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a b s t r a c t
To investigate halogenated ﬂame retardant (HFR) contents in recycled plastic materials, 23 recycled plastic samples
manufactured in ﬁve Chinese provinces were randomly purchased online, and the ∑12HFR concentrations of these
samples (including 8 polybrominated diphenyl ethers (PBDEs, BDE 28, 47, 99, 100, 154, 153, 183 and 209),
decabromodiphenylethane (DBDPE), 1,2-bis(2,4,6-tribromophenoxy)ethane (BTBPE), and 2 dechlorane plus isomers (DP, syn-DP and anti-DP)) varied from ND to 169,000 ng g−1 (mean ± SD, 46,900 ± 44,700 ng g−1). BDE
209 and DBDPE were the dominant components and their concentration ranges were from ND to 106,000 ng g−1
and ND to 81,900 ng g−1, respectively. Generally, the HFR content and plastic variety closely correlate, and the
∑HFR concentrations in the polyvinyl chloride (PVC, N = 5), polypropylene (PP, N = 9), acrylonitrile butadiene
styrene (ABS, N = 5), polystyrene (PS, N = 1) and polyethylene (PE, N = 3) samples were 65,300 ± 42,400,
36,700 ± 56,000, 30,000 ± 25,200, 24,300 and 4330 ± 7500 ng g−1, respectively. The HFR abundance in plastic
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from Guangdong (76,000 ± 56,400 ng g−1, N = 7) and Hebei (37,500 ± 11,500 ng g−1, N = 4) was much higher
than that for other provinces/cities.
© 2018 Elsevier B.V. All rights reserved.

1. Introduction
Plastic is considered a resource-saving, environment-friendly and
nontoxic material by the Basel Convention. Iron, wood, cement, and
plastic are the four basic materials of modern society. While plastic is
environment-friendly, some plastic additives, including halogenated
ﬂame retardants (HFRs), can result in apparent environmental or
human health risk (Fromme et al., 2016; Wang et al., 2016a; Pivnenko
et al., 2017). HFRs are additives that are widely used in all kinds of plastic and electronic/electrical products to reduce ﬁre risk, and their wide
use has resulted in HFRs becoming unintended trace contaminants.
Some HFRs (e.g., polybrominated diphenyl ethers (PBDEs)) have been
found to be harmful to human health and the environment (Coelho
et al., 2014; Yu et al., 2016). HFRs can migrate out of HFR-treated
goods through several pathways to result in extensive indoor contamination and human health risk (Rauert et al., 2014).
Because plastics contain various organic and inorganic additives that
can be emitted into the environment or transferred into other downstream products, chemical contaminants (including HFRs) in plastic
waste (Wager et al., 2012; Leslie et al., 2016; Vojta et al., 2017) and consumer products (Kajiwara et al., 2011; Samsonek and Puype, 2013), especially toys (Ionas et al., 2014; Gillian et al., 2016), are a source of
concern. Plastics and their accompanied additives normally undergo a
cycle of “products-waste-new products”, and thus, prohibiting the use
of some HFRs does not eliminate them from daily life (Batterman
et al., 2010; Dodson et al., 2012). A large volume (~3850 t yr−1 in
Ireland) of plastic waste was estimated to exceed the “low persistent organic pollutants (POP) concentration limits” (LPCLs) set by the
European Commission, and a considerable proportion of the POPs and
their associated HFRs were able to enter recycled polymers (Drage
et al., 2018). Widespread recycling of electronic plastic waste has unintentionally resulted in the ubiquitous presence of HFRs in plastic consumer products, and the disposal of plastic waste by conventional
municipal means affords a pathway for HFR entry into recycled plastic
products (Turner and Filella, 2017). A recent study reported the presence of HFRs in children's toys and food-contact articles (11 samples)
purchased in European Union (EU) markets (made in China and
Turkey) (Guzzonato et al., 2017), which raised concerns about HFRs in
recycled plastics and regeneration products in China. In fact, all kinds
of resources (e.g., plastic) are commonly reused at high recycling rates
in China, and China is the recycling centre for electronic wastes from
all over the world (Ma et al., 2016; Wang et al., 2016b). Because these
recycling activities might not be effectively regulated, the presence of
HFRs in recycled plastic materials in China should be investigated.
Polyvinyl chloride (PVC), polyethylene (PE), polypropylene (PP),
polystyrene (PS) and acrylonitrile butadiene styrene (ABS) are plastics
widely manufactured in China. The production amounts of PVC, PE, PP,
PS and ABS were 6.5, 5.3, 5.2, 1.2 and 1.1 million tons, respectively, in
China in 2005. Building materials, tubes and membranes are the most important PVC products. PE is widely used to manufacture membranes, ﬁbres and packaging for daily groceries. PP is mainly used to produce
advertising board and all kinds of packaging wood. PS is used in optical,
chemical, commodity and packaging (speciﬁcally for food) industries,
and ABS is mostly used in automobile, ofﬁce equipment, electronic and
electrical industry applications (Hou et al., 2006). In 2014, the production
amount of all kinds of plastics in China was 73.9 million tons, and the corresponding consumption amount was 93.3 million tons. In the same year,
the amount of waste plastic recycled was 28.3 million tons, which
accounted for approximately 30% of the total consumption amount.
China has a number of plastic recycling factories that are mainly located

in Guangdong, Zhejiang, Hebei, Jiangsu, Fujian, Shandong, Henan, Anhui
and Liaoning Provinces (China-National-Resources-Recycling-Association, 2016). Further, recycled plastics can be extensively reused in many
kinds of daily necessities, including children's toys and food-contact articles (Turner and Filella, 2017), which could result in a non-negligible potential health risk due to repeated recycling of HFR-treated materials, as
indicated in a former study (Batterman et al., 2010).
As a result, this study was conducted to evaluate the presence of
HFRs in recycled plastic samples collected from a Chinese online market.
The objectives of this study are (1) to add to the current, sparse database
of the levels and proﬁles of selected HFRs in recycled plastic materials
and (2) to examine factors that may inﬂuence HFR contamination.
This study can provide new information on the environmental-risk of
recycling plastic with HFRs in China.
2. Materials and methods
2.1. Sampling strategy
We randomly purchased recycled plastic samples from an online
market (https://www.1688.com/), and the samples were from typical
industrial plastic recycling manufacturers whose products represent
the mainstream characteristics of recycled plastics. Because most
recycled plastic are only sold for block trade, only 23 samples (5 kg
each) were successfully collected. All raw materials consisted of particles with a diameter of approximately 3 mm. These materials were produced in Guangdong (N = 7; 1 PE sample, 3 PP samples and 3 PVC
samples), Zhejiang (N = 9; 2 PE samples, 3 PP samples and 4 ABS samples), Hebei (N = 4; 1 ABS sample, 2 PVC samples and 1 PS sample),
Tianjin (N = 2, PP samples) and Shanghai (N = 1, PP sample), and
the numbers of PVC, PE, PP, PS and ABS samples were 5, 9, 3, 1 and 5, respectively. All 23 samples were obtained from 11 factories located in the
ﬁve previously mentioned provinces/cities. Each type of recycled plastic
was made entirely from a speciﬁc type of plastic goods waste. The production process generally includes crushing, washing and drying, heat
extrusion moulding (at an appropriate temperature) and size dicing.
Because recycled plastics are a highly homogeneousness staple commodity, our randomly selected samples are relatively representative.
To the best of our knowledge, this is the ﬁrst report on the presence of
ﬂame retardants in recycled plastics in China.
2.2. HFR determination
First, all samples were repeatedly cleaned in a deionised water bath
for 2 min at room temperature to remove dust from the surface of the
samples. After drying at room temperature, a proper amount of each
sample was further cut into pieces (b0.5 mm) before extraction. Approximately 50 mg of each sample was accurately weighed and spiked
with deuterated surrogate standards (BDE 77, BDE 128 and 13C-BDE
209). Some samples were extracted using 2.5 mL of dichloromethane
(DCM) in an ultrasonic bath for 10 min, and some samples were dissolved directly in the solvent. Then, ~1 mL methanol was added to the
sample solutions to precipitate the plastic materials. Then, the solutions
were passed through a disposable syringe ﬁlter (0.2 μm), and the ﬁltrates were collected in clean tubes. Further, the residue on the ﬁlter
was dissolved again with DCM, and the extraction process was repeated
twice. The combined ﬁltrate for each sample was evaporated to ~1 mL at
35 °C after solvent exchange to n-hexane. Then, the extracts were further cleaned by using a 44% acidic silica gel column (6 mL, ﬁlled with
100 mg sodium sulfate, 2 g acidic silica and 100 mg activated silica;
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preconditioned with 6 mL hexane) with 10 mL hexane/DCM (1:1, v/v).
The eluents were concentrated to near dryness under a gentle nitrogen
gas ﬂow, and a recovery standard (PCB 209) dissolved in 100 μL isooctane was added before the gas chromatography-electron capture negative ionization-mass spectrometry (GC-ECNI-MS) (Shimadzu, Japan)
analysis.
A total of 8 PBDEs (BDE 28, 47, 99, 100, 154, 153, 183 and 209),
decabromodiphenylethane (DBDPE), 1,2-bis(2,4,6-tribromophenoxy)
ethane (BTBPE), and 2 dechlorane plus isomers (DP, syn-DP and antiDP) were analysed. Detailed information about the chemicals and GC–
MS procedures is clearly described in our previous paper (Liu et al.,
2017).
2.3. QA/qc
A procedural blank was run after every 6 samples. Only BDE 209
(b20 ng mL−1) was detected in the procedural blanks (n = 4), and
thus, all data were not blank corrected. The limit of quantiﬁcation
(LOQ) was deﬁned as the level ten times the signal-to-noise ratio
(from 2 ng g−1 to 20 ng g−1). The recoveries of BDE 77, BDE 128 and
13
C-BDE 209 ranged from 56 to 145% (mean ± SD: 97 ± 32%, 110 ±
24% and 109 ± 30%, respectively) for all samples.
3. Results
3.1. Levels and proﬁles of HFRs in recycled plastic samples
Generally, the HFR concentrations varied from ND to 169,000 ng g−1
(mean ± SD, 46,900 ± 44,700 ng g−1) in the 23 samples (Fig. 1). BDE
209 and DBDPE were the most abundant HFRs, and their concentration
ranges were ND to 106,000 ng g−1 (24,400 ± 25,300 ng g−1) and ND to
81,900 ng g−1 (21,900 ± 23,000 ng g−1), respectively, in these samples.
On average, BDE 209 and DBDPE accounted for 58.0 ± 18.6% and 40.6 ±
19.0% of the ∑HFRs, ranging from ND to 100% and ND to 74.1%, respectively. The proportions of BTBPE and DPs were only 1.3 ± 1.6% and 0.6 ±
0.7%, respectively, which were much lower than those of BDE 209 and
DBDPE. Other BDE congeners, excluding BDE 209, accounted for 5.0 ±
6.0% of the ∑HFRs, ranging from ND to 16.0% among the 23 samples.
The PBDE levels in the recycled plastics in this study were approximately one order of magnitude lower than those reported for Irish waste

polymers (mean: 738,000 ng g−1 for ∑10 BDEs) (Drage et al., 2018)
and approximately one order of magnitude higher than those reported
in Belgian hard plastic toys (mean: 4500 ng g−1 for ∑10 BDEs) (Ionas
et al., 2014), but their congener proﬁles were similar. Most likely,
recycled plastics are an important source of HFRs in toys, and therefore,
in some cases, they may pose a health hazard to children.
According to the above results, commercial deca-BDE and its substitute “DBDPE” have been widely used in plastic materials and their
recycled products in China. This result is consistent with many other results from investigations on the presence of HFRs in indoor environments; i.e., DBDPE has been produced in large amounts and was
extensively detected (Yu et al., 2016). These results indicate that
DBDPE contamination and human health risk in China should be cause
for concern in the future. Though the data showed that novel brominated ﬂame retardant (NBFRs), e.g., DBDPE, have been widely used as substitutes for deca-BDE, deca-BDE was still the most important
component used for ﬁre retardancy. In addition, the results showed
that commercial penta- and octa-BDE have very limited application
compared to that of deca-BDE in the plastic industry, and the substitute
for octa-BDE, namely, BTBPE, was rarely used. This pattern is similar to
those found in most studies on dust samples from China (Yu et al.,
2012; Zhu et al., 2013; Cao et al., 2014a; Cao et al., 2014b; Zhu et al.,
2015; Yu et al., 2016). Commercial penta-BDE and its substitutes are
widely used in ﬂexible polyurethane foam to manufacture upholstery
and furniture coverings; commercial octa-BDE and its substitutes are
mostly used in ABS, PS and polyamide (PA) ﬁbres (European-Commission, 2011; Krol et al., 2012). As a result, penta- and octa-BDE have
been rarely applied in most plastic varieties, including PE, PP and PVC,
and thus, penta- and octa-BDE were not the main components in the
samples collected for this study. Among the BDE congeners, excluding
BDE 209, BDE 153 was the dominant congener, showing much a higher
proportion than BDE 47, 99 and 183, which are the dominant components of commercial penta- and octa-BDE. This unique phenomenon
has also been observed in some studies on PBDE occurrence in indoor
dust from Nanjing (Wang et al., 2015) and Qingyuan (Liu et al., 2013)
in China. However, BDE 153 is not the dominant congener in commercial penta- and octa-BDE products (La Guardia et al., 2006). One former
study found that during a hydrothermal treatment process on BDE 209,
BDE 154 and 153 (which have bromine in ortho positions), were detected at much higher levels than BDE 28, 47, 99 and 100 (which have two
bromines in para positions) (Nose et al., 2007). This result indicates that
BDE 153 might be the degradation product of BDE 209 during a
recycling process, or that other unknown commercial PBDE products
exist in which BDE 153 is the dominant congener.
3.2. HFR variation with plastic variety and locality

Fig. 1. Proﬁles of HFRs in recycled plastic samples.

The inﬂuence of the plastic variety on the HFR contents is discussed
(Fig. 2). The abundances of ∑HFRs in different types of plastics were
ranked as PVC (N = 5), PP (N = 9), ABS (N = 5), PS (N = 1) and PE
(N = 3), with mean concentrations of 65,300 ± 42,400, 36,700 ±
56,000, 30,000 ± 25,200, 24,300 and 4330 ± 7500 ng g−1, respectively. Speciﬁcally, for BDE 209 and DBDPE, their mean concentrations in the ﬁve types of plastics were 26,400 ± 18,400, 20,500 ±
34,700, 19,500 ± 16,200, 19,000 and 2110 ± 3650 ng g−1, and
38,500 ± 25,300, 15,500 ± 22,500, 6010 ± 5240, 4180 and 1710 ±
2960 ng g−1, respectively. PVC was the most contaminated material,
and the DBDPE content in PVC was remarkably higher than that in
other plastics. BTBPE (881 ± 1140 ng g−1) and BDEs, excluding BDE
209 (3540 ± 3380 ng g−1), were present in distinctly higher proportions
in ABS than the other materials, and in the other four types of plastics,
they were detected at extremely low concentrations. In general, DPs
were rarely detected and only found in very low concentrations in the
PP (151 ± 301 ng g−1) and ABS (23 ± 38 ng g−1) samples.
Apparently, the presence of HFRs in plastic samples was signiﬁcantly
inﬂuenced by their localities (Fig. 3). The HFR abundance in plastic from
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Fig. 2. Detailed HFR concentrations in the ﬁve types of plastic samples.

the ﬁve provinces was ranked in the following order: Guangdong (GD)
(76,000 ± 56,400 ng g−1) N Hebei (HB) (37,500 ± 11,500 ng g−1)
N Zhejiang (ZJ) (17,800 ± 25,200 ng g−1) N Tianjin (TJ) (840 ng g−1)
N Shanghai (SH) (ND). In Guangdong, Hebei and Zhejiang Provinces,
plastic samples were collected from Guiyu (N = 5), Jiexi (N = 1) and
Dongguan (N = 1); Wenan (N = 4) and Taizhou (N = 4); and Yuyao
(N = 2), Leqing (N = 2) and Ningbo (N = 1), respectively. All of
these cities are famous electronic waste disassembly or plastic recycling
cities, especially Guiyu, Taizhou and Wenan (Gao et al., 2012; Labunsk
et al., 2013; Deng et al., 2014). Comparatively, HFRs were detected in
very low levels in the samples from Tianjin and Shanghai. The plastic
recycling products from classical e-waste dismantling areas always
showed higher levels of residual HFRs. Speciﬁcally, the highest levels
of BDE 209 and DBDPE were detected in the samples from Guangdong
Province (37,700 ± 33,900 ng g−1 and 37,600 ± 26,300 ng g−1), followed by those from Hebei (17,200 ± 6990 ng g−1 and 18,500 ±
16,000 ng g−1) and Zhejiang (11,700 ± 16,500 ng g−1 and 3790 ±
5420 ng g−1) Provinces. The BDE, excluding BDE 209, and BTBPE levels
showed different patterns, and the highest BDE and BTBPE levels were
in the samples from Hebei (1350 ± 2220 ng g−1 and 468 ±
745 ng g−1) and Zhejiang Provinces (1900 ± 2970 ng g−1 and 363 ±
836 ng g−1). Lower levels of these compounds were found in the samples from Guangdong Province (367 ± 554 ng g−1 and 127 ±
246 ng g−1, respectively) because these compounds are not widely
used in electronics and electrical appliances. Because DPs are always
used in electrical wire and cable coatings, plastic rooﬁng materials, computer connectors and other polymeric systems (Wang et al., 2016a),
they were present in remarkably higher levels in the samples from

Guangdong Province, which is famous for e-waste disposal (194 ±
333 ng g−1), followed by those from Hebei province (24 ±
42 ng g−1), and DPs were detected at very low levels in the samples
from other three provinces (ND-28 ng g−1).
3.3. Application of regenerated plastics and potential environmental risk
In this study, according to the manufacturer application speciﬁcations, the regenerated PVC from these factories is generally used to produce toys, cables, shoes, curtains, packing bags, sofas, cushions,
ornaments and car accessories. Regenerated PP is mostly used to manufacture toys, furniture, carpet, packing boxes, containers and automobile
interior decorations. The main uses of regenerated ABS include the production of toys, car accessories, electrical and electronic products and
other daily use objects. Regenerated PS is always used ask material for
food containers, toys, stationary, shoe soles, ofﬁce equipment and ﬁlling
materials. Regenerated PE is always used to manufacture dustbins.
Of these ﬁve types of plastics, PVC, PP, ABS and PS are all potentially
transformed into children's toys, and PS may also be used to manufacture food containers. According to the results of this study, almost all regenerated plastic samples have different levels of HFR residues, and
these applications will result in non-negligible HFR exposure risk and
health threat to both children and adults.
3.4. Implications for the management and regulation of plastic recycling
In addition to HFRs (including brominated ﬂame retardants (BFRs)
and chlorinated ﬂame retardants (CFRs)), other types of ﬂame
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Fig. 3. Variations in the HFR concentrations based on the locations of the plastic samples.

retardants (FRs, including phosphorous ﬂame retardants (PFRs) and
other inorganic ﬂame retardants) have also been widely used, and
many of them have been found to be toxic (Sverko et al., 2011;
Fromme et al., 2016; Hou et al., 2016). Because of plastic regeneration,
FRs in plastic will be recycled and can cause considerable environmental
risk. Firstly, the plastic recycling rate in China is very high (China-National-Resources-Recycling-Association, 2016), which means a large
proportion of the FRs (except for the proportion that migrates during
daily use) added to plastics will be recycled in a plastic regeneration
process. Secondly, plastic recycling regulations are not strict, and plastic
materials with high FR concentrations could possibly be regenerated
into materials, such as food-contact plastics, that should not contain
FRs (Ionas et al., 2016; Guzzonato et al., 2017). Thirdly, because FRs
could be added into recycled materials again before they are
manufactured into new products, the FR contents of the ﬁnal products
may exceed certain requirements for ﬁre safety. Fourthly, as some FRs,
such as commercial penta- and octa-BDE have been prohibited from
use (UNEP-Stockholm-Convention-on-Persistent-Organic-Pollutants,
n.d.), the residues of these compounds in recycled materials would result in the presence of illegal FRs in new products. Finally, FRs, such as
BDE 209, can transform into more toxic products (e.g., lower brominated BDEs and hydroxylated BDEs) under thermal conditions during
recycling and regenerating processes (Nose et al., 2007; Wang et al.,
2007; Ren et al., 2013), which could enhance the environmental risk
from FR residues in recycled plastics.
Generally, approximately 80% of the total FRs is used by the plastic
industry in China, and approximately 20% of plastic products are ﬂame
retardant, which requires a FR content of approximately 2% (w/w).

The FR consumption amount in China was approximately
300,000 tons in 2013, and 250,000 tons were used in 62 million tons
of plastic products. Because HFRs are still the dominant FR species, the
HFR consumption amount in plastics in 2013 was approximately
120,000 tons (approximately 50% of the total FRs) in China (Zhang,
2014). According to this calculation model, of the 28.3 million tons of
recycled plastics in China in 2014 (China-National-ResourcesRecycling-Association, 2016), the FR content in these waste plastics
would be up to approximately 56,600 tons. Further, according to statistical data, approximately 30% of plastic products were made from regenerated plastics, which means that the plastic recycling rate should
be higher than 30% considering that the plastic consumption amount
increases yearly (China-National-Resources-Recycling-Association,
2016). Thus, for the 250,000 tons of FRs used in plastics in 2014
(Zhang, 2014) and ignoring the proportion that migrates during daily
use, N80,000 tons of FRs in waste plastic will gradually enter the
recycling stream in the coming years after use, and the HFR amount
will be approximately 40,000 tons. Based on the data in this study, we
can roughly estimate the amount of HFRs recycled with plastic recycling
processes in China. The annual amounts of ∑HFRs, BDE 209 and DBDPE
recycled with plastics was approximately 1330 ± 1270, 691 ± 717 and
619 ± 650 tons, respectively, in China in 2014. Apparently, these values
remarkably underestimate the FR amounts recycled. The FR amount
that migrates out of plastic materials during daily use must also be considerable (Rauert et al., 2014) and will need to be quantiﬁed in the
future.
The FR recycling risk associated with plastic regeneration is worthy
of concern. Unregulated recycling and improper use will increase FR
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contamination of regenerated products and the consequent human exposure risk. Without efﬁcient regulation of the plastic recycling process,
FRs will spread into all kinds of daily use products, even food products
and children's toys, and threaten human health. Consequently, the plastic recycling industry should be seriously regulated, and waste plastic
with different usages and FR contents should be classiﬁed and regenerated in different ways. Strict selection, registration, and classiﬁcation
(e.g., ﬂame-retardant plastic and non-ﬂame-retardant plastic, plastic
containing convention-banned ﬂame retardants and plastic without
convention-banned ﬂame retardants) should be conducted in the
waste plastic recycling industry. Plastic containing phased-out FRs
should not be recycled, and cross contamination should be prevented
to reduce the environmental risk associated with plastic regeneration
in China due to recycling FRs.
Currently, no speciﬁc legislation exists to regulate the unintentional
presence of FRs in recycled plastic materials in China. Consequently, the
“Management Decree on Recovery of Renewable Resources (2006)”
ordinated by the Ministry of Commerce in China (Ministry-ofCommerce, 2006) should be updated, and items on plastic additives, including FRs, should be established as soon as possible.
4. Conclusion
HFRs were widely detected at considerable levels in recycled plastic
samples in this study. Among the 12 HFRs, BDE 209 and DBDPE were the
main compounds detected. PVC and PP were the most contaminated
plastics, and recycled materials from Guangdong and Hebei Provinces
had the highest HFR levels. Based on our limited data, the annual
recycled amount of ∑12HFRs associated with plastic regeneration
was roughly estimated to be 1330 tons in China in 2014, and according
to statistical data, FR residual amounts in recycled plastics was approximately 56,600 tons in China in 2014. The presence of HFRs, especially
some restricted compounds, in recycled plastic items suggests that
recycling HFR-treated polymers will lead to unintended HFR contamination in regenerated productions. Plastic recycling in China should be
more strictly regulated to reduce potential environmental and health
risks.
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