface water of Poyang
Lake in March 2017†

Pan Qin, ab Fengmei Cao, b Shaoyong Lu,*ab Linlin Li,ab Xiaochun Guo,b

Bin Zhao,c Zhengfen Wanb and Bin Bib

An investigation into the occurrence of volatile organic compounds (VOCs) in the surface water of Poyang

Lake was conducted. The determination of 54 different kinds of VOCs was performed with a purge and

trap-gas chromatography-mass spectrometry method at 28 sampling points. Twenty-two types of VOCs

were detected; methylene chloride had the highest mean concentration of 708.19 ng L�1, followed by

1,2-dichloroethane and chloroform, with mean concentrations of 376.78 and 187.26 ng L�1, respectively.

The distribution of VOCs in the areas of Poyang Lake from low to high was as follows: west and south <

east and central; the highest
P

VOC concentration occurred at the sample site of Zhangsihe. The health

risks of VOCs in Poyang Lake were also determined by calculating the cancer and non-cancer risk from

the two exposure routes of ingestion and dermal adsorption. The results showed that VOCs have no

carcinogenicity risk, while only methylene chloride has a certain carcinogenic risk to the human body.
1 Introduction

Volatile organic compounds (VOCs) are among the most
common environmental pollutants, and their saturated
vapor pressures are greater than or equal to 0.01 kPa at
20 �C.1 Their boiling points are generally below 260 �C at
atmospheric pressure (101.325 kPa).2 VOCs include a wide
range of species, such as alkanes (linear alkanes and
cycloalkanes), olens, alkynes, benzene, alcohols, alde-
hydes, ethers, ketones, acids, esters, and halogenated
hydrocarbons.3 The main emission sources of VOCs come
from natural and anthropogenic activities. The former is
related to the secondary metabolic reactions of terrestrial
vegetation, and the latter is derived from incomplete
combustion during human activities, the volatility of low-
boiling-point substances and by-products of industrial
processes.4,5 However, an increasing number of studies have
indicated that VOCs have harmful effects on the environ-
ment and human health.6–9 VOCs can participate in photo-
chemical reactions, thus generating highly oxidized gases,
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such as ozone, which may disturb the balance of the
ecosystem.10,11 Gałęzowska et al. showed that VOCs
contribute to respiratory system disorders.12 In addition,
some research has noted that VOCs may lead to cancers,
malformations and mutations.13 The Chinese government is
focusing on strengthening the control of emissions of VOCs.
There have been approximately 10 national emission stan-
dards published, and approximately 20 standards are in
progress, which will form a more systematic VOC control
standard system. However, these measures mostly involve
the atmospheric environment, and VOCs in water are rarely
considered. An increasing number of investigations have
shown that VOCs exist in water and may give rise to various
risks.14,15 Accordingly, it is essential to government envi-
ronmental policymakers to understand the hazards of VOCs
in source water, in addition to the current pollution level.
However, the study of VOCs in water is still at the initial
stage, and the state of knowledge is not sufficient to identify
the criteria of greatest concern and provide complete hazard
information. These hazardous VOCs in water sources may
not only affect the aquatic ecosystem but also cause human
health risks when they are present in raw water used for
drinking water. Therefore, it is crucial to investigate the
occurrence and to develop a health risk assessment of VOCs
in lakes and rivers.

Poyang Lake, the largest freshwater lake in China, is
located in the northern part of Jiangxi Province and plays an
important role in regulating the Yangtze River water level,
conserving water sources, improving the local climate and
maintaining the ecological balance of the surrounding
RSC Adv., 2019, 9, 22609–22617 | 22609
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areas.16 VOC pollution in Poyang Lake probably poses
a substantial threat to the health of humans and ecosys-
tems.17,18 Additionally, there has been no research reported
on the occurrence and risk assessment of VOCs in Poyang
Lake. In this paper, to provide a basis and suggestions for
the treatment and management of VOCs in Poyang Lake, the
occurrence and distribution characteristics of VOCs were
analysed, and a health risk assessment was carried out at the
same time. The results will contribute to the knowledge on
potential hazards from various VOCs in Poyang Lake in
China, and these results will lead to developments in the
urgently needed management of contaminant loading and
corresponding policies.
2 Materials and methods
2.1 Water sample collection

Twenty-eight samples of surface water in Poyang Lake were
collected based on uniform sampling principles in March
2017. The sampling points are shown in Fig. 1. Northern
Dajishan is located in the northern area of Poyang Lake, and
the water ows through Xinchixiang, Laoyemiao, Pingfen
and Xieshan to the Yangtze River. The southern area is the
main body of Poyang Lake, accounting for approximately
Fig. 1 Sampling points in Poyang Lake.

22610 | RSC Adv., 2019, 9, 22609–22617
four-hs of the total area of the lake. The southernmost,
easternmost and westernmost points are Junshanhu,
Zhangsihe and Dahuchi, respectively. The Fuhe River
merges into Poyang Lake at Jinxihu. The Ganjiang River
merges into Poyang Lake at Ganjiangzhuzhi, Ganjiangz-
hongzhi and Ganjiangnanzhi. Kangshanhe, Raohe and
Zhangsihe are the locations where the Kangshan River, Rao
River and Zhangsi River join Poyang Lake. The basic
parameters of the sampling points are shown in Fig. 2. The
pH, dissolved oxygen (DO) and temperature (T) ranges of
Poyang Lake are 7.06–8.48, 9.68–13.6 mg L�1, and 10.2–
17.3 �C, respectively. The water in Poyang Lake is neutral to
weakly alkaline, with high dissolved oxygen levels and an
oxygen-rich state. However, the water temperature in Poyang
Lake varies greatly, and the highest water temperature is 7.1
degrees higher than the lowest value. The locations with the
highest water temperature are Changhu and Xiyuanxiang,
which may be related to frequent human activities near
these locations. Many ships are operated in the Xhanghu
area, and many people live on the shores of Xiyuanxiang.

The samples were collected using 40 mL glass bottles that
had screw caps with rubber-polytetrauoroethylene gaskets,
ensuring that there was no gap between the sample and the cap.
Samples were returned to the laboratory using an insulated box
This journal is © The Royal Society of Chemistry 2019
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and stored in a refrigerator free of organic reagents. Then, the
samples were xed using hydrochloric acid and analysed within
24 hours.
2.2 Reagents

A mixed standard solution consisting of 54 compounds, uo-
robenzene and 1,2-dichlorobenzene-D4 (USEPA method 524.3)
was purchased from Accustandard in the United States. The
concentration of the mixed standard solution was 2 g L�1. The
standard solution for analysis was prepared by dilution with
pesticide-grade methanol (purchased from Shanghai Standard
Reagent Company).
2.3 Instrumentation and control conditions

2.3.1 Purge and trap system. A PT9800 & Aquatek purge
and trap device (Tekmar, USA) was used, and the conditions
were set as follows: purge temperature: room temperature or
constant temperature; purge tube length: 25 cm; purge ow
rate: 40 mLmin�1; purge time: 11 min; dry blowing time: 1 min;
pre-desorption temperature: 180 �C; desorption temperature:
190 �C; desorption time: 2 min; baking temperature: 200 �C;
baking time: 6 min.

2.3.2 Gas chromatography-mass spectrometry. An Agilent
GC7890 gas chromatograph was used, and the conditions were
set as follows: injection method: split injection (split ratio of
30 : 1); inlet temperature: 220 �C; carrier gas: high-purity
helium (purity > 99.99%), ow rate: 1.0 mL min�1, constant
current mode; temperature program: starting temperature of
35 �C (hold 2 min), ramp at 5 �C min�1 to 120 �C, then ramp at
10 �C min�1 to 220 �C (hold 2 min).

An Agilent MS5975 mass spectrometer was used, and the
conditions were set as follows: ion source temperature: 230 �C;
ion source: EI source; scanning method: selective ion scanning;
ionization energy: 70 eV; scanning range: m/z 35–270 amu.
Fig. 2 Basic parameters of sampling points.

This journal is © The Royal Society of Chemistry 2019
2.4 Sample determination and quality control

Twenty mL samples were spiked with 50 mL of a 20 mg L�1

internal standard, analysed according to the instrument
control conditions described in Section 1.3, and quantied
with the internal standard method. The precision, recovery,
limit of detection (LOD), and linear range of the method
were consistent with those reported in the literature.19 Two
parallel analytical samples were collected from each water
sample, and the parallel samples were analysed every ten
samples. The relative deviation of the parallel sample
results was less than 20%. Solvent blanks and procedural
blanks showed no detectable amounts of target compounds.
The TIC spectra of GC-MS are presented in Fig S1 (in the
ESI†). The LOD and recovery for the detected contaminants
are shown in Table S1 (in the ESI†). The recovery was 82.3–
120.5%.
2.5 Health risk assessment

There are many methods and models for assessing the health
risks of pollutants in water.20–22 The health risk assessment
model recommended by the USEPA was used to evaluate the
health risks of organic pollutants in Poyang Lake. Depending on
whether the pollutants are carcinogenic, health risks are clas-
sied into carcinogenic and non-carcinogenic. However, carci-
nogenic pollutants also have non-carcinogenic hazards.
Therefore, both carcinogenic and non-carcinogenic risk
assessments are carried out for the contaminants.

Risk (cancer risk value) represents the incidence of cancer
beyond the normal level of exposure to carcinogenic contami-
nants and is divided into low-dose exposure risk and high-dose
exposure risk. The corresponding formula is as follows:

Risk ¼ CDI � SF, Risk < 0.01

Risk ¼ 1 � exp(�CDI � SF), Risk $ 0.01

where CDI (mg (kg d)�1) is the daily average exposure of the
human body and SF is the pollutant carcinogenic slope factor
(kg d mg�1).

Non-carcinogenic risk is generally measured as a reference
dose; i.e., an exposure level higher than the reference dose value
may be risky, whereas an exposure level equal to or lower than
the reference dose value is within the acceptable risk range. The
hazard value (HI) is usually used to represent the reference dose
value and is calculated as follows:

HI ¼ CDI

RfD

where RfD is the non-carcinogenic reference dose of the
contaminant (mg (kg d)�1).

The main routes of contaminant exposure to the human
body are ingestion and skin contact.

When daily exposure to the human body is through inges-
tion, CDI is calculated as follows:

CDI ¼ r�U � EF� ED

BW�AT
RSC Adv., 2019, 9, 22609–22617 | 22611
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When daily exposure to the human body is through the skin,
CDI is calculated as follows:

CDI ¼ I � Asd � EF � FE � ED/(BW � AT � f)

I ¼ 2� 10�3 � k � r�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6� s� TE=p

p

where: I is the amount of contaminant adsorbed by the skin for
each exposure event, mg cm2; Asd is the body surface area, cm

2;
EF is the human exposure frequency, d a�1; FE is the exposure
event frequency, times per d; ED is the human exposure delay, a;
BW is the average body weight, kg; AT is the average exposure
time for the human body, d; f is the intestinal adsorption ratio; k
is the skin parameter, cm h�1; r is the mass concentration of
pollutant, mg L�1; U is the daily average ingestion, L d�1; s is the
delay time, h; and TE is the exposure event time, h.

According to the literature,23 the values of the above formula
parameters are as follows: human exposure frequency (EF): 365
d a�1; exposure event frequency (FE): 0.3 times per d; carcinogenic
and non-carcinogenic exposure delay (ED): 70 a and 30 a, respec-
tively; mean body weight (BW): 60 kg; average exposure time to
carcinogens and non-carcinogens: 25 550 d and 10 950 d, respec-
tively; intestinal adsorption ratio (f): 1; skin adsorption parameter
(k): 0.001 cm h�1; daily ingestion (U): 2 L d�1; and exposure event
time (TE) and delay time: 0.4 h and 1 h, respectively.

The carcinogenic slope factor (SF) and the reference dose (RfD)
of the contaminants used in the calculation were obtained from the
USEPA database (https://www.epa.gov/sites/production/les/
201603/documents/summary_of_inputs_nal_revised_3.24.16.pdf)
and the literature;24 the specic values are listed in Table S2 (in the
ESI†).
3 Results and discussion
3.1 Occurrence

The detection results for the 28 samples are shown in Table 1.
Twenty-two VOC contaminants were detected, with a concen-
tration range from ND (not detected) to 2809.94 ng L�1. The
concentrations of VOCs detected were lower than the values in
both GB3838-2002 (“Standard of Surface Water Quality”) and
GB5749-2006 (“Standard of Living Drinking Water Sanitation”)
of China. The frequencies of detection (FODs) of the 22 kinds of
VOCs were different. Among them, methylene chloride, chlo-
roform, benzene, 1,2-dichloroethane and toluene were detected
at each point. The FODs of ethylbenzene, trans-1,2-dichloro-
ethylene and 1,2-dichloropropane were 89.3%, 82.1% and
82.1%, respectively. The lowest FODs were those of tetra-
chloroethylene and 1,2-dichlorobenzene, which were only
detected at the sampling points of Xieshan and Dahuchi. The
FODs of other pollutants ranged from 7.1% to 78.6%.

Methylene chloride had the highest mean concentration
among the 22 kinds of VOCs, which was 708.19 ng L�1, followed
by 1,2-dichloroethane and chloroform, with mean concentra-
tions of 376.78 and 187.26 ng L�1, respectively. In addition, the
highest concentration of methylene chloride was
2809.94 ng L�1, which was the largest among all VOCs.
22612 | RSC Adv., 2019, 9, 22609–22617
Methylene chloride is mainly used in lm production and
medicine in China.25 1,2-Dichloroethane is mainly used in the
production of tetrachloroethylene and vinyl chloride and is also
used as a solvent for lipids, rubber and paint; this compound is
one of the 58 priority control pollutants in the water environ-
ment in China.26 Chloroform may also be derived from chlorine
disinfection by-products from drinking water treatment
processes.27 According to the literature,28 the industrial devel-
opment plan around Poyang Lake includes the construction of
petrochemical and pharmaceutical industries, which may
increase the emissions of VOCs in Poyang Lake. Poyang Lake is
the most important water transportation hub in Jiangxi Prov-
ince. It is very likely that accidents such as leakage will occur
during the transportation of chemical products, causing VOCs
to enter Poyang Lake. Furthermore, according to the literature,29

toluene might be the most ubiquitous common VOC pollutant
in Chinese water bodies. This is consistent with the 100% FOD
of toluene in Poyang Lake. It is worth noting that although the
mean concentration of benzene was only 27.13 ng L�1, which is
well below its LC50,30 its FOD was 100%. Therefore, due to the
wide distribution of benzene, it is still necessary to consider the
health risks caused by long-term exposure.
3.2 Spatial distribution

The distribution of VOCs at each sampling point of Poyang Lake
is shown in Fig. 3a. There were 3 points at which the total
concentration was over 3000 ng L�1. These points were
Hehexiang, Baishazhou and Zhangsihe. Sheshan, Junshanhu
and Dahuchi had the lowest total concentration, less than
500 ng L�1 in all cases. The levels of VOCs in Poyang Lake were
lower in the west and south and higher in the east and centre,
and the point with the highest concentration was Zhangsihe. As
we can see, the concentration of VOCs in the eastern part of the
lake was higher than that in the west and south, which indi-
cated that the eastern rivers are the main contributors to VOCs
in Poyang Lake. However, the total concentration of VOCs in
Dajishan was lower than that at the sampling points in the
south, which showed that VOCs were volatilized or degraded in
the central part of Poyang Lake.

The VOC composition in Poyang Lake is shown in Fig. 3b.
The substances with the highest percentages among the 22
VOCs were methylene chloride, accounting for up to 44.60%,
nearly half; followed by 1,2-dichloroethane and chloroform,
accounting for 23.73% and 11.79%, respectively. A comparison
of the FODs of the VOCs shows that contaminants accounting
for a large percentage were detected at each point, demon-
strating that VOCs are widely distributed in Poyang Lake.
Methylene chloride, chloroform, benzene, 1,2-dichloroethane
and toluene are the main VOC contaminants in Poyang Lake.
Consequently, because methylene chloride has the highest
concentration and the highest content in Poyang Lake, the
Chinese government should focus on the production of pollu-
tion from the lm industry in the Poyang Lake basin.31,32 Based
on this, we mainly focused on the distribution of methylene
chloride in Poyang Lake. Fig. 2 clearly shows that methylene
chloride was mainly found in Zhangsihe (2809.94 ng L�1); this
This journal is © The Royal Society of Chemistry 2019
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Table 1 Detection results of VOCs in Poyang Lakea

Contaminants FOD, %
Minimum (ng
L�1)

Maximum (ng
L�1)

Mean (ng
L�1)

1,1-Dichloroethylene 78.6 ND 23.81 9.13
Methylene chloride 100.0 78.75 2809.94 708.19
trans-1,2-Dichloroethylene 82.1 ND 23.78 10.27
cis-1,2-Dichloroethylene 53.6 ND 11.28 3.33
Chloroform 100.0 11.84 1379.83 187.26
Benzene 100.0 7.11 96.44 27.13
1,2-Dichloroethane 100.0 51.5 807.39 376.78
Trichloroethylene 17.9 ND 7.91 6.49
1,2-Dichloropropane 82.1 ND 111.54 30.14
Bromodichloromethane 57.1 11.58 91.31 31.79
Toluene 100.0 37.51 590.23 131.99
Tetrachloroethene 3.6 5.98 5.98 5.98
Dibromochloromethane 39.3 ND 10.71 5.62
Chlorobenzene 21.4 ND 15.51 6.26
Ethylbenzene 89.3 7.17 203.37 28.02
m-Xylene 46.4 ND 191.67 59.27
p-Xylene 10.7 64.62 108.98 82.45
o-Xylene 53.6 ND 129.02 31.06
1,3,5-Trimethylbenzene 10.7 ND 44.11 15.80
1,3-Dichlorobenzene 7.1 ND 3.60 2.53
1,2-Dichlorobenzene 3.6 1.53 1.53 1.53
Naphthalene 21.4 38.87 67.02 54.30

a ND: not detected.
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value was higher than that (108.86 ng L�1) in Raohe, that
(115.27 ng L�1) in Kangshanhe, that (78.75 ng L�1) in Jun-
shanhu, and those (97.81, 88.01, and 871.07 ng L�1) in Gang-
jiang. Methylene chloride originating from Zhangsihe was
reduced in Dajishan (293.47 ng L�1) aer passing through
Baishazhou (2785.29 ng L�1) and Hehexiang (2190.25 ng L�1).
This may be because Dajishan is located at the entrance of the
southern rivers into the northern area of Poyang Lake, where
the water ow is turbulent and methylene chloride is strongly
volatilized and degraded. Aer that, methylene chloride entered
the northern part of the lake in Xinchixiang (672.37 ng L�1) and
Laoyemiao (1510.1 ng L�1) and was then reduced in Pingfen
(222.92 ng L�1). Finally, methylene chloride owed into the
Yangtze River through Xieshan (506.2 ng L�1).
3.3 Comparison

The distributions of VOCs in lakes/rivers in the literature are
shown in Table 2.19,29,33–38 Fiy kinds of VOCs were detected by
Chen in 5 rivers; 19 kinds of VOCs were detected by Han in 3
provinces; 15 kinds of VOCs were detected by Nikolaou in 10
rivers and 7 lakes in Greece; and 22 kinds of VOCs were detected
by Cao in Dongting Lake. The number of VOCs detected in
Poyang Lake was 22, which is obviously high.

Compared to other studies, the reported levels of VOCs
varied substantially. In Dongting Lake,38 the concentrations
of detected VOCs varied from 0.012 (1,1-dichloroethane) to
1.06 mg L�1 (bromodichloromethane), and the concentra-
tions of methylene chloride were 61.8–106.7 ng L�1. This
result is nearly 28 times lower than the concentration of
methylene chloride (2809.94 ng L�1) in Poyang Lake. In
This journal is © The Royal Society of Chemistry 2019
addition, methylene chloride was not detected in the rivers
associated with the Baitabao River36 and in the urban rivers
of Shandong, Jiangsu and Zhejiang provinces.37 The top 10
most frequently detected common VOCs in typical drinking
water sources from 5 major river basins in China were 1,2,4-
trichlorobenzene, toluene, m-xylene, p-xylene, o-xylene,
naphthalene, 1,2-dichloropropane, bromochloromethane,
ethylbenzene, and 1,2,3-trichlorobenzene, and for these
compounds, the FODs were above 27%.29 This is consistent
with the FODs of toluene (100%) and 1,2-dichloropropane
(82.1%) in Poyang Lake. Chloroform has been classied as
a probable human carcinogen on the basis of inadequate
evidence in humans, but there is sufficient evidence for
carcinogenicity in animals; chloroform had 100% FODs in
both Poyang Lake (11.84–1379.83 ng L�1) and Dongting Lake
(100.0–278.3 ng L�1). The concentration range of chloro-
form in Greece was ND-417 ng L�1 in rivers and ND-
174 ng L�1 in lakes,34 which was lower than that in Poyang
Lake.

The lowest concentration range of VOCs in the literature
is ND � 3.90 mg L�1, except for the highest concentrations in
Haihe River and Dongting Lake. The highest concentration
of VOCs in Poyang Lake was 2.81 mg L�1, which is lower than
the concentrations in other lakes/rivers, except Haihe River
and Dongting Lake. The concentrations of VOCs detected in
lakes were lower than those in rivers. This conclusion is
similar to the results of Kostopoulou et al.34 and Cao et al.38

The solubility of VOCs in water is affected by turbulence.
Stronger turbulence can naturally increase the amount of
VOCs dissolved in water. The turbulence in rivers is stronger
RSC Adv., 2019, 9, 22609–22617 | 22613
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Fig. 3 Distribution of VOC substances (a) at the sampling points and (b) in Poyang Lake.
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than that in lakes, resulting in lower concentrations of VOCs
in lakes than in rivers. It is inferred that the concentrations
of VOCs in the atmosphere are higher than the
22614 | RSC Adv., 2019, 9, 22609–22617
concentrations in the water. Therefore, the atmosphere may
be the source of VOCs in water. Based on this, VOC pollution
in Poyang Lake was at a low level.
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra02450f


Table 2 The distribution of VOC concentrations in lakes/rivers in the literaturea

Author Lake/river Number of VOCs detected
Concentration
range (mg L�1)

Liu Y., et al.36 Baitabao River 14 ND � 35.98
Chen X. C., et al.29 Yangtze River 50 ND � 4.03

Huaihe River ND � 22.21
Yellow River 1.94–42.78
Haihe River 0.48–2.75
Liaohe River 1.10–20.85

Nikolaou A. D., et al.35 10 rivers and 7 lakes in Greece 15 ND � 3.90
Nystrom E. A.19 Groundwater in Lake Champlain basin 6 ND � 11.8
Han F. A., et al.37 21 water sampling points in Jiangsu, Zhejiang, and Shandong provinces 19 ND � 27.79
Baehr A. L. & Zapecza O. S.33 Cranberry Lake and Lackawanna Lake 6 ND � 29.0
Kostopoulou M. N., et al.34 4 rivers and 5 lakes in the region of northern Greece 6 ND � 40.0
Fengmei Cao, et al.38 Dongting Lake 22 ND � 1.06

a ND: not detected.
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3.4 Risk

Twenty-two types of VOCs were detected in Poyang Lake, and
the health risks of ingestion and dermal intake (skin) were
both evaluated. Some of the pollutant-related risk assess-
ment parameters are not reported, of which the corre-
sponding reference dose and carcinogenic slope factor are
set to 0.

According to the risk assessment formula in Section 2.5,
the risk of VOCs in Poyang Lake was calculated. The results
are shown in Table 3. It can be concluded that the risk value
of the human body via skin exposure (dermal risk) is much
smaller than that caused by ingestion. It can be inferred that
pollutants enter the body mainly through ingestion. This is
similar to literature reports.39,40 According to the relevant
denition of non-carcinogenic risk from the USEPA, when
the risk index of a pollutant exceeds 1, the pollutant is
considered to be harmful to human health. The non-
carcinogenic risk of 10 kinds of VOCs detected ranged
from 6.29 � 10�5 to 1.11 � 10�1, which is much smaller than
1. As a result, the detected contaminants do not pose
signicant non-carcinogenic health risks to the human
body, which is consistent with the results of Chen29 and
Table 3 Carcinogenic risk and non-carcinogenic risk of volatile organic

Contaminants

Carcinogenic risk

Ingestion risk Dermal risk

1,1-Dichloroethylene
Methylene chloride 1.32 � 10�6 5.55 � 10�9

cis-1,2-Dichloroethylene
Chloroform
Benzene 7.60 � 10�7 3.19 � 10�9

Bromodichloromethane 5.76 � 10�7 2.42 � 10�9

Toluene
Dibromochloromethane 8.24 � 10�8 3.46 � 10�10

Chlorobenzene
Ethylbenzene

This journal is © The Royal Society of Chemistry 2019
Cao.38 The acceptable carcinogenic risk index recommended
by the USEPA is 1.0 � 10�6, which means that lower values
are acceptable. As we can see, the ingestion risk and total
risk index of methylene chloride are 1.32 � 10�6 and 1.33 �
10�6, both higher than the standard limit. Therefore, it is
believed that methylene chloride may cause cancer risk in
Poyang Lake. The production, discharge and treatment of
methylene chloride in Poyang Lake should receive greater
focus. In Chen's study,29 crotonaldehyde in the Yangtze
River basin, Huaihe River basin, Yellow River basin, Haihe
River basin, and Liaohe River basin posed a low carcino-
genic risk via drinking. However, some researchers have
conducted health risk assessments of VOCs emitted during
e-waste dismantling.41–44 The results showed that both
cancer and non-cancer risks exist for workers due to expo-
sure to on-site emitted VOCs at all e-waste dismantling
workshops, which is different from our ndings. This may
be because the concentration of VOCs in indoor air is much
higher than the concentration of VOCs in rivers and lakes.
Therefore, source water may pose a potential carcinogenic
risk because of the presence of methylene chloride if used
for drinking.
pollutants

Non-carcinogenic risk

Total risk Ingestion risk Dermal risk Total risk

1.28 � 10�4 5.36 � 10�7 1.28 � 10�4

1.33 � 10�6 1.10 � 10�1 4.62 � 10�4 1.11 � 10�1

8.33 � 10�5 3.50 � 10�7 8.37 � 10�5

1.75 � 10�2 7.33 � 10�5 1.76 � 10�2

7.63 � 10�7 5.06 � 10�2 2.13 � 10�4 5.09 � 10�2

5.79 � 10�7 5.65 � 10�2 2.37 � 10�4 5.68 � 10�2

1.27 � 10�2 5.33 � 10�5 1.28 � 10�2

8.27 � 10�8 1.03 � 10�4 4.32 � 10�7 1.03 � 10�4

6.26 � 10�5 2.63 � 10�7 6.29 � 10�5

1.06 � 10�4 4.45 � 10�7 1.07 � 10�4

RSC Adv., 2019, 9, 22609–22617 | 22615
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4 Conclusion

Twenty-two VOC pollutants were detected in surface waters of
Poyang Lake. Methylene chloride, 1,2-dichloroethane and
chloroform had both maximum detected concentration values
and 100% FODs. VOCs are widely distributed in Poyang Lake,
but the concentrations of detected VOCs did not exceed the
limits of national standards. The number of VOCs detected in
Poyang Lake was obviously higher than those in other lakes and
rivers. The concentrations of VOCs detected in lakes were
smaller than those in rivers. This is due to the possible transfer
of VOCs from the atmosphere to the water, and turbulence may
be the main cause of the difference. The health risks of inges-
tion and dermal exposure in Poyang Lake were both evaluated.
No contaminants have a signicant non-carcinogenic health
risk to humans, but methylene chloride may cause cancer risk
to individuals. Since methylene chloride is mainly used in the
elds of lm production and medicine in China, it is very
important to control the pollution from the lm and pharma-
ceutical industry in Poyang Lake basin. This investigation is
being continued to provide more information on VOC concen-
trations in surface waters of Poyang Lake.
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