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Organophosphorus flame retardants (PFRs) are a group of emerging contaminants which have been detected in
worldwide waters. However, source of various PFRs in the large-scale area like coastal water environment have
not been clearly revealed. In this study, fifteen PFRs in coast of Guangdong-Hong Kong-Macao Greater Bay area
(GBA), China were investigated, and a method of spatial pattern analysis was firstly used for pollution source
identification. Seawater samples from different segments of GBA coast were analyzed and thirteen PFRs were
quantified with total concentrations ranging from 32.7 to 1032.7 ng L− 1. GBA coasts have been seriously polluted
by PFRs. A hierarchical cluster analysis of the PFR concentrations in different GBA sites showed significant
spatial distributions for different types of PFRs. A series of correlation analysis between PFRs distributions and
spatial pattern of GBA socio-economic indicators were performed, and multiple sources including human set
tlement, wastewater, manufacture, construction industry, vehicles, and shipping transport were found to be
correlated to PFRs pollutions in the coasts. This study indicates that spatial pattern analysis based on statistical
analysis would be a promising method of analyzing environmental data and exploring pollution source in largescale area.
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1. Introduction
Organophosphorus flame retardants (PFRs) are a group of man-made
industrial additives used as flame retardant and plasticizer, and have
become by volume the most important organic FRs worldwide instead of
brominated flame retardants in 2016 (McWilliams, 2018; van der Veen
and de Boer, 2012; Bergman et al., 2012). However, PFRs are wide
spread organic pollutants and pose potential negative effects to biota
and human beings; some PFRs have been proven to be neurotoxic,
genotoxic, carcinogenic, etc. (Hou et al., 2016; Fu et al., 2020; Liu et al.,
2021; Bekele et al., 2021). China was the largest single consumer with
the use volume accounting for 26% of the global flame retardants
market (data in 2016) (McWilliams, 2018). With the increasing popu
lation and fast-growing manufacturing industry in China, more PFRs are
continuously released into natural waters and frequently detected (Shi
et al., 2020). Guangdong-Hong Kong-Macao Greater Bay area (GBA)

comprises Hong-Kong, Macao, and nine municipalities in the Pearl River
Delta, China, and its development is a key strategic planning in China’s
development blueprint (Hui et al., 2020; Zhou et al., 2018). GBA has the
largest population, largest land area, highest manufacturing industry
output values, and highest container throughput in bay areas all over the
world (Hui et al., 2020). Previous studies have reported the pollution of
various PFRs in Pearl River estuary in GBA, and the highest concentra
tions were up to 3.12 μg L− 1 (Wang et al., 2014). Hence, it is pertinent to
study source of PFRs in GBA water environment, and the results may be
helpful for identifying the contaminated industry and proceeding
pollution mitigation in the future.
It has been reported that PFRs pollutions in urban rivers were highly
related to the surrounding human activities (including social activities
and industrial activities) (Gao et al., 2018, 2020; Zhang et al., 2019;
Zhou et al., 2018). However, detail sources of PFRs in large-scale areas
such as GBA coast have not been revealed clearly. PFRs have multiple
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usages in products (summarized in Fig. S1) and high mobility in surface
water, which may lead to complex non-point source pollution (Chokwe
et al., 2020). Spatial pattern analysis is focused on describing and
analyzing pattern of data in space, and mainly applied in geographical
and ecological analysis (Rosenberg and Anderson, 2011). This method
may also be useful for discovering spatial pattern of environmental data
and socio-economic data (Bierman et al., 2011). For instance, spatial
pattern analysis can reflect relationship patterns of both the regional
PFRs pollution and socio-economic indicators such as human activities
(e.g., population density, wastewater volume, industrial output value).
The combination between spatial pattern analysis and statistical anal
ysis may be helpful for further identifying sources of PFRs pollution in
the large-scale area.
The manufacturing industry in GBA is highly developed and almost
covers all types of industries that using PFRs, while different GBA coastal
cities have different layouts in society and economic (Hui et al., 2020;
Zhou et al., 2018). In geography, there are multiple rivers that flow
through different cities and flow into different segments of GBA coast
(Hu and Li, 2009; Lai et al., 2015). Some researchers have reported that
the river inflow is a critical factor to determine the coastal water in GBA
(Lai et al., 2015). Hence, PFRs would also travel into the GBA coast by
river input (Milliman, 2001). The geographical characteristic of multi
channel river network in GBA would lead to different transport and
spatial distributions of contaminants. As a result, the spatial pattern
analysis of PFRs pollutions and socio-economic indicators is likely to
explore the source of PFRs in GBA coastal areas.

In this study, spatial distributions of fifteen PFRs (Table S1) in GBA
coasts were explored by the method of hierarchical cluster analysis
(HCA). Multiple sources of the studied PFRs were discussed according to
the PFR applications and correlation analysis of PFRs distribution and
GBA social/industrial indicators.
2. Materials and methods
2.1. Materials
Standards of trimethyl phosphate (TMP), triethyl phosphate (TEP),
tris(2-chloroethyl)phosphate
(TCEP),
tris(1,3-dichloroisopropyl)
phosphate (TDCIPP), tris(phenyl) phosphate (TPHP), and diphenylcre
syl phosphate (CDP) were purchased from AccuStandard (USA); the
purity of each of them was > 97.1%. Standards of tributyl phosphate
(TNBP), tris(chloroisopropyl)phosphate (TCIPP), tris(2-ethylhexyl)
phosphate (TEHP), and tri-m-cresyl phosphate (TMCP), tri-p-cresyl
phosphate (TPCP) were obtained from Dr. Ehrenstorfer (Germany) with
purities over 97.7%. 2-Ethylhexyl diphenyl phosphate (EHDPHP,
92.8%) and tri-o-cresyl phosphate (TOCP, 99.1%) were purchased from
TCI (Japan). Methyl diphenyl phosphate (MDPP, > 90%) and trihexyl
phosphate (THP, > 90%) were obtained from Chem Service (USA) and
Martrix Scientific (Colombia), respectively. TCEP-d12 (96%) and TNBPd27 (99%) were purchased as deuterated surrogates from Toronto
Research Chemicals (Canada). All organic solvents were of HPLC grade
and obtained from Fisher Scientific (NJ, USA) and J. T. Baker (NJ, USA).

Fig. 1. Locations and organophosphorus flame retardants concentrations (ng L− 1) for the seawater sampling sites in Guangdong-Hong Kong-Macao Greater Bay
area, south China. The main river input in GBA coast is showed. The administrative regions for the eleven GBA cities are showed.
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2.2. Studied area and sampling sites

microfiber membranes, and anhydrous Na2SO4 were baked at high
temperature (> 460 ◦ C) over 4 h before use. The extraction was per
formed in the ultraclean cabinet with positive pressure to avoid
contamination.
Field blank samples (ultrapure water) were treated in the same way,
and all the targeted PFRs were below limits of detection (LODs). The
recoveries of fifteen PFRs in SPE were verified in laboratory as method
described previously (Gao et al., 2019b), and the results ranged from
79% to 126% except for TMP (26%) (Table S3). The low recovery of
TMP in SPE extraction was also reported by Liang et al. (2015) The re
coveries of surrogate compounds (i.e., TCEP-d12 and TNBP-d27) are
used as quality control indicators for the recoveries of PFRs. Recoveries
ranged from 81% to 137% for TCEP-d12 and from 106% to 138% for
TNBP-d27 (Table S4). The LOD of a compound was defined with mean
blank plus 3 times the standard deviation of the procedural blanks
(Shrivastava and Gupta, 2010). The LODs for the fifteen PFRs in water
ranged from 0.05 to 0.8 ng L− 1 (Table S1), indicating that the proposed
method is sensitive enough for the determination of PFRs.

The studied area focuses on the coastal water environment of GBA,
which locates the south of Guangdong province, China (shown in Fig. 1).
The longitudes range from 113.0 to 114.5◦ E and latitudes range from
21.9 to 23.1◦ N for the studied coasts (300 × 200 km2). Water samples
were collected from coastal sea areas in different coastline segments in
GBA and the geographic location of each sampling site is shown in Fig. 1.
All sampling sites should not be affected by immediate anthropogenic
disturbances (e.g., human settlement, industrial activity, drain outlet,
and harbor), and could indicate the general water condition in each
segment (USEPA, 2006). The locations of the sampling sites can be
divided into three areas, i.e., S1-S5 in eastern GBA coasts, S6-S13 in
western GBA coasts, and S14-S16 in three offshore islands (Fig. 1). The
detailed information on location, water salinity, main inflow rivers, and
adjacent cities for each sampling site were listed in Table S2. The river
input and dominant cities that may contribute the contamination to the
sampled water for each sampling segment was described in Text S1.
There are few typhoons and rainfalls in the winter dry season, which
means river discharge is thus the key feature that affected the coastal
water (Lai et al., 2015). To better investigate the influence of river input
on the PFRs pollution in coastal water, the sampling was conducted at
low tide from December 08 to December 17, 2019 (winter dry season),
no rainfall occurred during those days.

2.6. Spatial pattern and statistical analysis methods
To visualize the similarities and differences of PFRs pollution among
sampling sites (Caesar et al., 2018), data of PFR concentrations were
log2-transformed (meet the assumption of normality) (Bekele et al.,
2019), and a heat map was generated based on a hierarchical cluster
analysis. Briefly, the hierarchical clustering (Euclidean distance metric
and group average linkage) was used to generate a tree diagram, and
grouping of sampling sites and PFRs concentrations were used to explore
spatial distribution of PFRs pollutions. Furthermore, correlation analysis
by Spearman rank method was used for estimating the relationship be
tween the PFRs distribution and data of social/industrial indicators in
GBA. The Spearman rank method provides a nonparametric measure of
correlation between two variables, and estimates whether the associa
tion is monotonically (steadily) increasing or decreasing (Reimann et al.,
2017). The PFRs related social/industrial indicators (such as population
density, wastewater volume, industrial output value) including popu
lation, society, industry and economy were summarized from the 2019
Guangdong Province Statistical Yearbook, and the indicators of each
segment were mainly followed the dominated affected cities as showed
in Table S2. In this study, a positive correlation between the PFR con
centrations and affecting factors was defined when the correlation co
efficient was > 0.5 and the P value was < 0.10 (Thiese et al., 2016). The
significances of positive correlation were considered on four different
levels, i.e. extremely significant (P < 0.005), strongly significant
(0.005 < P < 0.01), significant (0.01 < P < 0.05), and marginally sig
nificant (0.05 < P < 0.10) (Thiese et al., 2016).
The statistical analyzes were performed using OriginPro 2017 soft
ware. Some apps in OriginPro 2017 were used for the graphing of the
statistical results (Heat Map with Dendrogram, v2.00; Principal
Component Analysis, v1.50). The PFR concentrations below detection
limits were treated as half the LOD (Bekele et al., 2019). Total tricresyl
phosphate (TCP) concentrations were used in the statistical analysis
instead of individual TOCP, TMCP, and TPCP concentrations separately,
as the three isomers have similar applications (van der Veen and de
Boer, 2012).

2.3. Sample collection, pretreatment and extraction
Seawater samples (50 cm below the surface of water) were collected
with stainless steel sampling bucket, stored in brown glass bottles,
transported to laboratory, pretreated and then extracted within 24 h.
Water samples were filtered with glass microfiber membranes (0.7 µm
pore diameter, Whatman, UK) to remove the suspended particulate
matter, and spiked with 200 ng L− 1 of surrogate standards (TCEP-d12
and TNBP-d27). Two liters of water sample for each site were extracted
by solid phase extraction (SPE) method. Tandem cartridges were used
with an Oasis HLB cartridge (500 mg; 6 mL, Waters, USA) coupled with
a C18 cartridge (500 mg; 6 mL, Supelco, USA). Both the HLB cartridge
and C18 cartridge were preconditioned with 8 mL dichloromethane,
8 mL methanol, and 8 mL ultrapure water (resistivity 18.2 MΩ cm− 1
normalized to 25 ◦ C) in sequence. Elution was performed with 10 mL of
dichloromethane for each cartridge. The eluted fractions from the C18
cartridges and HLB cartridges were combined and dried with clean
anhydrous Na2SO4, concentrated under a stream of N2, and solventexchanged into hexane.
2.4. Chemical analysis
The PFRs were analysis using an Agilent 7890B-5977B gas
chromatography-mass spectrometry (GC-MS) instrument equipped with
a HP-5MS silica-fused capillary column (30 m × 0.25 mm i.d. 0.25 µm
thickness, Agilent J&W, USA). One-microliter extracts were injected in a
splitless injection mode with an injector temperature of 300 ◦ C. Helium
(He ≥ 99.99%) was used as the carrier gas with a flow of 1.0 mL min− 1.
The oven temperature was programmed to increase from 50 ◦ C (holding
time 2 min) to 250 ◦ C at 20 ◦ C min− 1 (holding time 3 min), and then to
300 ◦ C at 15 ◦ C min− 1 (holding time 5 min). The MS was run in electron
impact ionization (EI) mode at 70 eV. The temperatures of the source
and quadrupole were 230 and 150 ◦ C, respectively. Selective ion
monitoring (SIM) was performed as shown in Table S1.

3. Results and discussion
3.1. PFRs in the GBA coastal water
In this study, thirteen targeted PFRs were detected in the GBA sea
waters. The individual PFR concentrations ranged from 0.3 to
406.9 ng L− 1, and total PFR concentrations (Σ15PFRs) ranged from 32.7
to 1032.7 ng L− 1 (Table S5). Seven PFRs (i.e. TCEP, TCIPP, TDCIPP,
MDPP, TPHP, TOCP, and TMCP) were detected in all the sites, and six
PFRs (TEP, TNBP, EHDPHP, TEHP, CDP, and TMCP) were detected with

2.5. Quality control
All the tools and containers were carefully cleaned before use to
avoid contamination as previously described (Gao et al., 2020). Glass
ware and stainless steels were soaked in 7X cleaning solution (MP Bio
medicals, USA) overnight and cleaned carefully. Glassware, glass
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ranged from 107 to 442 ng L− 1 in 2017 in Pearl River Estuaries, which
are almost at the same level to our determination. PFRs were detected in
coasts of three Chinese cities (i.e., Xiamen, Qingdao, and Dalian) with
the concentrations of less than 681 ng L− 1, and in Lianyungang and
Bohai Bay with concentrations of > 1000 ng L− 1 (Chen et al., 2019; Hu
et al., 2014; Wang et al., 2018). In Europe, less than 485 ng L− 1 PFRs
were found in the river estuaries of German and Netherlands, and less
than 598 ng L− 1 were detected in the Marseille Bay of France (Andresen
et al., 2007; Bollmann et al., 2012; Fauvelle et al., 2018). In addition,
PFRs concentrations in European coastal water were almost at the same
level in the last thirteen years (2005–2017). Lower concentrations of
PFRs (Σ14PFRs: 40.0–60.8 ng L− 1) were reported in coastal water of New
York, USA than those in the Asia and Europe (Kim and Kannan, 2018). A
world map representing the highest concentrations reported worldwide
is shown in Fig. 3 (data from Table S6), and the coastal water in China
was found to be the most seriously polluted by PFRs. Hence, it is
pertinent to study source and transport mechanism of PFRs in GBA coast
area.
PFRs were also found in open seas all over the world with the
detection levels of generally less than 100 ng L− 1 (Gao et al., 2020; Li
et al., 2017; Na et al., 2020), which are at the same levels to those in
three islands from this study (32.8 to 52.9 ng L− 1). The PFRs concen
trations in open seas of China (0.2 – 98.04 ng L− 1) and Europe (0.43 –
92 ng L− 1) were comparable as shown in Table S6 (Aznar-Alemany
et al., 2018; Zhong et al., 2017). The presence of PFRs (mainly Cl-PFRs)
in seas of the Arctic and the Antarctic was also reported (Gao et al.,
2018; Gao et al., 2019a; McDonough et al., 2018), indicated the po
tential of long-distance transport for Cl-PFRs. However, PFR concen
trations in open seas are commonly 1–3 orders of magnitudes lower than
the coastal water PFRs, which indicates the transport of PFRs from coast
to open sea.

detection frequencies ranging from 38% to 88% (average: 68%). TMP
and THP were not detected in all sites. The high detection frequencies
for most PFRs indicated that the GBA coastal water has been widely
polluted by PFRs. TCIPP was the most abundant PFR with the highest
individual concentration (406.9 ng L− 1) and highest average concen
tration (110.2 ng L− 1) among the fifteen PFRs. TCIPP accounts for more
than 55% of the total PFR output worldwide and is recalcitrant to
degradation in the environment (van der Veen and de Boer, 2012).
Previous studies have also found that TCIPP was the most abundant PFR
in surface water (Wang et al., 2020). For the other detected PFRs, the
average concentrations ranged from 2.0 to 69.2 ng L− 1. Most of the
detected PFRs have been widely reported by other studies (van der Veen
and de Boer, 2012), while CDP and MDPP were rarely reported.
Differently structured PFRs showed different pattern in the GBA
coastal water (Fig. 2). Cl-PFRs and aryl-PFRs were detected in all sam
pling areas including three remote islands, while alkyl-PFRs were only
detected in the mainland coastal sites (Site S1-S13). The results sug
gested that alkyl-PFRs might not undergo long-range transport in marine
water. As alkyl-PFRs have relatively lower persistence in aquatic envi
ronment, it may be hard for them to transport to marine water in remote
islands (van der Veen and de Boer, 2012). Concentrations of the Cl-PFRs
(Σ3Cl-PFR), alkyl-PFRs (Σ3alkyl-PFR), and aryl-PFRs (Σ7aryl-PFR)
accounted for average of 57%, 14%, and 29% of Σ15PFRs, respectively.
Cl-PFRs were the dominant composition in most sites except for in Site
S1 and S3, where aryl-PFRs have the higher concentrations than Cl-PFRs
in the two sites. In addition, both the Cl-PFRs and alkyl-PFRs had much
higher concentrations in the mainland coastal sites than the offshore
islands, while the average concentrations of the aryl-PFRs (21.5 ng L− 1)
in the offshore islands were at the same level to those in the western GBA
sites (17.8 ng L− 1). The multiple differences for PFRs exposure in
different GBA areas would be helpful for discovering the spatial distri
bution and source of different kinds of PFRs.

3.3. Spatial distribution of PFRs in the GBA coastal water

3.2. Comparison of PFRs in GBA and global seawaters

A hierarchical cluster analysis of the detected PFR concentrations at
each sampling site was performed for exploring the spatial distribution
of PFRs in GBA seawaters. A heat map including the clustering of sam
pling sites and PFRs concentrations was generated and shown in Fig. 4.
The clustering of sampling sites mainly followed geographical features,
i.e. S1-S5 in the eastern GBA, S6-S13 in the western GBA, and S14-S16 in
islands of remote seas, respectively. Meanwhile, clustering of PFRs

The presences of PFRs have been reported in worldwide seawaters.
An overview of PFRs in seawaters of different countries or areas is
showed in Table S6. In Pearl River Estuaries of China, Wang et al. (2014)
reported that the total PFRs concentrations ranged from 1080 to
3120 ng L− 1 in 2011–2012, which were higher than that detected in
2019 in the present study. Shi et al. (2020) reported the detected PFRs

Fig. 2. Concentrations of Cl-PFRs (a), alkyl-PFRs (b), and aryl-PFRs (c) in the seawaters in different sampling sites. Abbreviations: PFRs, organophosphorus flame
retardants; Cl-PFRs: chlorinated PFRs; alkyl-PFRs: alkyl substituted PFR; aryl-PFRs: aryl substituted PFRs.
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Fig. 3. World map representation of highest PFRs concentrations detected in global seawaters. Based on the datasets of Table S6. Circle sizes and color darkness
indicate the PFR concentration ranges as showed: the biggest and darkest red marks the highest range of over 600 ng L− 1; the smallest and lightest marks the lowest
range of less than 50 ng L− 1. Abbreviations: PFRs, organophosphorus flame retardants. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
Fig. 4. Heat map showing clustering of sam
pling sites (dendrogram at the top) and clus
tering of PFRs concentrations (dendrogram to
the left side). Clusters that followed the areas
are showed. Blue and red intensities indicate
fold increases and decreases, respectively (data
expressed in log2-transformed) in spatialspecific contaminant concentrations. Abbrevia
tions: PFR, organophosphorus flame retardants.
(For interpretation of the references to color in
this figure legend, the reader is referred to the
web version of this article).
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mainly followed the types of substituent, i.e. TCP, TPHP, and MDPP
(aryl-PFRs); TCIPP and TCEP (Cl-PFRs); TEHP, CDP, and EHDPHP (both
alkyl-PFR and aryl-PFRs); and TNBP, TDCIPP, and TEP (both alkyl-PFRs
and Cl-PFR). As a result, there were multiple similarities and difference
both among the sampling sites and the PFRs.
The heat map based on sampling sites clustering showed that the
pollution of PFRs in the three areas was significantly different. High total
PFRs concentrations were found in eastern GBA sites (average of
695.2 ng L− 1); while lower PFRs were detected in the western GBA sites
(average of 139.7 ng L− 1) and three islands (average of 42.0 ng L− 1).
The further clustering of sampling sites in different area were also
different (shown as the tree diagrams in Fig. 4). In eastern sites, Site S1
clustered separately, while Sites S3 and S4 clustered together, these are
accordant to their locations of sampling sites; Sites S2 and S5 clustered
together, which was likely due to the fact that both Sites S2 and S5 are
adjacent to megacities (i.e., Guangzhou and Shenzhen). However, a
step-wise clustering was found for the western GBA sites, indicating
various differences and similarities of the PFRs pollutions in the sites. In
the sites of remote islands (Site14–16), fewer PFRs were detected and
the concentrations were much lower (1–2 orders of magnitude) than
those in eastern and western sites, thus they were clustered separately
from other two areas.
The clustering performance of PFRs roughly followed the type of
substituent and is accordant to the detection level and frequency of
PFRs. TCP, TPHP, and MDPP clustered together as they were detected in
all areas with average concentrations ten times higher in eastern than
western. TCIPP and TCEP were detected in all areas with the detected
average concentrations 2–4 times higher in eastern than western, lead
ing to their clustering; TEHP, CDP, and EHDPHP clustered together as
they were detected mainly in the eastern sites; TNBP, TDCIPP, and TEP
clustered together as they were detected mainly in the eastern and
western but not detected in three islands. The results of HCA showed
significant spatial distributions for the PFR pollution in the GBA sites,
which is helpful for further discovering the source of different PFRs
pollution.

3.4. Multiple sources of PFRs in the GBA
Results of the correlation analysis of PFR concentrations to social/
industrial indicators in GBA were showed in Fig. 5a, and various sig
nificant correlations were found. Firstly, distributions of some PFRs
were found to be significantly correlated to the patterns of population
density and wastewater volume in GBA. Secondly, distributions of some
PFRs showed correlations to the output value of secondary industry in
GBA, which manufacture industry and construction industry are the
dominated sectors that related to PFRs (van der Veen and de Boer,
2012). Further correlation analysis of PFRs concentrations to the two
sectors also showed some significant correlations as showed in Fig. 5a
(value of construction and decoration) and Fig. 5b (manufacture).
Additionally, many PFRs showed correlations to the output value of
tertiary industry, which transport is the main sector that would release
PFRs. Then the total civil vehicles and container throughout showed
correlations to the distribution of various PFRs as showed in Fig. 5a. No
positive correlation was found between PFR distribution and the output
value of primary industry (i.e., agriculture). Hence, multiple sources of
PFRs in GBA coast were thus discussed in three parts based on the cor
relation analysis and PFRs applications.
3.4.1. Human settlement and wastewater as source of PFRs
The distribution patterns of five PFRs in the GBA coasts showed
correlations to the GBA population density distribution as showed in
Fig. 5a. Briefly, TNBP showed extremely significant correlation
(P < 0.005),
TCEP
showed
highly
significant
correlation
(0.005 < P < 0.01), TCIPP and TDCIPP showed significant correlation
(0.01 < P < 0.05), and TEP showed marginally significant correlation
(0.05 < P < 0.10) to the population densities (showed in Fig. S2a).
These results indicated that the human settlement and daily use of PFRscontaining products were important sources of the PFRs in the GBA
coastal waters. Our previous studies in the remote Polar Regions also
reported that human settlement may lead to the release of PFRs to
nearby aquatic environment (Gao et al., 2018; Gao et al., 2020).
Distribution of PFRs was found to be positively related to wastewater

Fig. 5. (a): Heat map showing significances (P values) of the correlation analysis for PFR concentrations and data of population, society, industry, economic, etc. (b):
Heat map showing significances (P values) of the correlation analysis for PFR concentrations and twelve manufacture industry sectors. The twelve manufacture
sectors belong to the secondary industry. PFRs with different substituent showed separated with different colors. Heat map colors reflect P values from low (dark
blue) to high (light orange). Abbreviations: PFR, organophosphorus flame retardants. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article).
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polyurethane foams, and fillers. TCEP was found only significant related
to the industry of instruments and metal products (showed in Figs. 6b
and S3b), which can be ascribed to its use in coating, adhesives, and
polyvinyl chloride (PVC). TDCIPP was found marginally significant
related to industry of stationery and sporting goods, which may be
related to its use in polyurethane foams, plastic, coating, textile of sta
tionery and sporting products.
Alkyl-PFRs (i.e., TNBP and TEHP) were also found to show multiple
correlations to various industries. Firstly, TNBP (used in plastics and
lacquers) was the only PFR that found significant correlated to the
electrical equipment industry (showed in Figs. 6b and S3c). The elec
trical equipment industry was a sector with the second highest output
value in GBA, and Foshan contributed 45% of the total output value.
Coincidentally, the highest TNBP concentration among the sampling
sites was found at Site S7, where the input river water mainly flows
through Foshan. Hence, it can be inferred that the industry of electrical
equipment would contribute to the TNBP pollution in GBA. The in
dustries of general and special machinery, apparel and textile, and
furniture were all found only related to TNBP, which may due to TNBP
was commonly used in hydraulic fluids, cellulose, and lacquers. In
addition, TNBP was also found related to industries of automobile and
transport, rubber and plastic, stationery and sporting goods, and in
struments and metal products, reflecting the wide use of TNBP and its
relatively higher use volumes than other alkyl-PFRs. TEHP was found
only significant correlated to industry of automobile and transport.
TEHP has been reported to be used in polyurethane foam, which is an
important material of automobile seats (Tokumura et al., 2017; Pinfa
Applications, 2020). Hence, the source of TEHP pollution may be orig
inated from the industries of automobile and transport.
Three aryl-PFRs, TPHP, TCP, and EHDPHP, were all found only
related to the industry of electronic equipment (showed in Figs. 6b and
S3d). The concentrations of the three PFRs in eastern GBA was 1–2 or
ders of magnitude higher than in western GBA (Fig. 2), which is
accordant to the findings from PCA that electronics are mainly in eastern
cities. Both TPHP and TCP have special applications in electronic in
dustry, as they can be used in the thermoplastics of acrylonitrile buta
diene styrene (ABS) copolymers and polycarbonate/ABS (PC/ABS)
blends (van der Veen and de Boer, 2012; Pinfa Applications, 2020). The

volume in the GBA cities. TCIPP and CDP showed significant correla
tions to total sewage volume in GBA, and TNBP, EHDPHP, and TEHP
showed marginally significant correlations. However, TCIPP showed
highly significant correlation and TNBP showed significant correlation
to the GBA sanitary sewage volume (showed in Fig. S2b), which the
positively significant level was higher than those to total sewage vol
ume. Meanwhile, TCEP and TDCIPP showed marginally significant
correlation to the sanitary sewage volume compare to total sewage
volume. TCIPP, TNBP, TCEP, and TDCIPP are widely used in daily
products and are relatively hydrophilic than aryl-PFRs. It has been re
ported that the four PFRs were widely present in wastewater effluents
(Wang et al., 2020). As a result, the sanitary sewage from human set
tlement in GBA would contribute greatly to pollutions of the four PFRs in
the waters.
3.4.2. Manufacturing and construction industry as source of PFRs
The manufacturing industry of China can be classified into different
sectors, and twelve sectors that have the potential of using PFRs in
products were summarized in Fig. 6. The output values of the twelve
sectors are shown in Fig. 6a and their total values accounted for
approximately 70% of total industrial gross output values in GBA. To
further illustrate the distribution of different manufacturing industry
sectors in GBA, Principal component analysis (PCA) was performed and
the result showed significant spatial distributions for the industries
(Fig. 6b). For example, electronic equipment was the most important
industry in GBA which mainly locates in Shenzhen, Huizhou, and
Dongguan and electrical equipment was another dominant industry
which mainly locates in Foshan. Hence, correlation analysis between
output values of the twelve sectors and PFRs distributions were per
formed to further explore the detailed industrial source of PFRs, and
multiple correlations were observed (Fig. 5b).
TCIPP was found to be highly significantly correlated to industry of
electronic equipment (showed in Fig. S3a). It is likely due to the fact that
TCIPP was the most prolific PFR and electronics was the most important
industry in GBA, and the electronic industry would lead to PFRs pollu
tion in GBA waters. TCIPP was also found correlated to industry of
stationery, sporting goods, rubber and plastic, which is likely due to the
extensive use of TCIPP in materials such as plastics, insulating material,

Fig. 6. (a): The gross output values for the twelve manufacture sectors in different GBA cities; (b): Plot from the principal component analysis of the gross output
values manufacture industry by sectors in different GBA cities. PC1 (54.8%) and PC2 (19.4%) are the horizontal and vertical axes, respectively. The tick values
represent loading plot (on black axis) and score plots (on orange axis). Abbreviations: GBA, Guangdong-Hong Kong-Macao Greater Bay area. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article).
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ABS and PC/ABS thermoplastics are important materials in manufacture
of electric enclosures for televisions, computers, monitors, printers
(Pinfa Applications, 2020). Some researchers also reported that TPHP
was the most abundant PFR in the air of electronic waste recycling fa
cilities (Zeng et al., 2020). Hence, the electronics industry in GBA is an
important source of TPHP and TCP pollution in the aquatic environ
ments. EHDPHP was mainly used as plasticizer for polymer. Therefore,
the heavy use of polymer plastics in the electronic industry would lead to
the releasing and pollution of EHDPHP in aquatic environment. No
correlation was found between three PFRs (i.e., TEP, CDP, and MDPP)
and industry actives, suggesting that the industry actives were not the
source of their pollution in GBA coastal waters.
The construction industry in the GBA cities was also found correlated
to some PFRs distributions. TNBP and TCEP showed significant corre
lations to the output value of decoration projects in GBA construction
industry (showed in Fig. S4). TDCIPP was also found marginally corre
lated to the output value of decoration. The three PFRs can be used in
building materials such as polyurethane foams, lacquers, coating, paints,
and adhesives (van der Veen and de Boer, 2012; Pinfa Applications,
2020), and it has been reported that the buildings may be active sources
of TCEP for several years (Andresen et al., 2004). Hence, it is reasonable
to infer that the decoration activities and construction industry are likely
to the main sources of TNBP, TCEP and TDCIPP in GBA water
environments.

dominant composition in most sites, and differently structured PFRs
showed different pattern in the waters. The high detection frequencies
for PFRs indicated that GBA coastal waters have been widely polluted by
PFRs. Furthermore, a comparison of PFRs concentrations among
worldwide seawaters showed that PFRs pollution in Chinese coastal
water was more serious than other countries (or areas). Spatial distri
bution of PFRs in GBA coasts was studied by hierarchical cluster analysis
and showed with heat map. Clustering appeared for both the PFRs and
sampling sites, this exhibited similarities and differences for PFRs pol
lutions in GBA coasts, and the various spatial distributions are helpful
for discovering source of different PFRs. Spatial patterns of PFRs related
social/industrial indicators in GBA were also studied, and various sig
nificant correlations were found between the indicators and PFR dis
tributions. Finally, multiple sources including human settlement,
wastewater, manufacturing industry, construction industry, vehicles,
and shipping transport were revealed or proposed for the pollution of
different PFRs in the GBA coast. This work indicates that spatial pattern
analysis based on a series of statistical analysis would be a promising
method of analyzing environmental or geochemical data, and the results
are useful for exploring source of contaminants in large-scale area.
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3.4.3. Vehicles and shipping transport as source of PFRs
The amount of vehicles in GBA was found correlated to distributions
of most PFRs except for TCP. In fact, a vehicle contains almost all types
of PFRs-containing products. Distributions of three Cl-PFRs (i.e., TCIPP,
TCEP, and TDCIPP) were significant (or extremely significant) corre
lated to the amount of vehicles in GBA (showed in Fig. S5), which is
likely due to the fact that Cl-PFRs are mainly used in polyurethane
foams, and polyurethane foams are the dominant materials in automo
bile seat. Many aryl-PFRs are specifically used in machine oils or fuels (e.
g., gasoline additive, hydraulic fluids, lubricant) (van der Veen and de
Boer, 2012), and three aryl-PFRs (TPHP, EHDPHP, and CDP) were found
highly significant or significant correlated to the amount of vehicles in
GBA. The only reported daily application for MDPP was gasoline addi
tive (PubChem, 2020), and MDPP was found only correlated to vehicles
amounts, indicating that vehicles are the only likely sources for MDPP.
Distribution of alkyl-PFRs were also found significant correlated to ve
hicles, which may due to they can be used in plastic and PVC martials in
the vehicles. Some researchers have reported high level of PFRs in the air
of vehicle and public transport (Brandsma et al., 2014), which also
demonstrated that vehicles and transport may be the sources of various
PFRs in environment.
Container throughputs in GBA were found significant correlated the
distributions of Cl-PFRs (TCEP, TCIPP, and TDCIPP) and alkyl-PFRs
(TEP and TNBP). The container throughput is representing for the
shipping transport in GBA coast in this study. Unlike the correlation to
vehicles, no aryl-PFR was related to the shipping transport. It is likely
due to the fact that ships usually use diesel/heavy oil, while vehicles
usually use gasoline where aryl-PFRs are commonly used. Additionally,
the shipping transport showed lower significance to TCIPP and higher
significance to TNBP than the vehicles, which may be caused by the
more TNBP added hydraulic fluids and fewer TCIPP added polyurethane
foams/plastics application in ships than in vehicles. As a result, vehicles
and shipping transport lead to exposure of different PFRs in the GBA
coastal waters.
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Fauvelle, V., Castro-Jiménez, J., Schmidt, N., Carlez, B., Panagiotopoulos, C.,
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