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ABSTRACT: Food consumption has been identiﬁed as a major pathway for human exposure to short-chain chlorinated paraﬃns
(SCCPs) and medium-chain chlorinated paraﬃns (MCCPs), but evaluations of SCCP and MCCP intake from major dietary sources
are limited. We used the sixth Chinese Total Diet Study to perform a comprehensive investigation of SCCPs and MCCPs in cereals,
vegetables, potatoes, legumes, eggs, milk, meats, and aquatic foods from nine southern provinces. The geographical distribution of
CP concentrations showed higher levels in Jiangsu, Hubei, and Zhejiang provinces. The CP concentrations in most animal-origin
foods were higher than those in foods of plant origin. The total estimated daily intakes (EDIs) of SCCPs and MCCPs, with average
values of 7.0 × 102 and 4.7 × 102 ng kg−1 day−1, respectively, were mostly contributed by cereals, vegetables, and meats. Risk
assessment indicated the EDIs of CPs posed no signiﬁcant risk to residents in South China.
KEYWORDS: short-chain chlorinated paraﬃn, medium-chain chlorinated paraﬃn, total diet study, dietary intake, South China
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INTRODUCTION
Chlorinated paraﬃns (CPs), which have the general formula
CnH2n+2−zClz, are synthetic n-alkanes containing diﬀerent
numbers of chlorine atoms. They can be grouped according
to the number of carbon atoms into short-chain CPs (SCCPs,
C10−13), medium-chain CPs (MCCPs, C14−17), and long-chain
CPs (LCCPs, C18−30). CPs are an industrial product applied in
metalworking lubricants, paints, adhesives, sealants, leather
treatment chemicals, ﬂame retardants, and polymeric materials,
and they are emerging organic pollutants of great concern.1
The International Agency for Research on Cancer classiﬁed
some SCCPs (average C12 and 60% chlorination) as group 2B
potential human carcinogens in 1990.2 The European Union
added SCCPs to the list of endocrine-disrupting compounds in
2015.3 Due to their bioaccumulation and long-distance
transport potentials and toxicity toward aquatic animals and
mammals, SCCPs have been added as persistent organic
pollutants (POPs) to Annex A of the Stockholm Convention.4
Compared with SCCPs, MCCPs have received less attention,
but because SCCP production is prohibited in Europe and
America, the production of MCCPs has increased, which has
led to increases in MCCP concentrations in the environment.5,6 There are some similarities in the chemical structures
of MCCPs and SCCPs,7,8 and some scientists consider that
they share similar toxicity characteristics.1 Therefore, knowledge on both SCCPs and MCCPs, and especially on human
exposure to SCCPs and MCCPs, should be strengthened.
Food intake is considered a major pathway for the exposure
of humans to SCCPs and MCCPs.9,10 The occurrences of CPs
in food have been documented, and preliminary estimations of
the dietary intakes of CPs have been conducted. Some
© 2020 American Chemical Society

researchers have reported CP contamination in certain
categories of food; for example, butter from Denmark and
Ireland,11 cooking oil and related products from Chinese and
Japanese cities,12 fresh products from supermarkets in Jinan,
China,13 and seafood collected from German food markets.14−16 Some researchers have used duplicate diet samples
to study the dietary exposure of humans to CPs. The
concentrations of SCCPs and MCCPs in duplicate diet
samples collected from Beijing in 2016 ranged from 24.4 to
546 ng g−1 and from 17.3 to 384 ng g−1, respectively.17 Harada
et al.18 compared the levels of SCCPs in duplicate diet samples
collected from Beijing, China, Seoul, South Korea, and some
Japanese cities in the 1990s and 2000s and found that only the
SCCP concentrations in the samples from Beijing increased
signiﬁcantly from 1993 to 2009. Although some eﬀorts have
been made to investigate the dietary exposure of human to
CPs, studies involving large populations and the main food
categories in residents’ diets are limited, probably because of
sample collection diﬃculties.
A total diet study (TDS), also called a market basket study,
is an internationally recognized method for evaluation of
human exposure to hazardous chemicals.19 There are two
obvious advantages of a TDS: (1) the composite samples used
in a TDS are aggregates of many subsamples collected on a
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household was asked to participate in a 24-h dietary recall over 3 days,
with food consumption data obtained by weighing and recording. In
each province, the average food consumption for each food category
was calculated to determine the pattern of food consumption for a
“standard” Chinese man (18−45 years old, 63 kg body weight, and
employed in light physical work). According to the pattern of food
consumption, dietary samples were collected from local food markets,
grocery stores, or rural households at each sampling site. Food items
from the same province and category were cooked according to local
practices and recipes and then pooled into one composite sample.
The samples were homogenized and stored at −20 °C until required
for analysis. Every composite sample was made up of 90 subsamples
from each province. This meant that the 70 composite samples for the
eight food categories and nine provinces in the present study were
made up of 6300 subsamples. The pollutant concentrations in the
mixed samples were adequate to evaluate the human external
exposure levels.24 Therefore, composite samples were suitable for
use in the present study.
Sample Preparation and Analysis. Before analysis, all samples
were homogenized, freeze-dried, and then pulverized before
extraction. About 10 g of each cereal, potato, vegetable, and legume
sample and about 5 g of each egg, milk, meat, and aquatic food sample
were spiked with 2.5 ng of 13C10-trans-chlordane and then extracted
with a 1:1 mixture of dichloromethane and n-hexane by accelerated
solvent extraction (ASE 350, Dionex, Sunnyvale, CA). The extracts
were concentrated and puriﬁed by elution through a gel permeation
chromatography column and a multilayer silica gel column in
sequence as described previously but with some modiﬁcations.25
Extracts from vegetable, egg, meat, and aquatic food samples that
contained more pigments and lipids than other samples were puriﬁed
using a multilayer silica gel column that was packed with more acidic
silica gel (6 g) than for the other samples (4 g). After puriﬁcation, the
extracts were concentrated under a gentle stream of high-purity
nitrogen and spiked with 2.5 ng of ε-HCH. The SCCP and MCCP
concentrations in the samples were analyzed by a two-dimensional gas
chromatograph coupled with an electron-capture negative-ionization
mass spectrometer (Agilent Technologies, Santa Clara, CA) equipped
with a ZX2004 loop cryogenic modulator (Zoex Corporation,
Houston, TX) and set up as described previously.26 A total of 24
SCCP (C10−13Cl5−10) and 24 MCCP (C14−17Cl5−10) congener groups
were determined. The quantiﬁcation and qualiﬁcation ions selected
were [M−Cl]− and the isotope ion of [M−Cl]−, respectively. SCCP
and MCCP quantiﬁcation was performed using the method
established by Reth et al.27 The data were processed by GC Image
R2.1 software (GC Image, Lincoln, NE).
Quality Assurance and Quality Control. Strict quality
assurance and control procedures were conducted throughout the
analytical process. To assess the SCCP and MCCP contamination, a
procedural blank was analyzed along with each batch of six samples.
The blanks were prepared following the steps used for the food
samples except in the extraction step, in which clean diatomaceous
earth was used instead of sample. As a result, most SCCP and MCCP
congener groups were not detected in any of the blanks with the
exception of C10Cl5−7 and C11Cl5−6 CPs, which were detected at
concentrations less than 10% of the lowest level found in the samples.
One sample selected randomly from each food category was analyzed
in triplicate to test the reproducibility. The relative standard
deviations of the concentrations were less than 10%. The method
detection limit of SCCPs, deﬁned as the average concentration of
detected SCCPs in the blanks plus three times the relative standard
deviation, was 3.2 ng g−1. To determine the method detection limit
for the MCCPs, a blank sample was spiked with MCCPs at a
concentration of 6 ng g−1. After seven parallel tests were performed on
the blank sample, the method detection limit for MCCPs was
calculated according to the relative standard deviation, which was 2.0
ng g−1. The recoveries of 13C10-trans-chlordane in all samples were in
the range of 88%−120%.

large scale, which is a cost-eﬀective and suitable method for the
complex analysis of chemicals; and (2) the chemicals analyzed
in a TDS are in a consumable form because they are extracted
from cooked food.20 For analytically complex compounds such
as CPs, a TDS is an eﬃcient tool to monitor human dietary
exposure nationwide. Iino et al.21 found that fat samples from
the ﬁrst Japanese market basket study had the highest SCCP
concentrations, followed by shellﬁsh and ﬁsh samples. In
conjunction with the ﬁfth Chinese TDS carried out in 2011,
Wang et al.30,31 and Huang et al.24 found that SCCPs and
MCCPs were prevalent in cereal, legume, meat, and aquatic
food samples collected in 18−20 provinces in China. China is a
large producer of CPs globally, which may cause signiﬁcant
accumulation of CPs in food. Although CP data have been
reported for cereals, legumes, meats, and aquatic foods, there is
a knowledge gap for CPs in other foods from the TDSs that are
the main components of the Chinese diet, such as vegetables,
potatoes, eggs, and milk.
In 2017−2018, the China National Center for Food Safety
Risk Assessment (CSFA) launched the sixth TDS, which used
the general population nationwide. The TDS simultaneously
conducted large-scale food sample collection and food
consumption surveys. For this study, we analyzed the SCCPs
and MCCPs in samples of food items from the eight main
categories in the Chinese diet (cereals, legumes, meats, aquatic
foods, vegetables, potatoes, eggs, and milk) and from nine
southern provinces (Shanghai, Fujian, Jiangxi, Jiangsu,
Zhejiang, Hubei, Guangxi, Hunan, and Guizhou). These
provinces cover regions with intensive industrial activity and
dense populations, and combined they contribute more than
70% of the annual SCCP emissions in China, so there is an
urgent need for estimates of human dietary exposure to CPs in
South China.22 In the present study, we aimed to (1) obtain
data on the concentrations of SCCPs and MCCPs in the sixth
TDS samples, (2) compare the CP levels in samples from
diﬀerent food categories and from diﬀerent provinces to obtain
geographical and interspeciﬁc proﬁles of CP contamination in
food, and (3) estimate the dietary intakes of SCCPs and
MCCPs for populations in South China and make a
preliminary assessment of the human health risk.

■

Article

MATERIALS AND METHODS

Chemicals and Materials. Standard solutions of CPs, including
three SCCP mixtures with chlorine mass fractions of 51.5%, 55.5%,
and 63.0% and three MCCP mixtures with chlorine mass fractions of
42.0%, 52.0%, and 57.0%, were purchased from Dr. Ehrenstorfer
(Augsburg, Germany). A surrogate standard, 13C10-trans-chlordane,
and an internal standard, ε-HCH, were obtained from Cambridge
Isotope Laboratories (Tewksbury, MA) and Dr. Ehrenstorfer
(Augsburg, Germany), respectively. The main solvents used in this
study, dichloromethane and n-hexane, were of HPLC grade.
Food Consumption Survey and Sample Collection. The
composite samples in the present study were sourced from the sixth
Chinese TDS and provided by the CSFA. The food samples analyzed
belonged to the following eight main categories of the Chinese diet:
cereals, vegetables, potatoes, legumes, eggs, milk, meats, and aquatic
foods. The samples were collected from the following nine provinces
in South China: Shanghai, Fujian, Jiangxi, Jiangsu, Zhejiang, Hubei,
Guangxi, Hunan, and Guizhou. Two legume samples from Jiangxi and
Hunan inadvertently went missing during storage, so the total number
of composite samples obtained from the CSFA was 70. Daily food
consumption surveys and dietary sample collection were conducted
according to standard procedures for the TDS.23 Three sampling sites
in every province, including one urban site and two rural sites, with 30
households at every site, were randomly selected. Each individual in a
9044
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Table 1. SCCP and MCCP Concentrations (ng g−1, Wet Weight) in Samples from Eight Food Categories from Nine Provinces
in South Chinaa,b
cereals

vegetables

potatoes

legumes

eggs

milk

meats

aquatic foods

21
26
5.2
9.3
23
11
9.1
38
13
17

13
21
12
1.1 × 102
55
42
24
19
34
37

17
35
14
17
27
17
19
23
28
22

16
75
−
44
76
83
69
−
93
65

28
69
53
65
70
61
74
81
80
64

13
34
46
22
43
64
30
39
47
38

39
81
32
1.2 × 102
98
80
45
80
50
69

40
75
42
56
71
87
47
36
45
55

6.3
20
n.d.
21
13
10
11
21
13
14

12
18
10
66
16
27
19
20
20
23

10
6.4
4.1
11
7.6
10
6.0
6.4
7.6
7.7

4.7
33
−
12
16
36
34
−
35
24

23
48
53
87
23
51
40
30
62
46

5.4
13
15
5.5
17
23
7.4
13
11
12

13
53
37
1.0 × 102
57
95
71
67
71
63

12
47
36
17
30
72
31
26
53
36

SCCPs
Shanghai
Fujian
Jiangxi
Jiangsu
Zhejiang
Hubei
Guangxi
Hunan
Guizhou
mean
MCCPs
Shanghai
Fujian
Jiangxi
Jiangsu
Zhejiang
Hubei
Guangxi
Hunan
Guizhou
mean

Note: The maximum, minimum, and mean values are shown in bold. b− means the data were unavailable because the relevant samples
inadvertently went missing during storage.

a
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results, the SCCP levels in milk from our study (38 ng g−1 ww)
were lower than those found in industrial areas and higher than
those found in nonindustrial areas. The MCCP concentrations
we detected (12 ng g−1 ww) were several times higher than
those reported by Dong et al.31 In general, the CP levels in raw
dairy cow milk from ﬁve provinces were of the same order of
magnitude as those we observed. Iino et al.21 investigated the
SCCP concentrations in samples from 11 food categories
collected in the ﬁrst Japanese market basket study. Most food
categories had SCCP concentrations of less than 10 ng g−1 and
were much lower than those found in our study, except for fats
(140 ng g−1). The Chinese TDS did not start including CPs
until the ﬁfth study, which was carried out in 2011. Cereal,
legume, meat, and aquatic food samples collected from 18−20
provinces were analyzed for SCCP and MCCP contamination.
The mean concentrations of SCCPs in the same provinces that
we studied were 254, 356, 110, and 2180 ng g−1 (ww) in
cereals, legumes,32 meats,25 and aquatic foods,33 respectively.
These results were signiﬁcantly higher than those found for the
present TDS. For the MCCPs, a similar relationship was
obtained, except the levels of MCCPs in meats from the sixth
TDS were higher. Generally, there was a downward trend in
the CP levels in cereal, legume, meat, and aquatic food
samples, which suggests that CP pollution from dietary
exposure has been alleviated from the ﬁfth TDS (2011) to
the sixth TDS (2018). SCCPs were listed in Annex A of the
Stockholm Convention in 2017.4 Although the Chinese
government has not yet prohibited the production or use of
SCCPs, the domestic CP industry might have been impacted
after 2017, and a likely outcome of this is that China is past its
peak period of CP production and use.
The concentrations of SCCPs and MCCPs in diﬀerent
provinces are illustrated in Figure 1. There was no apparent
trend in the spatial distributions of the SCCP and MCCP

RESULTS AND DISCUSSION
Occurrences of SCCPs and MCCPs in the Sixth TDS
Food Samples. SCCPs and MCCPs were detected in all eight
food categories (Table 1), except for MCCPs in cereals from
Jiangxi. The average concentrations of SCCPs in cereals,
vegetables, potatoes, legumes, eggs, milk, meats, and aquatic
foods on a wet weight (ww) basis were 17, 37, 22, 65, 64, 38,
69, and 55 ng g−1, respectively (Table 1). The mean MCCP
concentrations were 9−68% lower than the SCCP concentrations and were 14, 23, 7.7, 24, 46, 12, 63, and 36 ng g−1 in
cereals, vegetables, potatoes, legumes, eggs, milk, meats, and
aquatic foods, respectively (Table 1). Previous Chinese TDSs
have focused on several other POPs, such as PCBs, PBDEs,28
OCPs,29 dioxins,30 and NBFRs.23 We found that almost all of
the concentrations of these POPs were several times or
magnitudes lower than the concentrations we found for the
SCCPs and MCCPs. The concentrations of PBDEs and
indicator PCBs in samples from the eight food categories in the
fourth TDS ranged from 10 to 191 and 46 to 629 pg g−1,
respectively.28 Shi et al.23 measured NBFR concentrations in
aquatic foods, meats, eggs, and milk in the ﬁfth TDS. The
median ∑NBFR concentration in aquatic foods (8.28 ng g−1
on a lipid weight basis) was the highest among these
categories. Compared with other POPs, SCCPs and MCCPs
contributed more than 90% of the dietary intake of POPs in
China.
There have been few reports on the occurrences of CPs in
foods based on large-scale data. Dong et al.31 reported CPs in
raw dairy cow milk from four northern provinces and one
southern province in China. The results showed that the mean
concentrations of SCCPs and MCCPs in the milk samples
from industrial areas were 58 and 6.3 ng g−1 (ww),
respectively, and those from nonindustrial areas were 20 and
2.9 ng g−1 (ww), respectively. Compared with the above
9045
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Figure 1. Spatial distribution of SCCP and MCCP concentrations (ng g−1, wet weight) in samples from eight food categories from nine provinces
in South China.

provincial emission from 2008 to 2012 were from Shandong
Province, with total emissions of 742.3 t, followed by Jiangsu
Province (724.0 t) and Zhejiang Province (573.4 t). According
to another similar study, which presented SCCP provincial
atmospheric and water emission intensities in 2014, the highest
emission intensity was observed in Jiangsu Province, followed
by Hubei Province, Zhejiang Province, and several other
provinces that were not included in the present study.22 To
date, no studies have investigated MCCP emissions in China.
However, the main commercial CP products used in China,
CP-42, CP-52, and CP-70, are mixtures of CPs with diﬀerent
carbon chain lengths.35 The studies on Chinese SCCP
emissions can be used as a reference for understanding
MCCP emissions. Therefore, the main provinces emitting
more CPs than others are Jiangsu, Hubei, and Zhejiang. This is
generally in accordance with the inference we made that more
serious CP pollution in Jiangsu, Zhejiang, and Hubei provinces
would cause more serious food contamination in these areas.

concentrations. The highest concentrations of SCCPs in
cereals, eggs, vegetables, meats, milk, and aquatic foods were
detected in samples from Hunan, Jiangsu, and Hubei
provinces. The highest concentrations of SCCPs in potatoes
and legumes were detected in samples from Fujian and
Guizhou provinces, respectively. The variations in the SCCP
concentrations between the lowest and the highest values in
each food category were all within 1 order of magnitude. If the
results for all eight food categories were taken together, the
average SCCP concentrations in Zhejiang, Jiangsu, and Hubei
provinces were higher than those in the other provinces. The
highest MCCP levels in the eight food categories were found
in either Jiangsu or Hubei province and were all about four to
eight times the lowest concentration in each food category.
Generally, foods from Zhejiang, Jiangsu, and Hubei provinces
contained more CPs, indicating that these provinces had
probably suﬀered from more serious CP pollution than the
other six provinces. In a gridded emission inventory of SCCPs
in China proposed by Jiang et al.,34 the highest levels of
9046
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Figure 2. Congener group proﬁles of SCCPs and MCCPs in samples from eight food categories from nine provinces in South China.

The concentrations of SCCPs and MCCPs in diﬀerent foods
are shown in Table 1. The SCCP concentrations in the eight
food categories could be ranked in the following order: meats
> legumes > eggs > aquatic foods > milk > vegetables >
potatoes > cereals. The highest concentration of SCCPs
observed in meats (69 ng g−1) was about four times the lowest
concentration found in cereals (17 ng g−1). The highest
MCCP concentration was also observed in meats, and the
order of the MCCP concentrations in the other foods was as
follows: eggs > aquatic foods > legumes > vegetables > cereals
> milk > potatoes. The lowest MCCP concentration in
potatoes (7.7 ng g−1) was about one-eighth of the highest
concentration in meats (63 ng g−1). In the ﬁrst Japanese
market basket study, aquatic foods and meats also contained
higher concentrations of SCCPs than most other foods.21
Because the foods analyzed in the present study were all in a
consumable form, both the raw materials and cooking
processes adopted may aﬀect the CP concentrations in the
diﬀerent food categories. Stir-frying with edible oil is the most
common practice used in Chinese cooking. Cao et al.12 found
that the concentrations of SCCPs in cooking oil from China
varied widely from <9 to 7500 ng g−1. They suggested cooking
oil might be a source of SCCPs in the Chinese diet. In contrast
to the possible introduction of SCCPs in oil, Gao et al.36
reported that cooking processes eliminated SCCPs in some
foods. In cooked potatoes, pork, mutton, prawns, and chicken
eggs, the SCCP elimination rates ranged from 12% to 93%. By
contrast, the SCCP concentrations in rice and cabbage
increased slightly after cooking, which might be caused by
SCCP introduction during the cooking process. For all of the
eight foods in our study except milk and cereal, stir-frying with
edible oil was partly applied in the cooking process. According
to the study reported by Gao et al., this practice might
eliminate some SCCPs in some foods, such as potatoes, meats,
eggs, and aquatic foods. From another aspect, the raw materials
of meats, eggs, and aquatic foods have high lipid contents,

which could allow for accumulation of CPs at higher
concentrations than in the other foods. In these three foods,
introduction of CPs from edible oil, elimination of CPs during
cooking, and accumulation of higher levels of CPs in the raw
materials likely aﬀected the CP concentrations. For legumes,
potatoes, and vegetables, CPs might be introduced and/or
eliminated in the cooking process. Boiling or steaming was
often used to process cereals and milk, and these processes
were unlikely to introduce or eliminate signiﬁcant CP
contamination. The CP levels in these two foods might be
related to the CP content in their raw materials. In the present
study, CP concentrations in most animal-origin foods were
higher than in those from plants. In addition to the raw
materials of the foods, the cooking process also had an eﬀect
on the CP concentrations in cooked food, which varied among
diﬀerent food categories; however, this should be conﬁrmed in
detail in the future.
Congener Group Proﬁles of SCCPs and MCCPs in the
Sixth TDS Food Samples. In the present study, a total of 24
SCCP and 24 MCCP congener groups were analyzed. The
congener group proﬁles are illustrated in Figure 2, and the
detailed concentrations of the congener groups are listed in
Tables S1−S16. As these results show, the congener group
proﬁles in the diﬀerent foods varied slightly. In terms of carbon
chain length, the proportions of CP congener groups generally
decreased with increases in the carbon chain length. C10
SCCPs and C11 SCCPs had the largest contributions to the
SCCPs (69%−85%) in the eight food categories (Figure 2A).
The compositions of SCCPs in CP-42 and CP-52, the main
commercial products used in China, are also dominated by C10
SCCPs and C11 SCCPs, which implies that these products are
possible sources of SCCPs in food.37 In a similar pattern to the
SCCPs, congener groups with shorter carbon chains, C14
MCCPs and C15 MCCPs, had the highest contributions to
the MCCPs (72%−87%) in the eight food categories (Figure
2B). In terms of the number of chlorine atoms, Cl6 SCCPs and
9047
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Table 2. Estimated Dietary Intakes (ng kg−1 day−1) of SCCPs and MCCPs in Samples from Eight Food Categories for the
General Population in Nine Provinces in South Chinaa
cereals

vegetables

potatoes

legumes

eggs

milk

meats

aquatic foods

total

1.5 × 102
2.6 × 102
52
1.1 × 102
2.3 × 102
96
1.4 × 102
3.5 × 102
1.4 × 102
1.7 × 102

82
1.4 × 102
88
7.6 × 102
3.9 × 102
2.7 × 102
1.4 × 102
1.6 × 102
2.2 × 102
2.5 × 102

10
23
7.4
8.9
16
24
3.9
20
15
14

31
93
58
1.7 × 102
88
46
−
1.5 × 102
91

17
21
17
29
26
24
16
29
21
22

15
20
16
10
23
6.8
8.5
11
21
15

68
1.1 × 102
47
1.7 × 102
1.8 × 102
69
1.1 × 102
1.9 × 102
84
1.1 × 102

44
76
29
35
57
56
72
38
2.5
45

4.2 × 102
7.4 × 102
2.6 × 102
1.2 × 103
1.1 × 103
6.4 × 102
5.3 × 102
8.0 × 102
6.6 × 102
7.0 × 102

45
2.0 × 102
−
2.6 × 102
1.3 × 102
80
1.6 × 102
2.0 × 102
1.4 × 102
1.3 × 102

76
1.1 × 102
72
4.5 × 102
1.2 × 102
1.8 × 102
1.1 × 102
1.7 × 102
1.3 × 102
1.6 × 102

5.5
4.3
2.1
5.9
4.4
14
1.2
5.5
4.1
5.3

8.7
41
−
16
35
39
23
−
57
31

14
15
17
39
8.9
20
8.9
11
16
17

6.1
7.7
5.3
2.4
8.9
2.5
2.1
3.7
5.1
4.9

23
72
55
1.5 × 102
1.1 × 102
82
1.7 × 102
1.6 × 102
1.2 × 102
1.0 × 102

13
48
25
10
24
46
48
27
2.9
27

1.9 × 102
5.0 × 102
1.8 × 102
9.4 × 102
4.3 × 102
4.6 × 102
5.2 × 102
5.7 × 102
4.8 × 102
4.7 × 102

SCCPs
Shanghai
Fujian
Jiangxi
Jiangsu
Zhejiang
Hubei
Guangxi
Hunan
Guizhou
mean
MCCPs
Shanghai
Fujian
Jiangxi
Jiangsu
Zhejiang
Hubei
Guangxi
Hunan
Guizhou
mean
a

Note: The maximum, minimum, and mean values are shown in bold.

Cl7 SCCPs had the highest contributions to the SCCPs with
ranges of 31%−42% and 34%−37%, respectively (Figure 2A).
The next highest contributor was Cl8 SCCPs. The pattern for
the MCCPs was a little diﬀerent from that for the SCCPs. The
most abundant groups were Cl7 MCCPs (27%−32%) and Cl8
MCCPs (19%−29%), followed by Cl6 MCCPs (Figure 2B).
Overall, the congener group proﬁle showed that C10Cl6−7
SCCPs and C14Cl6−8 MCCPs accounted for most of the
SCCPs and MCCPs in the eight food categories. This proﬁle
was very similar to that found in Chinese breast milk
samples,38,39 Chinese raw dairy cow milk samples,31 and the
ﬁfth Chinese TDS samples,25,32,33 with the exception that
C10Cl5−6 SCCPs were the most abundant SCCPs in legume
samples from the ﬁfth Chinese TDS.32
Estimated Dietary Intakes of SCCPs and MCCPs in the
Sixth TDS Food Samples. Food consumption has been
identiﬁed as a major pathway for exposure of humans to CPs.
A report from Environment Canada indicated that up to 50%−
100% of SCCP intake and 71%−100% MCCP intake were
from food.9 Fridén found that the diet of adults (25-year-old
male) in Sweden accounted for ∼85% of median indoor sum
CPs exposure.10 In China, Chen et al.40 investigated the
combined eﬀects of dust and dietary exposure of occupational
workers and local residents to SCCPs and MCCPs in an
industrial park in Guangdong Province. Gao et al.17 reported
the external exposure to SCCPs and MCCPs for the general
population in Beijing. The two studies both found that the
estimation of the CP intake of adults via diet accounted for
about 90% of the total intake of CPs. In the present study, the
dietary intakes of SCCPs and MCCPs were evaluated based on
our large-scale data. If we take the results of the two Chinese
studies as a reference, we could roughly estimate that the
dietary intakes assessed could explain most of the external
exposure to CPs for the general population in South China.

The dietary intakes of CPs play a key role in the risk
assessment of human exposure to environmental CPs.
The dietary intakes of SCCPs and MCCPs in the present
study were evaluated using the CP concentrations we detected
and data on daily food consumption quantities from the TDS
(Table S17). As shown in Table 2, the mean values of the total
estimated daily intakes (EDIs) of SCCPs and MCCPs were 7.0
× 102 and 4.7 × 102 ng kg−1 day−1, respectively. Residents in
Jiangsu Province had the highest total EDIs of SCCPs (1.2 ×
103 ng kg−1 day−1) and MCCPs (9.4 × 102 ng kg−1 day−1),
which could be mainly attributed to the higher CP
concentrations in food in this province compared with the
other provinces. To date, no studies on the toxicokinetics in
humans of relevance for the risk assessment of CPs have been
conducted.41 However, some subchronic and chronic toxicity
research on laboratory animals has been performed with
SCCPs and MCCPs. The liver, kidney, and thyroid gland have
been identiﬁed as the main target organs for SCCPs and
MCCPs.7 Some SCCPs were found to increase the incidence
of tumors in rats and mice.2 The International Agency for
Research on Cancer has classiﬁed these SCCPs as potential
human carcinogens, while for MCCPs, the carcinogenicity is
not clear.8 Although some knowledge on CP toxicity in
humans is lacking, guidelines have been derived by several
organizations, and preliminary risk assessment is possible. The
tolerable daily intake set by the International Programme on
Chemical Safety, which is 100 μg kg−1 day−1 for both SCCPs
and MCCPs,42 is two magnitudes higher than the highest EDIs
in our study. The UK Committee of Toxicity proposed the
tolerable daily intakes of 30 μg kg−1 day−1 for SCCPs and 4 μg
kg−1 day−1 for MCCPs,43 which are 25 times the highest SCCP
EDIs and about four times the highest MCCP EDIs in our
study, respectively. Compared with results from other dietary
studies, the EDIs of CPs in the present study were dozens of
times lower than those found in a mega e-waste recycling
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Figure 3. Contributions of diﬀerent food categories to the estimated dietary intakes of SCCPs and MCCP for the general population in nine
provinces in South China.

industrial park in South China (median: 15.4 μg kg−1 day−1 for
SCCPs and 19.5 μg kg−1 day−1 for MCCPs),40 were
comparable with the CP EDIs of adults in Beijing (range:
316−1101 ng kg−1 day−1 for SCCPs and 153−1307 ng kg−1
day−1 for MCCPs),17 and were several times the median EDIs
of adults in the ﬁrst Japanese market basket study (median:
110 ng kg−1 day−1 for SCCPs).21 In most cases, the EDIs of
SCCPs and MCCPs in cereals, legumes, meats, and aquatic
foods from the sixth TDS were signiﬁcantly lower than those
reported in the ﬁfth TDS.32,33 The exception was the EDIs of
MCCPs in meats, which increased between the ﬁfth and sixth
TDSs.25 In summary, the EDIs of CPs in food from the sixth
TDS were not as high as thresholds set in prevailing guidelines
or those reported in most previous studies, which implies that
the CPs in the eight food categories will pose negligible risks to
the residents in South China.
The compositions of the total EDIs of SCCPs and MCCPs
in the diﬀerent food categories are shown in Figure 3. The
food category contributing the highest proportion to the total
EDIs was not the same in each of the provinces but was either
cereals or vegetables in most cases. The EDIs of SCCPs in
cereals and vegetables accounted for 9%−43% (average 25%)
and 18%−64% (average 33%) of the total EDIs, respectively.
For MCCPs, the contributions of the EDIs from cereals and
vegetables consumption ranged from 17% to 40% (average
29%) and from 21% to 48% (average 33%), respectively. Chen
et al.40 investigated the dietary exposure of local residents to
CPs in a mega e-waste recycling industrial park in Guangdong
Province. In accordance with the results in our study, the EDIs
of CPs in cereals and vegetables contributed signiﬁcantly
toward the total EDIs. The Chinese diet is predominantly
cereals and vegetables, as shown by the daily consumption
quantities of diﬀerent food categories in Table S17. The
average consumption rates of cereals and vegetables in the
sixth TDS were 649 and 425 g day−1, respectively, and were
much higher than those of the other kinds of food, which could
explain the dominance of the EDIs of CPs from cereals and
vegetables to the total EDIs. In addition, the intakes of CPs
from the consumption of meats in some provinces were
noteworthy. For example, in Jiangsu, Hunan, Jiangxi, and
Guangxi provinces, the EDIs of SCCPs or MCCPs in meats
were higher than those in cereals or vegetables. Therefore,
cereals, vegetables, and meats are signiﬁcant sources of dietary
exposure to CPs for residents in South China.
In conclusion, this is the ﬁrst comprehensive study of dietary
exposure to CPs for residents in South China. A large-scale and
simultaneous investigation of SCCPs and MCCPs in eight

main categories of food in nine southern provinces was carried
out using the sixth Chinese TDS. The CPs we analyzed, whose
levels were much higher than those of other POPs of concern
in Chinese TDSs, contributed signiﬁcantly to dietary exposure
to POPs in China. A clear decrease in the concentrations of
most CPs in cereals, legumes, meats, and aquatic foods was
observed in the present study compared with the last TDS,
which suggests that dietary CP pollution has been alleviated in
recent years. The geographical distribution of CP concentrations among the nine provinces revealed that the pollution
hot spots were Jiangsu, Hubei, and Zhejiang provinces. As for
interspeciﬁc variations, the CP concentrations in most animalorigin foods were higher than those in plant-origin foods. The
largest contributors to the estimated dietary intakes of CPs
were cereals, vegetables, and meats. The estimated dietary
intakes were below the thresholds set in prevailing guidelines,
indicating that CPs pose no risks. Even so, investigations of
dietary exposure to CPs should be conducted in conjunction
with future TDSs to provide data to support China’s
obligations under the Stockholm Convention.
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