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Abstract

This study investigated the surface soil of four typical industrial parks involved in crude oil extraction, petroleum
refining, and downstream petrochemical manufacturing processes to clarify the emission patterns of
polybrominated diphenyl ethers (PBDEs) and Dechlorane Plus (DP) in various industrial areas, and reveal their
impact on the surrounding environment. The concentrations of PBDEs and DPs in soil from a flame retardant
manufacturing park were 4.13 x 10° and 1.74 x 10° ng/g, respectively, far exceeding those in three petrochemical
parks. Among the 20 PBDE congeners analyzed, BDE209, a Deca-BDE congener, consistently exhibited the highest
concentrations across all four sites. However, the relative compositions of syn-DP and anti-DP differed between the
flame retardant manufacturing park and the petrochemical parks: the f,,, at the flame retardant manufacturing park
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was significantly lower than those in the three petrochemical parks. The horizontal spatial distributions of PBDEs
and DPs revealed the presence of point source emissions and demonstrated that chemical emissions from the
parks influenced surrounding areas. A prolonged emission history contributed to the cumulative concentrations
and distinctive composition profiles of these chemicals in soil. Dermal contact-based non-carcinogenic risk
assessments indicated that the hazard indices for PBDEs in soil were below 1, suggesting an acceptable health risk.
Among PBDE congeners, Tri-BDEs contributed most significantly to non-carcinogenic risks, despite BDE209 being
the most abundant. Non-carcinogenic risks associated with DPs were negligible across all four parks.

Keywords: Brominated flame retardant, chlorinated flame retardant, emission, petrochemical industrial, risk
assessment

INTRODUCTION

Brominated flame retardants (BFRs) are compounds that directly bromine organic molecules or add
bromine to olefins to achieve flame retardancy. BFRs are classified into three subgroups based on their
mode of incorporation into polymers: additive and reactive BFRs, and brominated monomers'.
Polybrominated diphenyl ethers (PBDEs), the most widely used BFRs by volume and a predominant
additive type, have attracted significant scientific attention. These chemicals have been widely used in a
variety of consumer products, such as electronics, furniture, textiles, and plastics, due to their flame-
retardant properties'”. They have 209 congeners based on the number and position of bromine atom

substitutions, and there are three commercial products, i.e., Penta-BDEs, Octa-BDEs, and Deca-BDE"..

As a kind of additive flame retardant, PBDEs are not chemically bonded with the host materials, and
consequently, they have a propensity to be released into the environment during manufacturing, use, and
disposal*”. As a typical persistent organic pollutant, PBDEs are persistent in the environment matrices,
such as air, dust, water, soil, and sediment®"” and can bioaccumulate in organisms, including humans'**".
Numerous studies have shown that PBDEs can negatively impact the endocrine system, neurodevelopment,
reproductive health, and immune function">". Consequently, PBDEs have been formally listed as priority-
controlled substances under the Stockholm Convention on Persistent Organic Pollutants, prompting the
implementation of comprehensive regulatory restrictions on their production and use across major global
jurisdictions, including the European Union, the United States, and China"*. China has completely banned
the production, processing, use, and import/export of PBDEs as of December 31, 2023. Notwithstanding
these control measures, the legacy of widespread industrial deployment preceding regulatory phase-out
necessitates ongoing quantitative characterization of PBDE reservoirs in soil, particularly given their
demonstrated soil persistence.

Dechlorane Plus (DP), consisting of syn-DP and anti-DP, was developed as a replacement for mirex and has
been in use since the 1960s""". Later, DP emerged as a new class of halogenated flame retardant that was
mass-produced and widely employed in products such as computer connectors, cable coatings, and
electrical wires for fire prevention, owing to its low density, low cost, and excellent photochemical and
thermal stability!*"*. Similar to PBDEs, DP is environmentally persistent and can bioaccumulate in
organisms'?. As its usage expanded, DP has been frequently detected in the air, soil, water, plants, animals,
and even human tissues™*
exhibiting antagonistic activity against thyroid hormone receptors (TRs) in cells and possibly disrupting

thyroid function by binding to TRs and acting as an antagonist**. Currently, DP is listed in Annex A

|, Recent studies have shown that DP may act as a potential endocrine disruptor,

(Elimination) of the Stockholm Convention, requiring parties to eliminate its production and use.
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However, it should be noted that prohibiting PBDEs and DPs will only have positive effects on newly
manufactured products. Older or currently used products containing these chemicals may still release them
into the environment. Therefore, PBDEs and DPs remain among the halogenated flame retardants that
require particular attention. Industrial emissions are major sources of environmental pollution, and certain
activities - such as flame retardant production, electronic waste dismantling, and operations within
petrochemical industrial parks - warrant special scrutiny. E-waste dismantling plants, recognized as primary
sources of flame retardant emissions, have been extensively documented for their high levels of release*.
Additionally, during production processes within petrochemical industrial parks, large amounts of flame
retardants are used"*”, contributing further to environmental contamination. As potential emission sources,
these facilities release flame retardants that persist in the surrounding environment and may pose health
risks to nearby residents. Human exposure to flame retardant chemicals occurs mainly through three
vectors: the ambient domestic environment, foodborne particulate matter, and direct dermal contact with
contaminated consumer goods. Pediatric populations exhibit heightened vulnerability due to distinct
behavioral patterns and physiological susceptibilities, demonstrating significantly elevated transdermal
pollutant uptake rates compared to adults. This differential exposure poses substantial risks to the
development of critical organ systems during sensitive growth periods.

However, information on the levels and compositional patterns of PBDEs and DPs in petrochemical
industrial parks and surrounding areas remains very limited. In particular, no data are available on whether
emission characteristics of these chemicals differ across various sectors of the petrochemical industry,
including upstream (oil extraction), midstream (petroleum refining), and downstream (chemical synthesis)
activities. The present study hypothesized that the emission characteristics of PBDEs and DPs vary between
different regions within the flame retardant manufacturing sector and across the petrochemical industry
chain from upstream to downstream. Therefore, the present study aimed to: (1) identify the target
substances in three types of petrochemical industries and compare them with those found in a flame
retardant manufacturing park; (2) investigate the chemical composition profiles in soils from the four parks;
(3) reveal the spatial distribution patterns and the impact on surrounding areas; and (4) assess human
health risks from chemical exposure through oral ingestion and dermal contact. This study addresses a gap
in the research on flame retardant emissions from petrochemical enterprises and provides important
information for the management and control of these target chemicals in both petrochemical industries and
flame retardant manufacturing areas.

MATERIALS AND METHODS

Reagents and materials

Empty solid-phase extraction (SPE) cartridges were purchased from CNW Technologies GmbH (Berlin,
Germany). PBDE standards, comprising twenty congeners (BDE17, 28, 47, 66, 71, 85, 99, 100, 138,153, 154,
183, 190, 196, 197, 203, 206, 207, 208, and 209) were obtained from AccuStandard (New Haven, CT, USA).
DPs (syn-DP and anti-DP) were also purchased AccuStandard. The recovery standard “C-PCB141 and the
internal standard “C-PCB208 were supplied by the same company. High-performance liquid
chromatography-grade solvents, including ethyl acetate, dichloromethane, n-hexane, and iso-octane, were
obtained from CNW (Diisseldorf, Germany).

Study areas and sample collection

Soil samples were collected from various locations across China using the grid point method™, including
three petrochemical industries (upstream, midstream, and downstream sectors) and a flame retardant
production park. The samples were taken from Caofeidian District, Tangshan, Hebei Province, in October
2022. A total of 65 soil samples were collected from various functional zones, including oil extraction sites, a
steel plant, chemical industrial parks, and residential areas. In July 2023, 50 soil samples were collected from
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the areas surrounding a petrochemical park in Jieyang, Guangdong Province, which includes schools,
residential areas, and salt flats. This petrochemical park mainly focuses on petroleum refining. In May 2021,
16 samples were collected from a petrochemical park in Lanzhou, Gansu Province, with an additional 26
samples from the surrounding area. Two nearby residential areas were also included in the sampling.
Additionally, in December 2020, 40 soil samples were collected from a flame retardant manufacturing park
in Weifang, Shandong Province, including production areas (# = 15) and an adjacent office building (n = 1),
as well as the surrounding area (n = 24). In total, 197 samples were obtained, with the sampling site details
provided in Supplementary Tables 1-4. Each sample was collected using a five-point sampling method,
transported to the laboratory in an icebox, and lyophilized. The resulting powders were sieved and stored in
brown vials at -20 °C until analysis.

Sample pretreatment protocols

Each soil sample (0.5 g) was extracted with a 1:2:2 (v/v) ethyl acetate/dichloromethane/n-hexane mixture
after spiking with “C-PCB141 surrogate standards. The extraction procedure involved 10 min of
ultrasonication, followed by 1 min of vortex mixing and centrifugation at 2,500 rpm for 10 min. This
extraction process was repeated three times. The combined extracts were concentrated using rotary
evaporation and then loaded onto a Florisil SPE cartridge (1 g) that had been pre-conditioned sequentially
with ethyl acetate, dichloromethane, and n-hexane. Target compounds (PBDEs and DPs) were then eluted
with 10 mL of a 1:1 (v/v) ethyl acetate/dichloromethane mixture. Finally, the eluate was concentrated,
reconstituted in 50 pL of isooctane containing the internal standard “C-PCB208, and stored at -20 °C until
instrumental analysis.

Instrumental analysis

PBDEs and DPs were determined by a 7890B gas chromatograph coupled with a 5977B mass spectrometer
(Agilent, USA). Chemical separation was accomplished with a DB-5 HT capillary column (15 m x 0.25 mm
x 0.1 um, Agilent, USA). The oven temperature program began at 80 °C (hold time: 0.5 min), then increased
at a rate of 20 °C/min to 310 °C, followed by a final isothermal hold for 3 min. A 1 uL sample injection was
made, with the injector maintained at 280 °C. High-purity helium was used as the carrier gas, delivered at a
constant flow rate of 1.0 mL/min. The analysis was performed in negative chemical ionization (NCI) mode
using selected ion monitoring (SIM), with the monitored ions listed in Supplementary Table 5.

Quality assurance and quality control

To ensure data quality, each analytical batch included ten soil samples, one matrix-spiked sample, and one
procedural blank. The standard deviation was confirmed to be < 10%. Quality control was conducted by
analyzing matrix-spiked samples containing known concentrations of target standards, with all reported
concentrations being recovery-corrected. Method validation demonstrated excellent linearity for PBDEs
and DPs (R* > 0.99) and satisfactory matrix spike recoveries (71%-125%). The limits of detection (LOD) and
quantification (LOQ), defined as 3x and 10x the signal-to-noise ratio, respectively, are provided in
Supplementary Table 5.

Health risk assessment by dermal contact

To evaluate non-carcinogenic risks, hazard quotients (HQs) were calculated using the reference dose (RfD)
and the estimated daily uptake (EDU) of each target chemical. The hazard index (HI), which represents the
cumulative risk from multiple chemicals, was derived by summing the individual HQs. Both HQ and HI
values below 1 indicate acceptable non-carcinogenic risk levels, while values above 1 warrant further
attention. This study assessed the exposure pathways for children and adults through oral ingestion and
dermal contact. The exposure assessment model developed by the U.S. Environmental Protection Agency
was applied. The EDU, HQ, and HI values are calculated as follows"":
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CXIRXEFXEDXBa

EDU a1 intake = T BwxAT x CF (1)
CXSAXAFXBaxEFXED
EDU jermat contact = BUWSAT X CF (2)
EDU
HQ =1 (3)
HI' =3} HQ (4)

where C is concentration of the chemical in soil (mg/kg); EF is exposure frequency (days/year); RfD (mg/
kg/day) is the reference dose; ED is exposure duration (years); IR is soil ingestion per year (mg/day); BW is
body weight (kg); CF is conversion factor (dimensionless); SA is exposed skin surface area (cm?); AF is skin
adherence factor (mg/cm’/day); Ba (%) is absorption factor of the chemical by dermal contact or oral
ingestion (%); AT is average time for non-cancer risk (day); EDU (mg/kg/day) is the estimated daily uptake
of the chemical, considering the absorption factor. All the parameters are listed in Supplementary Tables 6
and 7.

Statistical analysis

Analytes with concentrations below the LOD were recorded as “not detected” (n.d.). For detected analytes,
concentrations were estimated as half the LOQ when the detection frequency exceeded 50%, or one-quarter
of the LOQ otherwise™. All statistical analyses were performed using SPSS (IBM, USA), with P < 0.05
considered statistically significant and 0.05 < P < 0.10 considered marginally significant. Non-parametric
methods were employed due to the non-normal distribution of the data. The Mann-Whitney U test was
used to assess differences in analyte concentrations between the park and surrounding areas. Contour plots
were obtained using Surfer (Golden Software, USA).

RESULTS AND DISCUSSION

Occurrence of PBDEs and DPs

The detection frequencies of the target PBDEs and DPs in this study are presented in Supplementary Tables
8-11. PBDEs and DPs were detected at varying levels across all four areas. Notably, within the Weifang
flame retardant manufacturing park, all 20 PBDE congeners and both DP compounds demonstrated 100%
detection frequencies both inside and outside the park [Supplementary Table 8]. In contrast to the other
three petrochemical parks studied, soils in the Lanzhou petrochemical park exhibited significantly higher
detection frequencies of both PBDEs and DPs, compared to the surrounding areas outside the park
[Supplementary Table 9], while each contaminant in the Tangshan and Jieyang petrochemical parks showed
detection frequencies below 100%.

Among the 20 PBDE congeners, BDE209 had the highest detection frequencies of 86.2%-100% in all four
sampling regions. Comparatively, BDE47 and BDE100 showed relatively low detection frequencies. For
example, the detection frequencies of BDE47 were only 3.08% in Tangshan and 22.0% in Jieyang soils. For
the two DP isomers, the detection frequency of anti-DP was generally higher than that of syn-DP, except in
the Jieyang petrochemical park, where anti-DP and syn-DP had equal detection frequencies of 48.0%.
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Levels of PBDEs and DPs in different industrial areas

The concentrations of PBDEs and DPs in soils from the four industrial parks are listed in Table 1. The
concentration ranges of Y PBDEs (the total sum of PBDEs) in the Tangshan, Jieyang, Lanzhou, and Weifang
industrial parks were 0.48-165, 0-44.4, 0.06-359, and 262-1.48 x 10° ng/g dw, respectively, and of ¥ ,DPs were
0-4.37, 0-2.23, 0-56.4, and 10.1-6.52 x 10* ng/g dw, respectively. The results showed that PBDEs and DPs
were detected in all four park regions, although there were some specific locations where they were not
found. The highest concentrations were detected in Weifang, a BFR manufacturing park [Table 1].

The median PBDE concentration in the BFR manufacturing park was 5.20 x 10’ ng/g dw, approximately
two orders of magnitude higher than the median levels measured in the three petrochemical parks
[Table 1]. Furthermore, the median concentration of PBDEs within the BFR manufacturing park was 4.13 x
10* ng/g dw, significantly higher than the median concentration outside the park, which was 2.15 x 10° ng/g
dw (P < 0.05) [Supplementary Table 8]. This difference was expected, as two factories in the BFR
manufacturing park produce Deca-BDE, with annual production capacities of 6,000 and 2,500 tons/year.
Among the target 20 congeners, BDE209, the most common BFR in China, exhibited the highest median
concentration (3.60 x 10° ng/g dw), two orders of magnitude higher than the second most abundant
congener, BDE207 (186 ng/g dw). High concentrations of BDE209 are typical in flame retardant production
areas. Consistent with our findings, BDE209, with a mean concentration of 1.80 x 10’ ng/g dw, was
identified as the dominant congener in soils from an e-waste recycling facility in eastern China™. In
comparison, the median concentration of DPs in the BFR manufacturing park was 643.6 ng/g dw,
significantly lower than that of PBDEs, but still much higher than the concentrations found in the three
petrochemical industry parks. Similar to PBDEs, DP concentrations in the BFR manufacturing park showed
a median value of 1.74 x 10* ng/g dw, approximately two orders of magnitude higher than in surrounding
areas (101 ng/g dw).

The median concentration of PBDEs in the Lanzhou petrochemical park was 30.4 ng/g dw, which is similar
to the concentrations detected in surface soils near a chemical plant (26.0 ng/g, dw) and a power plant
(26.0 ng/g, dw) in northern China®, but is much lower than the levels observed in the BFR manufacturing
park. As in the BFR manufacturing park, the concentration of PBDEs inside the Lanzhou petrochemical
park was significantly higher than outside the park (P < 0.05) [Supplementary Table 9]. This indicates that
the petrochemical industry releases PBDEs, potentially impacting the surrounding environment.
Nevertheless, despite the release of PBDEs into the surrounding area, the pollution degree of the surface
soils around the Lanzhou petrochemical park was much lower compared to the two other types of parks,
i.e., the flame retardant production park and the e-waste dismantling park. The median DP concentrations
measured inside (13.4 ng/g dw) and outside (1.39 ng/g dw) the Lanzhou petrochemical park were also
substantially lower than the levels reported in an e-waste dismantling park in southern China (3.33 x 10° ng/

g dw)P.

The concentrations of PBDEs and DPs in the vicinity of the Tangshan and Jieyang petrochemical parks are
lower than those around the Lanzhou petrochemical park [Supplementary Tables 10 and 11]. Specifically,
the median concentration of PBDEs outside the Tangshan petrochemical park is 5.32 ng/g dw, which is
slightly higher than that outside the Jieyang petrochemical park. Both values, however, are lower than the
median concentration of 12.0 ng/g dw outside the Lanzhou petrochemical park. Notably, in the Jieyang
petrochemical park, the median concentrations of PBDEs and DPs measured as low as 2.04 and 0.02 ng/g
dw, respectively, far lower than the concentrations detected in the BFR manufacturing and Lanzhou
petrochemical parks. This discrepancy is primarily due to the fact that the Jieyang petrochemical park began
operation only in 2023. These results highlight the substantial impact of historical chemical emissions on
their accumulation in the environment. Therefore, continuous monitoring is necessary to determine
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Table 1. Concentrations (ng/g dw) of PBDEs and DPs in soils from the four industry parks and surrounding areas

LPP BFRP TPP JPP

Compounds - - - - - - - -

Min Median Max Min Median Max Min Median Max Min Median Max
PBDEs
BDE17 n.d. n.d. 2.84 0.05 0.94 497 n.d. n.d. 5.94 n.d. n.d. 114
BDE28 n.d. n.d. 9.72 1.29 25.6 2,10 x 10° n.d. n.d. 6.34 n.d. n.d. 238
BDE47 n.d. 0.1 1.62 0.25 6.24 126 x 10° n.d. n.d. 1.26 n.d. n.d. 193
BDE66 n.d. 0.1 0.85 0.14 2.50 153 x 10° n.d. 0.07 0.84 n.d. n.d. 1.60
BDE71 n.d. 0.76 18.7 0.07 15.1 648 n.d. 0.24 62.6 n.d. n.d. 2.01
BDE85 n.d. 0.08 2.96 0.14 6.76 390 n.d. 0.10 21.8 n.d. n.d. 1.70
BDE99 n.d. n.d. 3.06 0.14 14.9 559 n.d. 0.17 2.87 n.d. n.d. 1.82
BDE100O n.d. 0.37 789 0.16 133 132 x10° n.d. n.d. 6.33 n.d. n.d. 1.87
BDE138 n.d. 0.12 n.2 0.14 317 3.01x10° n.d. n.d. 0.84 n.d. n.d. 2.21
BDE153 n.d. 5.92 198 1.86 73.7 7.20 x 10° n.d. 0.07 17 n.d. n.d. 2.37
BDE154 n.d. 0.13 3.77 0.27 20.8 738 n.d. 0.04 233 n.d. n.d. 193
BDE183 n.d. n.d. 6.48 2.47 33.0 459 %10° n.d. n.d. 130 n.d. n.d. 2.29
BDE190 n.d. n.d. 8.07 0.21 10.4 6.15x10° n.d. n.d. 0.59 n.d. n.d. 2.29
BDE196 n.d. 0.23 5.70 0.29 211 3.17 x 10° n.d. 0.02 112 n.d. n.d. 2.30
BDE197 n.d. 1.06 8.80 0.77 38.6 118 x 10* n.d. 0.1 3.62 n.d. n.d. 291
BDE203 n.d. 0.60 15.0 0.57 77.7 6.29 x 10° n.d. 0.07 1.43 n.d. n.d. 3.01
BDE206 n.d. 0.66 14.8 2.81 181 2.51x10* n.d. n.d. 29.3 n.d. 0.15 2.67
BDE207 n.d. 2.72 17.5 3.57 186 6.14 x 10 n.d. 0.20 7.49 n.d. 0.15 2.7
BDE208 n.d. 0.98 229 6.44 179 1.28 x 10* n.d. 0.25 8.39 n.d. n.d. 172
BDE209 nd. 536 145 225 3.60 x 10° 716 x10" nd. 130 142 nd. 0.45 324
> PBDEs 0.06 30.4 359 262 520 x 10° 1.48 x 10° 0.48 5.32 166 n.d. 2.04 44.4
DP
syn-DP n.d. 0.22 19.2 10.0 569 617 x 10" n.d. n.d. 2.58 n.d. n.d. 0.59
anti-DP n.d. 2.28 41.7 0.05 1.9 5.03 x 10° n.d. n.d. 3.38 n.d. n.d. 1.64
>DP n.d. 2.59 56.4 10.1 644 6.52 x 10 n.d. n.d. 4.37 n.d. 0.02 2.23

PBDEs: Polybrominated diphenyl ethers; DPs: Dechlorane Plus; LPP: Lanzhou petrochemical park; BFRP: BFR manufacturing park; TPP: Tangshan petrochemical park; JPP: Jieyang petrochemical park; n.d.: not
detected.
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whether the Jieyang petrochemical park will have any future emissions of flame retardants that could affect
the surrounding environment.

Compared to other regions, the data from the BFR manufacturing park were similar to the results from
Laizhou Bay. The median concentration of y,.PBDEs in the soil collected by Li et al. outside a factory in
Laizhou Bay was 2.2 x 10’ ng/g, while the concentration inside the factory was 2.80 x 10* ng/g"". According
to a report by Deng et al., the average concentration of 3 PBDEs in soil samples collected from a PBDE
manufacturing site in Laizhou Bay in 2016 was 1.48 x 10° ng/g"”. Similar high concentrations of PBDEs
were also observed in an e-waste dismantling park in Guiyu, Guangdong Province. The concentration
ranges of PBDEs in soil, sediment, dust, ash, and burnt e-wastes were 140-3.9 x 10° ng/g"*. Such high PBDE
concentrations are also commonly found in e-waste dismantling areas in South China, where
contamination levels in e-waste recycling zones range from 227 to 1.60 x 10° ng/g and from 530 to
4.40 x 10* ng/g in adjacent urban areas, as observed in household dust samples®. A similar pattern was
observed in Pakistan, where the PBDE concentrations in soil samples from an e-waste dismantling park
ranged from 0.40 to 1.28 x 10* ng/g"". Therefore, the data from the BFR manufacturing park are comparable
to those from e-waste dismantling areas but are much higher than those from petrochemical parks.

Spatial distribution of PBDEs and DPs in industrial parks and surrounding areas

To identify potential sources and assess the environmental impacts of PBDEs and DPs, their spatial
distributions were investigated [Figure 1]. In the BFR manufacturing park, high concentrations of PBDEs
were mainly detected within the park itself. A significant amount of these chemicals was also found in the
nearby soil as a result of the manufacture of flame retardants. Additionally, due to the predominance of
northerly winds during winter in Weifang City, higher concentrations were observed in the areas located
downwind of the BFR manufacturing park. Similar effects of wind direction on the spatial distribution of

40]

PBDEs and other chemicals have been reported in the literature!

In the petrochemical parks, high concentrations of PBDEs and DPs were detected in Lanzhou [Figure 1A
and B]. Spatial distribution analysis revealed that the elevated chemical concentrations were predominantly
localized within the petrochemical plant boundaries. Two areas with high concentrations were identified:
the petrochemical production area and the raw material stacking area. This outcome is expected given the
unique nature of the petrochemical industry, which involves the use of equipment that contains substantial
amounts of flame retardants to prevent fires. As a result, these flame retardants are released from the
equipment into the air, eventually settling on the soil. As reported by Webster et al., BDE209, the primary
component of PBDEs, can transfer to dust and soil through physical processes such as wear or
weathering™'l.

Compared to the other two parks, the Tangshan and Jieyang petrochemical parks had lower levels of PBDEs
and DPs. These chemicals were detected both in the steel factory and the oil-producing region in Tangshan,
indicating that heavy industries are potential sources of PBDE and DP emissions. Similar findings were
reported by Odabasi et al., who identified iron-steel plants, petrochemical plants, ship-breaking, and the
petroleum refinery as major sources of some persistent organic pollutants, including PBDEs and
polychlorinated biphenyls, in samples collected from the Aliaga industrial region in Turkey'*”. Surprisingly,
PBDEs and DPs were also detected in the soil samples near the upper left corner of a toll station at a
highway intersection, which may be attributed to the dense traffic and longer vehicle stopping times,
resulting in increased exhaust emissions. Therefore, vehicle emissions could also be a contributing source of
these chemicals'*.
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Figure 1. The spatial distributions of PBDEs and DPs in parks and their surrounding areas. (A and B) Lanzhou petrochemical park; (C
and D) BFR manufacturing park; (E and F) Tangshan petrochemical park; (G and H) Jieyang petrochemical park. (A, C, E, and G) for
PBDEs; (B, D, F, and H) for DPs. PBDEs: Polybrominated diphenyl ethers; DPs: Dechlorane Plus; BFR: brominated flame retardant.

For the Jieyang petrochemical park, there were no significant detections of PBDEs and DPs around the
park. Instead, elevated concentrations of target compounds were identified in residential areas to the
northwest of the site. To the best of our knowledge, human activities in the residential area may also
contribute to the emission of flame retardants. Research has shown that indoor electronic products and
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waste incineration in residential areas can release flame retardants“. The sampling area is close to the
ocean and is susceptible to southeast winds in summer, which causes the chemicals to diffuse from the
residential areas to the northwest. Therefore, residential activities significantly influence the presence of
these target substances and climate conditions also affect their spatial distribution. Given that the
petrochemical park was recently established in Jieyang, it is unlikely to be the main source of PBDEs and
DPs in this region.

Composition characteristics of PBDEs and DPs in different industrial areas

In this study, the median concentrations of most compounds were below their respective LODs. Given the
significant environmental impact of pollutant emissions on surrounding areas, we employed mean
concentrations to characterize the compositional distribution of these compounds. The composition
profiles of the target analytes in each individual park area are shown in Figure 2.

The relative abundance of BDE209 was highest in the BFR manufacturing park, which is expected given that
BDE209 constitutes 91.6% to 96.8% of technical Deca-BDE. Furthermore, technical Deca-BDE is the
primary PBDE product in China, while commercial Penta- and Octa-BDEs are more commonly produced
in European and American countries. However, the relative abundance of BDE209 within the BFR
manufacturing park was 55%, which is lower than the 81% observed in the surrounding area. This
discrepancy seems unusual. We hypothesize that it is primarily due to the decades-long history of flame
retardant production and emissions in this park, which likely led to the debromination of BDE209 into
lower-brominated congeners. In contrast, the surrounding areas are more affected by the recent emission of
BDE209. This hypothesis is supported by another study conducted in the same park, which found that the
relative abundance of BDE209 in core soil samples decreased from 59.9% to 17.9% with increasing depth'*”.
Additionally, previous research has shown that the factory unintentionally produces lower-brominated
congeners, such as Nona-BDEs (BDE206, BDE207, BDE208), through photodegradation during PBDE
production“”. The relative abundance of Nona-BDEs within the BFR manufacturing park is 25%,
significantly higher than the 10% found outside the park, further supporting the idea that the higher
concentration of BDE209 within the park is prone to degradation.

For the petrochemical parks, there were different composition characteristics. In the Tangshan and Jieyang
petrochemical parks, BDE209 was found in the highest proportions, with Nona-BDEs being the second
most abundant congeners. In contrast, the relative abundances of BDE209 inside and outside the Lanzhou
petrochemical park were 32% and 30%, respectively. Additionally, BDE153 exhibited relative abundances of
27% inside the park and 28% outside. This difference is largely due to the long history of the Lanzhou
petrochemical park, which started production in 1959, a time when the use of technical Penta-BDEs was not
yet prohibited. Consequently, BDE153 has accumulated significantly in the soil samples of both the park
and its surrounding areas.

As for DPs, the relative abundance of anti-DP is higher than that of syn-DP in the three petrochemical
parks. Specifically, the relative abundances of anti-DP within and around the Lanzhou petrochemical park
are 79% and 91%, respectively. In the Tangshan and Jieyang petrochemical parks, the relative abundances of
anti-DP are 74% and 64%, respectively. This is mainly due to the commercial production of DP, which
follows a 1:3 ratio of syn-DP to anti-DP". However, in the BFR manufacturing park and its surrounding
areas, syn-DP is more prevalent than anti-DP, with relative abundances of 98% and 92%, respectively. This
phenomenon may result from the greater photodegradation stability of syn-DP isomers or the isomerization
of anti-DP to syn-DP, potentially driven by the park’s prolonged history of chemical production™’. A
similar pattern of higher syn-DP levels than anti-DP was also observed in soil near an e-waste dismantling
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Figure 2. Composition profiles of (A) PBDEs and (B) DPs in soil samples from four industrial parks and their surrounding areas. PBDEs:
Polybrominated diphenyl ethers; DPs: Dechlorane Plus; LPP: Lanzhou petrochemical park; LPS: surrounding area of Lanzhou
petrochemical park; BFRP: BFR manufacturing park; BFRS: surrounding area of BFR manufacturing park.

plant in Pakistan’. However, the exact cause of this phenomenon remains unclear and requires further
investigation.

Health risk assessment

Figure 3 presents the daily exposure levels and associated health risks from oral intake and dermal contact
pathways for both children and adults across the four chemical industrial parks, with complete numerical
data available in Supplementary Tables 12-15. The daily exposure levels of PBDEs and DPs through oral
intake for adults are ranked from highest to lowest as follows: Weifang > Lanzhou > Tangshan > Jieyang, but
the daily exposure for children in Jieyang was higher than that in Tangshan [Supplementary Table 12]. The
HI values for PBDEs in the flame retardant manufacturing park were comparatively higher compared to the
three petrochemical industrial parks for both children and adults. The highest HI value, 0.149, was observed
for children exposed to dermal contact in the flame retardant manufacturing park, followed by the Lanzhou
petrochemical park area (1.02 x 107). For adults, all HI values for PBDEs in the four areas were below 1,
suggesting that the associated risks of PBDE exposure are acceptable. Similar results were observed for DPs.
Our findings are consistent with studies reporting elevated health risks from environmental exposure to
flame retardants in e-waste dismantling areas, where children were found to be more vulnerable than
adults. Previous studies have also highlighted dermal contact as the dominant exposure pathway for
workers in these facilities™. Additionally, a study conducted in a plastic manufacturing plant in eastern
China confirmed that dermal exposure posed a greater risk compared to other exposure pathways'*".

The contribution of each individual compound to the HI is determined solely by its concentration and RfD,
regardless of whether the exposure scenario involves adults or children, as all other parameters cancel out
proportionally. Additionally, since the risk posed by DPs is two orders of magnitude lower than that of
PBDEs, only PBDEs are considered in the analysis. Among the congeners, tetra-BDEs and hexa-BDEs
generally contributed more to the HI in the three petrochemical industrial parks, with the highest
contribution of 53.1% observed in the Tangshan petrochemical park [Figure 4]. In the flame retardant
manufacturing park area, tri- to hepta-BDEs had comparable contribution, although hepta-BDEs showed
the highest. Despite the significantly higher daily exposure level of BDE209 compared to low-brominated
congeners, it accounted for only 1.5%-7.5% of the total risk, mainly attributed to its higher RfD value.
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CONCLUSIONS
This study identified and quantified PBDEs and DPs in the soil of four industrial parks. PBDE
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concentrations consistently exceeded DP levels across all study areas, with significantly higher
concentrations observed within the industrial parks compared to surrounding zones. Notably, PBDE levels
in the flame retardant manufacturing park were 2-3 orders of magnitude greater than those in the three
petrochemical parks. The compositional profiles of PBDEs across the studied parks were consistent and
primarily dominated by Deca-BDE. Its concentration in the BFR manufacturing park was significantly
higher than in the three petrochemical parks. In contrast, distinct compositional differences were observed
for DPs: syn-DP was the predominant isomer in the BFR manufacturing park, while anti-DP was more
prevalent in the three petrochemical parks. Spatial distribution analysis revealed point-source pollution
patterns within the petrochemical industrial parks and the BFR manufacturing park, although emission
sources were also found in the surrounding areas. This study confirmed the distinct emission profiles of
PBDEs and DPs in both the BFR manufacturing park and petrochemical parks. Considering the temporal
variation in sampling across different sites, the potential impact of this timespan on the concentrations and
compositions of these chemicals cannot be excluded. Risk assessments showed that both PBDEs and DPs
posed acceptable non-carcinogenic risks through oral and dermal exposure pathways. However, in the
flame retardant manufacturing park, children showed higher HI values than adults. Although BDE209 had
the highest concentration, low-brominated congeners contributed more to the total non-carcinogenic risks.
This study bridges a critical knowledge gap regarding fugitive emission profiling of BFRs across
petrochemical production complexes, providing foundational data to inform sector-specific mitigation
frameworks for prioritized contaminants.
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