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ABSTRACT: Chlorinated paraffins (CPs) are organic pollutants that have caused widespread concerns in recent years. Because of
their lipophilic characteristics, CPs may enter into the body through diet or other routes and exert adverse effects on human health.
In this study, we investigated the occurrence and congener profiles of short-chain chlorinated paraffins (SCCPs) and medium-chain
chlorinated paraffins (MCCPs) in 176 cooking oils and 19 oil containers collected from various markets in China. The
concentrations of SCCPs and MCCPs in cooking oils were in the range of not detected (ND) to 16,055 ng/g and ND to 11,612 ng/
g, respectively, and the geomean concentrations of MCCPs were lower than those of SCCPs. The concentrations of CPs in sesame
oil, rapeseed oil, and camellia oil were higher than those in other types of oils, and different oil processing methods had different
effects on the presence of CPs in the oils. CPs were detected in 5 out of 20 oil containers, although their concentrations were much
lower than those detected in the oil samples, indicating that containers are not the main sources of CPs detected in the oils. The
mean SCCP and MCCP intakes through cooking oils of the general Chinese population were 8.83 and 6.09 μg/kg/d, respectively.
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■ INTRODUCTION

Chlorinated paraffins (CPs) belong to a family of polychlori-
nated n-alkanes that are extensively used in commercial
products. They are used as plasticizers and flame retardants
in polyvinyl chloride (PVC) polymers or as lubricants in
metalworking fluids in the metal cutting process.1 The
molecular formula of CPs is CnH2n+2−XClX, where 10 ≤ n ≤
13 in short-chain CPs (SCCPs), 14 ≤ n ≤ 17 in medium-chain
CPs (MCCPs), and n ≥ 18 in long-chain CPs (LCCPs).2

CPs are highly persistent,3,4 bioaccumulative,5,6 and toxic,7,8

and because of these properties, SCCPs have been regulated by
the European Union (EU) and the US Environmental
Protection Agency (EPA) since 1990s and have been listed
in Annex A of the Stockholm Convention in 2017 as new
persistent organic pollutants.9,10

Extensive uses of CP products have resulted in their
widespread contamination in various environmental compart-
ments;11−14 thus, CPs may enter into the human body through
various exposure pathways.15,16 CPs have also been found in
food ingredients such as meat17 and tools used for preparing
food such as hand blenders.18 Our previous work has shown
that one of the pathways of exposure to CPs is diet; the dietary
CP exposure level was 611 and 705 ng/kg/d of SCCPs and
MCCPs, respectively, and this pathway has allowed CPs to
enter into the body.19 Cooking oil is an essential ingredient in
Chinese cuisine, and according to the nutrition report of
Chinese residents, Chinese adults consume on average 40 g of
vegetable oil per day.20

CPs are enriched during the processing of raw materials, the
production and storage of oil, and so forth. Thus, to provide a
holistic picture of the risks of ingesting CPs in cooking oils, a

larger-scale investigation is necessary. Cao et al. have analyzed
SCCPs in cooking oils and other related Chinese products and
found that the SCCP concentrations are between <9 and 7500
ng/g,22 and they found that seeds used to produce oils are not
the main sources of CPs in the oils.22 Wang et al.23,24 have
studied the occurrence and mitigation of CPs in various
domestic polymer products, investigating CP mitigation from
these products to food simulants, from which they found that
food contact materials could be a potential source of CPs in
food.
We collected 176 different cooking oil samples (both

domestic and imported products) from Chinese markets and
analyzed concentrations, congener group profiles, and potential
sources of SCCPs and MCCPs in the oils as well as in some of
their containers. This work aimed to investigate the occurrence
and congener profiles of SCCPs and MCCPs in cooking oils,
to determine the potential sources of CPs in cooking oils, and
to ultimately identify the risks of exposure to CPs of the
Chinese population. The influences of different processing
methods on the distributions of SCCPs and MCCPs in the oils
were also examined.
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■ MATERIALS AND METHODS
Materials. Pesticide grade solvents were purchased from J.T.

Baker (Phillipsburg, NJ, USA). SCCP mixtures (C10−13; containing
51.5, 55.5, and 63% chlorine; 100 ng/μL in cyclohexane), MCCP
mixtures (C14−17; containing 42, 52, and 57% chlorine; 100 ng/μL in
cyclohexane), and ε-hexachlorocyclohexane (ε-HCH; 100 ng/μL in
cyclohexane) were purchased from Ehrenstorfer GmbH (Augsburg,
Germany). 13C10-1,5,5,6,6,10-hexachlorodecane (100 ng/μL in cyclo-
hexane) was purchased from Cambridge Isotope Laboratories
(Andover, USA). Silica gel was purchased from Merck (Darmstadt,
Germany). Concentrated sulfuric acid and anhydrous sodium sulfate
were purchased from Sinopharm Group Co., Ltd. (Beijing, China).
Methods. Sample Collection. A total of 176 cooking oil samples

from 93 different companies were collected from Chinese markets.
The oils could be divided into 11 types according to the raw seeds
used to produce them including the following: (1) rapeseed (Brassica
campestris L.) oil (n = 16); (2) camellia (Camellia japonica Linn.) oil
(n = 10); (3) sesame (Sesamum indicum Linn.) oil (n = 22); (4)
peanut (Arachis hypogaea Linn.) oil (n = 20); (5) linseed (Linum
usititatissimum L.) oil (n = 5); (6) blend oil (n = 18), (7) rice (Oryza
latifolia Desv.) oil (n = 6); (8) corn (Zea mays L.) oil (n = 13); (9)
soybean (Glycine max (Linn.) Merr.) oil (n = 7); (10) olive (
Canarium album (Lour.) Rauesch.) oil (n = 41); and (11) sunflower (
Helianthus annuus Linn.) oil (n = 5). For simplicity, the English names
of the plants rather than their Latin names were used. In addition to
the oils described above, there were 11 other oil samples, including 1
canola (Brassicaceae) oil sample and 10 other oils, the detailed
ingredients and producers of which were not clearly specified. Among
all oil samples, 135 oil samples were produced in China and 41 oils
were imported from Greece, Italy, Spain, and so forth. The soybean
oils were produced in China, while the raw seeds were imported from
USA. Some of the raw sunflower seeds and the raw rapeseeds were
imported from Ukraine and Russia, respectively, and most of the
other raw seeds were produced in China. The oil containers used were
chosen according to the CP levels, which were low, medium, and
high. These containers include five sesame oil containers (n = 5),
three blended oil containers (n = 3), three rapeseed oil containers (n
= 3), two soybean oil containers (n = 2), two rice oil containers (n =
2), one corn oil container (n = 1), one sunflower oil container (n =
1), one camellia oil container (n = 1), and one olive oil container (n =
1). All the oil containers were made of polyethylene terephthalate
(PET) materials. The detailed information on the oil samples and the
oil containers is provided in Table S1 in the Supporting Information.
Sample Pretreatment. A brief description of the pretreatment of

the oil samples and containers is as follows: First, 1 g of cooking oil
was spiked with 10 ng of the surrogate standard (13C10-1,5,5,6,6,10-
hexachlorodecane) and then dissolved in 10 mL of a mixture of n-
hexane and dichloromethane (1:1, v/v). Then, about 3 mL of
concentrated sulfuric acid was added to decompose fat, and the
solution was transferred to a 50 mL centrifuge tube and was then
centrifuged at 5000 rpm for 10 min. The supernatant (the extract)
was collected and then concentrated to 0.5 mL under nitrogen stream.

The concentrated extract was then purified using a self-prepared
composite silica gel column. The silica gel column was filled from
bottom to top with 2 g of neutral silica gel, 1 g of acid silica gel
(containing 30% concentrated sulfuric acid), and 1 g of anhydrous
sodium sulfate. Before sample loading, the silica gel column was pre-
eluted with 10 mL of dichloromethane, followed by 10 mL of n-
hexane. After sample loading, the column was eluted with 10 mL of n-
hexane to remove possible contaminants, followed by 20 mL of a
mixture of dichloromethane and n-hexane (1:1, v/v). The eluted
solution was dried under gentle nitrogen stream and was then
redissolved in 50 μL of cyclohexane. Before sample injection, 10 ng of
ε-HCH (the injection standard) was added to the sample. In the
preparation of container samples, all containers were washed with
deionized water to remove dust and oil residues and were then
carefully wiped with Kimwipes wetted with ethyl alcohol to remove
smudginess. The containers were then cut into small pieces (as small
as possible) before being subjected to the extraction process. The
container samples were sprayed with 10 ng of the surrogate standard
(13C10-1,5,5,6,6,10-hexachlorodecane) and then subjected to extrac-
tion by ultrasonication in 5 mL of n-hexane/dichloromethane (1:1, v/
v) three times (20 min each). The extracts were combined and then
concentrated to about 0.5 mL before loading into the silica gel
column described earlier. The samples were then subjected to
purification and analysis using the same procedures used for the oil
samples.

Instrument and Quantification. CP analysis was carried out using
an Agilent 7200 GC-QTOF mass spectrometer (Agilent Technolo-
gies, Santa Clara, USA) operated in the negative chemical ionization
(NCI) mode and controlled by Mass Hunter Acquisition B.07. The
chromatographic parameters were set according to our previous
work.19 The quantification was based on the response of the most
abundant [M − Cl]− ions and the chlorination degree of the CP
mixture standards. The calibration curves used in the quantification
can be found in Figure S1 in the Supporting Information.

Quality Assurance and Control. To avoid the influence of possible
contamination caused by the pretreatment process, a blank sample
was added to each batch of the 11 samples. Before use, the glassware
and other vessels were carefully rinsed with dichloromethane at least
three times. After use, they were washed with pure water in an
ultrasonic washing machine and were then dried and baked in a
muffle furnace at 450 °C for 6 h. The materials used for column
packing (neutral silica gel, anhydrous sodium sulfate) were also baked
in a muffle furnace for 6 h. The data obtained from each sample were
blank-corrected. The method detection limit (MDL) was calculated
by 3 multiplied by the standard deviations of the blanks averaged from
all the batches. The MDL of SCCPs and MCCPs obtained in this
study was 2.3 and 3.0 ng/g, respectively. The recoveries of 13C10-
1,5,5,6,6,10-hexachlorodecane were in the range of 63−156% (with a
mean value of 114%), implying that the method used in this study can
satisfactorily quantify CPs in the oil samples (one-to-one labeled
surrogate standards are not available for CPs).

Table 1. Concentrations of SCCPs in Different Cooking Oils (ng/g)

type of oil numbera detectedb average geomean median max min

rapeseed oil 16 15 1252 ± 2798 270 292 12,769 ND
camellia oil 10 10 473 ± 528 319 249 1260 69
sesame oil 22 22 1364 ± 2420 329 244 8429 21.8
peanut oil 20 22 385 ± 591 201 207 2769 13.5
linseed oil 5 5 478 ± 547 223 168 1337 22.2
blended oil 18 17 2312 ± 4828 218 115 16,055 ND
rice oil 6 3 86.7 ± 82.9 19.4 66.7 230 ND
corn oil 13 13 103 ± 208 40.1 34.8 781 2.06
soybean oil 7 5 111 ± 217 57.4 31.9 522 ND
olive oil 41 36 143 ± 540 16.5 17.7 3157 ND
sunflower seed oil 5 5 217 ± 442 23.0 8.25 1007 2.50

aSample number of oils analyzed in this study. bSample number of oils with detectable SCCPs.
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Statistical Analysis. The data analysis and the preparation of plots
were conducted using R V.3.6.2 (URL http://www.R-project.org)
applying packages including “ggplot2”, “reshape2”, “ggpubr”,
“factoextra”, and “FactoMineR”; Origin 2018 was also applied in
plot drawing. The correlation was determined by Spearman’s rank
coefficients, and the differences were considered statistically
significant at p < 0.05.

■ RESULTS AND DISCUSSION
Concentrations of CPs in Cooking Oils. CPs could be

detected in most of the oil samples. To better compare the
differences between the congener profiles and to identify
possible sources of CPs in the oils, only the samples having
manufacturer’s details and processing methods (164 out of 176
samples) were discussed. As shown in Table 1, SCCPs were
detected in 156 out of 164 cooking oil samples, and their
concentrations ranged from not detected (ND) to 16,055 ng/
g. The highest SCCP concentration was detected in sesame-
based blended oil (16,055 ng/g), followed by rapeseed oil
(12,769 ng/g), peanut-based blended oil (11,197 ng/g), and
sesame-based blended oil (10,304 ng/g), all of which were
over 10,000 ng/g. These SCCP levels are comparable to those
previously reported by Cao and co-workers,22 in which SCCP
levels in cooking oils were found to be in the range of 9−7500
ng/g. Other than the peanut-based blended oil, all types of oils
were considered consumable at a low quantity in China
(Figure 1a and Table 1).

MCCPs were detected in 106 out of 164 samples in the
concentration range of ND to 11,612 ng/g. The detection rates
of MCCPs in olive and rice oil samples were less than 50%.
The MCCP levels in camellia oil were relatively high with
geometric concentrations >200 ng/g and a mean value of 247
ng/g (Figure 1b and Table 2). The highest MCCP
concentration (11,612 ng/g) was found in one sesame-based
blended oil sample. The levels of MCCPs in oil samples were
generally lower than those of SCCPs but were not significant

(p > 0.05). Spearman correlation analysis showed a significant
positive correlation between SCCP concentrations and MCCP
concentrations (r = 0.670, p < 0.01), which indicated that the
SCCPs and MCCPs in the oils may arise from similar sources.
The ratios of SCCPs to MCCPs can be found in Table S2 in
the Supporting Information. The higher the SCCP/MCCP
ratios, the more volatile the CPs in cooking oil.15

Previous studies have shown that the accumulations of
persistent organic pollutants (POPs), such as polybrominated
diphenyl ether (PBDE) and polycyclic aromatic hydrocarbons
(PAHs), can vary among different types of cooking oils.25,26 In
this study, the interspecies differences were determined by the
Mann−Whitney test (Tables S5 and S6 in the Supporting
Information). The sum CP concentrations were divided based
on their mean values into three categories: category 1, camellia
oil, which contained the highest CP concentrations (>500 ng/
g; geometric mean concentration = 605 ng/g); category 2,
sesame oil, rapeseed oil, peanut oil, blend oil, linseed oil, and
soybean oil, which contained moderate CP concentrations
(between 200 and 500 ng/g); and category 3, corn oil,
sunflower seed oil, and olive oil, which contained the lowest
CP concentrations (<100 ng/g). Although camellia oil had the
highest CP concentrations, it is usually consumed at low
quantities; therefore, the risk of CP intake through consuming
this type of oil is relatively low. High concentrations of sum
CPs in sesame oil samples may be the result of the unique
processing method (the aqueous extraction method), which
will be discussed in the next section. Blended oil contains a
variety of refined oils and is produced through different
formulations. The blended oil that contained extremely high
CP concentrations was formulated from sesame oil and peanut
oil, both of which had high sum CP concentrations. In
addition, the processing of blended oils is more complex than
that of vegetable oils, in which a single type of raw seed is used;
thus, the probability of CP contamination in the blended oil
during the blending process is greater, which may also be one
of the reasons why the blended oil contained high CP
concentrations.
Sunflower seed oil and olive oil contained the lowest levels

of sum CPs, which was likely due to the fact that the sunflower
seed oil was imported from Ukraine, while the olive oil was
mainly imported from Spain and Greece; these countries locate
in the EU, where the use of SCCPs has been largely regulated
since 1990s.9 Additionally, the reported environmental levels
of CPs in the EU countries are much lower than those in
China;10 this could also be one of the reasons for the relatively
lower CP levels in imported oils than in domestic oils.

Distributions of Various CP Homologues in Cooking
Oils. As shown in Figure 2 (and Tables S3 and S4 in the
Supporting Information), SCCP concentrations in different
types of oils drastically varied. C13-SCCPs were the most
abundant C homologues in oils in category 1, whereas C10-
SCCPs were the most abundant homologues in oils with low
SCCP levels, such as those in category 3. The most distinctive
sample was olive oil, the C10-SCCPs levels of which were
accounted for 63.2% of the total amount of SCCPs. This
further implies that oils from different sources or regions
contain different C10-SCCPs levels. For the chlorine
homologue, Cl7-SCCPs were the most abundant homologues,
except for those in corn oil, the relative amount of Cl8-SCCPs
of which was higher than that of Cl7-SCCP congener groups.
For specific formula groups, the most abundant formula group
in olive oil, soybean oil, and rice oil was C10Cl7-SCCPs (GM %

Figure 1. Boxplot of SCCPs and MCCPs in different types of oils
presented as (a) log10 of (a) SCCP concentrations and (b) MCCP
concentrations.
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= 26.0, 18.4, and 13.8%, respectively), followed by C10Cl6-
SCCPs (GM % = 21.7, 14.6, and 11.8%, respectively). C13Cl8-
SCCPs were the most abundant CPs in corn oil, while C13Cl7-
SCCPs were the most abundant CPs in sunflower seed oil.
Moreover, the homologue profiles of cooking oils shown in
Figure 2 indicate that the fractions of the lighter C10-SCCPs
and Cl5-SCCPs were negatively correlated with the SCCP
levels (Figure 1).
For MCCPs, C14-MCCPs were the most abundant congener

groups, accounting for more than 70% of the total
concentrations in most oils, except for olive oil (GM % =
47%). The proportion dropped sharply with the increase of the
carbon chain length. For different Cl-substituted congener
groups, Cl8-MCCPs were the most abundant groups,
accounting for around 50% of all cooking oils, followed by
Cl7-MCCPs, which were accounted for about 30% of the total
amounts.
Potential Influence of the Processing Method on CPs

in Cooking Oils. Previous studies have demonstrated that
processing methods have influences on the presence of
contaminants in oils.22 Three main processing methods were
applied to extract oils from the raw seeds: the first method was
solvent extractionlight gasoline was used as a solvent to
extract oil from raw seeds, and the solvent was removed at high
temperature; the second method was the pressing methodoil

was directly extracted from raw seeds by physical pressure; and
the third one was aqueous extraction, which is the method
used for extraction of sesame oil in Chinasesame oil was
separated from sesame seeds after substances other than oil
were removed using water. Compared with the solvent
extraction method, the pressing and aqueous extraction
methods generally result in a lower oil yield but higher
nutrient retention, in turn leading to higher contents of
lipophilic pollutants. Figure 3 shows that the comparison of CP
concentrations in different oil samples (sesame oil, rapeseed
oil, and soybean oil) extracted with more than one processing
method. According to the data, the contents of SCCPs and
MCCPs in the sesame oil samples extracted by aqueous
extraction were higher than those extracted by the pressing
method; the geometric mean value is 439 ng/g versus 234 ng/
g (p = 0.09), and 123 ng/g versus 73.5 ng/g, respectively (p =
0.48). Although these values were not significantly different,
the CP content, especially for the SCCPs, in sesame oil
extracted by the aqueous extraction method was higher than
that in sesame oil extracted by the pressing method. This is
likely due to the fact that the aqueous extraction method
involves grinding and addition of water, whereas the pressing
method does not involve them. The characteristic of the
aqueous extraction process can enhance the retention of

Table 2. Concentrations of MCCPs in Different Cooking Oils (ng/g)

type of oil numbera detectedb average geomean median max min

rapeseed oil 16 9 1252 ± 2054 130 220 12,769 ND
camellia oil 10 8 317 ± 208 247 328 547 68.7
sesame oil 22 15 653 ± 1484 53.3 81.7 6210 ND
peanut oil 20 19 394 ± 804 110 148 3667 ND
linseed oil 5 5 306 ± 525 90.6 97.6 1243 5.97
blended oil 18 13 1287 ± 3801 94.9 109 11,612 ND
rice oil 6 4 242 ± 169 11.8 34.8 ND ND
corn oil 13 10 73.4 ± 83.7 26.4 68.2 284 ND
soybean oil 7 5 300 ± 415 160 153 1018 ND
olive oil 41 15 77.5 ± 72.7 4.39 49.0 ND ND
sunflower seed oil 5 3 282 ± 329 19.2 65.3 756 ND

aSample number of oils analyzed in this study. bSample number of oils with detectable MCCPs.

Figure 2. Profiles of carbon chain length homologues and chlorine-substituted homologues in SCCPs and MCCPs in different types of cooking
oils: (a) carbon chain length homologue profiles of SCCPs; (b) carbon chain length profiles of MCCPs; (c) chlorine-substituted homologue
profiles of SCCPs; and (d) chlorine-substituted homologue profiles of MCCPs.
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lipophilic compounds, including CPs; therefore, CPs may be
introduced into the samples during the extraction process.
The geometric mean total CP concentration in rapeseed oil

was 448 ng/g, which is comparable to the CP concentration in
sesame oil in category 2. Among all rapeseed oil samples, only
one sample was processed by solvent extraction, while others
were processed by the pressing method. The concentration of
SCCPs in samples processed by solvent extraction was 283 ng/

g, whereas that in samples processed by the pressing method
was 297 ng/g. The concentration of MCCPs in samples
processed by solvent extraction was 180 ng/g, whereas that in
samples processed by the pressing method was 217 ng/g.
However, the differences were insignificant, which may be due
to the low numbers of samples used.
For soybean oil samples, only one sample was processed by

the pressing method, while others were processed by solvent
extraction. The total CPs in soybean oil were the lowest among
all oils in category 2. Most raw seeds used to produce soybean
oils in China were imported from USA, and because these
soybean seeds contain low oil content, the solvent extraction
method is generally applied in oil processing to improve the oil
yield. As semivolatile compounds, CPs can be eliminated by
the high temperature generated by light gasoline gases; this is
one of the important methods used to remove CPs from
soybean oil samples. This assumption could also be verified by
the low SCCP/MCCP ratio in soybean oil (ratio = 0.36; Table
S2 in the Supporting Information). The contents of SCCPs
and MCCPs in the samples processed by solvent extraction
were also lower than those in the samples processed by the
pressing method. The concentration of SCCPs in samples
processed by solvent extraction was 153 ng/g, whereas that in
samples processed by the pressing method was 188 ng/g. The
concentration of MCCPs in samples processed by solvent
extraction was 45.6 ng/g, whereas that in samples processed by
the pressing method was 143 ng/g. The difference may be due
to the fact that in the solvent extraction, organic solvents are
required to extract oils, and the oils were then further extracted
by heating and stripping.27,28 The CP concentration differ-
ences between soybean oils obtained by the two processing
methods were greater than those of rapeseed oil; however, the
difference was not statistically significant likely because of the
low sample numbers used. To unravel factors influencing CPs

Figure 3. Boxplot of SCCPs and MCCPs in oils of different
processing methods presented as (a) log10 of (a) SCCP concen-
trations and (b) MCCP concentrations.

Figure 4. PCA of SCCPs and MCCPs in cooking oils, oil containers, technical products (CP-52), and raw seeds:22 (a,c) component loading plots
and (b,d) group plots.
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in cooking oils during the oil production line, further
investigations should be carried out.
Distribution and Congener Profiles of CPs in Oil

Containers. Our previous work has shown that food
packaging materials contain CPs, some of which could migrate
into food.23,24 In this study, we analyzed the CP concentrations
in oil containers that could migrate into oil. The composition
of congener group profiles of containers can be found in Figure
S6 in the Supporting Information. CPs were detected in only 5
out of 20 oil containers, and their levels were lower than those
found in the corresponding oil samples (Table S8 in the
Supporting Information). Specifically, SCCPs with a mean
value of 85.4 ng/g were detected in four samples, and MCCPs
with a mean value of 60.5 ng/g were detected in only two
samples. These results indicate that oil containers are likely not
the main sources of CPs in oils, and the main reason for this is
that these oil containers were produced from PET materials, in
which CPs should not intentionally be added. Our previous
work has also revealed that the levels of CPs in PET packaging
materials were low;23 CPs were detected in only 3 out of 19
samples.
We further investigate the relationship of CPs in oil

containers, cooking oil, raw seeds, and technical products
(CP-52) by determining the characteristics of their main
SCCP and MCCP congener group profiles using principal
component analysis (PCA, Figure S5). Oil samples with
corresponding oil container data were included in this study,
whereas the CP-52 data were adopted from our previous
work,19 and the raw seed data were adopted from a report by
Cao and co-workers.22 The first two components accounted
for 75.5 and 73.3% of the variances for SCCPs and MCCPs,
respectively. For containers, the congener groups that
contributed most to components 1 and 2 were C10-SCCPs
and Cl6-SCCPs, respectively. For raw seeds, the groups that
contributed most to components 1 and 2 were C11-SCCPs and
Cl5-SCCPs, respectively. The congener groups in oil that
contributed most to components 1 and 2 were C12-SCCPs and
C13-SCCPs, while those in technical products (CP-52) were
Cl8-SCCPs and Cl9-SCCPs. As shown in Figure 4b, the
container and technical groups were completely separated from
one another, suggesting that there was no intentional addition
of CPs in the oil container materials. Specifically, containers
were clustered and overlapped with cooking oils in the second
quadrant, while technical products were clustered and
overlapped with cooking oils between the first and the fourth
quadrants, and raw seeds were clustered in the third quadrant.
The homologues of raw seeds were quite different from those
of cooking oil (dominated by C11-SCCPs and Cl5-SCCPs).
This is possibly due to the fact that the data for raw seeds were
adopted from the literature, wherein the data were acquired by
low-resolution mass spectrometry (LRMS).22 A false positive
response of Cl5-SCCPs can result in higher quantitative results
when LRMS is used.29 As discussed above, the congener
groups of MCCPs in different types of samples were slightly
different. For MCCPs, cooking oils and oil containers were
clustered and overlapped in the second and the third
quadrants, while technical products were clustered mainly in
the first quadrant (Figure 4d). This shows that the sources of
CPs in cooking oils may be different. First, raw seeds may
accumulate CPs during their growth,30 as verified by the low
levels of CPs in sunflower seed oil and olive oil, the raw seeds
of which were imported from Ukraine and South Europe
(Spain, Italy, and Greece), respectively. There are fewer

industrial activities in these regions, and CPs have been banned
for a long period of time;1 therefore, the CP levels in soil are
relatively low. Moreover, oils in category 2 were those from
raw seeds containing high oil contents (sesame seeds, peanut,
rapeseed, and linseed), and among those in category 3, only
sunflower seeds have relatively high oil contents (Table S2 in
the Supporting Information). The content of oil in raw seeds
was positively correlated with the content of total CPs in
processed oils (r = 0.805, p < 0.01; Figure S4 in the Supporting
Information). Second, because CPs are used as metalworking
fluids during the production of packaging materials, they may
be released from these materials during oil processing.1 Third,
CPs may migrate from the packaging materials into oil.24 Last,
hermeticity that occurs during storage may also affect the
volatility of CPs in cooking oils. Commercially available CPs
are complex mixtures of SCCPs, MCCPs, and, in some cases,
LCCPs. For example, the most frequently used commercial CP
mixture CP-52 consists mainly of SCCPs and MCCPs at ratios
ranging from <0.1 to 0.4. The SCCP/MCCP ratios that are
released to the environment can vary depending on the
environmental compartments because of their different mass
fractionations. To further identify the sources of CPs in
cooking oils, we examined the SCCP/MCCP ratios in samples
from different matrixes, and the data can be found in Figure S7
in the Supporting Information. SCCPs and MCCPs were
detected in the oils at a wide range of ratios, indicating that
they were differently distributed in different matrixes.

Dietary Intake of CPs through Cooking Oils. Dietary
intake is the main route of exposure to CPs of the general
population,19 and cooking oil might be the important source of
dietary SCCPs.22 The estimated daily intake (EDI) of SCCPs
and MCCPs was calculated according to the daily
consumption of cooking oils and the average body weight of
Chinese individuals with different age groups.31 In China,
among all types of cooking oils, sesame oil was more frequently
used for seasoning rather than as an ingredient for cooking;
thus, the contribution of sesame oil intake was not calculated
in this study. The contents of SCCPs consumed through
cooking oils by Chinese males were in the range of 3.80−297
ng/kg/d, whereas those consumed by Chinese females were in
the range of 3.51−299 ng/kg/d (Tables S9 and S10 in the
Supporting Information). The MCCP intake through cooking
oils of different genders and age groups can be found in Tables
S11 and S12 in the Supporting Information. The MCCP
amount consumed through cooking oils by males was in the
range of 12.6−519 ng/kg/d, while that consumed by females
was between 11.6 and 522 ng/kg/d. The difference between
the two gender groups was not significant, and the CP intake
via cooking oils decreased with the increase of age. The
amount of CP intake through cooking oils is comparable to
that through duplicate food.19 In China, consumption of
soybean oil is accounted for almost 50% of the total cooking
oil consumption, which is the highest among all other types of
oils, and this is followed by consumption of rapeseed oil, palm
oil, peanut oil, and other vegetable oils,32 respectively. Palm oil
was not included in this study because it is used mainly in
processed food and not used for general household cooking.
Therefore, the main concerns should be on soybean oil,
rapeseed oil, and peanut oil; in adults, the average SCCP intake
through these three types of oils were 17.7, 164, and 115 ng/kg
bw/d, respectively, while the average MCCP intakes were 63.9,
286, and 117 ng/kg bw/d, respectively. Combined with the
results from our previous work,19 the SCCP intake was
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accounted for 2.89−26.7% of the total CP intake, which is
much lower than the percentage reported by Cao and co-
workers (around 32.2% of the total SCCP intake).22 The
contribution rates of MCCPs were 9.91−44.3% of the total
dietary intake.19 These results were obtained without taking
into consideration the influence of the cooking process, and
the contribution rate may be different if the influence of
cooking is considered.21

To further assess the risks of CP exposure through
consumption of cooking oils, the margin of exposure (MOE)
was calculated by the following equation

=MOE NOAEL/EDI (1)

where NOAEL stands for “no observed adverse effect level”, of
which the SCCPs and MCCP values are 100 and 23 mg/kg/d,
respectively.33,34 When the MOE value is greater than the
threshold value, which is 1000, the oil is considered having no
significant risks (the research period was less than 1 year; thus,
an uncertainty factor of 10 was used; an uncertainty factor of
10 represents individual differences and reflects interspecies
differences35). The average MOE values of SCCPs and
MCCPs ranged from 2.85 × 107 to 3.34 × 105 and 1.19 ×
106 to 4.41 × 104, respectively. Although these values were
greater than the threshold value, considering that CPs are
currently produced and used in high volumes, more attention
should be paid to the amounts of CPs presented in the diet.
Moreover, other POPs (e.g., PCBs, PAHs, and PBDEs)16,25,26

have been detected in oils, and the combined effects of both
POPs and CPs should also be addressed. For instance, Wang
and coworkers have described that the combined effects of
PAHs and SCCPs result in the lipid metabolism disorder in
human hepatoma cells (HepG2 cells).36

The results presented in this work indicated that cooking
oils may be an important source for dietary CPs. The relatively
high levels of CPs in oil indicate possible health risks of CPs in
oil, considering that lipophilic contaminants are highly
enriched in oil; thus, this should be further assessed. Future
studies should focus on illustrating the contamination profiles
of cooking oils and assessing their combined risks.
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(1) Glüge, J.; Wang, Z.; Bogdal, C.; Scheringer, M.; Hungerbühler,
K. Global production, use, and emission volumes of short-chain
chlorinated paraffinsA minimum scenario. Sci. Total Environ. 2016,
573, 1132−1146.
(2) De, B. J.; El-Sayed, A. T.; Fiedler, H.; et al. Chlorinated paraffins.
The Handbook of Environmental Chemistry; Springer-Verlag: Berlin/
Heidelberg, 2010.
(3) Iozza, S.; Müller, C. E.; Schmid, P.; Bogdal, C.; Oehme, M.
Historical profiles of chlorinated paraffins and polychlorinated
biphenyls in a dated sediment core from Lake Thun (Switzerland).
Environ. Sci. Technol. 2008, 42, 1045−1050.
(4) Thompson, R. S.; Noble, H. Short-Chain Chlorinated Paraffins
(C10−13, 65% Chlorinated): Aerobic and Anaerobic Transformation in
Marine and Freshwater Sediment Systems. Draft Report No BL8405/B;
Brixham Environmental Laboratory, AstraZeneca UK Limited, 2007.
(5) Li, H.; Fu, J.; Pan, W.; Wang, P.; Li, Y.; Zhang, Q.; Wang, Y.;
Zhang, A.; Liang, Y.; Jiang, G. Environmental behaviour of short-chain
chlorinated paraffins in aquatic and terrestrial ecosystems of Ny-
Ålesund and London Island, Svalbard, in the Arctic. Sci. Total Environ.
2017, 590−591, 163−170.
(6) Luo, X.-J.; Sun, Y.-X.; Wu, J.-P.; Chen, S.-J.; Mai, B.-X. Short-
chain chlorinated paraffins in terrestrial bird species inhabiting an e-
waste recycling site in South China. Environ. Pollut. 2015, 198, 41−46.
(7) Liu, L.; Li, Y.; Coelhan, M.; Chan, H. M.; Ma, W.; Liu, L.
Relative developmental toxicity of short-chain chlorinated paraffins in
Zebrafish (Danio rerio) embryos. Environ. Pollut. 2016, 219, 1122−
1130.
(8) Zhang, Q.; Wang, J.; Zhu, J.; Liu, J.; Zhang, J.; Zhao, M.
Assessment of the endocrine-disrupting effects of short-chain
chlorinated paraffins in in vitro models. Environ. Int. 2016, 94, 43−50.
(9) Environmental Protection Agency (EPA). Risk Management for
Short-Chain Chlorinated Paraffins, 2012. https://www.epa.gov/
assessing-and-managing-chemicals-under-tsca/risk-management-
short-chain-chlorinated-paraffins (accessed 29 October 2019).
(10) POPRC (Persistent Organic Pollutants Review Committee).
Recommendation by the Persistent Organic Pollutants Review Committee

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://dx.doi.org/10.1021/acs.jafc.0c02328
J. Agric. Food Chem. 2020, 68, 7601−7608

7607

https://pubs.acs.org/doi/10.1021/acs.jafc.0c02328?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.jafc.0c02328/suppl_file/jf0c02328_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yawei+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6115-4076
http://orcid.org/0000-0002-6115-4076
mailto:ywwang@rcees.ac.cn
mailto:ywwang@rcees.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wei+Gao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lu+Bai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Runhui+Ke"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Cui"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chunyan+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guibin+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-6335-3917
http://orcid.org/0000-0002-6335-3917
https://pubs.acs.org/doi/10.1021/acs.jafc.0c02328?ref=pdf
https://dx.doi.org/10.1016/j.scitotenv.2016.08.105
https://dx.doi.org/10.1016/j.scitotenv.2016.08.105
https://dx.doi.org/10.1021/es702383t
https://dx.doi.org/10.1021/es702383t
https://dx.doi.org/10.1016/j.scitotenv.2017.02.192
https://dx.doi.org/10.1016/j.scitotenv.2017.02.192
https://dx.doi.org/10.1016/j.scitotenv.2017.02.192
https://dx.doi.org/10.1016/j.envpol.2014.12.023
https://dx.doi.org/10.1016/j.envpol.2014.12.023
https://dx.doi.org/10.1016/j.envpol.2014.12.023
https://dx.doi.org/10.1016/j.envpol.2016.09.016
https://dx.doi.org/10.1016/j.envpol.2016.09.016
https://dx.doi.org/10.1016/j.envint.2016.05.007
https://dx.doi.org/10.1016/j.envint.2016.05.007
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-short-chain-chlorinated-paraffins
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-short-chain-chlorinated-paraffins
https://www.epa.gov/assessing-and-managing-chemicals-under-tsca/risk-management-short-chain-chlorinated-paraffins
pubs.acs.org/JAFC?ref=pdf
https://dx.doi.org/10.1021/acs.jafc.0c02328?ref=pdf


to List Short-Chain Chlorinated Paraffins in Annex A to the Convention,
2017, (UNEP/POPS/COP.8/14).
(11) Ma, X.; Zhang, H.; Wang, Z.; Yao, Z.; Chen, J.; Chen, J.
Bioaccumulation and trophic transfer of short chain chlorinated
paraffins in a marine food web from Liaodong Bay, North China.
Environ. Sci. Technol. 2014, 48, 5964−5971.
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